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RESUMEN

La fabricacion aditiva, conocida popularmente como impresién 3D, ha transformado los
procesos de produccion al permitir la creacion de objetos capa por capa a partir de mo-
delos digitales, siendo su principal uso inicial el “prototipado rapido”. Sin embargo, su
integracion completa en entornos industriales con altos requerimientos mecanicos aun
enfrenta desafios significativos.

En este contexto, el doctorando ha desarrollado una estrategia integral para la imple-
mentacién de tecnologias de fabricacion aditiva de grandes dimensiones, enfocandose
especificamente en la tecnologia metalica WAAM (Wire Arc Additive Manufacturing)
dentro de entornos industriales exigentes.

En primera instancia, se abordd la sostenibilidad del proceso mediante la fabricacion y
analisis de dos utillajes de conformado simétricos: uno producido con tecnologia aditiva
y otro mediante métodos convencionales. Este estudio incluyd la evaluacién compara-
tiva de consumos eléctricos y de material en ambos casos, destacando las ventajas
ambientales del utillaje fabricado mediante WAAM, con reducciones significativas en el
material consumido, el material descartado y el consumo energético. Asimismo, se
realizé un andlisis metroldgico detallado del utillaje WAAM para identificar optimizacio-
nes de disefio que incrementaran aun mas la sostenibilidad del proceso.

Adicionalmente, se analizé el proceso de disefio y fabricacién de un utillaje de inyeccién
optimizado, aprovechando las capacidades que ofrecen los procesos de fabricacidn adi-
tiva, como la creacion de canales de refrigeracion internos complejos, inviables
mediante técnicas convencionales, contribuyendo a la mejorar en su rendimiento.

Este analisis se complementd con la evaluacidn de un caso practico, utilizando un utillaje
fabricado aditivamente en un proceso industrial real. Estos estudios permitieron verifi-
car laidoneidad de la tecnologia WAAM para la produccidon de componentes industriales
de gran tamafio.

Finalmente, se examind la aplicacién de la tecnologia WAAM en la fabricacién de pro-
ductos finales con altos requerimientos mecanicos, enfocdndose en el sector de la
construccion. Para ello, se disefiaron y fabricaron diversas estructuras tipo columna con
configuraciones “sandwich” auto-reforzadas, optimizadas para aprovechar las capacida-
des del proceso WAAM vy alcanzar altas propiedades mecanicas.

En conclusién, este trabajo demuestra el potencial de la tecnologia WAAM para inte-
grarse plenamente en entornos industriales, destacando beneficios notables en
términos de disefio, sostenibilidad y eficiencia en comparacién con los métodos tradi-
cionales. Ademas, se resalta su capacidad para reducir significativamente el consumo de
material y energia, consoliddandose como una alternativa prometedora para la produc-
cidén en sectores con exigencias técnicas elevadas.






ABSTRACT

Additive manufacturing, popularly known as 3D printing, has transformed manufactur-
ing processes by enabling the creation of 3D objects layer by layer from digital models,
with its main initial use being “rapid prototyping”. However, its full integration in indus-
trial environments with high mechanical requirements still faces significant challenges.

In this context, the PhD student has developed a comprehensive strategy for the imple-
mentation of large-scale additive manufacturing technologies, focusing specifically on
WAAM (Wire Arc Additive Manufacturing) technology within demanding industrial en-
vironments.

In the first instance, the sustainability of the process was addressed through the fabri-
cation and analysis of two symmetrical forming tools: one produced using additive
technology and the other using conventional methods. This study included the compar-
ative evaluation of electrical and material consumption in both cases, highlighting the
environmental advantages of the tooling produced by WAAM technology, with signifi-
cant reductions in consumed material, discarded material and energy consumption. A
detailed metrological analysis of the WAAM tooling was also performed to identify de-
sign optimizations that would further increase the sustainability of the process.

Additionally, the design and manufacturing process of an optimized injection tooling
was analyzed, taking advantage of the capabilities offered by additive manufacturing
processes, such as the creation of complex internal cooling channels, unfeasible by con-
ventional techniques, contributing to the improvement of its performance.

This analysis was complemented with the evaluation of a case study, utilizing an addi-
tively manufactured tooling in a real industrial process. These studies verified the
suitability of WAAM technology for the production of large industrial components.

Finally, the WAAM technology application in the manufacturing of final products with
high mechanical requirements was examined, focusing on the construction sector. For
this purpose, several column-type structures named Tubular Sandwich Sections (TSS),
were designed and fabricated, optimized to take advantage of the capabilities of the
WAAM process and to achieve high mechanical properties.

In conclusion, this research demonstrates the potential of WAAM technology to be fully
integrated into industrial environments, highlighting remarkable benefits in terms of de-
sign, sustainability and efficiency compared to traditional methods. In addition, its ability
to significantly reduce material and energy consumption is highlighted, consolidating it
as a promising alternative for production in sectors with high technical requirements.
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BJT (Binder Jetting Technology): Tecnologia de Inyeccion de Union, un método de fabri-
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EBM (Electron Beam Melting): Fusion por Haz de Electron, una técnica de fabricacion
aditiva.

FDM (Fused Deposition Modeling): Modelado por Deposicion Fundida, técnica de im-
presion 3D.
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FFF (Fused Filament Fabrication): Fabricacion por Filamento Fundido, método comun de
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GMAW (Gas Metal Arc Welding): Soldadura de Arco con Gas Metdlico, método de sol-
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LMD (Laser Metal Deposition): Deposicion de Metal por Ldser, una técnica de fabrica-
cion aditiva.

LPBF (Laser Powder Bed Fusion): Técnica de fabricacion aditiva. Utiliza una fuente Idser
de alta potencia para fundir polvo capa a capa para fabricar componentes metdlicos.

MAG (Metal Active Gas Welding): Soldadura de Gas Activo Metdlico, técnica de solda-
dura
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Introduccién y objetivos

En este capitulo se describe el punto de partida del doctorando en el desarrollo de su
tesis. Describiendo sus motivaciones y objetivos para el desarrollo de una tesis doctoral
centrada en el dmbito de la fabricacidn aditiva metalica de grandes componentes y la
sostenibilidad. Con el propdsito de que los resultados del presente desarrollo e investi-
gacion contribuyan a generar avances significativos en el dambito de la fabricacién
aditiva, se busca fomentar su integracion tanto en la industria como en la sociedad, pro-
moviendo asi un progreso alineado con los principios de sostenibilidad.

Contexto

La fabricacidon aditiva (AM), también conocida como impresion 3D, es una técnica avan-
zada utilizada para la fabricacién de geometrias y estructuras complejas mediante la
acumulacién de material en forma de capas superpuestas, utilizando datos de modelos
3D. Esta tecnologia ha supuesto una transformacién en el campo de las técnicas de pro-
duccidn. Su facilidad de uso, compactibilidad y rapidez han acercado la fabricacién a
nivel de usuario, creando una comunidad dedicada a la impresion 3D, con millones de
usuarios a nivel global. A nivel industrial, la tecnologia aditiva ha revolucionado el con-
cepto de prototipado rapido, cambiando la forma de enfocar la fase de disefo industrial.
Ademas, permite implementar pequenos cambios o redisefios de manera rapida en di-
sefos industriales ya cerrados, con objetivo de optimizarlos.

Dentro del ambito de las tecnologias de fabricacidn aditiva, es importante distinguir en-
tre los distintos procesos de fabricacion existentes. Estos procesos atienden a las
definiciones especificadas por la norma ISO/ASTM 52900:2022 [1]:
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e BIT - Inyeccion de Aglutinantes (Binder Jetting): Consiste en depositar un adhe-
sivo liquido de forma selectiva para unir particulas de material en polvo, como
plastico, metal o ceramicas. Las piezas obtenidas requieren sinterizacion poste-
rior para alcanzar las propiedades mecanicas finales.

e DED - Deposicidn por Energia Dirigida (Directed Energy Deposition): Utiliza una
fuente de energia térmica focalizada (como un laser o haz de electrones) para
fusionar material mientras se deposita. Los materiales empleados suelen ser
polvo o hilo metdlico, permitiendo aplicaciones de reparacion y fabricacion di-
recta.

e MEX - Extrusidén de Material (Material Extrusion): Este proceso dispensa material
a través de una boquilla u orificio, creando piezas capa por capa. Trabaja con
filamentos termoplasticos, granza, liquidos o pastas, y es ampliamente usado en
aplicaciones domésticas e industriales.

e MIJT - Inyeccidn de Material (Material Jetting): Mediante la deposicidn selectiva
de gotas de material liquido, como polimeros fotopolimerizables o ceras, per-
mite crear piezas con alta resolucién y acabado superficial.

e PBF - Fusién en Lecho de Polvo (Powder Bed Fusion): Utiliza energia térmica,
como l3aseres, para fusionar selectivamente regiones de un lecho de polvo mi-
cronizado (metales, plasticos o cerdmicas), logrando piezas de gran precision.

e SHL-Laminado de Hojas (Sheet Lamination): Une ldminas de material, como me-
tales, plasticos o papel, para formar objetos tridimensionales. Es ideal para
prototipos y aplicaciones de menor exigencia mecanica.

e VPP - Fotopolimerizacidn (Vat Photopolymerization): Trabaja con resinas liquidas
fotopolimerizables, curadas mediante exposicidn a luz. Ofrece alta precisidon en
piezas, siendo limitada a aplicaciones con resinas especificas.

La gran cantidad de materiales disponibles para los procesos de fabricacién aditiva
ejerce un rol esencial en su pronta adopcién dentro del mercado, tanto industrial como
a nivel usuario. Estos materiales presentan variaciones en su forma y caracteristicas,
dependiendo de su utilizacién en las tecnologias previamente enumeradas. No obs-
tante, pueden agruparse en tres categorias principales: termoplasticos (principalmente
poliamidas), metdlicos y ceramicos. Esta clasificacidn facilita la seleccion de materiales
especificos, segun los requerimientos de acabados estéticos, propiedades mecanicas de
alto rendimiento, resistencia a temperatura, entre otros. En el campo de la fabricacién
aditiva, el Centro Tecnoldgico Aitiip, ubicado en Zaragoza, ha demostrado ser una insti-
tucion puntera a nivel internacional. Su amplia experiencia se refleja en la participacidn
en numerosos proyectos internacionales, abarcando tanto la innovacién en procesos
aditivos avanzados como el desarrollo de nuevos materiales especificamente disefiados
para este tipo de fabricacion.

Prueba de ello es el proyecto KRAKEN, desarrollado en el marco del Programa de Inves-
tigacion e Innovaciéon Horizonte 2020 de la Unién Europea bajo el acuerdo de
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subvencién n2 723.759 [2]. Este proyecto, iniciado en 2016, se erigié como el sistema de
fabricacidn aditiva mds grande del mundo. Su revolucionario sistema se basé en el mon-
taje de un cabezal de impresion aditiva en un sistema robético, anclado a un puente
grua, logrando dimensiones de fabricacion de hasta 20 x 6 metros y una altura maxima
de 3 metros, como se muestra en la llustracion 1. En este sistema de fabricacion aditiva,
basado en la tecnologia extrusidon de material, se incorporé la fabricacion aditiva meta-
lica WAAM vy la extrusion de resina de poliuretano bicomponente. De esta manera, el
mismo sistema de impresién aund dos materiales distintos, materiales metadlicos y ter-
mopldstico. Ademas, el sistema KRAKEN estaba provisto con un cabezal de fresado, por
lo que unificaba ambos sistemas de fabricacién, aditiva y sustractiva, siendo capaz de
combinarlos en un sistema denominado HAM (Hybrid Additive Manufacturing).

llustracion 1 Sistema robotizado de fabricacion hibrida KRAKEN. Fotografia tomada en las instalaciones de la Funda-
cion Aitiip.

La presente tesis se enmarca en el desarrollo del sistema de fabricacién aditiva KRAKEN
y en los proyectos derivados de esta linea de investigacidn. Estos avances han permitido
explorar y aprovechar las capacidades de la fabricacion aditiva, destacando su potencial
para producir componentes de gran tamafio y alta complejidad, ampliando asi las posi-
bilidades en aplicaciones industriales.

Justificacién de la importancia del estudio

Las tecnologias de fabricacidn aditiva han revolucionado las técnicas de produccién gra-
cias a su facilidad de uso, rapidez y versatilidad. Sin embargo, estos procesos aditivos
tienen desventajas remarcables, que lastran su completa implementacién en diversos
sectores de la industria.

Los procesos de fabricacidon aditiva, al ser significativamente mas recientes que los mé-
todos de fabricacion convencionales, presentan un menor grado de implementacién
industrial y desarrollo en términos de automatizacién. Ademds, el conocimiento técnico
necesario para dominar estas tecnologias es menos extendido, lo que demanda una ma-
yor especializacidn y la incorporacion de programas de formacion especificos para su
adecuada aplicacioén.
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Esta falta de implementacién industrial se ve reflejada a su vez en la en la falta de con-
ceptualizacion de las capacidades de diseiio para fabricacion aditiva. Esta tecnologia
permite la fabricacidén de disefios complejos, inalcanzables para métodos de fabricacion
convencionales, pero a su vez, tiene sus propias restricciones de disefio, de manera que
es necesario que se optimicen al maximo sus posibilidades de fabricacién y las propie-
dades mecanicas finales de la pieza fabricada.

En referencia a los objetos fabricados por fabricacién aditiva, las propiedades mecdnicas
requeridas por los diversos sectores industriales limitan el uso de materiales termoplds-
ticos para aplicaciones con requerimientos medio-altos. Ademas, los procesos de
extrusion de material (MEX) cuyo material de aporte es termoplastico muestran unas
propiedades mecdnicas anisdtropas, altamente dependientes de la direccidon de impre-
sién. De esta manera, los materiales metalicos se erigen como los mas adecuados para
procesos industriales. Estos procesos aditivos metalicos son mas complejos que los re-
gueridos para el uso de termoplasticos, y por ello se encuentran menos desarrollados e
implementados actualmente, en especial los basados en la tecnologia de extrusion de
filamento.

Por otro lado, el tiempo de fabricacidn representa una de las principales limitaciones en
los procesos de fabricacidn aditiva. Si bien la posibilidad de almacenar facilmente el ma-
terial facilita tiempos de produccion rapidos para piezas pequefias y especificas, el
tiempo de fabricacion incrementa de manera significativa para componentes de mayor
tamafio. Asimismo, en la produccién de grandes lotes de piezas, los métodos de fabri-
cacién tradicionales estan ampliamente optimizados, permitiendo reducir
considerablemente el tiempo total de produccién. Por el contrario, en los procesos adi-
tivos, el tiempo de fabricacidn tiende a incrementarse de forma lineal con el nimero de
piezas, lo que limita su competitividad frente a métodos convencionales en este ambito.

Ademas, una de las limitaciones clave en la implementacion de la fabricacidén aditiva
radica en la precisién de las piezas producidas. En los sistemas aditivos, tanto metdlicos
como no metalicos, se observa que un aumento en la tasa de deposicién afecta negati-
vamente la precision final, ya que la calidad superficial de las capas queda condicionada
por el tamafio de los cordones depositados. Por este motivo, para alcanzar las toleran-
cias dimensionales requeridas en las piezas finales, suele ser necesario recurrir a
procesos de fabricacién sustractiva como etapa complementaria.

Por otro lado, las restricciones de tamafio impresion de los equipos de fabricacion adi-
tiva comerciales limitan de sobremanera las piezas finales a obtener. En el caso de las
tecnologias basadas en fusién de lecho de polvo (BJT, DED, MJT, PBF y VPP), los tamafios
comerciales maximos de areas de impresidn alcanzar dreas de 1000x1000x1000 mm.
Este hecho se debe a la necesidad de un sistema cerrado de aportacién de polvo de
material, y en algunos casos de la necesidad de crear una atmédsfera adecuada al pro-
ceso. Estas restricciones, sumadas a la lentitud del proceso, restringen su uso industrial.
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Las tecnologias de extrusion de material, gracias a su mayor tasa de aporte, y a su inde-
pendencia de un drea acotada de impresion, abren la puerta a la fabricacién de grandes
estructuras y utillajes. Las amplias posibilidades que abre este desarrollo en el campo
de la fabricacion industrial han sido la principal motivacién para la realizacion de esta
tesis.

Las limitaciones de los procesos de fabricacidn aditiva en su adopcién industrial pueden
sintetizarse en los siguientes aspectos:

o Competencia con tecnologias tradicionales: Las tecnologias aditivas enfrentan
desafios frente a métodos de fabricacién convencionales ya consolidados y opti-
mizados en la industria.

¢ Limitaciones de disefio: Es necesaria una revisién de los conceptos bdsicos de
disefio de pieza y una adaptacion a las posibilidades de la tecnologia.

e Propiedades mecanicas: Dependiendo del proceso aditivo y el material seleccio-
nado, las piezas fabricadas pueden presentar propiedades mecdnicas reducidas,
o anisotropias, lo que limita su rendimiento en ciertos entornos.

o Tiempo de fabricacién: Los procesos aditivos requieren de un tiempo de fabrica-
cion aumentado en comparacion con las tecnologias tradicionales,
especialmente en la produccién de piezas grandes o en lotes a gran escala.

e Precision dimensional: La calidad y tolerancia dimensional de las piezas aditivas
es inferior en comparacién con métodos tradicionales, lo que a menudo requiere
procesos secundarios de mecanizado.

e Restricciones de tamafio: La capacidad de fabricar componentes de gran escala
es limitada, restringiendo la aplicacion de estas tecnologias a piezas pequefas o
medianas.

Este conjunto de desafios subraya la necesidad de avances tecnolégicos y optimizacio-
nes en los procesos de fabricacidon aditiva para su implementacién mas amplia en la
industria.

En el estudio realizado dentro del marco de la tesis doctoral, se plantean estrategias de
fabricacién aditiva metalica, basadas en la tecnologia de extrusién de material, para la
fabricacidon de componentes estructurales y utillajes metalicos. Se abordara tanto desde
un punto de vista de disefio, planteando la optimizacién de los productos fabricados
respecto a su alternativa fabricada por métodos de fabricacidon tradicionales, como
desde una perspectiva de sostenibilidad, estudiando los consumos eléctricos y de mate-
rial del proceso. De esta manera se valoraran las posibilidades de implementacién de
esta tecnologia en la industria para la fabricacion de productos intermedios y finales.

La combinacién de los estudios presentados pretende demostrar las virtudes del pro-
ceso de fabricacion aditiva metalica, especificamente la tecnologia WAAM, para la
produccion de utillajes y estructuras. Este analisis abarca tanto las mejoras técnicas ob-
tenidas, como los beneficios asociados en términos de sostenibilidad.
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La relevancia de este estudio no solo radica en la validacion de la idoneidad de la tecno-
logia WAAM como una solucién industrial eficiente, sino también en establecer pautas
claras de disefio y fabricacidon que optimicen su desempeiio frente a los métodos con-
vencionales. Estas directrices tienen como objetivo facilitar su integracidon en entornos
industriales, mejorando su competitividad y promoviendo un uso mdas amplio y eficiente
de esta tecnologia en sectores con altos requerimientos mecanicos y/o de proceso.

Objetivos, alcance y metodologia

A partir de las limitaciones identificadas durante la revision técnica de las tecnologias de
fabricacién aditiva para componentes de gran tamafio, se han definido los objetivos de
la investigacion, diferencidandolos en objetivos generales y especificos. Asimismo, se ha
delimitado el alcance del trabajo y detallado la metodologia aplicada a lo largo del desa-
rrollo de la tesis.

Objetivo principal

El objetivo de esta investigacidon es evidenciar que los procesos de fabricacion aditiva,
en particular la fabricacidén aditiva metdlica, representan una mejora significativa frente
a los métodos de fabricacidén convencionales. Esta mejora se evalla tanto desde la pers-
pectiva de la optimizacién del proceso, como desde el enfoque de la sostenibilidad,
poniendo el foco en la produccién de componentes de gran tamafo, tanto intermedios
como finales.

En el contexto de esta investigacion, la hipotesis planteada se evaluara a través de la
fabricacidon y el andlisis de componentes industriales de gran tamafio destinados a sec-
tores como la construccidn, la industria aeronautica y la automocién. Este enfoque pone
de manifiesto la versatilidad de esta tecnologia, y su potencial para marcar una diferen-
cia significativa en una amplia variedad de aplicaciones industriales.

Objetivos especificos

Con el propdsito de fomentar la integracion de las tecnologias de fabricacién aditiva
metalica, en la industria para la produccién de componentes intermedios y finales, tras-
cendiendo su aplicacién exclusiva al ambito del prototipado rapido, se han establecido
los siguientes objetivos especificos:

1. Diseno y fabricacion de utillaje de gran tamafio para implementacidn industrial
en procesos de moldeo. Diseno y fabricacién paralela de un molde simétrico me-
diante técnicas convencionales de fabricacién.

a. Validacion del desempefio de los utillajes desarrollados mediante la im-
plementacidn del proceso industrial, orientado a la produccién de piezas
finales.
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b. Estudioy comparacién de los consumos eléctricos y de material en utilla-
jes realizados mediante proceso de fabricacion aditiva y proceso de
fabricacion convencional, analizando posibles optimizaciones en la fabri-
cacién aditiva del utillaje.

2. Diseiio y fabricaciéon un molde de gran tamaiio refrigerado mediante canales in-
ternos optimizados siguiendo el principio de Conformal Cooling (CC).

a. Simulacién del ciclo de enfriamiento del molde y analisis de rendimiento
comparado con el de un molde tedrico equivalente, disefiado con canales
internos idoneos para su fabricacion mediante métodos convencionales.

b. Fabricacion de dicho molde mediante tecnologia aditiva y analisis de con-
sumo de material. Este consumo es comparado con el material requerido
para la fabricacién del molde teérico equivalente.

3. Diseiioy fabricacién de secciones tubulares en estructura sandwich optimizadas
para su fabricacidn mediante tecnologia aditiva.

a. Simulacién del comportamiento de las secciones tubulares optimizadas
contra soluciones estructurales implementadas en la actualidad.

Esquema de toma de decisiones

Para estructurar y justificar las decisiones tomadas a lo largo de la tesis, se ha desarro-
llado el diagrama que se presenta en la llustracién 2. Este diagrama detalla las
tecnologias, materiales y procesos considerados en el marco de la investigacién. La elec-
cién de cada tecnologia esta orientada al desarrollo de soluciones especificas para la
fabricacidon de grandes componentes, evaluando distintos enfoques y perspectivas clave
para asegurar su viabilidad industrial. La premisa inicial desde la que se parte es el co-
nocimiento de los procesos de fabricacion aditiva, sus posibilidades y restricciones. Por
ello, se asimilaran los conocimientos necesarios en cuanto a posibilidades de disefio y
restricciones por parte del doctorando.

El objetivo final, por tanto, serd la demostracion de la viabilidad de la implementacién
de los procesos aditivos en un entorno industrial solventando las problematicas subra-
yadas en el apartado anterior.

En relacion con los materiales empleados, se plantearan los materiales mas utilizados
en la fabricacion aditiva, como anteriormente se ha mencionado. Estos son los materia-
les termoplasticos, los ceramicos y los metalicos. Para, los materiales de aporte
ceramicos y termoplasticos, debido a sus propiedades mecanicas limitadas, no satisfa-
cen completamente los requerimientos de ambientes industriales exigentes. No
obstante, los materiales termoplasticos son los mas utilizados en la industria de fabrica-
cién aditiva, siendo sus procesos de fabricacidn los mas perfeccionados y optimizados.
En el caso de los materiales metalicos, mecanicamente se postulan como los mas ade-
cuados. Sin embargo, los procesos de fabricacion aditiva metdlica se encuentran menos
maduros que sus homélogos para material termoplastico.

Pagina | 7



Implementacion de tecnologias de fabricacidn aditiva en la fabricacién sostenible de utillajes y estructuras

Respecto a los tiempos de fabricacion requeridos, estos son dependientes de la tecno-
logia de fabricacion empleada. Las tecnologias de gran aporte de material, como en el
caso de la tecnologia MEX, alcanzan un menor tiempo de fabricacién, en detrimento de
la calidad superficial y precision de la pieza final. Por lado, las tecnologias aditivas basa-
das en lecho de polvo, como la PBF, cuentan con una gran precisidon y una excelente
calidad, pero en detrimento de sus tiempos de fabricacién, que son sustancialmente
mayores. Estos tiempos de fabricacion son inversamente proporcionales al aporte de
material, al que se hace referencia en el esquema de toma de decisiones.

En lo que respecta a los procesos, el tamafio maximo de las piezas fabricables representa
una limitacion critica. La adopcién industrial completa de la fabricacién aditiva depen-
derd de la capacidad de estas tecnologias para adaptarse a la produccién de
componentes de gran tamafio. En el esquema de toma de decisiones se han incluido las
soluciones comerciales de mayor tamario en la actualidad.

Finalmente, las tecnologias especificas de fabricacion de cada que cumplimentan las an-
teriores caracteristicas explicadas se muestran en el Gltimo eslabdn del esquema. Cabe
mencionar que tecnologias aditivas como el binder jetting se repiten para varios mate-
riales, sin embargo, sus dimensiones maximas de proceso variardn dependiendo del
material de impresion en el que la impresora 3D se capaz de trabajar.

Impl: ion de logias de fabricacion aditiva
en la fabricacién sostenible de utillajes y estructuras
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lustracion 2 Esquema de toma de decisiones
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Alcance

La realizacion de esta tesis sigue un hilo conductor basado en la integracion total de la
tecnologia aditiva en la industria. En este contexto, el doctorando disefnara una estrate-
gia integral que abarca todas las etapas necesarias para la implementacion de la
tecnologia de fabricacidn aditiva de grandes dimensiones. El esquema de toma de deci-
siones desarrollado permite visualizar el camino hacia la integracion industrial de la
tecnologia aditiva. Los requerimientos mecanicos altos derivados del ecosistema indus-
trial y la casi inexistente limitacidon de tamafio de fabricacidon de piezas, hacen que el
estudio se enfoque hacia la tecnologia aditiva metdlica basada en el proceso GMAW.
Especificamente, la tecnologia WAAM, basada en dicho proceso, se erige como la prin-
cipal solucién al problema planteado. Este enfoque se estructurara en torno a la
produccién de cuatro articulos cientificos, los cuales describirdn de manera exhaustiva
el ciclo completo del proceso de fabricacién aditiva.

Desde la conceptualizacidon y disefio inicial de las piezas y estructuras industriales hasta
la optimizacidn de sus caracteristicas, la fabricacidén efectiva de los prototipos, el analisis
detallado de los pardmetros y resultados del proceso, y, finalmente, la validacién del
desempefiio de las piezas fabricadas bajo condiciones industriales reales, cada etapa sera
abordada con el objetivo de demostrar la viabilidad y eficiencia de esta tecnologia en
aplicaciones industriales complejas.

Se han identificado dos sectores estratégicos para evaluar y validar la tecnologia de fa-
bricacién aditiva WAAM de grandes dimensiones: la industria del moldeo y la industria
de la construccion. En el primer caso, se pretende analizar la viabilidad de integrar esta
tecnologia en la fabricacion de utillajes intermedios, aprovechando sus ventajas en tér-
minos de personalizacidn y optimizacion de disefo. Por otro lado, en el ambito de la
construccion, se plantea su aplicaciéon directa en la fabricacion de elementos finales, ex-
plorando su potencial para satisfacer las demandas estructurales especificas y contribuir
a la innovacion en este sector.

El alcance de esta investigacidn, por tanto, busca tener un impacto significativo en el
panorama industrial actual, presentando la integracion de la fabricacién aditiva como
una realidad. Por ello, este estudio, se enfoca en la fabricacién aditiva WAAM, demos-
trando sus importantes ventajas desde la perspectiva del disefio de elementos
complejos, la optimizacién de procesos y la sostenibilidad.

Metodologia

Con el propdsito de justificar la integracion industrial de la tecnologia aditiva WAAM, se
desarrollara un estudio integral que abarque desde las etapas iniciales de disefio aditivo,
remarcando sus capacidades y limitaciones, hasta la validacién final de piezas en entor-
nos industriales reales. Este enfoque, estructurado en una progresion metodoldgica,
permitird una evaluacién completa del proceso. La metodologia seguida se detalla a con-
tinuacion:
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Busqueda bibliografica: Se realizard un andlisis exhaustivo para definir el estado
del arte de las tecnologias aditivas, con énfasis en la tecnologia WAAM. Este ana-
lisis incluira no solo referencias relacionadas con esta tecnologia, sino también
un estudio de las industrias objetivo de su integracion, con la finalidad de identi-
ficar oportunidades y desafios.

Disefio y optimizacidn: Se desarrollaran disefios adaptados a los requerimientos
especificos del proceso WAAM, optimizando las estructuras y piezas finales para
aprovechar las capacidades de la tecnologia, como la fabricacién de geometrias
complejas y estructuras reforzadas.

Analisis de estructuras/piezas a fabricar: Las piezas disefiadas seran evaluadas
en términos de rendimiento estructural y eficiencia del proceso. Este analisis se
realizara frente a piezas andlogas industriales tedricas o reales, permitiendo ve-
rificar que las optimizaciones implementadas contribuyen a una mejora en el
desempeno del proceso y de las piezas fabricadas.

Fabricacion WAAM: Las piezas seran fabricadas mediante el proceso WAAM, re-
gistrando datos criticos como consumo energético y material. Esta etapa tendra
como objetivo identificar dreas clave para optimizar la sostenibilidad del proceso
en comparacion con métodos convencionales.

Analisis de datos y comparacion: Los datos obtenidos del proceso WAAM seran
comparados con los de piezas equivalentes, ya sea reales o tedricas, fabricadas
mediante tecnologias tradicionales. Este analisis tiene como objetivo validar las
ventajas del proceso WAAM, con énfasis en su eficiencia, sostenibilidad y capa-
cidad de ahorro de recursos.

Testeo en condiciones reales: Las piezas fabricadas mediante WAAM se some-
terdn a pruebas en entornos industriales reales permitiendo la validacion de
utillajes de moldeo optimizados y verificando su desempefio satisfactorio en
aplicaciones practicas. Ademas, se realizardn pruebas preliminares en la indus-
tria de la construccién, validando estructuras tubulares auto-reforzadas
disefadas para entornos de alta exigencia mecdnica.

A través de esta metodologia, se pretende verificar el potencial del proceso WAAM
como una solucién industrial viable, capaz de producir componentes metalicos grandes
y funcionales con elevados estandares de rendimiento, al tiempo que se optimizan los
recursos empleados en su fabricacion.

Esquema y desarrollo del documento

La estructura de esta tesis ha seguido el modelo de compendio de articulos, todos ellos
basados en un hilo conductor comun. Estos estudios, publicados en forma de cuatro
articulos independientes, forman el hilo conductor de la tesis, cuya premisa es la imple-
mentacién de tecnologias de fabricacion aditiva en la fabricacién sostenible de utillajes
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y estructuras. La organizacién de dichos articulos publicados se muestra de manera es-
quematica en la llustracion 3.

En cuanto al documento en si, su estructura se aborda de la siguiente manera:

En primer lugar, la tesis introduce el contexto y la justificacion del estudio, considerando
las premisas, el alcance y los objetivos planteados. Posteriormente, se incluye un estado
del arte que analiza en detalle la evolucién de la tecnologia aditiva, desde sus inicios
hasta su aplicacién en el dmbito industrial, con un enfoque especifico en la fabricacién
aditiva metalica, eje central de este trabajo, y su relacidn con los objetivos propuestos.

El desarrollo técnico se estructura a través de los articulos publicados, siguiendo el hilo
conductor definido en la seccion Alcance. La seccion de resultados presenta los logros
alcanzados durante la investigacion, junto con una discusién sobre su impacto. Ademas
de los articulos, se detalla la contribucién de las investigaciones en la publicacion de
patentes y en el desarrollo de proyectos europeos de investigacion.

Las conclusiones sintetizan el trabajo realizado, destacando los resultados obtenidos y
cerrando el hilo conductor planteado. También se incluyen las contribuciones originales
al estado de la técnica y se proponen lineas de investigacion futura para continuar me-
jorando los procesos estudiados.

Finalmente, el documento incorpora una seccién de bibliografia que recopila todas las
fuentes consultadas, asi como listas de figuras, graficos, tablas y acronimos con su res-
pectiva ubicacién en el texto. En los anexos se encuentran los articulos y las patentes
publicadas durante el desarrollo de la tesis.
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Estado del arte

Este capitulo aborda la evolucion de la tecnologia de fabricacién aditiva, desde sus
inicios hasta su consolidacién no solo en la industria, sino también en la sociedad, donde
ha ganado gran aceptacién y ha fomentado la formacién de una comunidad activa.
Como introduccién al ambito de la fabricacidn aditiva, se analizan las principales dife-
rencias con respecto a los métodos de fabricacién convencional, destacando los casos
en los que la impresién 3D puede complementar o incluso reemplazar estas tecnologias,
ademas de sefialar sus limitaciones inherentes.

Tras definir el concepto de fabricacion aditiva, se exploran las principales tecnologias
actuales, detallando sus caracteristicas, limitaciones y aplicaciones especificas diferen-
cidndolas en tecnologias de fabricacion de lecho de polvo y tecnologias de fabricacién
por extrusidon de material. Una vez establecida esta base, el enfoque se centra en el pro-
ceso de fabricacién por extrusion de material, especificamente en el proceso WAAM,
resaltando su potencial como alternativa eficiente y sostenible frente a los métodos de
fabricacidon tradicionales. Se abordan los materiales mas comunes empleados en esta
tecnologia, con especial atencion al acero al carbono, que constituye el eje central del
estudio, tal y como se ha explicado en la introduccion, relacionandolo con sus aplicacio-
nes industriales.

Ademas, se discuten las especificaciones de disefio asociadas al proceso WAAM, inclu-
yendo sus limitaciones técnicas y requisitos especificos, asi como las posibilidades de
optimizacidon geométrica que no son factibles con métodos de fabricaciéon convencional.
El capitulo también subraya la relevancia de la sostenibilidad en el proceso, centrandose
en el andlisis del consumo eléctrico y de material, y destacando las oportunidades in-
dustriales futuras que esta tecnologia ofrece.

Como conclusion, se examina la integracién de la tecnologia WAAM en diversos sectores
industriales, proponiendo escenarios en los que puede complementar o reemplazar las
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tecnologias de fabricacidn tradicionales, consolidando su papel como una solucién via-
ble y sostenible para los desafios actuales de disefio y produccién.

Origen de la fabricacion aditiva

La fabricacion aditiva (AM), también conocida como impresién 3D, es una técnica avan-
zada utilizada para la fabricacién de geometrias y estructuras complejas mediante la
acumulacién de material en forma de capas superpuestas, utilizando datos de modelos
3D [3,4]. En base a esta tecnologia, gracias a su capacidad de producir piezas directa-
mente a partir de un archivo CAD (Computer-Aided Design), eliminando la dependencia
de los requerimientos tradicionales de fabricacion, como el desarrollo de un plan de
procesamiento, el acopio de materiales o el empleo de mdaquinas-herramienta especifi-
cas, ha sentado las bases de lo que hoy se conoce como prototipado rapido [5]. El
impacto de esta tecnologia en gran variedad de industrias, sumada a sus ventajas pre-
viamente remarcadas, han conferido a la fabricacién aditiva el titulo de la “tercera
revolucion industrial” [6].

El origen de la fabricacién aditiva se remonta a la década de los 80. El Dr. Kodama, en el
Instituto Municipal de Investigacidn Industrial de Nagoya [7], propone en 1981 la pri-
mera aproximacién a esta tecnologia mediante la utilizacion de protopolimero, el cual
se endurecia con la aplicacion de luz ultravioleta. Esta idea senté las bases para desarro-
llos futuros en el campo de la fabricacién aditiva, destacando la invencién de la primera
tecnologia de estereolitografia (Stereolithography - SLA), creada por Chuck Hull en 1986
[8], y la fabricacidn con filamento fundido (Fused Filament Fabrication - FFF), desarro-
llada por Scott y Lisa Crump en 1989 [9]. Estas innovaciones representan los precursores
de los dos principales grupos de tecnologias en fabricacion aditiva.

En la actualidad, los procesos de fabricacion aditiva han sido integrados tanto en el am-
bito industrial como en aplicaciones dirigidas a usuarios no especializados. Este hecho
se debe en gran medida a la popularizacién de los dispositivos de impresion 3D, distri-
buidos mundialmente por una gran cantidad de compaiiias, siendo el usuario no
especializado su principal target. Estas impresoras comerciales estan basadas en su ma-
yoria en tecnologias de filamento fluido de material polimérico, al ser faciles de
ensamblar, reparar y modificar, y al ser este proceso el mas sencillo a nivel de produc-
cion. Gracias a su gran popularidad, se ha creado una importante comunidad de
usuarios, que comparten ficheros CAD, soluciones de fabricacion, datos de procesabili-
dad de materiales, etc. Esta circunstancia alimenta la rama mas industrial de la
fabricacién aditiva [10,11], proveyendo a esta de retroalimentacién constante de sus
consumidores a nivel usuario. Como resultado, la fabricacién aditiva ha impulsado un
notable crecimiento en la industria, consoliddndose progresivamente en los procesos
industriales. Su proyeccién futura es ampliamente favorable, evidenciando un potencial
significativo para su expansién y evolucién [12].
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La incorporacion de la fabricacién aditiva en el dmbito industrial ha conducido a la pu-
blicacién en Espafia de la Norma UNE-EN ISO/ASTM 52910:2020: Fabricacion aditiva.
Disefio. Requisitos, directrices y recomendaciones (ISO/ASTM 52910:2018) [13]. Esta
normativa proporciona directrices aplicables al disefio de productos, dispositivos, siste-
mas, componentes o piezas fabricados mediante cualquier tecnologia de fabricacion
aditiva, facilitando la identificacién de consideraciones de disefio y la maximizacién de
las capacidades inherentes a estos procesos. La elaboracién de esta norma ha surgido
de la adaptacion al catalogo nacional de los grupos ISO/TC 261 Additive Manufacturing
[14] y ASTM F42 Additive Manufacturing Technologies.

Diferencias entre fabricacidn aditiva y fabricacién convencional

Como se ha mencionado, la fabricacion aditiva tiene ventajas importantes respecto a la
fabricacion convencional en situaciones especificas. Estas diferencias fundamentales re-
siden en su enfoque especifico, su metodologia y su aplicacién, resumidas en los
siguientes seis puntos:

1. Principio de fabricacion. La fabricacién convencional se puede considerar un pro-
ceso sustractivo, en el que un bloque de materia prima de tamafio mayor al de
la pieza final es procesado mediante la extraccién de material, mediante proce-
sos como el fresado, corte o taladrado, hasta la obtenciéon de la pieza objetivo.
Por el contrario, en los procesos de fabricacion aditiva, el proceso se basa en el
aporte de material, creando la pieza final correspondiente al modelo CAD me-
diante la adicion de capas.

2. Flexibilidad de diseio. Los métodos de fabricacién convencional cuentan con las
limitaciones intrinsecas de las maquinas-herramientas y equipos utilizados. De-
bido a ello, los disefios a fabricar deben ser adaptados a dichas restricciones,
limitando la complejidad de las piezas a fabricar. Sin embargo, los procesos de
fabricacion aditiva se independizan de estas restricciones de fabricacion, permi-
tiendo la fabricacién de estructuras complejas e intrincadas, inalcanzables por
métodos de fabricacion convencionales [15], como serian las estructuras inter-
nas. Esto no implica que los procesos de fabricacion aditiva carezcan de
limitaciones inherentes en cuanto al disefio para su fabricacién, aspecto que sera
analizado en detalle en secciones posteriores. No obstante, estos procesos ofre-
cen una capacidad significativamente superior para la creacién de geometrias
complejas en comparacion con los métodos de fabricacion convencional. Cabe
resaltar en este apartado las limitaciones dimensionales de los procesos aditivos,
siendo dependientes de la tecnologia y material utilizados, que restringen el ta-
mano maximo de las piezas a fabricar [16].

3. Costes de produccién. Los costes de produccion de un producto realizado me-
diante métodos de fabricacidn convencionales son proporcionales a la
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complejidad de la pieza. Sin embargo, las producciones en masa reducen los cos-
tes de la produccién de cada elemento individual, al amortizar las herramientas
y los procesos de mecanizado. Por esto, la fabricacién convencional es adecuada
para grandes lotes de piezas. En el caso de la fabricacidon aditiva, el coste de fa-
bricacion es independiente de la complejidad de la geometria final, siendo este
directamente proporcional al volumen final de la pieza. Por ello, la fabricacién
aditiva es adecuada para series cortas o prototipos.

Materiales. Los procesos de fabricacidn convencional cuentan con una extensa
trayectoria de aplicacion industrial, lo que ha propiciado el desarrollo de solucio-
nes avanzadas de maquina-herramienta, adaptadas al procesamiento de una
amplia variedad de materiales. En contraste, la fabricacion aditiva, al ser una tec-
nologia relativamente reciente, presenta una limitacion en la variedad de
materiales disponibles para su procesamiento. Los materiales mas comunmente
empleados son los termoplasticos [17,18], aunque también se han desarrollado
aplicaciones utilizando materiales cerdmicos [19] y metalicos [20].

Tiempo de fabricacion. Al igual que se ha mencionado para los costes de produc-
cion, los tiempos necesarios para fabricar productos realizados mediante
métodos de fabricacion convencionales son proporcionales a la complejidad del
disefio de éstos. Sin embargo, este tiempo de produccion elevado se rentabiliza
en la fabricacion de grandes series. Por el contrario, los procesos aditivos elimi-
nan pasos de la produccién, como el cambio de herramientas, sin embargo, el
proceso de fabricacién se mantiene constante independientemente de las piezas
a producir, siendo mejorado en la fabricacién de grandes series de productos por
los métodos de fabricacién convencionales.

Sostenibilidad. Los procesos de fabricacion convencionales parten de una mate-
ria prima, de la cual comUnmente extraen material hasta formar el elemento
final. Como resultado, estos procesos generan una cantidad significativa de
desechos, cuyo volumen depende directamente de la discrepancia entre el ta-
mafio de la materia prima adquirida y la geometria final del componente a
fabricar. En contraposicién, los procesos de fabricacion aditiva permiten la ob-
tencion directa de piezas finales, requiriendo, en funcién del tipo de tecnologia
empleada, un minimo o incluso ningun proceso de acabado posterior. Esto se
traduce en una optimizacién significativa del material empleado durante la fa-
bricacion [21]. Esta optimizacidén en el uso de material se plasma también en el
consumo eléctrico del proceso [22], como sera desarrollado mads adelante.

En resumen, mientras la fabricacién convencional sigue siendo la opcién preferida para
la produccion en masa de piezas estandar, la fabricacién aditiva sobresale en la perso-
nalizacion, la produccién de prototipos y la fabricacién de geometrias complejas, con
una mayor eficiencia en el uso de recursos.
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Tecnologias de fabricacién aditiva

En referencia a las tecnologias de fabricacién aditiva existentes, su diferenciacién se
puede realizar en base a diferentes criterios. En el capitulo Introduccién y objetivos se
han presentado los diferentes procesos de fabricacién aditiva atendiendo a su especifi-
cacidon ISO/AST. En este apartado, dicha diferenciacion se realizard en funcion a su
tecnologia de deposicidn y consolidacion del material, caracteristica que se relaciona
directamente con las capacidades dimensionales del proceso. Por ello, diferenciaremos
2 grandes grupos de tecnologias: tecnologias de lecho de polvo y tecnologias de extru-
sién de material.

Tecnologias de lecho de polvo

En las tecnologias de fabricacidén aditiva por lecho de polvo, el material inicial se pre-
senta en forma de polvo, que se extiende en capas uniformes sobre una superficie. Cada
capa se consolida selectivamente mediante una fuente de energia, como un laser o un
haz de electrones, que sinteriza o funde el material segln el disefio [23]. De esta manera,
se consolida una capa de material, que es cubierta por una nueva capa de polvo, conso-
liddndose de nuevo, y repitiendo este proceso capa a capa hasta completar la geometria.
Entre las tecnologias mas relevantes dentro de este grupo se encuentran: la sinteriza-
cion selectiva por laser (Selective Laser Sintering - SLS) [24], que utiliza un laser para
sinterizacién de polvo termoplastico; la fusion selectiva por laser (Selective Laser Mel-
ting - SLM) [25], también basada en la consolidacion selectiva mediante laser, pero
especificamente orientada al procesamiento de materiales metalicos; y la fusién por haz
de electrones (Electron Beam Melting - EBM) [26], que emplea un haz de electrones para
fusionar y consolidar las capas de material metalico. Un esquema del concepto de fabri-
cacién aditiva mediante tecnologia de lecho de polvo, especificamente SLM, se muestra
en la llustracion 4. Como se puede apreciar, esta tecnologia posee la capacidad de pro-
cesar una amplia diversidad de materiales, destacando especialmente la fabricacion
aditiva metalica (Metallic Additive Manufacturing, MAM).
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llustracion 4 Definicion esquemdtica del proceso SLM [27]

Este grupo de tecnologias de lecho en polvo destaca por su capacidad de fabricacion de
piezas de alta complejidad geométrica, alta calidad superficial y propiedades mecdnicas
avanzadas [28,29]. Cabe destacar la calidad de detalle alcanzada por esta tecnologia,
permitiendo minimizar o incluso eliminar por completo los procesos de acabado poste-
riores. Una de las cualidades mas valoradas de esta tecnologia es la isotropia de sus
propiedades mecdnicas, atribuida a las particularidades inherentes a su proceso de con-
solidacion.

Como contrapunto, se debe mencionar el prolongado tiempo de proceso requerido por
estos procesos, y su consumo eléctrico elevado en comparacién con las tecnologias de
extrusion de material [30]. Un aspecto aun mas relevante de estas tecnologias es la li-
mitacion en el tamafio de las piezas que pueden fabricarse, determinada por las
dimensiones de la cama de polvo y los sistemas disefiados para el depdsito y distribucion
de polvo en la cama de fabricacion. Las tecnologias basadas en lecho de polvo requieren
una estructura cerrada y hermética para evitar la contaminacién por impurezas exter-
nas, lo que restringe adicionalmente las dimensiones de fabricacion. Como resultado,
estas tecnologias de fabricacién aditiva de lecho de polvo se encuentran principalmente
limitadas a la produccién de piezas de tamafno pequeiio.

Tecnologias de extrusion de material

Esta tecnologia se basa en la extrusion continua de material, generalmente en forma de
filamento. El material se deposita capa a capa, siguiendo el disefio del modelo CAD. La
consolidacidn del material depositado ocurre debido al enfriamiento de éste en la ma-
yoria de los casos, como en los procesos de filamento fundido (Fused Filamente
Fabrication — FFF) [31] o los procesos de deposicion fundida (Fused Deposition Modeling
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- FDM) [32]. Un esquema del concepto de fabricacién aditiva mediante extrusién de ma-
terial, especificamente FDM, se muestra en la llustracién 5. Por norma general, las
tecnologias aditivas basadas en extrusidon de material son procesos endotérmicos, los
cuales requieren de una fuente de calor externa para realizar el proceso de extrusion.
No obstante, en procesos como la extrusion de poliuretano bicomponente [33], se pue-
den observar reacciones exotérmicas que ocurren durante la mezcla y posterior
extrusion de ambos elementos (PU A + PU B).

Filament Spool

Drive Wheels.

\ +—————— Filament

Extrusion Head

Heater
Extrusion Nozzle

Deposited Material

llustracion 5 Esquema simplificado de un proceso de fabricacion aditivo FDM [34]

Esta tecnologia se caracteriza por su simplicidad operativa, bajo costo y amplia accesibi-
lidad. Por ello, se ha convertido en la opcién preferida para prototipado rapido y para
aplicaciones funcionales con geometrias menos complejas [35]. Ademas, es la tecnolo-
gia mas utilizada fuera del dmbito industrial. Sin embargo, cuenta con problematicas
tales como la baja calidad superficial, la necesidad de material de soporte para disefios
especificos, y la posible anisotropia en las propiedades mecanicas de las piezas impresas.
Esta es dependiente del material y del proceso especifico de impresién, siendo més no-
table en las tecnologias FFF con aporte de material termopldstico [36,37], y
practicamente inexistente en tecnologias con aporte de material metalico.

Otra de las caracteristicas destacables de las tecnologias de extrusion de material, es su
area de trabajo. Al ser el sistema de extrusion no dependiente de las restricciones geo-
métricas del lecho de polvo, el drea de impresién alcanzable por esta tecnologia no tiene
limitaciones geométricas mas que las del propio disefio de los ejes del dispositivo de
impresion. Por ello, esta tecnologia es la mas indicada para la impresion de disefios de
gran tamano, concepto denominado Big Area Additive Manufacturing (BAAM) [38].
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En relacidon con los materiales empleados en esta tecnologia aditiva, se encuentra una
amplia variedad. Los materiales termopldsticos destacan como los mas utilizados, espe-
cialmente en forma de filamento para procesos de FFF, debido a su diversidad en
colores, acabados y propiedades, asi como a su extensa disponibilidad en el mercado.
No obstante, tal como se ha sefalado previamente, el desarrollo y la aplicacién de ma-
teriales ceramicos y metalicos, en el ambito de la fabricacidn aditiva por extrusion de
material, han alcanzado un nivel de avance considerable en la actualidad.

Tecnologia WAAM

En este estudio, se hard hincapié en las tecnologias de fabricacién aditiva metalica
(MAM), especificamente en la tecnologia de fabricacion Wire Arc Additive Manufactu-
ring (WAAM) [39-41]. En esta tecnologia de fabricacién aditiva metalica, basada en la
Soldadura por Arco Metalico con Gas (Gas Metal Arc Welding - GMAW) [42] el calor del
arco generado entre el electrodo consumible y la pieza se utiliza para fundir las superfi-
cies del metal base y la punta del electrodo. El metal fundido del electrodo se transfiere
a la pieza a través del arco, depositandose sobre la capa anteriormente aportada y ya
solidificada [43]. La antorcha de soldadura proporciona una atmdsfera protegida con gas
de soldadura, la entrada del hilo y la corriente de soldadura. Esta antorcha se incorpora
en un sistema de movimiento, que puede ser un sistema de 3 ejes o un robot colabora-
tivo mdas complejo. El proceso descrito de la fabricacibn WAAM se encuentra
representado en la llustracidn 6. Este sistema es independiente de una cama de polvo o
atmodsfera hermética, ya que la atmdsfera de soldadura necesaria es generada directa-
mente por la propia tobera en la zona de soldadura. Por ello, no presenta limitaciones
dimensionales de construccidn, salvo aquellas impuestas por la estructura de soporte
del cabezal de soldadura.

Additive manufacturing platform
(a) - (b) -
Weld
gun
= A
£
5
EJ "
E Welding torch Multiple e | —Wire
2 layers S~
o Thin-wall Melted material
Colaborative robot ) CMT power source
] Deposition direction

llustracion 6 Sistema de fabricacion aditiva WAAM (a) y detalle del cabezal de soldadura (b)

Es importante destacar que este proceso de fabricacion aditiva se fundamenta en la su-
perposicion sucesiva de capas, ya que se encuentra basado en tecnologias aditivas de
extrusion de material. Debido a esta caracteristica, las superficies laterales de estas
construcciones presentan una geometria similar a la que se muestra en la llustracion 7.
Por este motivo, el proceso WAAM se considera una tecnologia Near to Net Shape, lo
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que significa su producto impreso es muy similar a su forma final. Esto significa que, una
vez finalizado el proceso, el resultado obtenido requiere de un proceso de acabado por
CNC. La superficie lateral irregular es el resultado de un compromiso alcanzado me-
diante la optimizacién de los parametros de la temperatura de soldadura (dependiente
de la corriente eléctrica), y de la velocidad de impresién [44]. Estos parametros afectan
a la altura del corddn de soldadura y a su anchura, que son inversamente proporciona-
les. Los parametros de construccion de WAAM establecidos afectan a la calidad de la
superficie final [45—-47]; sin embargo, el estudio de Lopes et al. [48] muestra que el com-
portamiento mecdnico de los componentes fabricados no estd influenciado por el
proceso de fresado posterior.

(b)

llustracion 7 Estructura solapada del corddn de soldadura en el proceso WAAM. (a) Fotografia de la estructura. (b)
Representacion geométrica de la distribucion de los cordones de soldadura. (c) Fotografia de una seccion transversal
de la estructura.

Cabe resaltar los parametros mas relevantes del proceso WAAM, los cuales afectan a la
pieza final impresa. Principalmente su efecto se hace patente en la anchura y altura del
cordon de soldadura extruido, asi como en la calidad de éste:

e Velocidad de impresidn. Velocidad a la que la antorcha de soldadura se mueve
durante el proceso WAAM.

e Aporte de hilo: Volumen de material de aporte por segundo suministrado.

e Altura de capa: Distancia entre capas, definida en el eje vertical.

e Angulo del electrodo: Inclinacién del sistema de soldadura WAAM respecto a la
horizontal de la capa previamente extruida o base.

e Voltaje eléctrico. Este pardmetro determina la longitud del arco en soldadura,
que es la distancia entre el bafio de soldadura fundido, y el alambre de metal de
aportacion en el punto de fusién dentro del arco.

e Intensidad. Esta variable de la corriente de soldadura afecta a la cantidad de ma-
terial depositado durante el proceso WAAM.

e Caudal de gas de soldadura. Un caudal inadecuado puede provocar problemas
de oxidacién, porosidad o crecimiento inadecuado de la pieza.
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e Stick-out. Término que hace referencia a la distancia desde la tobera hasta la
construccion WAAM. Un stick-out demasiado grande puede resultar en fallo del
arco de soldadura, mientras que, si se trata de un valor demasiado pequefio,
significa que la tobera estd demasiado cerca de la construccién, pudiendo llevar
a colisiones o incluso a la soldadura de la tobera.

e Temperatura. Un exceso de temperatura puede causar un flujo excesivo del ma-
terial depositado, aumentando la anchura del cordén y reduciendo su altura.
Esto afecta negativamente al crecimiento y precision de la pieza. Por ello, es
esencial evitar acumulaciones de calor mediante una planificaciéon adecuada del
ruteo, asegurando una distribucidn térmica uniforme durante el proceso.

(a) (b)

15\" _“it‘-.-\l

16'\"

20A l

(c) (d)

18 mm ' 230%C '

12 mm l 160 =C I

llustracion 8 Parametros de proceso WAAM recogidos durante la fabricacion de una estructura compleja: (a) voltaje,
(b) Intensidad, (c) Stick-out y (d) Temperatura.

Para grandes construcciones, es deseable un corddn de soldadura estrecho, que permita
un crecimiento rapido de la pieza en altura, pese a que reduzca la penetracion de la
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soldadura en la capa inferior [49].Estos parametros de fabricacion afectan a las propie-
dades finales del material, quedara definida por los requerimientos finales de la
construccion[50-54].

En este repaso de los pardametros mas relevantes para el proceso de soldadura se han
obviado elementos tan importantes como el material de aporte y el gas de soldadura
utilizado, ya que seran descritos con mayor detalle en el apartado siguiente.

El analisis del proceso de fabricacion aditiva WAAM y su parametrizacion se fundamenta
en los desarrollos realizados por Ivan et al. [55] en su tesis doctoral, la cual establece los
principios basicos para procesos WAAM de grandes dimensiones. Estos avances consti-
tuyen la base del estudio actual y también inspiran la investigacién en curso de Alberto
Laguia, enfocada en la parametrizacién detallada del proceso WAAM. Este trabajo apro-
vecha los hallazgos de ambas tesis como puntos de partida esenciales para su desarrollo,
integrando sus contribuciones para avanzar en la implementacidn industrial de esta tec-
nologia.

Materiales

El proceso WAAM es realizable con una amplia variedad de materiales metalicos, sin
embargo, los pardmetros de fabricacién son dependientes del material utilizado. Esto
puede atribuirse a los cambios introducidos en la fuente de calor, la alimentacién del
filamento, el laminado, las condiciones de procesamiento y las técnicas de calenta-
miento para mejorary optimizar el proceso de fabricacién [56]. Los materiales de aporte
de mayor relevancia en aplicaciones industriales son los siguientes:

e Aleacién Ti-6Al-4V. Ampliamente utilizada en la industria aeroespacial, a lo largo
de los anos se ha trabajado mas en la mejora del rendimiento de la aleacién [57].
Ademas, la aleacidn de titanio se utiliza para muchas aplicaciones ligeras, ya que
se caracteriza por su sobresaliente resistencia mecanica. Sin embargo, este ma-
terial es relativamente mas caro, por lo que las tecnologias de fabricacién que
optimizan su consumo de material, como en el caso del WAAM, adquieren una
especial importancia[58]. Sin embargo, proceso WAAM en esta aleacion puede
generar tendencias anisotrdpicas en las propiedades mecanicas de la pieza fabri-
cada, como en el caso de la resistencia a traccion [59].

e Aleaciones de aluminio. Las mas importantes dreas de aplicacién de las aleacio-
nes de aluminio producidas mediante tecnologia WAAM incluyen los sectores
aeroespacial, automovilistico, naval y energético, en los que las estructuras lige-
ras, la resistencia a la corrosién y la alta resistencia son fundamentales. En este
material, el aporte térmico del proceso influye significativamente en la microes-
tructura y las propiedades mecanicas de los componentes, provocando defectos
como tensiones residuales, distorsion, porosidad y grietas [60]. La llustracién 9
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muestra un ejemplo de construccién de torre de aluminio SuperGlaze 5356, de-
finido seglin EN 1SO 18273 como S Al 5356 (AIMg5Cr(A)) [61].

llustracion 9 Fabricacion de torre de aluminio mediante proceso WAAM operado por robot colaborativo. Fotografia
tomada en las instalaciones de la Fundacion Aitiip.

e Las superaleaciones base niquel (Ni). Las aleaciones a base de niquel tienen una
buena resistencia a la corrosion y presentan unas excelentes propiedades meca-
nicas [62]. Estas propiedades se mantienen incluso a temperaturas elevadas, lo
que da lugar a una amplia gama de aplicaciones industriales. Respecto a su utili-
zacion como material de aporte en la tecnologia WAAM, los resultados
obtenidos muestran una gran dependencia de la seleccién de las técnicas WAAM
y los parametros de entrada. Estos efectos se hacen visibles en la microestruc-
tura resultante, y la aparicion de defectos que pueden influir en las propiedades
mecanicas finales. Las superaleaciones utilizadas en el proceso WAAM basadas
en Ni muestran una microestructura y unas propiedades mecanicas no homogé-
neas desde las capas inferiores a las superiores [63].

e Aceroal carbono. Las aleaciones de acero al carbono figuran entre los materiales
mas ampliamente empleados en el dmbito industrial[64]. Su aplicacién mediante
la tecnologia WAAM ha sido validada en sectores de gran relevancia, como la
industria militar [65], construccion [66—68], ferroviaria [69] y nuclear [70], des-
tacando por su versatilidad y propiedades mecanicas superiores en entornos
exigentes. Estas propiedades pueden atribuirse a su comportamiento mecanico
isotrépico, validado por los ensayos realizados por Laghi et al. [71] y respaldado
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por andlisis microestructurales que evidencian una microestructura notable-
mente homogénea en las construcciones fabricadas mediante tecnologia
WAAM. Un ejemplo de corddn de soldadura fabricado en acero al carbono se
detalla en la llustracion 10.

O

llustracion 10 Detalle de fabricacion de estructura utilizando acero al carbono como material de aporte

Ademas del material de aporte, cabe resaltar la importancia del gas de soldadura utili-
zado durante el proceso. La funcidn de este gas es creacién de una atmésfera iddnea
para el proceso de soldadura, desplazando el oxigeno y otros gases atmosféricos, au-
mentando la ionizacién del arco eléctrico, y por lo tanto la energia térmica transferida,
lo que resulta en una mayor penetracion del metal base y un arco mas estable. Este
desplazamiento de gas atmosférico en la zona de soldadura previene ademas la oxida-
cion durante el proceso. Las especificaciones del proceso de soldadura utilizado en la
tecnologia WAAM (MIG o MAG comuinmente) definen la utilizacidon de un gas inerte o
activo. El caudal de éste requiere un importante proceso de optimizaciéon. Un caudal
insuficiente no sera capaz de desplazar el volumen de aire atmosférico, siendo incapaz
de crear la atmosfera idénea para la soldadura. Sin embargo, un caudal demasiado ele-
vado puede crear un enfriamiento indeseado de la zona de deposicién debido a la
conveccion forzada [72,73].

Esta tesis doctoral se centra en la tecnologia WAAM utilizando acero al carbono como
material de aporte, debido a su alta versatilidad y amplia utilizacidn en el ambito indus-
trial. Este material destaca no solo por su gran disponibilidad y facilidad de adquisicion,
sino también por su aplicabilidad en una amplia variedad de sectores, tanto en compo-
nentes intermedios, como utillajes y moldes, como en productos finales, tales como

Pagina | 25



Implementacidn de tecnologias de fabricacién aditiva en la fabricacién sostenible de utillajes y estructuras

estructuras constructivas. Su disponibilidad, combinada con excelentes propiedades
mecdnicas, lo posiciona como una opcién idénea para la fabricacién de grandes compo-
nentes, manteniendo wuna relacion coste-propiedades mecdnicas altamente
competitiva. Estas caracteristicas, junto con su potencial de integracion en la industria,
lo convierten en un candidato ideal para el desarrollo de esta tesis, enfocada en la im-
plementacién sostenible de la tecnologia aditiva WAAM aplicada a la fabricacién de
utillajes y estructuras.

Disefio

Los procesos de fabricacion aditiva permiten la produccién de estructuras complejas im-
posibles de fabricar por métodos de fabricacion convencionales. La introduccion de
estas tecnologias aditivas metalicas en los sectores industriales requiere la reevaluacién
de los conceptos de disefio utilizados hasta el momento. Estas nociones estan adapta-
das, y por tanto restringidas, a los métodos de produccién convencionales, y deben
adecuarse a las nuevas posibilidades de la tecnologia aditiva, y a su vez tomar en consi-
deracidn sus restricciones.

La tecnologia de fabricacion WAAM es un proceso es relativamente joveny, por lo tanto,
no estd desarrollado al mismo nivel que los sistemas de fabricacidon convencionales. Un
punto delicado a tener en cuenta es la limitada calidad de las superficies impresas, lo
gue hace indispensable un postprocesado de las superficies con requisitos de acabado
de precision [74]. La consecuencia de estas circunstancias es la necesidad de disefiar un
CAD (disefio asistido por ordenador) especifico para fabricacion aditiva debido a la ne-
cesidad de eliminar material para conseguir una pieza final de alta calidad. Un ejemplo
de fabricacion WAAM donde se visualiza el resultado del proceso de mecanizado poste-
rior es la llustracién 11. Este CAD especifico se denomina CAD adaptado al proceso
WAAM. En este CAD se debe tener un sobre-espesor de disefio en la superficie exterior,
gue luego se mecanizard. El criterio de sobre-espesor requerido para cumplir con las
especificaciones de acabado varia en funcion del autor, el proceso de soldadura WAAM
empleado y el material utilizado. No obstante, una cifra de referencia ampliamente
aceptada es un excedente de 10 mm [75—77]. Este sobre-espesor también sirve como
elemento de seguridad en caso de fallo del proceso de impresion.
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llustracion 11 Construccion WAAM tras primera etapa de postprocesado

Cabe resaltar que el proceso WAAM requiere de una base metalica sobre la que poder
depositar las primeras rutas de soldadura aditiva. Por ello, se debe tener en cuenta si
esta base metdlica forma parte de la pieza final, y, en el caso de no ser asi, se deberan
considerar en la etapa de disefio varias capas de sacrificio, que ayudaran a la eliminacién
de esta base mediante su corte. Las caracteristicas mencionadas en este parrafo se
muestran en la llustracién 12.

llustracion 12 Proceso aditivo WAAM aplicado sobre base metdlica
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Otra circunstancia que debe tenerse en cuenta durante la fase de disefio es la tempera-
tura de proceso del sistema WAAM. Durante este proceso aditivo, el material alcanza
temperaturas de hasta 450°C, dilatando la geometria. Para compensar esta dilatacion,
la pieza se disefia teniendo en cuenta esta contraccién, de forma que el utillaje en frio
cumpla con la geometria objetivo. Este aumento de la temperatura puede resultar pro-
blematico, ya que su acumulacién a lo largo del proceso crea zonas puntuales donde los
cordones de soldadura no alcanzan la altura adecuada, debido a que requieren un mayor
tiempo de solidificacidon [78]. Esos puntos calientes deben ser evitados durante el ruteo
del proceso aditivo, implementando rutas de impresion que eviten concentraciones de
puntos en zonas concretas.

A diferencia de otras tecnologias de AM, el proceso WAAM se realiza sin ninguna estruc-
tura de soporte adicional. En consecuencia, las construcciones sin soporte realizadas
mediante este método de impresién pueden sufrir errores de precision o incluso des-
prendimiento de material en zonas donde los angulos de los voladizos son demasiado
elevados [79-81]. En este sentido, los estudios realizados por Liu et al. [82] demostraron
que las paredes delgadas de construccion con una inclinacién tedrica de 252 presenta-
ban un error de hasta el 6%. Esta caracteristica se muestra en la llustraciéon 13. Como en
el caso del sobre-espesor de disefio, el CAD adaptado al proceso WAAM debe tener en
cuenta estas caracteristicas. Esta restriccion también aplica a ciertas caracteristicas
constructivas, como roscas o pequeiios agujeros que deben ser fabricados en la segunda
etapa de postprocesado, como se esquematiza en la llustracién 13.

(a) (b)

1 .‘-\ng,ulu < 25°

llustracion 13 Esquema de disefio WAAM. Definicion de disefio con restriccion de dngulo de voladizo. (a) Construc-
cion correcta (dngulo de voladizo < 259). (b) Construccion incorrecta, con desplome (en rojo) (dngulo de voladizo >
259)

Teniendo en cuenta las limitaciones de disefio presentadas para la fabricacion de aber-
turas o vanos en la direccién Z de la estructura, estos conceptos deben adaptarse al
proceso de fabricacidn. La tecnologia de fabricacion WAAM es capaz de la fabricaciéon
de estos disefos con vaciados en la estructura, sin embargo, el disefio de éstos debe
realizarse con un cierre progresivo, respetando el angulo de desplome mdaximo. Esta es-
tructura con formato de gota de agua, como se muestra en la llustracion 14, podra
utilizarse para la fabricacién de complejos vaciados internos, que podrian tener como
objetivo la reduccién del peso de la pieza final.
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llustracion 14 Esquema de disefio WAAM. Concepto de disefio de aberturas. (a) Construccion WAAM adaptada (dn-
gulo de voladizo < 259, estructura de gota de agua). (b) Construccion incorrecta, sin disefio interno adaptado
(desplome en rojo)

Respecto a la reduccién de material en disefos concretos, la flexibilidad de disefo del
proceso WAAM permite concebir disefios donde se optimiza al maximo la cantidad de
material utilizado. Por ello, se pueden crear modelar elementos con caracteristicas es-
pecificas que maximizan la eficiencia del material empleado, que serian inviables de
mecanizar mediante métodos de fabricacidon convencionales debido a que el costo aso-
ciado a la ejecucién de los vaciados propuestos resultaria desproporcionado en relacién
con los beneficios obtenidos.

Otro caso concreto que optimiza las capacidades de la fabricacion WAAM es la fabrica-
cion de canales internos. Estos canales pueden utilizarse como sistemas de
calentamiento y/o refrigeracidn, y se utilizan en moldes para procesos como la inyeccion
de plastico o el hot-forming. El disefio de los canales térmicos del utillaje WAAM puede
optimizarse para adecuarse a la geometria de la pieza, optimizando la transferencia de
temperatura. Este concepto de disefio se denomina Conformal Cooling (CC) [83-86], y
permite reducir tiempos de ciclo en el proceso industrial subsecuente [87], ademas de
optimizar la distribucién de calor a lo largo de la pieza. La distribucién de la temperatura
en el molde y su velocidad de enfriamiento son fundamentales para la calidad de la pieza
inyectada. Un enfriamiento insuficiente o no uniforme puede afectar a la geometria de
la pieza, encogiéndola o deformandola en el caso de los procesos de inyeccién [88,89].
En estos procesos, ademads, una distribuciéon no uniforme de la temperatura también
puede causar efectos indeseables en la pieza, que pueden observarse en su acabado
superficial (como zonas de acabado superficial pobre o la aparicién de zonas brillantes)
[90].

Sostenibilidad

Como se ha mencionado anteriormente, los procesos de fabricacidon aditiva destacan
por su elevada capacidad para maximizar la eficiencia en el uso de material necesario en
la produccion de una pieza final. Ademas, al emplear Unicamente la cantidad minima de
material necesaria, se logra reducir significativamente el consumo energético asociado
al proceso de fabricacién. En consecuencia, el proceso de fabricacién aditiva WAAM se
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posiciona como una alternativa prometedora para lograr una disminucion tanto en el
consumo energético como en el uso de material, en comparacion con los productos fa-
bricados mediante métodos convencionales.

Consumo de material

La reducciéon de consumo de material se debe tanto a los requerimientos especificos de
fabricacidon como a las posibilidades de disefio desarrolladas en el apartado Disefio. Su
principal bondad es la fabricacién de estructuras Near to Net Shape, en la que la pieza
resultado dista poco de la pieza final, que alcanzara tras la segunda fase de postproce-
sado requerida en las superficies con requerimientos de acabado. Esta caracteristica,
sumada a la posibilidad de creacién de estructuras complejas, con vaciados de material
no realizables mediante métodos de fabricacién convencionales, permite reducir el ma-
terial utilizado al minimo [91,92]. Por ello, una vez optimizado al maximo el disefio de la
pieza, el parametro mas influyente en el consumo de material del proceso WAAM es el
sobre-espesor de impresién.

Como se ha mencionado, el sobre-espesor es un parametro de seguridad que genera un
grosor de pared extra, que sera eliminado posteriormente. Este criterio genera sufi-
ciente material para garantizar su eliminacién en la segunda fase de mecanizado,
permitiendo conseguir superficies que alcancen los requerimientos de acabado necesa-
rios. Ademas, elimina errores de falta de material producibles debido a la naturaleza del
proceso, como falta de material en interfases de cordones o sobre-calentamiento.

En la tecnologia WAAM, la optimizacion del sobre-espesor de disefio se posiciona como
uno de los objetivos prioritarios para investigaciones futuras. Su reduccion podria tra-
ducir en una disminucion significativa del consumo de material y una disminucién
significativa del consumo energético durante la impresién y el mecanizado necesario
para eliminar dicho excedente

Consumo eléctrico

El caso especifico del consumo eléctrico mantiene similitudes con lo expuesto en cuanto
a consumo de material. El pardmetro de sobre-espesor puede suponer una diferencia
en el consumo final de fabricacidn, al conllevar inevitablemente un aumento del tiempo
de proceso de impresiéon. Sin embargo, su valor es despreciable respecto al consumo
global de un proceso WAAM de grandes dimensiones.

El consumo eléctrico total de un proceso WAAM por tanto es, al igual que en el caso del
consumo de material, dependiente de la geometria impresa y del equipo de utilizado. El
sistema WAAM requiere de un equipo de soldadura y un sistema motriz para este, que
puede ser desde un sistema simple de 3 ejes hasta robots colaborativos de 6 ejes. Por
ello, la asuncién de un valor de consumo eléctrico del proceso no puede ser universali-
zada.

Pagina | 30



Capitulo 2 Estado del arte

Segun la bibliografia consultada [93,94], el proceso de desbaste presenta un mayor con-
sumo energético debido a la considerable cantidad de material eliminado y a las
elevadas fuerzas de corte que este requiere. En contraste, el proceso de acabado implica
un consumo energético significativamente inferior, ya que se centra en la eliminacién
minima de material necesaria para alcanzar la precisién dimensional y la calidad super-
ficial deseadas.

Un andlisis detallado del consumo energético en el fresado [95] revela que los parame-
tros de corte, como la velocidad de avance y la profundidad de corte, influyen
directamente en la energia utilizada. Durante el desbaste, el objetivo es maximizar la
productividad, lo que resulta en un mayor consumo eléctrico. Por otro lado, el acabado
se enfoca en la precision, reduciendo la demanda energética al minimizar las fuerzas de
corte y la vibracién de la herramienta.

Debido a la cualidad de la fabricacién aditiva WAAM de fabricar piezas bajo el concepto
Near to Net Shape, los resultados impresos no requieren de procesos de desbaste. Al
necesitar solo de procesos de acabado, el consumo eléctrico total se reduce al proceso
de acabado, menos exigente en cuanto a consumo eléctrico. Ademads, Unicamente las
areas que exigen un acabado especifico deben ser sometidas a postprocesado, lo que
permite disminuir la extension total de las superficies a mecanizar o, en ciertos casos,
prescindir completamente del mecanizado, eliminando asi este consumo energético del
balance total del proceso. Por consiguiente, es posible concluir que los componentes
producidos mediante el proceso WAAM tienen el potencial de disminuir el consumo
energético en comparacion con los métodos de fabricacién convencionales.

Por ello, la tecnologia aditiva WAAM se posiciona como una realidad sostenible en la
fabricacidn de grandes estructuras metalicas [96,97], siendo sus principales fortalezas la
disminuciéon de material consumido durante la fabricacidon, el ahorro energético aso-
ciado a la eliminacion del proceso de fresado desbaste durante su fase de mecanizado y
la significativa reduccion de residuos generados como resultado de estas dos condicio-
nes.

Aplicaciones

Las aplicaciones del proceso de fabricacion aditiva WAAM han sido mencionadas de ma-
nera tangencial a lo largo del Estado del Arte. Es importante destacar que, aunque esta
tecnologia es adaptable a disefos de cualquier tamafio alcanzable por el sistema de mo-
vimiento en el cual se instale y nivel de complejidad, su mayor potencial se encuentra
en la fabricacidn de piezas o estructuras metalicas de grandes dimensiones con geome-
trias complejas.

En este contexto, el proceso WAAM alcanza su maxima eficacia al permitir la produccion
de estructuras que no pueden ser obtenidas mediante métodos convencionales de fa-
bricacidon. Ejemplos de estos conceptos incluyen vaciados internos, disefios auto-
reforzados y sistemas de conductos para refrigeracion. La capacidad de generar piezas
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cercanas a la forma final (Near to Net Shape) no solo posibilita una significativa reduc-
cién del peso en los productos finales, sino que, desde una perspectiva de sostenibilidad,
optimiza el consumo de material y minimiza las areas requeridas para el mecanizado en
procesos de postprocesado. Esto se traduce en una notable disminucién tanto del con-
sumo de material como del gasto energético asociado.

Entre los sectores industriales que mas se benefician de las ventajas de este proceso
destacan la industria dedicada a la fabricacién de moldes y la industria de la construc-
cién, donde estas capacidades pueden ser aprovechadas de manera dptima.

Industria de la fabricacion de moldes

La industria de fabricacién de moldes puede clasificarse segun los procesos especificos
para los cuales estan disefiados los moldes. Sin embargo, de manera general, estos re-
quieren propiedades mecdanicas excepcionalmente altas debido a las exigencias de los
procesos industriales a los que estan destinados. Ademas, al tratarse cominmente de
aplicaciones orientadas a la produccién de grandes lotes, los moldes deben soportar ci-
clos de fabricacidon extremadamente cortos. En este contexto, las aplicaciones de la
tecnologia WAAM destacan como particularmente adecuadas.

En primer lugar, la capacidad de WAAM para fabricar disefios complejos permite opti-
mizar el peso de los moldes sin comprometer sus propiedades mecanicas. Esta
optimizacidn generalmente se traduce en una reduccién significativa del peso del
molde, lo que disminuye su inercia térmica [98] y, a su vez, permite acortar los tiempos
de ciclo [99,100].

Ademas, la capacidad del proceso WAAM para incorporar conductos internos persona-
lizados, adaptados a la geometria de la pieza final, ha sido discutida previamente en el
apartado de diseno. Este enfoque, conocido como Conformal Cooling, facilita la reduc-
cion de los ciclos térmicos y permite una distribucion precisa y uniforme de la
temperatura a lo largo de la estructura del molde [101,102]. Como resultado, se logra
una homogeneizacién de la temperatura durante el proceso, reduciendo el riesgo de
deformaciones en las piezas fabricadas. Este concepto de disefio ha sido testeado hasta
la fecha en utillajes de pequefio tamafio (100x100x100 mm), con resultados promete-
dores [103], y su escalado presenta un desafio por las limitaciones de las soluciones de
fabricaciéon aditiva actuales.

Estas caracteristicas hacen que la tecnologia de fabricacién aditiva WAAM sea especial-
mente adecuada para su aplicacidon en la industria de fabricacion de moldes. No
obstante, es necesario realizar investigaciones mas exhaustivas para validar el rendi-
miento de los moldes tras multiples ciclos de fabricacion, especialmente en procesos
con altos requerimientos mecdanicos, como los asociados a la inyeccion de plasticos. Ade-
mas, la principal limitacidon encontrada para la implementacion de tecnologias aditivas
en la industria es la restriccién dimensional encontrada en los sistemas actuales. El pro-
ceso WAAM, al ser un proceso cuyas restricciones dimensionales son dependientes del
sistema de movimiento planteado, puede suplir esta problematica.
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Industria de la construccion

Los avances en programas informaticos de disefio asistido por ordenador (CAD), mode-
lado tridimensional y métodos de fabricacion digital han abierto posibilidades para
explorar formas estructurales complejas e innovadoras, como disefios de forma libre,
cascaras, o estructuras reticulares [104,105]. El uso de estas herramientas de software
ha permitido a los disefiadores emplear métodos computacionales en la exploracién de
nuevas soluciones estructurales [106]. Sin embargo, los métodos de fabricacidon conven-
cionales no siempre son capaces de realizar de manera O6ptima los disefios
conceptualizados, por lo que la fabricacién aditiva se erige como una solucién. Especifi-
camente, la tecnologia WAAM muestra un alto potencial para aplicaciones de ingenieria
estructural. Esta tecnologia ofrece la libertad de disefio y la capacidad de reforzar com-
ponentes requerida para la implementacion de estas soluciones. El ejemplo mas
reconocible de la utilizacién de la tecnologia WAAM en construccién es la construccion
del puente de MX3D en Amsterdam [107].

Como en el caso de la fabricacidon de moldes, la principal barrera para la completa adop-
cion de los procesos de fabricacién aditiva convencionales en la industria radica en la
limitacidon del tamafio de las piezas que pueden producirse. En este contexto, la tecno-
logia WAAM se perfila como una solucién viable, ya que permite la fabricacion de
componentes de acero, ampliamente empleado en el sector de la construccidn, sin res-
tricciones de dimensiones y con propiedades mecanicas satisfactorias. Asimismo, como
se ha descrito previamente, este proceso es apto para la creacién de estructuras com-
plejas, disefiadas mediante herramientas avanzadas de software.
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Resultados y trabajos realizados

Este capitulo se organiza en dos secciones principales. La primera aborda los nexos de
union y las interrelaciones entre las distintas investigaciones realizadas, con el objetivo
comun de trazar y demostrar el potencial de la integracién de la tecnologia WAAM en
un entorno industrial para la fabricacién de estructuras intermedias y finales. Se hace
especial énfasis en las ventajas que esta tecnologia ofrece en términos de eficiencia del
proceso y sostenibilidad, vinculando asi el propdsito de cada trabajo con el marco global
de la investigacion.

La segunda seccién presenta cada uno de estos trabajos de manera individual. La
organizacién de los articulos no seguird un esquema estrictamente lineal en el tiempo,
dado que, en algunos casos, la fecha de publicacién no coincide con el orden cronolégico
del desarrollo de la investigaciéon. Ademas, se incluye un breve resumen en castellano
de cada trabajo, destacando las ideas principales y los resultados mas relevantes
obtenidos en cada caso.

Finalmente, el capitulo recopila algunos de los proyectos y actividades en los que el
doctorando ha participado durante este periodo, remarcando el caracter industrial en
el que se ha enmarcado esta investigacion. Estas experiencias han sido fundamentales
para el desarrollo de las investigaciones incluidas en la tesis, asi como de otras iniciativas
en un entorno multidisciplinar e internacional. Este apartado resalta el caracter
colaborativo de los estudios realizados y refleja el conocimiento integral del doctorando
sobre los aspectos clave de una investigacién: desde la conceptualizacion de la idea
hasta la obtencién de conclusiones, pasando por su ejecucién y la difusion de los
resultados obtenidos.
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Justificacién de la unidad tematica & Presentacion de los trabajos
Desarrollo del esquema de toma de decisiones

Siguiendo el esquema de toma de decisiones presentado en la introduccion, se realizé
una investigacion inicial para identificar la tecnologia aditiva mas adecuada para alcan-
zar el objetivo planteado: implementar industrialmente un proceso de fabricacidon
aditiva de gran escala. Por ello, se partié de la llustracidn 2 para la selecciéon de la tecno-
logia aditiva sobre la que se realiz6 el estudio.

El enfoque inicial del analisis se centrd en tres grandes grupos de materiales de aporte:
termoplasticos, metalicos y ceramicos. Los materiales termoplasticos fueron descarta-
dos debido a sus propiedades mecdanicas medias/bajas, insuficientes para cumplir los
altos requerimientos mecanicos de industrias como la construccion o la industria del
moldeo. En contraste, los materiales metdlicos y ceramicos presentan propiedades me-
canicas medias y altas, aunque los ceramicos enfrentan limitaciones como su alta
fragilidad, una caracteristica que, dependiendo la aplicacion especifica, podria conside-
rarse asumible.

La eleccidn del proceso aditivo esta directamente relacionada con el material de aporte.
Tanto para materiales cerdmicos como metalicos, las principales tecnologias disponibles
son la fabricacion aditiva por cama de polvo, la fabricacién aditiva por cama de polvo
con aglutinante y la aportacioén de hilo.

Las tecnologias basadas en cama de polvo (incluyendo las basadas en cama de polvo
mas aglutinante), aunque ofrecen importantes ventajas en disefio y sostenibilidad, pre-
sentan una baja velocidad de fabricacién, debido a su limitada capacidad de aporte de
material por capa. Esto las hace no competitivas para aplicaciones industriales que re-
quieren tiempos de produccion reducidos. Por esta razén, se descartaron como opcién
viable.

En contraste, las tecnologias de aportacion de hilo destacan por su alta tasa de aporte
de material, lo que permite fabricar estructuras de gran tamaio en tiempos mas redu-
cidos. Si bien estas tecnologias pueden producir superficies finales de menor calidad,
este aspecto no es determinante, dado que todos los procesos aditivos analizados re-
quieren una etapa posterior de mecanizado para alcanzar los estandares de acabado
superficial requeridos.

Finalmente, se evalud la capacidad para fabricar piezas de gran tamafio, un requeri-
miento esencial para aplicaciones industriales. En este aspecto, la tecnologia GMAW
metalica de aporte de hilo sobresalié frente a su contraparte ceramica, al estar basada
en un proceso industrialmente maduro, como la soldadura. Debido a ello, ofrece mayo-
res posibilidades dimensionales en comparacién con las impresoras 3D ceramicas de
mayor tamafo disponibles en el mercado.

Considerando las especificaciones iniciales, como propiedades mecanicas elevadas, alta
capacidad de aporte de material y la posibilidad de fabricar piezas de gran escala, se
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seleccioné la tecnologia aditiva GMAW para este estudio, especificamente en su va-
riante WAAM, derivada de GMAW. Esta eleccién cumple con los requisitos de
integracién industrial y asegura la viabilidad del proceso para los objetivos establecidos
en la tesis. El desarrollo de esta toma de decisiones ha sido plasmado en la llustracién
15.
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llustracion 15 Esquema de toma de decisiones final
Hilo conductor de la investigacion

La investigacion consolidada en el marco de esta tesis doctoral ha tenido como propé-
sito validar la viabilidad de la tecnologia aditiva WAAM para la fabricacién de piezas
intermedias y finales de gran tamafio, promoviendo su integracién en el entorno indus-
trial como una solucién sostenible frente a desafios de disefio complejos. Como se ha
detallado previamente, la tecnologia WAAM ofrece una amplia gama de materiales de
aporte; en este estudio, se ha elegido el acero al carbono debido a sus destacadas pro-
piedades mecanicas y su extendida aplicacién en la industria.

En este marco, el doctorando ha disefiado una estrategia que cubre todas las fases esen-
ciales del proceso, desde la conceptualizacién hasta la validacidn final, plasmada en el
desarrollo de cuatro articulos cientificos que detallan exhaustivamente el ciclo completo
de esta tecnologia.

Como punto de partida de la fabricacién de piezas y estructuras industriales, se realizo
la fabricacién de un molde de press-forming mediante proceso aditivo WAAM, a la vez
que un molde simétrico realizado por técnicas de fabricacidn convencionales. En este
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primer paso del estudio se evalud la posibilidad de la fabricacién aditiva WAAM en ele-
mentos de grandes dimensiones, al tratarse de un molde metalico de dimensiones
500x450x150 mm aproximadamente. El molde WAAM fabricado fue disefiado y optimi-
zado para adecuarse al proceso de fabricacion aditiva.

El éxito en la fabricacion del utillaje WAAM sentd las bases de los procesos de fabricacidon
posteriores. Durante el proceso de fabricacién, los datos recopilados evidenciaron una
notable reduccion tanto en el consumo eléctrico como en el uso de material en el pro-
ceso WAAM en comparaciéon con los métodos de fabricacién convencionales.
Adicionalmente, un andlisis metroldgico realizado sobre la pieza WAAM antes de su me-
canizado permitié identificar oportunidades para optimizar aun mas el proceso. Estas
optimizaciones lograron disminuir adicionalmente el consumo de recursos, consoli-
dando asi la sostenibilidad del proceso demostrada en este primer caso de estudio.

Para la completa validacién del proceso WAAM en la fabricacidn de piezas industriales,
se tested el utillaje fabricado junto con su analogo realizado por procesos convenciona-
les para el proceso press-forming. Los resultados obtenidos demostraron un desempeno
satisfactorio, confirmando la viabilidad de implementar el proceso WAAM en aplicacio-
nes industriales.

Partiendo de la verificacion del proceso WAAM alcanzada, y con el objetivo de aprove-
char las capacidades de disefio de elementos complejos, se propuso la fabricacion de un
nuevo molde de grandes dimensiones. En este caso, se traté de un molde de inyeccion,
con el objetivo de verificar el proceso de fabricacion WAAM en una diversidad de pro-
cesos industriales.

Este molde fue fabricado segun el concepto de Conformal Cooling, definido anterior-
mente, de manera que se optimiza tedricamente el ciclo de refrigeracion de dicho
molde. El disefio complejo WAAM fue analizado contra con un molde andlogo tedrico,
disefiado para su fabricacion por métodos de fabricacidn convencionales. Los resultados
mostraron una reduccion del tiempo de ciclo y una mayor homogeneidad de extraccion
de calor para el molde WAAM. La fabricacion satisfactoria de este molde fue monitori-
zada, permitiendo el analisis del consumo de material, utilizado para el estudio de la
sostenibilidad del proceso.

Tras la demostracion de la capacidad de fabricacidn de utillajes complejos para diferen-
tes procesos de moldeo, se enfocé el estudio en la fabricacién de elementos finales. Por
ello, se decidié optar por la industria de la construccion para cerrar el ciclo de estudios
de la implementacién del proceso WAAM.

Para la demostracion de la implementacion de la tecnologia WAAM en esta industria, se
adopto un enfoque alternativo. En este caso, se disefiaron estructuras tipo columna con
configuraciones auto-reforzadas de disefio tipo “sandwich”, aprovechando las capacida-
des del proceso WAAM para desarrollar un catalogo de estructuras adaptadas a los
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parametros de disefio requeridos. Estos parametros, optimizados mediante simulacio-
nes computacionales para satisfacer exigencias estructurales especificas, son el
didmetro exterior (Dext), €l didmetro interior (Dint), el nimero de refuerzos (Nw) y el es-
pesor de pared (t).

Esta optimizacidn permitidé obtener secciones transversales compactas, ideales cuando
se prioriza una alta ductilidad frente a fuerzas axiales y momentos de flexién, incluso si
ello implica sacrificar cierta eficiencia en el uso del material. Por otro lado, se identifica-
ron secciones transversales esbeltas como opciones mds adecuadas para estructuras
gue buscan maximizar la eficiencia en el uso de recursos. Estas variaciones pueden apre-
ciarse en la llustracidon 16. La viabilidad de este enfoque fue validada mediante la
fabricaciéon de demostradores representativos del catdlogo propuesto.

(a) (b)

int
f tint ]ext |

ext nt

llustracion 16 Estructuras tubulares auto-reforzadas esbelta (a) y compacta (b)

Por ultimo, en base a los desarrollos realizados en la fabricacién de estructuras auto-
reforzadas, un demostrador final estructural para aplicaciones maritimas de elevadas
presiones radiales fue analizado. Este disefio mostré un desempefio significativamente
superior a las estructuras comerciales actuales, consolidando el potencial de la tecnolo-
gia WAAM en aplicaciones estructurales avanzadas.
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Este articulo aborda la fabricacién de dos utillajes gemelos de gran tamafio destinados
al proceso de press-forming. Uno de ellos fue producido mediante métodos convencio-
nales de fabricacién, mientras que el otro fue desarrollado utilizando tecnologia aditiva
WAAM. En ambos casos, el disefio de los utillajes fue adaptado a las particularidades de
la tecnologia empleada, y se llevé a cabo un monitoreo exhaustivo durante el proceso
de fabricacion.

En primer lugar, se realizd un analisis comparativo de los disefios, destacando las espe-
cificaciones técnicas asociadas a cada método. Este analisis enfatizé la reduccién de
peso lograda en el utillaje fabricado mediante tecnologia WAAM, asi como la inclusion
de canales térmicos adaptativos, posible gracias a la capacidad de esta tecnologia para
fabricar disefios complejos.

A continuacidn, se evaluaron los consumos de material y energia eléctrica involucrados
en la fabricacién de ambos utillajes. En el caso de WAAM, se demostrd su capacidad
para producir piezas Near Net Shape, lo que resulté en una reduccidn significativa del
consumo de material en comparacion con los métodos tradicionales. Respecto al con-
sumo eléctrico, el analisis considerd no solo la fase de fabricacion aditiva, sino también
el posterior mecanizado CNC necesario para el acabado. Los resultados indicaron un
ahorro energético significativo en el proceso aditivo frente al convencional. Los resulta-
dos obtenidos evidenciaron una mejora significativa en la sostenibilidad del utillaje
fabricado mediante tecnologia WAAM en comparacion con el método tradicional.

Finalmente, se realizé un anadlisis detallado de los parametros de disefio y fabricacién
del utillaje WAAM. A través de un estudio metrolégico, se evalud la correlacion entre el
modelo CAD adaptado al proceso WAAM, que incorpora un sobre-espesor de diseno, y
la pieza impresa final. Este andlisis permitié explorar la posibilidad de reducir el sobre-
espesor de diseno, determinar su valor minimo y cuantificar el ahorro de material que
esta optimizacion representaria.
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llustracion 17 Esquema de los trabajos realizados en el articulo 1 para el andlisis y optimizacion d la fabricacion adi-
tiva WAAM en utillaje de grandes dimensiones
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Abstract: Additive manufacturing (AM) has been fully incorporated into both the academic and the
industrial world. This technology has been shown to lower costs and environmental impacts. More-
over, AM-based technologies, such as wire arc additive manufacturing (WAAM), have been proven
suitable for the manufacturing of large products with significant mechanical requirements. This study
examines the manufacture of two aeronautical toolings: first, using conventional techniques, and
second, using a big area additive manufacturing (BAAM) process, specifically WAAM technology,
followed by second-stage hybrid machining. Both toolings can be considered interchangeable in
terms of design and performance. Energy and material consumption were analysed and compared
throughout both tooling procedures. The results show the important optimisation of both procedures
in manufacturing WAAM tooling, encompassing the additive process and second-stage hybrid ma-
chining. Nevertheless, the time required for WAAM tooling manufacturing increased significantly
compared to conventional manufacturing tooling. Moreover, based on metrology data from the AM
process, a theoretical study was conducted to assess different design optimisations for WAAM tooling
manufacturing and determine their influence on material and energy consumption. These theoretical
results improve those already obtained regarding energy and raw material savings.

Keywords: additive manufacturing; big area additive manufacturing; energy consumption; material
consumption; wire arc additive manufacturing; aeronautical tooling

1. Introduction

Due to the material and energy crisis [1,2] and following the environmental awareness
trend of the last few years [3-7], additive manufacturing (AM) has been gaining relevance
in the industrial environment. In this vein, the Annual Additive Manufacturing Trend Report
produced by HUBS, which looks at the international trends and uses for AM based on
responses from 1504 engineering businesses, shows a significant increase in the use of
AM technologies in the past year. It also highlights the increased media exposure of these
technologies since the COVID-19 pandemic, as the ability to create PPE (Personal Protective
Equipment) rapidly made the technology very popular [8]. Moreover, this technology has
already proven its ability to be fully implemented in the industry [9-11], being used to
manufacture functional metallic parts and entering an increasing number of industrial fields,
such as nuclear [12,13], construction [14,15], railway [16], and military applications [17]. Its
capacity to create complex geometries and maintain good mechanical properties [18-21]
while potentially saving materials and energy compared to conventional manufacturing
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strategies [22-24] has made it a widely researched technology. In engineering, we highlight
the procedure known as BAAM (big area additive manufacturing), which is nothing more
than a dimensional specification of the AM process. The term BAAM encompasses additive
manufacturing machines capable of working in larger dimensions than those limited by
standard 3D printers, being able to reach printed volumes of several cubic metres [25-29].

As reflected in the previous paragraph, AM is a widely used manufacturing process
in many industries and, in addition to the characteristics mentioned above, another of
its benefits is the ability to work with various types of materials. The different printing
processes encompassed by AM allow for the use of not only metallic materials [30-32] but
also more complex materials, such as composites [33-36], recycled materials [37,38], and
biological materials [39,40]. This article focuses on metal additive manufacturing (MAM)
since its ultimate goal, as explained later, is manufacturing a functional core mould.

In order to introduce metallic additive manufacturing (MAM) technologies, two groups
stand out from the rest, depending on their feeding material: powder-feed technologies
and wire-feed technologies. Within these groups, the most representative AM technolo-
gies are Laser Metal Deposition (LMD) and Powder Bed Fusion (PBF) when referring to
powder-feed technologies, and wire arc additive manufacturing (WAAM) when referring
to wire-feed technologies.

According to ISO/ASTM 52,900:2021 [41], Powder Bed Fusion is a standard process, in
which thermal energy selectively fuses regions of a powder bed [42]. This AM technology
creates extremely complex geometries with a high surface finish and small details. Its main
limitation is the reduced size of its printed area, limited by the printer size (400 x 400 mm
in general). On the other hand, WAAM is a fusion manufacturing process, in which
the heat energy of an electric arc is employed for melting the electrodes and depositing
material layers for wall formation or for the simultaneous cladding of two materials to
form a composite structure [43,44]. This technology creates large final geometries with low
surface finish quality, demanding hybrid machining on surfaces with high geometrical
demands [45]. Moreover, it is a constantly evolving technology, whose future applications
in the field of metal part repair are being extensively researched [46].

Several studies have developed modelling methods comparing manufacturing pro-
cesses with pure machining, studying the optimal strategy for specific part manufacturing.
Several authors [47-49] introduced a decision-making model to calculate the suitability
of choosing a PBF procedure versus a pure machining one. The study conducted by
Campeatelli et al. [50] specifically compares the WA AM-subtractive process (WAAM manu-
facturing with a manufactured finishing process) with a pure subtractive manufacturing
process for the same final geometry, a blade designed according to the NACA 9403 stan-
dard [51], with a 100 mm chordal length and made of EN S235]R structural steel.

In this case, the WAAM method is Gas Metal Arc Welding (GMAW)-based additive
manufacturing [52]. In the GMAW procedures, the heat of the arc generated between the
consumable electrode and the workpiece is used to melt the surfaces of the base metal and
the tip of the electrode. The molten metal from the electrode is transferred to the workpiece
through the arc, where the substrate is deposited. The welding torch provides the weld with
an inert-gas-protected atmosphere, wire input, and welding current [53]. This technology’s
main advantages are a higher deposition rate, lower equipment cost, and fewer residue
issues. However, a primary concern in this technique is the deterioration of the surface
quality on the side face of the fabricated parts, making it necessary to post-process surfaces
that require precision finishing [54-56].

Three criteria were applied to select the most suitable MAM technology for study: the
accomplishment of BAAM conditions, energy consumption, and material consumption.
As mentioned before, Powder Bed Fusion technology is constrained by its printing area,
limiting the possibilities of this technology. Furthermore, its low feeding rate makes this
technology the least optimal to achieve BAAM constructions [57]. Within the second
selected criteria, energy consumption was considered regardless of its final geometry
complexity [58]. Several studies conclude that Powder Bed Fusion technologies require
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an energy demand higher than one order of magnitude to accomplish the same printed
geometry as WAAM technology [59].

The WAAM manufacturing process is based on the superposition of layers. Due to
this feature, the lateral surfaces of these constructions show a geometry similar to the one
displayed in Figure 1. For this reason, the WAAM process is considered a Near to Net Shape
technology. Once the process has ended, the result obtained is not the final part but a rough
previous workpiece that an NC machine should finish. Settled WAAM building parameters
affect the final surface quality [60-62]; nevertheless, the study by Lopes et al. [63] shows
that the mechanical behaviour of the as-built components does not significantly influence
the milling process.

(b) (c)

Figure 1. Overlapping weld bead structure in the WAAM process. (a) A photograph of the structure.
(b) A geometric representation of the distribution of weld seams. (c) A photograph of a cross-section
of the structure.

This uneven lateral surface results from a compromise reached by optimising the
parameters of the welding temperature (dependent on electrical current) and printing
speed [64]. These parameters affect the height of the weld bead and its width, which are
inversely proportional.

For large constructions, a narrow weld bead is desirable, allowing high bead growth,
even though it reduces the weld penetration into the bottom layer and creates the aforemen-
tioned rounded ball-shaped bead [65]. Moreover, these parameters affect the material’s final
properties, so their range of modification is modified based on the experience accumulated
with this technology and the existing literature [66-70].

This study aims to compare a pure subtractive manufacturing process versus a whole
BAAM process in the manufacturing of aeronautical tooling, focusing on energy and mate-
rial consumption. For this purpose, two twin toolings were constructed, one manufactured
by pure machining and the other one manufactured by a combination of WAAM technology
and a second-stage machining process. Throughout both processes, energetic inputs have
been controlled, both in the AM process and pure milling, as well as the total material con-
sumed. Additionally, in this study, different WAAM design strategies have been subjected
to a sensitivity analysis, comparing the different theoretical outputs obtained with those
used on the real printed WAAM tooling.

2. Materials and Methods

As introduced, this article compares the energetic and material outputs obtained
from two similar toolings produced from two different manufacturing methods. One
was produced by conventional manufacturing methods, i.e., starting from a block of raw
material and carrying out milling processes on a numerical control (NC) machine until
the final geometry was obtained. On the other hand, the second tooling was produced
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from scratch by an AM method, and subsequently underwent a series of milling processes
in an NC machine until reaching the desired final geometry. Due to the data provided
by researchers in the previous paragraphs, the WAAM process was chosen as the most
optimal AM process for the selected application. Owing to the size of the final tooling
(500 x 450 x 150 mm approximately), the additive manufacturing procedure is considered
a BAAM process.

As mentioned in the previous section, the additive manufacturing process characteris-
tics condition both the part’s design process procedures and its subsequent construction.
One of the most notable restrictions is the mentioned rounded ball-shaped bead. Its irregu-
lar geometry, which extends in all areas perpendicular to the printing direction, forces a
specific printing Computer-Aided Design (CAD) architecture for the AM parts, in which
an over-thickness is implemented on the outer surfaces. This specific CAD has been named
the WAAM-process-adapted CAD. Moreover, to avoid problems related to small failures
in the printing procedure [71-73], such as a lack of material or occasional welding errors,
every surface was designed with this over-thickness during the WA AM-process-adapted
CAD. This over-thickness was initially set at 10 mm. To achieve this theoretical 10 mm
over-thickness, previous printing tests in the same environment were reviewed. All pa-
rameters, such as the printing strategy, weld control software, and printing materials (filler
material and inert gas), were previously tested, although always on smaller constructions.
These tests concluded that a safety over-thickness of 5 mm was sufficient to ensure the
construction of the original geometry in small parts. However, as this construction was
much larger than those carried out for the tests, and considering the investment in time and
material, it was decided to increase the theoretical over-thickness. This way, the chances of
a specific welding error resulting in an area lacking material were reduced, although this
meant an increase in the material consumed and the printing time.

In contrast with other AM technologies, the WAAM process is performed without any
extra supporting structure. Consequently, support-free constructions performed by this
printing method may suffer from errors of precision or even material detachment in areas
where the cantilever angles are too high [74,75]. Liu et al. [76] showed that thin walls of
construction with a theoretical 25° inclination showed an error of up to 6%. As in the case of
the design over-thickness, the WA AM-process-adapted CAD was designed conservatively
considering, in addition to the abovementioned article, the experience gained from previous
tests. Therefore, the maximum design cantilever angle was set at 20°.

Focusing on the tools to be studied, the first tooling was manufactured in a com-
mon NC machine with a pure machining method. To clearly differentiate the machining
procedures applied to each tooling, this traditional machining method was named pure ma-
chining. At the same time, the twin tooling mentioned above was an AM technology-made
tooling, finished by a second-stage hybrid-machining process, referred to as hybrid mecha-
nisation in this article. The main differences in both toolings were the design specifications,
in order for them to work with the respective procedure restrictions but be exchangeable
during the final complete aeronautical tooling.

Referring to machining procedures, both pure and second-stage WAAM technology
hybrid-machining processes were performed using a 5-Axis NC machine. The machining
process executed was a milling process, and the chosen machining centre was a CME
FCM 400 (Figure 2). The energetic input information for this procedure was characterised
according to the measured inputs obtained in real-time.

The NC machine electric consumption, throughout both toolings’ machining processes,
was recorded by a Circutor C-80 system analyser [77], which displays and stores power
consumption data. It should be noted that this study included a gate-to-gate analysis
regarding the additive and subtractive manufacturing processes. Therefore, the energy
needed to manufacture the raw block, welding wire, and shielding gas was not considered.
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Figure 2. The 5-Axis NC machine, CME FCM 400. Photograph taken at the facilities of Fun-
dacién Aitiip.

On the other hand, regarding the WAAM tooling, an AM system designed to fab-
ricate large parts was used. This system was developed in the KRAKEN project within
the framework of the European Union’s Horizon 2020 Research and Innovation Program
under grant agreement No. 723,759 [78]. The Kraken system is based on a robotic arm
(COMAU NJ130) [79] mounted on a gantry crane. This distribution removes the dimen-
sional restrictions on the gantry crane structure, so the working space is not limited by
the machine itself but to the assembly space available within the gantry crane structure.
Figure 3 displays an overview of the Kraken system. The mentioned robotic arm counts
on interchangeable heads and can perform milling, polymer resin extrusion, and additive
manufacturing processes based on WAAM technology. The combination of crane mobility
with the WAAM process head enables the manufacturing of BAAM parts.

Figure 3. KRAKEN—Hybrid manufacturing robotic system. Photograph taken at the facilities of
Fundacién Aitiip.

Regarding software, robot movements are programmed directly from CAM software
(HyperMILL CAD/CAM 2023) [80] to automatically guide the robot’s path. The movements
obtained are post-processed for ISO G-Code language. The file obtained is simulated in
an Off-line Programming Software (Ultimaker Cura 2023) [81] to avoid collisions and
singularities and ensure that all the movements are within the reach scope of the robot. The
power source platform utilised in this procedure was a Fronius TPS 400i [82].

The robotic arm position was recorded in real-time. At the same time, the construction
height was measured by a laser distance sensor (Keyence CMOS Multi-Function Analogue
Laser Sensor) [83] installed in the welding torch, and the temperature was controlled by
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a temperature sensor (OPTRIS—3MH CF) [84]. These height and temperature sensors
created two independent security loops:

1. A distance control system at the WAAM torch was programmed to control the ‘layers’
height. This system measures the distance between the torch and the last welded layer,
comparing that input data with the theoretical distance of the printing simulation.
If the measured data are within a predetermined scale, the procedure continues.
Otherwise, the program skips a printing layer if the distance measured is smaller than
the theoretical distance or repeats it if it is higher.

2. The temperature sensor creates a second security loop, in which the last printing
layer temperature is measured. This sensor is installed in the welding head, 25 mm
behind the welding torch, measuring the temperature of the weld bead immediately
after its deposition. High layer temperatures lead to geometrical inconsistencies in
the geometry, and if too low, lead to interlayer-adhesion problems. This second low-
temperature issue is less common and problematic. Thus, a minimum time between
layers was used to ensure a layer temperature lower than 250 °C, even if geometrical
singularities distort the temperature signal.

Data collection for the WAAM process was carried out based on the main welding
equipment (Fronius TPS 400i), which measures the material supplied, whose parameter
is defined as the WFR (Wire Feed Rate), electric current, and the voltage of the system,
transferring them to a database via a Profibus communication.

Finally, based on the results obtained for the already-printed WAAM tooling, a sensi-
tivity analysis was performed to test the over-thickness parameter selected. An assimilation
with different design over-thicknesses for WA AM-process-adapted CAD was performed.
These theoretical toolings were correlated with the real toolings, employing their designed
volume parameters. By performing this assimilation, outputs comparable to the final test
results were obtained theoretically.

The final aim of these theoretical models is to calculate the minimum over-thickness
parameter designed for the WA AM-process-adapted CAD to minimise both material and
energy consumption. This parameter should also achieve geometrical restrictions and not
compromise the correct functioning of the tooling during the process.

2.1. Case Study

Both pure machining and the WAAM tooling are part of the INNOTOOL project [85]
in the Clean Sky 2 program within the Horizon 2020 framework, whose objective is the
development of a thermoplastic press-forming tool for an advanced rear-end closing frame
prototype and tooling 4.0 for the assembly and transportation of the advanced rear-end
prototype. This rear-end prototype consisted of two symmetrical thermoplastic parts, each
created using a symmetric mould, whose core part was created following the two stated
manufacturing procedures. These similar toolings (Figure 4) could be assimilated as equal,
allowing for a direct comparison between their energy and material consumption inputs.
Both toolings achieve final dimensions of 500 x 450 x 150 mm.

The final products obtained by the two twin toolings were two high-load composite
frames, which were integrated into an aircraft rear-end fuselage demonstrator. Composite
materials respond to the current trend of reducing metallic materials in the transport
industry [86,87]. This rear-end demonstrator was built up for validation purposes regarding
safety certification and to structure the systems’ integration concepts up to full scale.

The process performed using these toolings was a press-forming procedure, in which
a thermoplastic sheet is heated to a high temperature and fed into the tooling (core and
cavity) and where, through a high-speed procedure, high pressure and high temperature
are applied to produce a final part. This high temperature in the tooling is achieved by
internal channels, through which high-temperature oil circulates. To achieve uniformity in
the heating of the mould, the design attempts to adapt the oil channels to the geometry of
the final part in the most appropriate way [88,89]. Also, a minimum weight is sought in
the tooling so that its thermal inertia decreases, and, therefore, its cycle times. The tooling
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design was adapted to each manufacturing process, as described below. Also, at this point,
both processes are described.

(a) (b)
Figure 4. Final tooling comparison between (a) WAAM tooling and (b) pure machining tooling.

2.1.1. Tooling Differences

The design differences between AM and pure machining toolings are highlighted in
this section. Each process has its own singularities and restrictions that apply to each CAD
design. Figure 5 displays the WAAM tooling’s final design and pure machining tooling’s
final design. In both of them, their inner channels are highlighted. This figure also displays
the hole plugs in the mould area of pure machining tooling. These differences are outlined
and justified below.

(a) (b)

Figure 5. CAD design of both tooling, with internal channels highlighted in red (a) Pure machining
tooling CAD design and (b) WAAM tooling CAD design.

Pure machining tooling:

1. Only a final design CAD is needed.

2. The internal channels can only be designed straight due to machining limitations. For
this reason, they cannot be adapted to the final shape of the tooling. These drills are
designed straight through the tooling and drilled in a step before finishing.

3. Inanextra process, these drills are subsequently plugged (manually) and re-machined,
as shown in Figure 5.

4. All construction singularities (threaded holes, reference holes, and holes for guide-
ways) are performed during the same procedure.

5. Due to machining area limitations, the inner tooling part is not emptied, as in
WAAM tooling.

WAAM Tooling:

1. Any construction singularity, such as screw drills located on surfaces perpendicular
to the growth direction, is eliminated during the WAAM design and machined in the
posterior hybrid-machining process.
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2. The main tooling is constructed over a metallic plate larger than the tooling used as a
printing base. When the WAAM process starts, extra layers are constructed over the
plate and eliminated in the hybrid machining procedure, as shown in Figure 6.

3.  This figure also displays the printing direction, which is perpendicular to the theoreti-
cal base of the mould. This arrangement allows us to cast the inside of the part.

4. As highlighted in Figure 5, the final tooling has internal heating channels. These
channels follow the curved surface of the final thermoplastic part, homogenising the
temperature distribution in the mould and increasing its heating rate.

5. The design respects the restriction of a growth angle smaller than 20° relative to its
horizontal plane.

6.  The printing process allows the tooling inner part to be designed as empty (design
supported by FEM analysis).

Figure 6. WAAM tooling printing over a metallic plate.

2.1.2. Pure Machining Tooling

The pure machining process covers all roughing, drilling, and finishing processes
from a raw steel block of nominal dimensions plus 5 millimetres of growth. These shape
specifications cause the initial block size to be 510 x 460 x 158 mm. First, the bores used
for positioning the part in the machine were drilled. Then, the drill holes for the thermal
channels were produced. After that, a rough procedure eliminated any existing extra
material. Then, drilling operations were conducted, and the finishing process was used to
reach dimensional tolerances where needed.

As mentioned, the inner heating channels need to be manufactured in three stages:

1.  First, a drilling process was carried out before the roughing process, creating through-
holes that pass through the workpiece.

2. Then, rough milling of the area was carried out, approximating its geometry to the
final geometry.

3. Afterwards, a re-tapping procedure was conducted to blind these through holes,
creating the internal heating circuit.

Finally, leftover material from the plugs used in the channels was removed in the
subsequent pre-finishing and finishing procedures. The following diagram (Figure 7) shows
an overview of the machining processes carried out on the NC machine.
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Figure 7. Pure machining tooling manufacturing diagram.

2.1.3. WAAM Tooling

First, the input material for the AM process must be selected. For this BAAM process,
the chosen wire material was G42 4 M21 35i1 (ISO specification). This carbon steel electrode
offers excellent weldability, with many deoxidising elements for welding in which strict
cleaning practices cannot be followed.

The printing strategy carried out for the WAAM process was the following:

1. Over the aforementioned metallic plate, five extra layers of the inferior final figure
were printed. This strategy assures the orthogonality of the final construction and
creates an extra height that ensures the ease of plate removal.

2. Based on the Figure 8 cutting, the WAAM strategy was the following for each layer:

a. First, the contour of the tooling was printed.

b.  Inthe second stage, the contour of the inner channels was printed.

C. Subsequently, the inner part was fulfilled following Figure 8’s pattern, ending
the layer.

d.  The next layer started on a randomly selected point of the contour, avoiding, in

this way, heat concentrations in specific areas.

3. The WAAM process input data are provided in Table 1.
4. The WEFR is variable and adaptable to the geometry, printing route, and weld specifi-
cations. Its main value is also shown in Table 1.

i

e

/)

2

pi=

X

Figure 8. WAAM process printing route details. The lines shown represent the route followed by the

WAAM system to build each layer, with the darker lines indicating the contours of the workpiece.
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Table 1. WAAM process parameters.
Process Parameters for WAAM Deposition
Process parameters Details Value
Welding speed 0.02m/s
Speed Wire feed rate 8.64 + 0.81 m/min
Deposition rate 0.077 kg /min
. Layer height 1.2 mm
Distance and angle Electrode to layer angle 90°
Shield eas Shield gas type ISO 14175-M20-ArC-8 [90] (CO; 8% Ar 92%)
& Shield gas flow rate 15 L/min

Once the AM process ends, WAAM tooling hybrid machining starts with a cutting
procedure to separate the printing base plate from the final tooling. After that, the roughing
process only mills the areas that are to be subsequently subjected to drilling or finishing
processes and the areas that require the removal of extra material printed in the WAAM
process due to mechanical or procedure specifications.

The internal channels of the WAAM tooling were designed based on the experience
gained from previous constructions using the WAAM method, as well as from previous
tests. Their design and manufacture are considered successful after testing the internal
channel system with thermal oil.

The following diagram (Figure 9) summarises the tooling manufacturing, including
an enumeration of the different machining processes carried out on the NC machine.

IS N
WAAM TOOLING

Tooling CAD

¥
WAAM process
adaptad CAD
v

b

Material input

FROMIUS TPS 4001 WAAM process
Suporting Metaliic
plate elimination

¥

| CME FCM400 l

Machining process

[SF\NAF{C B] [ ER7T0S-6 ]

Stage 1 drilling

Stage 2 drilling

Pre-finishing

¥
Final tooling

Finishing

Figure 9. WAAM tooling manufacturing diagram.
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3. Results
3.1. Pure Machining Tooling
3.1.1. Energy Consumption

Energetic input information for this procedure was characterised by the measured
inputs obtained in real-time. In the case of pure machining tooling, the whole process was
performed by the CME FCM400 and lasted 9.69 h. This procedure includes the drilling
and rough milling channels and a pre-finishing and finishing step. The manual channel
plugging step time was not included. The total amount of electric energy consumed across
the process was 696.228 kWh.

3.1.2. Material Consumption

For the pure machining tooling, as aforementioned in the Milling Process section, the
original raw material was a 510 x 460 x 158 mm raw steel block (Figure 10), whose density
was 7860 kg/m?3. Two stages in Table 2 related to tooling weight are differentiated:

1.  The material consumed weight.
2. The final tooling weight.

Figure 10. Raw material vs. final tooling in pure machining tooling.

Table 2. Pure machining tooling material consumption.

Pure Machining Tooling
Material consumed weight 291.345 kg
Final tooling weight 152.747 kg
Material discarded 47.57%

These states refer to the amount of raw material consumed in the process (raw steel
block in this case) and, secondly, the mass of material held in the final tooling. From these
two states, it is possible to find the percentage of the material used concerning the material
expended and, therefore, the amount of material discarded in each procedure.
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3.2. WAAM Tooling
3.2.1. Energy Consumption

The technology required to perform the WAAM process, based on Kraken products,
requires specific equipment to allow the welding system to work. All the elements around
the AM system are already summarised in Table 1. Regarding support systems around
the weld, all the energetic inputs are reviewed in Table 3. Under the concept of ‘General’,
all installed sensors and control software are summarised. It must be mentioned that
the Kraken MAM system only actuates the gantry crane system when the construction
size exceeds the operating range of the robotic arm. In this case, the final construction
dimensions are achievable by the robotic arm, so gantry crane fuel inputs are considered
negligible. These consumptions were previously characterised during actual WAAM
operations before the study.

Table 3. KRAKEN system power consumption.

Energy Inputs Average Power Consumption
Gantry crane 1.890 kWh
Robotic arm 0.440 kWh
General 2.15 kWh

The global WAAM printing process lasted 37.48 h in terms of the pure printing time.
Throughout that time, the printing software recorded the position, wire feed rate, electric
current, arc voltage, and layer height data. It must also be specified that, during additive
manufacturing, no extra stop was required for cooling the workpiece. This stabilisation
stop is common in WAAM systems. However, due to the large size of the part, the printing
time itself was long enough to stabilise the part temperature.

It should be highlighted that the recorded data were post-processed, eliminating
welding stops. This decision allows us to focus on the power consumption data obtained
during the AM process, facilitating its later treatment. However, these times added to the
welding were recorded and used for the final calculation of the power consumption and
process times. The downtime measured during the process amounted to 4.58 h. These
stoppages were due to the following causes:

1.  The programming robot travelling between welding cordons.
2. The programming robot travelling between layers.
3. Not programming stops due to welding material replacement (wire or gas).

This article focuses on electric consumption, dependent on the electric current
(Figures Al and A2) and arc voltage (Figures A3 and A4). Both inputs follow a normal
distribution; consequently, Figures A5 and A6 also comply with this distribution. The large
number of atypical values recorded in graphical areas between 0 and the lower statistical
variance value should be mentioned. These atypical values could result from the WAAM
process stability across the weld, which could be affected by different external inputs. These
inputs, in general terms, result from robotic arm positioning errors or process singularities,
such as specific areas with a large grouping of printing points, layer changes, or alternation
between welding seams.

The total amount of electrical energy consumed by the system, combining the con-
sumption of the WAAM process itself, the consumption of the robotic arm, and the control
software, is shown in Table 4.

Table 4. WAAM process deposition power.

WAAM Process Deposition Power

Current 226.26 £ 21.66 A
Arc voltage 17.39 £ 097V
Electric power 3945.00 + 377.36 W
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Once the AM process ends, the same NC machine is used to manufacture the pure
machining tooling; therefore, the machining system inputs are the same as those presented
in Table 5. The machining process energy consumption (311.365 kWh) overcomes the
WAAM process (245.259 kWh). However, the sum of the two (568.515 kWh) is still less than
the single tooling machining process of pure machining tooling (696.228 kWh). Under the
concept of WAAM process energy consumption, we include both the pure consumption
of the AM process (245.259 kWh) and the consumption of the system during secondary
operations (11.891 kWh).

Table 5. Total electric energy consumption during WAAM tooling.

Machining Process (kWh)  WAAM Process (kWh) TOTAL (kWh)
WAAM Tooling 311.365 257.150 568.515

Referred to as WAAM tooling, the primary printing procedure eliminates the channel
drilling and roughing processes (the most time-consuming) and keeps only the pre-finishing
and finishing processes. Thanks to this step reduction, the machining time falls to 3.66 h.

3.2.2. Material Consumption

Regarding material consumption, specific considerations mentioned in Section 2.1.3
were considered. Figure 11 shows the WAAM tooling CAD design versus WAAM-process-
adapted CAD. The recorded data of WFR determined the WAAM process material con-
sumption. The statistical analysis of the data collected from the WFR is presented in
Figures A7 and A8, which follow a normal distribution. The total wire expenditure weight
is shown in Table 6.

Figure 11. Raw material vs. final tooling in WAAM tooling.

Table 6. WAAM tooling material consumption.

WAAM Process Deposition Power

Material consumed weight 173.091 kg
Final tooling weight 90.960 kg
Material discarded 47.45%
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The final results of material consumption and material discarded for WAAM tooling
are shown in Table 6.

3.3. Sensitivity Analysis of the WAAM Over-Thickness

Once the data obtained from the WAAM tooling are processed, the question arises as to
whether the additive manufacturing process could be optimised in such a way that it would
be even more favourable in terms of electricity and material consumption. As previously
mentioned, over-thickness is a safety measure considered in the design phase of the parts
manufactured using WAAM technology, whereby a part thickness more significant than
the final thickness is designed to minimise the effect of defects in the welding procedure.
This over-thickness is machined later in the precision-finishing phase in the necessary areas.
Based on this premise, several over-thicknesses were tested theoretically for the WAAM-
process-adapted CAD on which the tooling AM process is based. It should be mentioned
that the 10 mm over-thickness given to the original CAD responds to conservative criteria,
seeking to minimise the possibility of errors and not the optimisation of the procedure.

To carry out this study, the WAAM-process-adapted CAD was modified, increasing
the over-thicknesses to a final 20 mm and reducing it to 1.5 mm. Considering that the
WAAM-process-adapted CAD cannot have an over-thickness of 0 mm, as the very concept
of over-printing layers in the WAAM process would make it impossible not to incur areas of
material shortage, a minimum over-thickness of 1.5 mm was used to optimise the print as
much as possible while trying to avoid such areas of material shortage. On the other hand,
logic dictates that any design thickness greater than the original 10 mm would increase both
material consumption and energy costs. However, higher values of over-thickness will be
tested to examine the implications of consumption. For these over-thicknesses of more than
10 mm, the advantages derived from the AM process were reduced or even disappeared.
The WAAM-process-adapted CAD derived from high over-thicknesses makes it impossible
to perform the internal emptying of the part. Consequently, the tooling cannot be made
lighter than the pure machining tooling. However, values of less than 10 mm significantly
reduced material consumption.

3.3.1. Theoretical Energy Input

The theoretical results obtained from the performed toolings are shown in Figure 12.
This graph shows the energy expenditure for the additive manufacturing procedure and
the subsequent second-stage hybrid-machining process.

The WAAM tooling is not machined in its casting areas in any case, and the function of
these zones is only weight reduction; therefore, they do not require any machining process.
These areas only represent the additive manufacturing phase, and only the functional part
of the tooling shall be machined.

It is also worth noting that when the machining thickness exceeds 10 mm, an extra
machining process, rough milling, should be added to the ones already applied to the
WAAM tooling. Nevertheless, rough milling is much less energy-consuming than the later
finishing operations, so its relevance to the total energy consumption is minor.

The calculated energy inputs show a higher relevance of the over-thickness parameter
in the WAAM printing process than in the subsequent machining. In the case of the most
negligible printing thickness, 1.5 mm, energy savings of 44.53% are achieved in the WAAM
process and 24.81% in the subsequent machining, with a total theoretical energy saving
of 33.73% for the original WAAM tooling manufactured. On the other hand, for the most
unfavourable case of over-thickness, 20 mm, the terms of energy consumption soar. The
power consumption of WAAM printing increases by 276.09%, and that of the subsequent
machining increases by 201.69%, compared to the original 10 mm WAAM-process-adapted
CAD. Consequently, the total electric consumption increases by 235.34%. As mentioned
above, the most electrically demanding machining procedures are the finishing processes,
which are the same for all toolings 10 mm thick or more. From this thickness, a rough
milling process was carried out until this thickness was reached, making this procedure
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much less electrically demanding. For this reason, the machining energy consumption does
not increase linearly with the WAAM print consumption from 10 mm over-thickness.

800.00

700.00

600.00

500.00

400.00

300.00

Total electric consumption (kWh)

200.00

100.00

0.00

Figure 12.
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3.3.2. Theoretical Energy Input

As in the previous section, the theoretical result of material consumption during AM
operations, based on the WAAM tooling results, is shown in Figure 13.
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Figure 13. Material consumption vs. design over-thickness. The graph shows the linear growth of the
amount of material consumed during the WAAM process (kg) with reference to the over-thickness
considered in WA AM-process-adapted CAD.
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The minimum 1.5 mm over-thickness of the WAAM-process-adapted CAD over-
thickness displays a theoretical reduction of 32.01% of the raw material consumption
compared to the 10 mm thick construction. This results in a better use of material, reducing
the percentage of theoretically discarded material to 22.70% of the final tooling.

On the other hand, for over-thicknesses greater than 10 mm, the increase in material
theoretically consumed scales up to 241.90% in the worst case (20 mm over-thickness).
Consequently, the discarded material increases, although in several areas, this material
is not removed in the second-stage hybrid machining, increasing the final weight of the
tooling. This would be the case of the aforementioned inner voids, which, due to this
over-thickness, would practically disappear and later challenge the machine.

Finally, the last parameter to be commented on is the process time. Figure 14 displays
the total consumed time with the accumulation of the WAAM process time plus the hybrid
machining time. As observed, the AM process time covers most of the entire process time.
decreasing by 32.01% for the most favourable case compared to a manufactured tooling
over-thickness of 10 mm. For the hybrid machining process times, as mentioned above, by
increasing the over-thickness to more than 10 mm, a rough milling procedure was added
to the operations to be carried out. This procedure is faster than the finishing milling
processes, so the increase in time was less significant.

Second-stage machining time vs WAAM process time
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Figure 14. Hybrid machining time vs. WAAM process time. Green columns display theoretical
results meanwhile blue column shows the actual data obtained.

As shown in Figure 14, the most favourable total process time with a 1.5 mm over-
thickness is 31.855 h, and the most unfavourable time at a 20 mm over-thickness is 64.092 h.
Even in the most favourable scenario, the WAAM tooling manufacturing process continues
to be three times slower than pure machining manufacturing.

3.3.3. WAAM Tooling Metrology

After the AM operation, a metrology studio was performed against the WAAM tooling.
Using a T-SCAN type measurement scanner [83], a 3D point cloud was obtained. This point
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cloud was compared with the WAAM-process-adapted CAD through a best-fit procedure,
and the metrology studio was performed against the WA AM-process-adapted CAD.

The results clearly show differentiated zones in which over-thickness layers are inter-
spersed with large areas of below-grade thicknesses (Figure 15). This zone differentiation
clearly shows the construction boundary layer between the sections, with excess material
compared to the theoretical value and those with a lack of material. This effect is caused by
the thermal expansion of the material during the additive process. As explained previously,
the WAAM process deposits material at high temperatures and is thus in a state of thermal
expansion. This characteristic is considered in the design process. As a result, the final
part shrinks slightly when the process is finished and cools down. If the entire part is
printed continuously, the thermal shrinkage affects the entire workpiece. However, if a
prolonged stop is made throughout the build process, the workpiece shrinks and shifts
its geometry slightly away from the printing route. Therefore, when the printing process
is resumed at the same point, the printed layer is displaced in the direction of shrinkage,
causing the next layer not to be deposited fully aligned with the previous one. Accordingly,
this new weld bead will not be deposited in its ideal position concerning the previous
layer but deposited off-centre, creating an overhang and, therefore, increasing in width and
decreasing in height.
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Figure 15. WAAM tooling metrology studio. Data are shown in mm.
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For this reason, the areas in which construction stops tend to be out of level, having
excessive thicknesses. This feature is not critical for tool printing and subsequent second-
stage hybrid machining, as these wider layers will be machined afterwards in any case.
This anomaly is clearly visible in the image, with weld beads deposited after a process stop.

One important point to highlight is that the extra deposited material is not problematic
for ensuring the quality of the final product, and areas with excess material are mechanised
in subsequent procedures. However, under-material areas can be problematic if the under-
material exceeds the over-thickness designed in the WA AM-process-adapted CAD, as
it makes it impossible for the final part to reach the dimensions after the second-stage
hybrid-machining process.

During the metrology process, several studios were made of the section of the punch
area of the mould, as this was the most compromised tooling area. Of the multiple
measurements performed, the most unfavourable one was taken, as shown in Figure 16. In
this image, the mentioned thermal dilatation process could be appreciated.

3.000

.
i |
s ) 2.500
=
-
-~ |
A . 2.000
-, r
- '
1.500 [
A =
. 1 1,000
- | |
= ( |
0,000 -I-
¥ |
i |
- it
n -1,000
: K
b1 - —1.500 —
- 3
-
’_.f 1 ~2,000
-
- —2.500
_’ — 9
} | |] =3,000

Figure 16. WAAM tooling metrology studio—punch section. Data are shown in mm.

The data obtained from the metrology studio show a —3 mm maximum negative
AM deviation concerning the WAAM-process-adapted CAD in the areas where the lack of
material is more accentuated. These data suggest that a minimum 3 mm over-thickness
should be applied to the WAAM-process-adapted CAD in order to obtain the first AM
product available to achieve the final tooling geometrical specifications. This fact discards
the calculated theoretical over-thickness of 1.5 mm but makes the next estimated value of
3 mm feasible. The values of the positive deviations overcome the 3 mm in the tested area,
although these positive values do not represent a constructive issue, as extra material is
later machined.
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4. Discussion

In conclusion, the results showed a reduction in material consumption and electric
inputs for the WAAM tooling compared to the pure machining one.

As mentioned, WAAM process advantages are oriented to design and construct
tailored and complex geometries, which is impossible to achieve by conventional manufac-
turing methods. Nevertheless, this study displays the capacity of this AM procedure to
save energy and material in specific constructions.

The obtained results for this particular tooling design showed a total energy consump-
tion of 696.228 kWh for pure machining tooling. On the other hand, the recorded data
showed a combined energy consumption of 568.515 kWh for WAAM tooling, combining
both WAAM and hybrid machining. Based on the data obtained, a significant reduction in
energy consumption (18%) was achieved in the WAAM tooling for pure machining tooling.

It must be highlighted that, in a high percentage, the weight difference between the
final tools developed by the two differentiated manufacturing processes is primarily due to
their design differences. These differences are the consequences of the specifications of each
manufacturing process, as named in Section 3.1.1, Tooling Differences. The adequacy of the
procedure is closely related to the complexity of the final design. In cases such as the current
design, its complexity lies in the ability to decrease its mass, thereby reducing its thermal
inertia. Since it is a press-forming tooling, it is desirable to minimise the thermal cycles.

In this specific design, the internal hollows of the WAAM tooling significantly reduce
its weight concerning the pure machining tooling. In this case, WAAM-produced tooling
weight represents a 41% reduction regarding the pure machining tooling. This final weight
reduction could be defined as a design-dependent property, the percentage of which can
vary widely depending on the final design.

On the other hand, the material discarded shows the relation between the raw material
input and the final material used, displaying an almost equal material utilisation percentage
in both toolings. Nevertheless, the difference in the final weight between the two toolings
means that, although the percentage of material utilisation is very similar, the amount of
discarded material is much higher in pure machining tooling.

The difference in the construction time of the tooling should be discussed. In the case
of pure machining tooling, the entire procedure is carried out on the same NC machine.
This represents a significant time saving compared to the WAAM process, where the
manufacturing has two steps: an AM process and a machining process. In addition, the
transport of the raw tooling printed by WAAM to the NC machine should be mentioned;
nevertheless, in this case, it has been omitted as it is of negligible value.

With all these specifications, we obtained a total manufacturing time for the pure
machining tooling of 9.7 h for the whole procedure. In contrast, for the WAAM tooling, we
first had an AM process that lasted 42.07 h (combining 37.48 h of the pure WAAM process
with 4.58 h of downtime) followed by a machining process of 4.3 h, adding up to a total of
41.8 h.

The results also conclude that the WAAM process is four times more time-consuming
than pure machining for this tooling design. This characteristic of AM processes makes
their use in BAAM processes unfeasible when large batches of parts are to be created in
short periods of time.

Based on the theoretical analysis performed for different design over-thicknesses for
the WA AM-process-adapted CAD, there is an opportunity for a further reduction in energy
and material costs. Once the metrological analysis was concluded, the results supported
that a decrease in the over-thickness from 10 mm to 3 mm for the WA AM-process-adapted
CAD would be optimal. The reduction in the design over-thickness linearly decreases
both parameters, as well as the manufacturing time, achieving savings of 43.8% in total
energy expenditure and 56.3% in raw material compared to the pure machining tooling.
On the other hand, although the total manufacturing time of the theoretical WAAM tooling
also following a decreasing trend with the reduction in design over-thicknesses, this most
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favourable case still requires a total manufacturing time three times longer than pure
machining tooling.

It should also be noted that this study is focused on the manufacturing processes, thus
limiting this particular case to a gate-to-gate study. Future lines of research in this field
should focus on the complete analysis of the whole life cycle of the manufactured part,
conducting a cradle-to-grave study.

5. Conclusions

In summary and conclusion, the suitability of the WAAM manufacturing process for
producing large-sized tooling was demonstrated. For the specific case analysed, the reduc-
tion in electrical and material consumption was 18% and 41%, respectively, compared with
pure machining tooling. This weight reduction also minimised the thermal inertia in the
process, increasing its productivity. Although this study was gate-to-gate, focusing on the
energy needed for the additive and subtractive manufacturing process of the tooling, it did
not consider the energy needed to produce the raw block, welding wire, and shielding gas.

On the other hand, the manufacturing time employed in WAAM tooling is higher
than that required by pure machining tooling. However, since WAAM tooling printing is a
continuous process, it only requires surface-finishing operations, being less time-consuming.
In contrast, pure machining tooling requires complex positioning processes to perform
challenging operations, such as thermal channels. These operations can significantly
increase the manufacturing time, minimising the difference in the manufacturing time.

In addition, the metrological analysis of the WAAM tooling revealed an optimisation
capacity at the design and manufacturing level. In the most favourable case, a theoretical
reduction in energy and material consumption of 44% and 56%, respectively, could be
obtained compared with the pure machining tooling. This theoretical approach will be
studied in future constructions.

In this study, a gate-to-gate manufacturing process was analysed for two aeronautical
toolings designed to manufacture limited batches. The study of the durability of both
tooling and its comparison was not contemplated due to their reduced productivity. This
WAAM tooling durability is considered a possible line of future research, in relating this
characteristic to the mechanical properties of the WAAM tooling. In this context, an
interesting line of research is the analysis of the life cycle of the WAAM tooling, not limited
to its production phase, but to a cradle-to-grave analysis.

As discussed throughout the article, the data obtained depend on the final part design.
However, the procedures mentioned are common for tools manufactured by additive
manufacturing procedures, so although it is not possible to create a rule regarding the
proportionality between manufacturing times, it serves as a guideline.
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Appendix A

Electric current vs Time
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Figure A1l. Electric current over time. The blue dots represent electric current data collected every
0.1 s throughout the entire WAAM manufacturing process.
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Figure A2. Anderson-Darling normality test applied to electric current data collected every 0.1 s

throughout the WAAM manufacturing process. The p-value < 0.05 shows that the acquired data
follow a normal distribution.
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Figure A3. Voltage over time. The blue dots represent voltage data collected every 0.1 s throughout
the entire WAAM manufacturing process.
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Figure A4. Anderson-Darling normality test applied to voltage data collected every 0.1 s throughout
the WAAM manufacturing process. The p-value < 0.05 shows that the acquired data follow a

normal distribution.
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Figure A5. Electric power over time. The blue dots represent electric power data collected every 0.1 s
throughout the entire WAAM manufacturing process.
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Figure A6. Anderson-Darling normality test applied to electric power data collected every 0.1 s
throughout the WAAM manufacturing process. The p-value < 0.05 shows that the acquired data

follows a normal distribution.
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Wire Feed Rate (WFR) vs Time
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Figure A7. Wire feed rate over time. The blue dots represent WFR data collected every 0.1 s
throughout the entire WAAM manufacturing process.
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Figure A8. Anderson-Darling normality test applied to WFR data collected every 0.1 s throughout
the WAAM manufacturing process. The p-value < 0.05 shows that the acquired data follow a
normal distribution.
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Este articulo examina las capacidades de la tecnologia WAAM para fabricar elementos
complejos de gran tamario, centrdndose en el disefio y la fabricacion de un molde macho
para inyeccion de plastico. Este molde requiere de canales térmicos internos para su
funcionamiento. Dichos canales se han disefiado bajo el concepto Conformal Cooling.
Este enfoque permite que los canales se adapten a la geometria de la superficie a inyec-
tar, optimizando el proceso de enfriamiento y mejorando la calidad de las piezas
obtenidas.

El disefio avanzado de los canales térmicos fue posible gracias a las capacidades Unicas
de la tecnologia WAAM para fabricar geometrias complejas. Con este diseio, se fabricd
el utillaje, monitorizando sus parametros de proceso. Paralelamente, se disefié un
molde tedrico alternativo, basado en las limitaciones de los métodos de fabricacion con-
vencionales, con el objetivo de comparar el rendimiento de ambos utillajes. Este molde
presentd canales térmicos de diseno simplificado y centrado, alejados de la geometria
de la pieza, debido a las restricciones técnicas de las tecnologias tradicionales de fabri-
cacion.

Para evaluar el rendimiento de ambos moldes, se utilizé el software CADMOULD v16,
realizando un analisis comparativo del ciclo de enfriamiento. Los resultados mostraron
gue el molde WAAM ofrecid ventajas significativas, incluyendo un mayor calor extraido
durante el ciclo (derivando en una mejora del tiempo de ciclo) y una mayor homogenei-
dad térmica lograda.

Por ultimo, se realizé un estudio sobre la sostenibilidad del proceso WAAM, centrado en
el consumo de material. Los datos recogidos del proceso aditivo se compararon con una
estimacion tedrica del material requerido por el método convencional. Este anadlisis des-
taco la eficiencia del proceso WAAM, con una notable reducciéon tanto en el material
total utilizado, como en el material descartado. Estos resultados subrayan las ventajas
de la tecnologia WAAM en términos de sostenibilidad y eficiencia productiva.
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Abstract: The plastic injection moulding industry is a constantly developing industrial field. This
industrial process requires the manufacturing of metal moulds using complex heating and cooling
systems. The purpose of this research is to optimize both the plastic injection moulding process and
the mould manufacturing process itself by combining practices in this industry with current addi-
tive manufacturing technologies, specifically Wire Arc Additive Manufacturing (WAAM) technol-
ogy. A mould punch was manufactured by using both WAAM technology, whose internal cooling
system has been designed under the concept of Conformal Cooling, and conventional cooling chan-
nel designs and manufacturing techniques in order to carry out a comparative analysis. Theoretical
results obtained by CAE methods showed an improvement in heat extraction in the WAAM mould.
In addition, the WAAM mould was able to achieve better temperature homogeneity in the final part,
minimizing deformations in the final part after extraction. Finally, the WAAM manufacturing pro-
cess was proven to be more efficient in terms of material consumption than the conventional mould,
reducing the buy-to-fly ratio of the part by 5.11.

Keywords: additive manufacturing; big area additive manufacturing; injection moulding; wire arc
additive manufacturing; conformal cooling

1. Introduction

Today’s industry trends demand large batches of identical parts in a short time and
at minimal cost. This situation has led to the development of the injection moulding in-
dustry. This industry has not stopped growing year by year, with an estimated market
size of $261.8 billion in 2021, and an estimated growth of 4.8% by 2030 according to the
Grand View Research database [1].

Plastic injection moulding leads the market due to its capacity to produce large
batches of parts, as mentioned, as well as the ability of this process to maintain high stand-
ards of precision, its customization capabilities, and the outstanding final quality this
technology offers [2]. Moreover, thanks to the high optimization of this process [3-5], plas-
tic has replaced other conventional materials such as metal, ceramic, or glass in certain
industries [6,7].

Plastics Europe reports that, out of all the types of plastics available, the thermo-
plastic variations [8], namely polypropylene (PP), low-density polyethylene (LDPE), and
high-density polyethylene (HDPE), are the most sought after. HDPE, in particular, ac-
counts for 12% of the overall plastic demand in Europe [9]. This polymer is enormously
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versatile, and it is suited to a wide range of applications. The producer or converter can
modify the impact and tear resistance, transparency, tactility, flexibility, formability, and
the coating/laminating/printing capability of polyethylene by adjusting its formulation
and thickness [10]. HDPE can be recycled, and many products, including bin bags, agri-
cultural films, park benches, bollards, and waste bins, use recycled polyethylene [11,12].
Moreover, due to its high calorific value, this thermoplastic is also an excellent candidate
for energy recovery through clean incineration [13,14]. These properties make HDPE quite
a common material in various industries, such as packaging [15], construction [16,17], ag-
riculture [18,19], healthcare [20,21] and automobility [22].

Focusing on the injection moulding process, it can be broken down into five stages:
mould filling, packing, cooling, plasticizing, and ejection of the finished product [23]. Re-
garding mould filling, this process is conducted in toolings in which, by means of temper-
ature and pressure, the geometry of the part is formed, the so-called moulds, consisting
of two parts, the punch and the cavity. One of the key issues in this process is the design
and optimization of the heating and cooling channels for the injected material, with the
cooling process being the most influential in terms of total cycle time, representing be-
tween 50% and 70% of it [24]. In addition, throughout the cooling cycle of the injected
part, the temperature distribution in the mould and its cooling rate are critical for the
quality of the injected part. Insufficient or non-uniform cooling can affect the part geome-
try, shrinking or deforming it [25,26]. In addition, a non-uniform temperature distribution
may also cause undesirable effects on the part, which can be observed in its surface finish
(such as poor surface finish areas or the appearance of shiny spots) [27].

Conventional cooling methods, based on drilling or the use of bubblers, baffles, and
isobars on the mould, are producible by conventional manufacturing methods. This pro-
cedure is suitable for simple final part geometries; however, it is not appropriate when the
part to be injected is geometrically complex [28]. With an emphasis on the cooling cycle of
the final parts, the concept of Conformal Cooling (CC) was developed. Based on this con-
cept, the cooling channels of the moulds are designed to follow the shape of the final part
[29-32], seeking to minimize the distance between the cooling source and the plastic in-
jected part. This optimization results in enhanced heat transfer with the final part, which
in turn improves cycle time [33-35]. In addition, several studies have shown significant
improvements in heat distribution across the tooling [36,37], a reduction in the process
temperature obtained through channel optimization [38], and a reduction in final part de-
formation [39]. However, in larger moulds, the manufacturing of these channels is usually
complex due to the limitations of the machining processes themselves [40]. For this reason,
a mould whose cooling system is based on the CC concept requires, in most instances,
advanced manufacturing methods. As common manufacturing methods only allow for
straight holes to be drilled, adapting the channels to the shape of complex geometries re-
quires intricate successions of straight holes, which demands multiple secondary opera-
tions, like plugging the channels, polishing the plug area, etc. Another method of fabrica-
tion would be to design inserts for the areas of the channels where their geometry does
not allow straight holes to be drilled. These inserts could consist of several pieces, sepa-
rately machined and installed in the indicated area of the mould. This method has the
disadvantage of adding secondary parts to the mould, which must be adjusted after in-
stallation, making the system even more complex. For both cases, an added problem is the
increased possibility of leaks, as the number of areas requiring a perfect seal increases. For
these reasons, Conformal Cooling designed channels generally cannot be achieved by con-
ventional machining methods, making it necessary to resort to technologies such as addi-
tive manufacturing (AM) [41]. It should be noted that the CC concept is applicable to any
manufacturing process involving a thermal cycle of heating and cooling by means of fluid,
such as injection moulding (as in the case of the current study), thermoforming, press-
forming, etc.

The industrial use of additive manufacturing has become increasingly important,
and it has already demonstrated its full applicability in the plastic injection moulding field
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[42-44]. AM is being utilized to manufacture efficiently functioning metallic parts, and its
use is becoming more widespread in several industries. This technology is highly re-
searched due to its ability to produce complex geometries while maintaining high me-
chanical properties [45-47]. In addition, it has the potential to save both materials and
energy compared to traditional manufacturing methods [48-50]. One notable aspect of
AM is the procedure known as BAAM (Big Area Additive Manufacturing), which is a
dimensional specification of AM processes. BAAM includes additive manufacturing ma-
chines that can create larger dimensions than standard 3D printers (400 x 400 x 200 mm)
and produce printed volumes of several cubic meters [51-53].

AM is a widely used manufacturing process in several industries, and it has the ad-
vantage of working with different materials, among other benefits. Focusing on the plastic
injection moulding process, due to the high mechanical and thermal requirements of the
moulds, as well as their need for manufacturing large parts, the possibilities for AM in
terms of filler materials are restricted to the use of metallic materials. This technology is
known as Metallic Additive Manufacturing (MAM) [54,55]. Regarding MAM technolo-
gies, depending on the filler material used, we can name two main groups: powder-feed
technologies and wire-feed technologies [56,57]. For the specific case of large toolings, the
printing area limitations of powder-feed technologies (limited to maximum dimensions
of 300 x 300 mm for the printing bed, with part heights of less than 500 mm) make them
unfeasible.

On the other hand, wire-feed technologies are capable of manufacturing large metal
parts by the superposition of welding layers [58]. This process can be performed by a col-
laborative robot adapted to the additive process, eliminating the size limitation of the
printing base [59]. Wire Arc Additive Manufacturing (WAAM) is the most representative
technology within this group. It can be defined as a manufacturing process which involves
the use of an electric arc to melt the apported electrode, creating layers with the deposited
material. In this study, the chosen WAAM method has been Gas Metal Arc Welding
(GMAW) [60]. In this welding process, an electric arc is generated between a consumable
electrode and the workpiece, generating high temperatures that melt the upper surface
layers of the base metal and the tip of the electrode. At this point, the electrode molten
metal is deposited onto the upper molten surface layer of the workpiece, creating a unique
metallic part. An inert gas-protected atmosphere, wire feed, and welding current are the
main inputs required by the system [61,62]. This process presents several advantages, such
as a high deposition rate, low equipment costs, and a small amount of residues. On the
other hand, it should be noted that this process is relatively young and is therefore not
developed to the same level as conventional manufacturing systems. In addition, another
sensitive point to consider is the limited quality of the printed surfaces, making a post-
processing of the surfaces with precision finishing requirements indispensable [63,64].
The consequence of these circumstances is the need to design a specific CAD (computer-
aided design) for AM, removing certain features such as threads or small holes that should
be manufactured in the second-stage post-processing. In addition, due to the necessity of
removing material to achieve a high-quality final part, this AM specific design must have
a design that includes over-thickness on the outer surface, which will then be machined
[65-67]. This over-thickness also serves as a safety element in the event of a failure of the
printing process. Another circumstance that must be considered during the design stage
is the process temperature of the WAAM system. During this additive process, the mate-
rial reaches temperatures of up to 450 °C, expanding the geometry. To compensate for this
expansion, the part must be designed taking into account this shrinkage, so that the cold
tooling accomplishes the target geometry. This specific CAD has been named WAAM-
process-adapted CAD.

Based on the information presented, there is a lack of literature regarding large-size
tooling designed according to the CC concept. The use of Metal Additive Manufacturing
is shown to be the most suitable for the fabrication of these tools. However, the scale re-
strictions imposed by contemporary technologies have prevented this phenomenon from



Polymers 2024, 16, 3057

4 of 25

being fully developed. Therefore, the objective of this paper will be the study of a large
punch mould manufactured by WAAM technology, designed according to the CC con-
cept. The manufacturing parameters of this mould, as well as the performance of its cool-
ing system, will be compared with those of an identical theoretical mould, with a conven-
tional cooling system, machined by conventional manufacturing techniques.

2. Materials and Methods

As introduced, the aim of this article is the manufacturing comparison of two similar
large-dimension moulds (Figure 1), with sizes of approximately 820 x 1510 x 512 mm, in
terms of manufacturing parameters and cooling performance.

The first mould is based on the concept of Conformal Cooling, for which cooling
channels adapted to the shape of the final part have been designed. This mould has been
manufactured by Metal Additive Manufacturing, specifically by WAAM technology, due
to the complexity of the design, which is not achievable by conventional manufacturing
methods. This mould is henceforth named the WAAM mould for easy identification. On
the other hand, the second mould, which will be called the Conventional mould, was used
as a reference to compare with the WAAM mould. This Conventional mould was designed
to be completely manufacturable by conventional manufacturing processes; therefore, its
cooling channels were simplified, moving away from the concept of Conformal Cooling.

First, a comparison was made at the design level, emphasizing the differences be-
tween the two moulds derived from the manufacturing point of view.

Figure 1. Final mould design CAD.

Based on the initial design analysis, a comparison was made between the manufac-
turing processes of the Conventional mould and the WAAM mould. For this purpose,
emphasis was placed on the design differences depending on the manufacturing process,
as well as on the material consumptions in both processes.

It should be mentioned that the total mould assembly has two parts: punch and cav-
ity. The study is based on the design and manufacturing of the mould punch, as it is the
most suitable to be manufactured by additive manufacturing methods; therefore, we al-
ways refer to this part of the mould in this article. Regarding the mould cavity, its design
and manufacturing were carried out following conventional manufacturing criteria. This
decision was based on two main reasons:

¢  The main concept to be analyzed during this manufacturing study was the ability of

the WAAM system to manufacture internal channels according to the Conformal
Cooling concept. In the case of the cavity mould, this type of design strategy could
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be achieved by conventional manufacturing methods with few geometrical con-
straints and therefore was not of interest for the study.

During the study, only one WAAM manufacturing system was available. Conse-
quently, the simultaneous fabrication of both parts of the mould was not possible and
would have taken excessive manufacturing time.

The design of the cavity mould is shown in Figure 2, with its internal circuitry high-

lighted in violet. The Channel diameter is 15 mm.

Figure 2. Cavity mould CAD. Cooling channels are highlighted in purple.

It should be noted that, along with the study, the displayed images of the mould only

include the figure’s footprints parts (punch and cavity), leaving out the casting elements
of the system for a better visualization of the mould’ s characteristics.

Regarding the WAAM mould manufacturing process, two different steps should be

differentiated: the WAAM process and the second-stage post-processing.

1.

The WAAM process was performed by the welding system Fronius 400i [68]. This
device was assembled over a collaborative robotic arm Yaskawa GP50 [69], allowing
6 degrees of freedom in the robot’s welding header (Figure 3). This welding system
has been tested in the literature previously [70], as well as on multiple occasions at
Aitia’s facilities. In terms of software, the movements of the robot are programmed
directly from a CAM software (Hyper MILL CAD/CAM 2023) [71], which automati-
cally guides the robot’s path. The resulting movements are post-processed into ISO
G-Code language. The resulting file is then simulated in an Off-line Programming
Software (Ultimaker Cura 2023) [72] to prevent collisions and ensure that all the
movements are within the robot’s range.
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Figure 3. WAAM manufacturing system with mould base Photograph taken at the facilities of
Fundacién Aitiip.

2. The post-processing process is the machining process needed to achieve the final di-
mensional requirements, as well as to perform specific features such as drills, threads,
etc. In our specific case, it was carried out by a CME FCM400 5 axis machining center,
as shown in Figure 4.

Figure 4. The 5-Axis NC machine, CME FCM 400. Photograph taken at the facilities of Fundacion
Aitiip. (Reprinted from ref. [50]).

Finally, the cooling cycles proposed for both moulds were simulated. This simulation
compared the effect of the designed internal channels on mould cooling cycle performance
in both moulds.

The above-described methodology will be used for the study of the fabrication and
performance of a punch mould designed according to the CC concept. This large-size tool-
ing has been manufactured by the WAAM process in order to achieve the design specifi-
cations, constituting a unique specimen in terms of size and complexity for metallic addi-
tive manufacturing. The methodology of the study is based on the diagram shown in Fig-
ure 5, and its applications can be found in Section 3. It shows the comparative analyses
carried out between the two moulds, as well as the previous steps carried out.
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Figure 5. Schematic diagram of the study methodology.

3. Case Study

In this study, an automotive mould designed for the manufacture of injection-
moulded HDPE parts was analyzed. From this premise, the concept of Conformal Cooling
was developed for the WAAM mould. In order to compare the cooling process, the Con-
ventional mould was designed. The cooling circuits of the Conventional mould were
adapted, as far as possible, to the difficult part geometry, while complying with the limi-
tations of conventional manufacturing methods. For its design, a baffle system was used
to create the cooling circuits.

To get a broader perspective of the differences between the two toolings, as men-
tioned above, a comparison of the material consumption across the manufacturing process
of both moulds was performed. The WAAM process material consumption data was
based on the welding wire consumption, whose specific parameter is called Wire Feed
Rate (WFR). This is a direct input of the welding device used. On the other hand, the ma-
terial consumption in the Conventional mould was calculated according to the tooling
machining requirements and based on tooling design experience.

As previously stated, the final part to be injected was an exterior trim for the auto-
motive industry (Figure 6). As it is a part that does not have high mechanical require-
ments, the injection material is high-density polyethylene, which is commonly used in the
automotive industry [73].
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Figure 6. Automotive injection-moulded part CAD.

For this study, a thermal and deformation analysis of the final part was performed
considering the effect of the internal channels designed and manufactured for the WAAM
mould. To this effect, the performance of the CC concept-designed channels was com-
pared with that of the Conventional mould previously presented. The outer geometry of
these toolings was identical; however, the distance between the internal channels and the
outer surface of the tooling varied considerably. The cooling cycle analyses were carried
out by means of the CADMOULD V16 [74] software. CADMOULD is a professional plas-
tic injection moulding simulation software fully integrated in the industry and used in
various research articles related to plastic injection moulding [75].

3.1. Mould Design Differences

Regarding the WAAM mould, for the design and fabrication of the channels, two
different design strategies were differentiated, depending on the printing area. The design
premise was to maintain the channel section constant throughout the mould, an objective
that was considered to be achieved by maintaining section differences of approximately
10% throughout the tooling. This difference is in response to the slight collapse of the
horizontal channel geometry in its upper zone, as shown in Figure 7a. This collapse de-
creases the area of the channel by approximately 10%, according to the tests carried out.
For this reason, the vertical channels were designed with a 10% reduction in this area to
maintain a constant area along the internal channels. For horizontal channels, whose first
circular half is machined on the flat plate on which the impression is made, the upper part
of the channel must be closed. For this manufacturing operation, the cantilever angle
printed for closing such a channel should be at 20° maximum. This value for the maximum
cantilever angle has been obtained based on both own experiments and the existing liter-
ature [76,77]. It should be noted that this is a conservative value, aiming to minimize pos-
sible collapse errors during construction. As for the channels growing vertically, a geom-
etry easily adaptable to the lower channels was chosen. It should be noted that the canti-
lever angle of these “vertical” channels is between 5° and 8°. Both channels’ geometries
are visualized with their respective dimensions in Figure 7. As for the design cross-section,
the channel geometry manages to maintain a reasonably constant cross-section of 0.092
m? in the horizontal channels and 0.098 m? in the vertical channels.
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Figure 7. Dimensioned mould drawing. (a) Horizontal channel section detail and (b) Vertical chan-
nel section detail.

As explained before, the WAAM process is a near- to-shape process. The WAAM fab-
rication process involves the overlapping of weld seams, which generates irregular side
surfaces on the outer surfaces of the geometry. To prevent these irregularities from affect-
ing the final shape of the part [78,79], a specific WAAM-process-adapted CAD was de-
signed, adding over-thickness for safety on the external surfaces to be machined and elim-
inating elements that were machined later, such as threaded holes, housings, etc. Regard-
ing the inner channels, they have their own printing and design specifications. Inner chan-
nels should accomplish a minimum 25 mm security distance from the outer printing sur-
face. Concerning the channels themselves, it is recommended to increase their design di-
mensions with a theoretical offset of 7.5 mm. The reason is that these areas are heat accu-
mulation zones during the additive process; thus, the material flows more during the
welding process. This issue creates wider than normal beads in these print areas. The
WAAM tooling cooling channel design is displayed at Figure 8.

Figure 8. Conformal tooling concept WAAM mould. Inner cooling channels highlighted in blue.

The so-called Conventional mould was based on the mentioned baffle heating and
cooling system (Figure 9). The baffles are a dividing element capable of creating two cir-
cuits from a single hole. Thanks to this element, a cooling system is achieved whose chan-
nels coincide in the horizontal plane with the channels designed under the concept of
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Conformal Cooling; however, they are not adapted to the geometry of the final part but
positioned in the central area of the mould.

Figure 9. Conventional mould CAD design. Inner cooling channels highlighted in orange.

Regarding the complexity of the manufacturing of both moulds, it should be noted
that the WAAM process requires only two phases: the additive manufacturing phase and
the second-step machining phase. In this sense, the manufacturing process is significantly
simplified with respect to the manufacturing of the Conventional mould, since, in order
to for it to have the required cooling channels, it would be necessary to drill deep bore-
holes, which require specific machinery for their execution, being difficult to perform on
a technical level [80]. In addition, the Conventional mould requires a system of baffles and
plugs, which make up the thermal circuit. The installation of these peripherals greatly
increases the complexity of assembly compared to the WAAM mould.

With the aim of testing the distance of the cooling channels to the workpiece injection
surface, a distance analysis was performed. As can be observed, in the case of the Conven-
tional mould (Figures 10 and 11), the cooling channels were mostly at separation distances
from the outer surface of about 30 mm. However, the WAAM mould (Figure 11) achieved
much smaller clearances, reaching distances close to 5 mm in its best-optimized areas. It
should be noted that only the injection area of the tooling has been included in these clear-
ance graphs.

L

Figure 10. Conventional mould: distance between cooling channels and outer surface.
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Figure 11. WAAM mould: distance between cooling channels and outer surface.

3.2. Material Comsumption Description
3.2.1. Conventional Mould Manufacturing

For the concept of the Conventional mould, the design premise involved making the
entire punch mould in one piece. Therefore, the selected raw steel block should accom-
plish nominal dimensions, plus 5 mm of extra growth. This extra growth was selected
according to machining experience, being the minimum growth required to ensure the
dimensions of the final mould. The final dimensions of the raw steel block were 825 x 1515
x 517 mm, and its density was 7860 kg/m3. Figure 12 displays the Conventional mould
design integrated in its raw steel block.

Figure 12. Conventional mould design integrated in its raw steel block.

3.2.2. WAAM Mould Manufacturing

In order to optimize the manufacturing process of the mould as much as possible,
hybrid production of the tooling was carried out. For this purpose, the WAAM process
was performed on the previously machined mould base. As mentioned above, the addi-
tive manufacturing process is optimal for complex designs; however, it is not advanta-
geous for the manufacture of the mould base, as it is a flat plate. Therefore, the mould base
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was manufactured from a steel plate, on which the corresponding areas of the cooling
channels were machined, as well as the different forms required (Figure 13). For the man-
ufacturing of this part, a steel block of 50 mm thickness and dimensions of 825 x 1515 mm
was used. These dimensions corresponded to the nominal dimensions of the part, to
which an extra thickness of 5 mm has was added for subsequent machining.

Moreover, the WAAM process requires a metallic base on which to weld its first layer.
Both this plate and the first welded layers are considered as sacrificial and are removed dur-
ing second-step machining in a standard WAAM manufacturing operation. In our case, we
used the mould base plate to start printing, so that we did not waste any material.

Figure 13. Machined mould base CAD. Manufactured inner cooling channels highlighted in blue.

The over-thickness of the WAAM-process-adapted CAD (highlighted in green) is dis-
played in Figure 14 over the final CAD design. A design over-thickness of 10 mm was
chosen for this construction, based on previous tests in the same environment. Consider-
ing the manufacturing time and material required, this more conservative over-thickness
value was chosen to avoid possible errors due to lack of material during the printing and
machining process.

Figure 14. Over-thickness WAAM-process-adapted CAD (green) over final design (grey).

Initially, the selection of the input material for the AM process is crucial. The chosen
wire material was G42 4 M21 3Si1 (ISO specification) [81], which is a carbon steel electrode
known for its outstanding weldability and high content of deoxidizing elements. This
makes it suitable for welding applications where stringent cleaning practices may not be
feasible.

Regarding the printing strategy, it followed the following criteria:

e  The solid internal area of the mould was printed. This zone is called the filling zone.
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e  The outer contour of the internal cooling channels was printed.

¢ The outer contour of the mould was printed.

e  The subsequent layer was initiated from a randomly chosen point on the surface to
prevent localized heat concentrations in specific areas.

This strategy of printing the infill areas first and the contours afterward allowed us
to define the exteriors of the construction. The defined shape of the weld seam in these
areas allowed the printing of cantilevered seams. These beads complied with the maxi-
mum cantilever angle of 20° [72,73].

The WAAM process manufacturing timelapse is shown in Figure 15.

Figure 15. WAAM process manufacturing timelapse.

Regarding the WAAM process, its parameters are shown in Table 1.

Table 1. Process parameters for WAAM deposition (courtesy of AITIIP).

Process Parameters Details Value
Speed Welding speed 0.06 m/s
Wire feed rate 8.64 + 0.81 m/min
Deposition rate 0.077 kg/min
L heigh 1.2
Distance and angle ayer height mm
Electrode to layer angle 90°
Wire Wire grade ISO G42 4 M21 3Sil [81]
Wire diameter 1.2 mm
Wire material density 7816.17 kg/m?
ISO 14175-M20-ArC-8 [81 % A
Shield gas Shield gas type SO 5-M20 9;(;? [81] (CO- 8% Ar
Shield gas flow rate 15 L/min

For the specific case of the WAAM tooling, the total weight of the additive
construction was calculated based on the WFR parameter instead of based on the
theoretical weight of the over-thickness WA AM-process-adapted CAD fabrication. This
parameter shows the actual material consumption, since it includes unexpected material
wastes, such as repetitions or printing layer jumps. These anomalies occur when the
system sensor detects a growth of the printed piece different from the theoretical one, so
the print control loop repeats the printed layer or skips the following one. Another
possible anomaly that occurs during the process is the appearance of spatter during
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welding, which is not reflected in the final weight of the printed tooling but reflected in
the consumption of wire.

3.3. Cooling Cycle Description

Before the thermal analysis of the process, we must emphasize the final part to be
injected. The final geometry, as shown in Figure 16, has a variable thickness between 1.6
and 3 mm. HDPE was the material used for both injection moulding simulations (the
WAAM mould and Conventional mould). The injection strategy was a three-point
injection. Each injection point is marked as a green arrow in Figure 16.

[ X — ] I T T —— DL
0.244 0.675 1.105 1.536 1.967 2397 2.828 3.259 3.690 4.120 4.551

) Element thickness [mm]

366 mm

1503 mm

Figure 16. Injected part thickness analysis.

For the cooling cycle analysis, the following aspects were taken into account:

e  The cavity mould, as discussed, is common for both moulds.

e  Both moulds have two inserts for part extraction, which have not been taken into
account in the previous sections but can be identified in the part as transverse areas
of less thickness.

e  The simulation was performed with the same parameters for both mould designs,
with identical simulation times. The objective is that the results are comparable for
both moulds.

The cooling system simulation environment comparison for both moulds is shown
in Figures 17 and 18, where blue arrows refer to inlet coolant and red arrows the outlet
coolant.
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Figure 17. Cooling system simulation environment for Conventional mould.
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Figure 18. Cooling system simulation environment for WAAM mould.
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Regarding the injection process, the parameters used for the simulation are shown in
Table 2. It should be noted that the injected part properties were not only dependent on
the cooling process analysis in the study but were also highly dependent on the injection
parameters and strategy [82-84]. However, by using the same theoretical injection
strategy for both simulations, the results were not dependent on these conditions.

One of the most important characteristics of HDPE injection moulding parts is their
tendency to shrink during cooling [85]. This process can be controlled and minimized by
optimizing the process parameters. The most influential parameters for shrinkage are
mould draw temperature and cooling homogeneity. The final part deformation after the
cooling cycle was also analyzed.

Table 2. Simulated injection parameters.

Simulated Injection Parameters

Injection Temperature 245 °C
Injection time 26s
Compaction pressure 400 bar
Compaction time 10s
Coolant inlet temperature (water) 15°C
Cooling time (additional to compaction time) 10's

The following parameters were tested and studied in the analysis:

e  The thermal gap in the cooling channels.
e  The temperature of the injected part on its inner and outer walls.
¢  The final deformation of the injected part

4. Discussion
4.1. Material Consumption Analysis

It should be noted that, as mentioned in the 3.2.2 WAAM mould manufacturing
section, the WAAM mold consists of two parts: base and additive manufacturing material.
Due to this fact, material consumption was calculated not considering the material
consumptions of each of its parts separately, but the final mould as a whole. Table 3 shows
the raw material consumption data for both moulds. Emphasis is placed on the material
utilization for both moulds, defined as the percentage of material consumed during the
manufacturing process that remains in the final part. The extractable results were as
follows:
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e  The amount of material unloaded for each tooling, shown in terms of mass.
e The percentage of material used in relation to the material consumed.
e  The buy-to-fly ratio.

This last concept is defined as the ratio of the weight of raw material used to
manufacture the part to the weight of the final part and is used to easily compare material
usage in manufacturing parts.

Table 3. Mould weight output comparative.

Mould Punch

Raw Material Final Weight Discarded  Discarded Weight Buy-to-Fly

Weight (kg) (kg) Weight (kg) (%) Ratio
AM 492.38 446.24 o
WAAM Mould Plate 49120 32530 212.05 21.56% 1.27
Conventional mould - 5079.02 796.11 428291 84.33% 6.38

Certain information that is not in Table 3 should be highlighted, such as the total raw
material mass required for the manufacturing of each of the toolings. As can be seen, the
amount of raw material required for the manufacturing of the theoretical tooling was
much higher than that of the WAAM tooling (983.58 kg). As for the final weight of the
tooling, calculated using the design software, the weight difference was minimal, with the
Conventional mould being 24.58 kg heavier than the WAAM mould. This fact is due to
the designed internal channels, which in the case of the WAAM tooling represent a larger
volume.

The final WAAM mould, once the second-stage machining was completed, is shown
in the Figure 19.

Figure 19. Final WAAM tooling.

The WAAM additive manufacturing process used to manufacture the punch mould
should be highlighted. This system makes it possible to manufacture a mould with water-
tight internal channels adapted to the geometry of the final part, according to the concept
of Conformal Cooling. In addition, it should be noted that in our state-of-the-art review,
a mould manufactured in MAM, following the concept of Conformal Cooling design and
larger than 300 x 300 x 500 mm, was not found. The tooling presented in this study exceeds
these dimensions by a clear margin (820 x 1510 x 512 mm).



Polymers 2024, 16, 3057

17 of 25

4.2. Cooling Cycle Analysis

It should be noted that the cooling analysis was made supposing the same initial
injection conditions for both moulds, since the cooling cycle was the main feature to be
analyzed.

4.2.1. Thermal Gap in Cooling Channels Analysis

First, the results of the thermal gaps in the cooling channel systems were analyzed.
Figures 20 and 21 show the comparison between both cooling channel systems. As can be
observed in Figure 20, the thermal jump in the Conventional mould channel system was
lower, reaching a thermal difference of 3.7 °C compared to the 4.4 °C thermal difference
of the Conformal Cooling channel system (WAAM mould), as displayed in Figure 21. This
thermal difference showed that the Conformal Cooling system was able to extract more
heat from the part and therefore the cooling water was heated further by 0.7 °C. It should
be noted that the thermal jump was high in both cases.

o —— L N Y ) E [ [T o
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Figure 20. Thermal gap in channels—Conventional mould.
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Figure 21. Thermal gap in channels—WAMM mould.

4.2.2. Thermal Distribution on Mould Walls Analysis

The analysis of the internal and external walls of the injected part after the cooling
cycle provided information about the mould surface in these areas. Regarding inner
mould walls, Figures 22 and 23 display a temperature comparison for both moulds. As
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can be seen, the inner wall temperature of the Conventional mould injected part was
higher, reaching temperatures up to 87 °C in its most unfavorable zone and 65 °C in its
coldest zone. As for the inner wall of the WAAM mould injected part, we observed a
maximum temperature of 80 °C and a minimum temperature of 57 °C. When analyzing
the temperature distribution, it was observed that the greatest temperature differences
were located in the inferior area of the injected part. This is due to the fact that, in the
inferior area, the channels of the Conventional mould cooling channels were drilled with
a greater distance from the mould walls. In the case of the WAAM mould, its channels’
adaptation to the part geometry provided the benefit of a uniform temperature
distribution in the part, in addition to extracting more heat from it.

T | [mm
3211, 474 55.0 62.7 70.3 78.0 85.6 933 100.5 108.5
011- 3D-F - REF_CONVENTIONAL_30 WALL TEMPERATURE - 22,6855 [°C]

REF_CONVENTIONAL

CADMOULD

Figure 22. Thermal distribution on inner walls of Conventional mould.
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Figure 23. Thermal distribution on inner walls of WAAM mould.

As for the analysis of the outer walls of the part, shown in Figures 24 and 25, there
was a slight difference in the lower area of the injected component. Its maximum
temperature on the WAAM mould reached 65 °C, 5 °C less than that corresponding to the
Conventional mould. This temperature difference was located in the lower zone of the
component, also the most unfavorable for the previous analysis. It should be noted that
the temperature distribution in the part was quite uniform. In this analysis, a common
cavity mould design was used, with the same distribution of cooling channels. For this
reason, these thermal differences must be directly related to the heat extraction achieved
in the WAAM mould by means of the Conformal Cooling concept.
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Figure 24. Thermal distribution on outer walls of Conventional mould.
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Figure 25. Thermal distribution on outer walls of WAAM mould.

4.2.3. Injected Part Deformation Analysis

Finally, an analysis of the deformations of the injected part was performed. In this
analysis, the deformations that the injected part would undergo when it was removed
from the mould at the end of the calculated cooling time (10 s for both moulds in this case)
were studied. For an optimal result, a minimum part temperature with uniform
distribution across the part should be sought. High draw temperatures lead to higher out-
of-mould shrinkage, deforming the injected part. In addition, non-homogeneous
temperature distribution in the part can result in surface anomalies such as shininess or
marks.

Figure 26, corresponding to the Conventional mould, displays an important
deformation zone in its lower open area. It is worth noting that this is one of the most
unfavorable zones for deformation purposes, since HDPE tends to shrink during cooling
and these zones have geometric freedom for it, since they do not have internal
reinforcements. This same deformation was found in the WAAM mould (Figure 27) but
much reduced (35% lower). In addition, it can be seen how the temperature distribution
was much more homogeneous in the injected part extracted from the WAAM mould. It
should be noted that the deformations at the graphic level have been enlarged in both
named figures to facilitate their visualization.
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Figure 26. Injected part deformation analysis—Conventional mould.
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Figure 27. Injected part deformation analysis— WAAM mould.

The results obtained through the analysis of the cooling cycle revealed extremely
promising improvements in terms of increased homogeneity in the WAAM mould, as well
as a significant increase in the amount of heat extracted. This translates into reduced
deformation of the final part, thereby reducing distortions to levels comparable to the
current state-of-the-art methods. In addition, the higher heat extracted from the WAAM
mould can be interpreted as an improvement in the cooling cycle time. It should be noted
that the analyses were performed under the assumption of a uniform cooling cycle time
for both moulds.

The originality of this study relies on the fact that a real large-dimension mould was
manufactured, thanks to WAAM. It was carried out on a physically fabricated large
mould, instead of being limited to theoretical simulations. This makes it a relevant case
within the state of the art, where previous studies were mainly focused on tools of
considerably smaller dimensions or, for the most part, on theoretical tools that have not
been produced.

5. Conclusions

In conclusion, this article shows the significant suitability of the integration of
WAAM technology for the manufacturing of injection moulds. The advantages in terms
of material consumption and injection process optimization are evidenced throughout the
study.
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First of all, the CC-designed WAAM mould was compared with an identical
theoretical mould, designed to be produced by conventional manufacturing methods.
This conventional mould required a system of baffles as thermal channels, increasing its
complexity by requiring auxiliary systems and compromising its watertightness.

A study of the material consumption for the manufacturing of both moulds was
carried out. The results showed, for the WAAM mould, a remarkable decrease in the
material consumed for manufacturing. The amount of material required for the
manufacturing of the WAAM mould was 920.58 kg, which was 4095.44 kg lower than for
the conventional mould. Consequently, the percentage of material discarded in the
WAAM tooling was 21.56%, and improvement compared to the 84.33% discarded in the
conventional mould. This is remarkable because the base plate was a common element in
both moulds, with a significant percentage of material utilization. This means the
fundamental difference in material savings was that corresponding to the WAAM
construction, whose percentage of discarded material was only 9.37%. Finally, the buy-to-
fly ratio obtained by the WAAM tooling was only 1.27, compared to the 6.38 of the
conventional mould.

Finally, an HDPE injection process simulation and its corresponding thermal analysis
for both cooling systems were carried out. As a result, we obtained a greater thermal gap
in the inner channel system of the WAAM mould. This data verifies that, for the same
period, the CC-based system extracted 0.7 °C more than the system designed in the
Conventional mould. This represents an increase of 18.92%. In addition, the analysis of
both the outer and lower surfaces of the part showed not only a lower part temperature
at the end of the cycle for the WAAM mould, but also a more homogeneous temperature
distribution.

In the case of the internal area of the injected part, coincident with the punch mould
subject of the study, the difference is more remarkable. The maximum and minimum
temperature of this area decreased by 8 °C in the WAAM mould injected part compared
to the Conventional mould injected part. Moreover, as the channels of the WAAM mould
adapted much better to the geometry of the lower zone of the injected component, the
cooling of the part remained homogeneous. In the case of the Conventional mould, in
addition to the temperature increase, the influence of the greater distance of the cooling
channels from the surface in the lower area of the mould created a high temperature zone.

On the other hand, the results of the analysis of the outer area of the part,
corresponding to the mould cavity, show a great similarity. This is because the simulated
outer cavity was common for both moulds. However, for the WAAM mould, a lower
maximum temperature at the inferior area of the injected part was observed.

As the last element of the study, the deformations of the injected part after the cooling
cycle were compared. As in the previous cases, the WAAM mould injected part was found
to be superior to the part extracted from the Conventional mould. The deformations of the
part injected in the WAAM mould were 26.48% lower in its higher temperature zones. In
addition, the temperature distribution was more homogeneous. This homogeneity is
desirable to avoid surface defects on the part.

In conclusion, the capabilities of the WAAM process for the manufacturing of large
tooling were studied in present research. This study has shown the advantages of the AM
process over traditional machining methods in terms of design, manufacturing, and final
performance of the manufactured mould. It should be noted that these advantages are
situational, depending on the geometry to be manufactured, and should not be taken as a
rule when choosing the most appropriate manufacturing method. However, they can
serve as a fabrication guideline applicable to future tooling.
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El tercer articulo se centrd en el disefio de una estructura final de gran tamafio mediante
proceso aditivo WAAM. El sector de la construccion mostrd ser un campo en el que la
tecnologia WAAM podria resultar conveniente creando estructuras tubulares optimiza-
das de gran tamafio. Con esta premisa se plantearon dos casos de estudio.

En primer lugar, se cred un catdlogo de configuraciones de secciones tubulares auto-
reforzadas de gran tamafio, centrandose principalmente en los principios de disefio, la
eleccion de los algoritmos de optimizacion y las limitaciones de fabricacion. Estas estruc-
turas auto-reforzadas se generaron mediante disefo computacional, mediante la
optimizacion de los siguientes pardmetros de disefio: didmetro exterior (Dext), didmetro
interior (Dint), NnUmero de refuerzos (Nw) y espesor de pared (t). La fabricacién de dos
especimenes del catdlogo, denominados como TSSU_280-240-12—-8 y TSSU_240-160-
12-4, verificaron las premisas de fabricacidn de estas estructuras tubulares.

En segundo lugar, tras verificar la hipotesis inicial de disefio y fabricacion de estructuras
de gran tamafio por método WAAM, se explord un segundo escenario enfocado en di-
sefar elementos tubulares auto-reforzados con alta resistencia a la presion radial. Estas
estructuras estarian destinadas a aplicaciones offshore, donde la presién del agua ejerce
un esfuerzo radial muy importante. La peculiaridad de este diseno residia en el grosor
no uniforme de las estructuras disefiadas. Las simulaciones numéricas de pandeo no
lineal, que consideraron las propiedades del acero WAAM vy las imperfecciones geomé-
tricas, demostraron que los disefios WAAM ofrecen prestaciones estructurales
significativamente superiores a las de estructuras comerciales equivalentes. Incluso bajo
condiciones adversas con grandes imperfecciones geométricas, los disefios WAAM des-
tacaron por su rendimiento, consolidando su viabilidad como solucién eficiente e
innovadora.
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llustracion 19 Esquema de los trabajos realizados en el articulo 3 para la generacion de un catdlogo optimizado de
secciones tubulares auto reforzadas fabricadas por tecnologia WAAM y disefio y simulacion de una estructura tubu-
lar auto-reforzada de alta resistencia a presion radial.
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Innovations in the field of robotics and production processes have led to the exploration of new manufacturing
techniques, offering greater freedom in size and shape of metal additively manufactured (AM) components. This
has opened the doors to the design of customized complex-shaped elements. Among these metal AM processes,
Wire Arc Additive Manufacturing (WAAM) stands out, enabling the fabrication of complex large-scale structural
elements, which are essential for applications in the construction sector. Within offshore engineering applica-
tions, submerged steel members of offshore jacket structures, exposed to significant compressive radial pressure,
are typically made by Circular Hollow Section (CHS) tubular members. In this regard, the present work focuses
on the initial investigations of new geometrical shapes for jumbo tubular cross-sections of steel members,
referred to as Tubular Sandwich Sections (TSS), for structural engineering applications requiring high resistance
against buckling failure. In detail, the engineered geometrical shape of TSSs offers higher freedom to structural
designers able to optimize the design based on different target structural performances. However, to properly
account for the specific manufacturing constraints, computational design approaches and advanced numerical
simulations should assist the designer towards a feasible structural solution. The present study aims at exploring
the potential capabilities of TSSs. First, the geometrical properties and potential structural performances of TSSs
are investigated. Then, two different case studies are presented to illustrate different target structural perfor-
mances. The first one illustrates the application of a parametric approach to design efficient TSSs of uniform
thickness leading to the creation of a first catalogue of uniform TSSs. The first proof of concept of uniform TSS is
provided by the manufacturing of two samples realized with WAAM technology. The second case study in-
vestigates the structural behaviour of non-uniform TSS member specifically designed to resist to high radial
compressions. For this aim, linear and non-linear finite element buckling analyses are carried out also consid-
ering the effect of initial geometrical irregularities. The structural performances of the TSS member are compared
with those of an equivalent CHS member, demonstrating a significant increase in the critical pressure of TSS,
even when considering geometrical irregularities.

1. Introduction

In the 21% century, the advancements in software for Computer-
Aided Design (CAD), three-dimensional modelling and digital fabrica-
tion methods have opened up possibilities for exploring complex and
innovative structural forms, including free-form designs, shells and
lattice structures [1,2]. The use of these software tools have enabled
designers to employ computational methods in the exploration of new
structural solutions [3]. However, when adopting Additive
Manufacturing (AM) processes to realize these novel designs, it is

* Corresponding author.
E-mail address: lidiana.arre2@unibo.it (L. Arre).
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essential to consider the printing strategy and manufacturing constraints
proper of the specific process, that should be integrated within the
computational design approach.

Among the AM processes, Wire Arc Additive Manufacturing (WAAM)
is an emerging metal AM technology that shows high potential for
structural engineering applications [4-6]. It offers benefits like reduced
material consumption, design freedom, and the ability to strengthen and
repair components [7,8]. Researchers have studied geometrical, me-
chanical, and microstructural features of WAAM metals [9,10] such as
stainless steel [11-13], carbon steel [14,15], and aluminium alloys [16,
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Fig. 1. Potential structural application of TSS members for tree-like structures.

17].

WAAM has been employed in some pilot projects for construction
purposes, such as the MX3D Bridge in Amsterdam and the AM Bridge at
TU Darmstadt [8,18]. However, the material and structural behaviour of
WAAM elements differ from conventionally-produced elements, as
proved by several experimental investigations [9,11-15,17,19-23]. This
discrepancy requires further research to thoroughly comprehend the
microstructural and mechanical properties of WAAM material, thereby
enabling the use of WAAM technology in real construction projects.
Such research is pivotal for expanding WAAM’s application in the con-
struction sector and ensuring the required structural performances and
safety levels as prescribed by current design codes for steel constructions
[24]. Therefore, further investigation is required to fully grasp the
structural performances at the element scale, as data on this aspect
remain limited.

Moreover, WAAM process parameters have been investigated to
understand how they affect the geometrical quality and mechanical
behaviour of the printed outcomes. Consequently, there is a need to
integrate the current WAAM limitations into the optimization approach,
aiming to design complex-shaped geometries that can be validated in
advance for the manufacturing stage [25].

The starting point of this research is represented by conventional
Circular Hollow Section (CHS) members, which offer advantages due to
their compact and bi-symmetrical cross-sectional shape as compared to
other typical cross-sections currently employed for steel structures, such
as those based on thin plates (I, C, omega, cruciform,...). These advan-
tages include, among others: (1) high strength-to-weight ratio due to
large moment of inertia over cross-sectional area, (2) equal strength
against lateral actions applied along any direction, (3) high strength due
to lateral-torsional buckling, (4) good buoyancy and hydrodynamic
performances. All these features make CHS members ideal for structures
subjected to high axial loads and lateral pressures. Examples of possible
use include tree-like structural members for large-span pavilions or in-
frastructures, mega braces for high-rise buildings, and tubular members
for offshore jacket structures. For the last, in particular, high resistance
to lateral radial pressure induced by hydrostatic loads is required.
However, welding is traditionally employed for their fabrication and
cast iron-made solutions are often preferred for the joints. Additionally,
tree-like structural elements also require complex welding to connect
the branches to the trunk (see e.g. Fig. 1), and the construction of mega
frames for high-rise steel buildings requires jumbo cross-sections with
large-thickness walls.

The initial investigations into new WAAM structural elements that

overcome complex welding challenges were conducted by Imperial
College London, see [26,27]. They examined WAAM plain Square Hol-
low Sections (SHS) and strengthened SHS, demonstrating that the latter
exhibited improved structural efficiency in terms of load-carrying and
deformation capacity.

The present work aims to explore the potential of a novel Tubular
Sandwich Section (TSS) for tubular members of enhanced structural
performances by merging the good properties of conventional CHS with
the possibility offered by WAAM technology to make stronger and stiffer
cross-sections [19,26,27], also reducing material waste for more effi-
cient and sustainable structural elements [28]. The novel TSS offers
greater geometrical freedom to structural designers for creating struc-
turally efficient and optimized elements. In the case of complex
cross-sections, like the proposed TSS, WAAM demonstrates advantages
in the fabrication process. Conventional manufacturing technologies
would require welding together the cross-sectional components to
construct the elements [9]. The large geometrical freedom of WAAM
opens new possibilities for the structural design of tubular members
characterized by tailored structural performances that can be exploited
by different design approaches, such as novel computational design
methods based on topology optimization algorithms. On the other hand,
the specific fabrication constraints proper of WAAM should be accoun-
ted in the design phase to deploy solutions that can be efficiently
manufactured. In this regard, the authors recently proposed a concep-
tual design framework, referred to as “blended” approach [25] to effi-
ciently merge the conceptual structural design with the possibilities
offered by optimization algorithms and manufacturing constraints.

The specific objective of this first study is to illustrate the geometrical
properties, some potential structural features and the manufacturing
feasibility of WAAM-produced TSS. First, the main advantages and po-
tential issues related to the use of WAAM for the fabrication of TSS
members are discussed. Then, the "blended" structural design approach
is introduced for the design of TSS members. The main geometrical and
structural properties of TSS members are illustrated to provide an
overview of their potential performances. Two selected scenarios are
considered, each one presenting specific properties of TSS members: the
first case study focuses on uniform thickness TSS members to develop a
structural catalogue for professional designers, while the second case
study explores the structural performances of a non-uniform thickness
TSS member designed to withstand high radial pressure.
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2. Wire Arc Additive Manufacturing
2.1. WAAM technology for the construction sector

Among AM processes, WAAM resulted to be the most suitable tech-
nology to realize large-scale metal elements for the construction sector.
The main advantages of this technology for large-scale elements are: (i)
the possibility to print “out of the box”, thus allowing to print complex
geometrical shapes, such as those proposed in this work, properly ac-
counting for the main geometrical constraints (such as overhangs, wall
thickness) [9,29,30], and (ii) the high deposition rate (2-9.5 kg/h)
when compared to other metal AM technologies, while still maintaining
good mechanical performances [31]. The typical WAAM set-up adopts
an arc welder as power source and welding wire as feedstock to realize
the 3D-printed outcome, using either a robotic system or a computer
numerically-controlled gantry as motion system.

In the last few years, research efforts have been focused on the
assessment of the microstructural and mechanical features of different
WAAM metals, such as steels, titanium and aluminium alloys [16,17,32,
33]. Research on WAAM investigated the following main aspects: (i)
anisotropic behaviour of the 3D-printed specimens, (ii) geometrical
characterization, (iii) mechanical characterization, (iv) quality control,
(v) development of new forms for structural elements [9]. Nevertheless,
there are still challenges and aspects to be explored. Previous studies on
the mechanical response of metal WAAM outcomes showed different
mechanical properties from the ones of the corresponding wrought
material. Therefore, further research is still required to completely
characterize the geometrical and mechanical features of WAAM parts, as
well as the influence of the process parameters and the reproducibility of
their response to draw ad-hoc structural design guidelines.

WAAM elements can be realized by making use of one of the two
known printing deposition strategies: (i) the continuous printing, con-
sisting of a layer-by-layer deposition strategy, suitable to realize planar
elements by deposition of a layer of molten metal on successive layers,
see e.g. [7,14,21,34], (ii) the alternative single-cycle deposition strategy
(also referred to as dot-by-dot deposition), consisting of the deposition
of subsequent droplets, suitable to realize rod-like elements and lattice
structures [13,15]. The first example of large-scale application of WAAM
in construction with continuous printing is represented by the MX3D
Bridge [35], the first 3D-printed steel pedestrian bridge, which
demonstrated that metal 3D printing is suitable for the real-scale ap-
plications in the construction sector. The first example of dot-by-dot
printing for structural elements is the half-scaled diagrid column real-
ized by AMAC research group at University of Bologna in collaboration
with MX3D, designed to achieve the optimal shape of a structural
element subjected to compression [5]. In recent years, an increasing
interest in dot-by-dot WAAM strategy has emerged, enabling the fabri-
cation of lattice structures and reinforcement for innovative 3D-printed
concrete structures [36,37].

2.2. Limitations and advantages of WAAM in the design and
manufacturing of TSS

The present section first briefly reviews of the main characteristics of
WAAM-produced plates and CHS/SHS elements in terms of mechanical
and geometrical properties. Then, it identifies some potential advan-
tages of the WAAM technology in manufacturing complex cross-
sections, such as the TSS members introduced here and described in
detail in Section 4.

An open issue that requires further study is the influence of the
printing process parameters and cooling strategies on both the
geometrical and mechanical properties, including surface roughness,
lack of straightness, microstructural properties, porosities, cracks,
anisotropy, and fatigue-induced effects [10,22,23,38]. Consequently,
these features must be addressed when designing and fabricating
WAAM-produced members such as TSSs, where post-processing is
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Fig. 2. Fundamental aspects of the blended structural optimization approach.
Adapted from [25].

impractical due to the large-scale of the parts.

Previous research has explored correlations between the geometrical
and mechanical properties of planar WAAM elements, emphasizing
inherent geometrical irregularities proper of the layer-by-layer printing
process that affect the mechanical response of as-built components [12].
In this context, the maximum peak and pit heights associated with the
surface roughness were estimated to reach up to 0.85 mm. The
non-linear behaviour of WAAM material was also investigated in pre-
vious research carried out by the authors, focusing on thick carbon steel
plates (see e.g. [19]). The plates were fabricated using the same WAAM
setup, parameters and feedstock as the TSSs studied in this work. The
geometrical irregularities of WAAM planar elements, as well as CHS and
SHS members, were analyzed to assess their influence on mechanical
response [11,12,19,27,39-41]. In particular, CHS members showed
out-of-roundness values (0(%)) of approximately 3 % [41], while SHS
members exhibited local imperfection amplitude values (ey,,x/t) around
1.0 [27].

On the other hand, recent studies demonstrated the feasibility of
strengthening conventional SHS with WAAM through longitudinal
stiffeners, fabricated to enhance the local buckling resistance [26]. The
limitations and possibilities offered by the WAAM technology, as sum-
marized above, will be accounted for in this work to explore the po-
tential of the novel TSS.

3. Integrated design approaches for Wire Arc Additive
Manufacturing in construction

3.1. The blended design approach and its previous applications

In recent years, the use of computational design algorithms allowed
the exploration of new structural solutions and the development of novel
design ideas. Within the computational design framework, different
approaches were proposed. Generative design was used by Wang et al.
[42] in an integrated method to create joints for tree-like columns to be
realized in AM. Alternatively, topology optimization algorithms were
implemented to consider the features proper of AM process. Kanyilmaz
et al. [43] proposed innovative steel tubular joints designed by making
use of topology optimization and metal AM techniques by mimicking
features present in nature. Recently, an automated end-to-end frame-
work for the generation of high-performance AM structures was
implemented to integrate AM techniques into the construction of opti-
mized members [6].

With the aim of integrating the capabilities of optimization proced-
ures in terms of new structural shapes with the current limitations of
WAAM technology (i.e. manufacturing constraints, printing precision
and material properties) together with the robustness and reliability of
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structural design principles, a so-called “blended” structural optimiza-
tion approach was recently proposed by the authors [25]. The approach
is graphically represented in Fig. 2, which illustrates its main aspects,
namely the basic principles, manufacturing constraints, topology opti-
mization algorithms and numerical simulations to verify the structural
performances. Indeed, the approach is intended to “blend” a
stiffness-based topology optimization approach, suitably tailored for
WAAM in terms of manufacturing constraints and material properties,
with basic principles of structural design in terms of conceptual design
and structural solutions to conceive an initial design. Structural
robustness and reliability methods are used to verify the obtained
structural performances and guide the designer from the purely
mathematically-optimized solutions towards the final design.

The “blended” structural optimization approach may be conve-
niently used to investigate the potential structural performances of novel
structural solutions in an efficient way. The interested reader may find
additional information in [25,44,45]. The rationale behind the blended
approach was employed to conceive the proposed TSS members, as
detailed in the next section.

3.2. The blended design approach for the design of TSS

The concept behind the proposed TSS, which will be illustrated
hereafter, was initially conceived by considering all the main aspects of
the blended approach as discussed in Section 3.1. The conceptual design
phase of TSSs starts with the establishment of their main geometrical
parameters and the identification of their main influence on the struc-
tural behaviour. Therefore, the design is guided to achieve the target
performance criteria in terms of structural behaviour, through a topo-
logically optimized cross-section configuration. The main geometrical

properties of TSS are illustrated in Section 4.1, while the general con-
cepts related to the expected structural performances of TSS are dis-
cussed in Section 4.2. The main aspects of the blended design are then
investigated in detail through two different scenarios, dealing with
uniform and non-uniform TSS configurations and presented in Sections
5.1 and 5.2, respectively.

The first case study, detailed in Section 5.1, involves the develop-
ment of a structural catalogue of uniform TSS configurations, primarily
focusing on the design principles, the choice of the optimization algo-
rithms and manufacturing constraints, while the detailed verification of
the achieved structural performance is left for future work. The
computational design is achieved through the implementation of
generative design algorithms to explore various geometrical properties
and cross-section classifications of the generated TSSs. WAAM
manufacturing constraints are considered in terms of admissible values
of wall thickness (tin, texs, tw), number of spokes (N,,) and internal and
external diameters (D, Deyxt), tailored to the current printing limitations
of WAAM.

The second case study, outlined in Section 5.2, focuses on a non-
uniform thickness TSS configuration designed to exhibit high strength
against radial pressure. The conceptual design is guided by the desired
buckling mode shape to prevent global cross-section ovalization, thus
reducing the free buckling length of the external cylindrical wall directly
exposed to radial compression. To achieve this goal, the wall thickness
was varied along the cross-section for different components, accounting
for the fabrication constraints proper of WAAM. The principles of the
conceptual design are then verified by focusing on a specific TSS
configuration, which is analysed through numerical buckling simula-
tions. The structural performances are assessed by considering material
and geometrical non-linearities and including initial geometrical
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imperfections.

4. WAAM tubular sandwich sections for jumbo structural
members

4.1. Main geometrical properties of TSSs

The present section introduces the main geometrical and mechanical
features of the novel TSS for steel structural members fabricated using
WAAM. The geometry of the TSS consists of two thin cylindrical walls
connected by several thin spokes with equal length and arranged in
triangles, as shown in Fig. 3c-d. For comparison purposes, Fig. 3a-b
illustrate conventional CHSs, characterized by a cylindrical wall defined
by the external diameter (Dcys) and the thickness (tcys). The CHS ex-
hibits a quite limited number of degrees of freedom, and its structural
performances are mainly governed by the diameter-to-thickness ratio
(Dcus / teus)- Therefore, the typical structural performance that is
optimized when using CHS is the area centrifugation which leads to high
moment of inertia-to-cross-sectional area ratio. This property allows to
obtain larger bending capacity with reduced material usage. On the
other hand, as the D¢ys / tcys value increases, it also significantly re-
duces both the ductility and rotational capacity of the member. Further
increases in the Dcys / tcms values make it prone to local buckling fail-
ure, resulting in reduced structural performances with brittle modes of
failure. This gradual transition corresponds, in practical design appli-
cations, to the progressive change of cross-sectional class from 1 to 4.

Fig. 3c-d illustrate the geometrical parameters of TSSs, namely: the
diameter (Dey) and thickness (t.) of the outer cylindrical wall, the
diameter (Dj,) and thickness (i) of the inner cylindrical wall, the
length (ly), thickness (t,) and number of spokes (Ny) connecting the
outer and inner cylindrical walls, the free length of the outer cylinder
(lexp) defined as the outer circumference (Cexy) divided by half number of
spokes (lext=2 Cext/Ny), the free length of the inner cylinder (Ii,) defined
as the inner circumference (Ci,) divided by half number of spokes
(lin=2 Cint/Ny,). The ranges of variability of the main geometrical pa-
rameters (i.e. Dext, text, Dints tint> lws Nw» tw, lexts lint) depend on the adopted
WAAM technology, in terms of manufacturing constraints, printing
precision and material properties. Based on the current state of devel-
opment of WAAM, the single-layer wall thickness could be set in the
range of 4 to 10 mm, approximately. Generally speaking, the external-
to-internal diameters ratio (D / Din) and the number of spokes
mainly govern the hollowness of the cross-section, while free lengths-to-
thickness ratios (I/t) of the walls govern the cross-section slenderness.
Therefore, the choice of large Dy / Dj ratios coupled with small I/t
ratios should lead to ductile compact cross-sections, while small Dy /
Djy ratios coupled with large I/t ratios should lead to slender cross-
sections. Similarly, a low number of spokes coupled with small wall
thickness should lead to cross-sections prone to local buckling. Compact
cross-sections could be preferred when the main objective is to achieve
high ductility under axial forces and bending moments, regardless of
their structural efficiency in terms of optimal material use. On the other
hand, slender cross-sections could be preferred to achieve more
resource-efficient structures in terms of optimal material use, as for the
case of lightweight secondary structural elements.

As a result, the large number of parameters describing the TSS ge-
ometry offers new possibilities for the structural designer in terms of
design freedom. However, effectively designing such new TSS structural
cross-section requires a deep comprehension of the relationship between
geometrical properties and structural performances. To achieve this
goal, several approaches could be pursued, including analytical in-
vestigations based on parametric analysis, computational design
methods using optimization algorithms, and numerical simulations
based on Finite Element (FE) models.
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4.2. Mechanical and structural properties of TSSs

As mentioned in the previous sections, the structural design of TSS
steel members requires the assessment of their maximum strengths
associated with the following failure modes: (i) axial tension, (ii)
bending, (iii) buckling under axial compression, and (iv) buckling under
radial pressure. In the case of slender steel structural members subjected
to high axial compression loading, one of the primary failure mecha-
nisms is buckling. Buckling failure can either involve the entire element
(global buckling) or a small portion of it (local buckling). In the first
case, the global buckling mode is characterized by a buckling length of
the order of magnitude of the element length. In the latter case, the local
buckling mode is characterized by buckling lengths of the same order of
magnitude of the cross-sectional main dimensions (e.g. the diameter).

This work focuses on TSS members subjected to vertical load and
radial pressure, comparing their buckling behaviour with those of CHS
members. It is important to recognize that the CHS members are char-
acterized by two cross-sectional geometrical parameters only (i.e. Dcys
and tcys) that govern their structural response. In this regard, the CHS
can be seen as an optimized cross-section with respect to the moment of
inertia, exhibiting high values when compared with the cross-sectional
area. Consequently, CHS members are characterized by large global
buckling strength resulting from the high moment of inertia-to-cross-
sectional area ratio leading to small slenderness (defined as the ratio
between the effective buckling length and the radius of gyration). On the
other hand, when the diameter-to-thickness ratio becomes too large, the
local buckling failure mode occurs at a stress value smaller than the
stress leading to global buckling, and the full global buckling capacity
cannot be achieved. Thus, for practical design purposes, high Dcys / teus
values cannot be used, and specific thresholds are provided by current
European codes such as the EC3 in form of tables summarizing the rules
for cross-sectional classification (see Table 5.2 of EN 1993-1-1 [24]). In
detail, the classification of CHS cross-section is made in terms of D¢ys /
tcys values, with the class 4 occurring for Deys / teys values higher than
90 &2 (¢ = 1/235/f, with f, being the material yield strength). A further
possible buckling failure for CHS may be caused by excessive lateral
radial pressure resulting in a form of local buckling characterized by
cross-section ovalization. This mode of failure could be particularly
relevant for submerged tubular members like the ones adopted in
offshore jacket structures.

The same concepts and requirements outlined in EC3 for conven-
tional cross-sections, such as CHS, can be applied to evaluate the
strengths of the proposed TSS. These members are characterized by a
large number of degrees of freedom, which affect the main geometrical
cross-sectional properties. According to EC3, the classification of a
generic cross-section may be conducted by evaluating the width (e.g.,
the free buckling lengths)-to-thickness ratios of all walls that could
potentially buckle (e.g., the cross-section portions not restrained by
other walls). According to this classification criterion, the buckling
stress leading to local buckling is reached in the wall having the
maximum width-to-thickness ratio. Similarly, the free buckling length of
the external cylinder will trigger the buckling mode under radial
compression, with the remaining infill walls acting as restraints. In
general, the free buckling length of a TSS member is significantly smaller
than the one of a CHS members having the same external diameter and
wall thickness. Therefore, TSS members could potentially offer higher
buckling strength against both axial compression and radial
compression.

The above observations allow to clarify some important general as-
pects related to the potential advantages of using TSS members,
enabling the design of cross-sections with optimized structural proper-
ties tailored to the specific applications and load cases. Some of these
aspects will be analysed in detail in Section 5.
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Table 1
TSS independent geometrical parameters with their ranges of variability and
steps.

Parameters Dext [mm] Djn¢ [mm] Ny [-]

12-64 (4)

t [mm]

Range and step 200-1400 (40) 80-1280 (40) 4-10 (2)

5. Application scenarios
5.1. Uniform thickness TSS under bending

5.1.1. Computational design and first catalogue of uniform thickness TSS

The applicative case illustrated in this section focuses on TSS with
uniform wall thickness with the main objective of defining a structural
catalogue of the so-called "uniform TSS", offering the structural designer
with some practical tools for the design of TSS members. The structural
catalogue contains information regarding the geometrical properties
(such as cross-sectional area, moment of inertia and radius of gyration)
and the cross-section classification according to EC3.

For this aim, a computational design procedure is developed through
a generative algorithm within Grasshopper graphical algorithm inte-
grated with Rhino 3D modelling tools [46]. The flowchart of the
computational design procedure is articulated into four main steps (as
illustrated in Fig. 4). The starting point is the geometrical parametri-
zation of the cross-section (step 1), followed by the automatic generation
of the TSS configurations through generative design algorithm (step 2).
The next step is the implementation of the selection criteria based on the
comparison with respect to the equivalent CHS configurations (step 3),
ending with the creation of the structural catalogue (step 4). The cata-
logue of uniform TSS encompasses a wide range of cross-section types,
from very stocky to very slender, thus fitting with various civil engi-
neering applications.

In step 1, the TSS geometry is parametrized in terms of the following
set of minimum independent parameters: the diameter (D) of the outer
cylindrical wall, the diameter (Dj,) of the inner cylindrical wall, the
number (N,,) of spokes, and uniform thicknesses (text = tine = tw = 1),
whose ranges of variability are reported in Table 1 based on the current
WAAM manufacturing constraints. The physical combinations of Dy
and Dy, are selected imposing the condition Dey; > Diny.

In step 2, the generative design is developed through an iterative
process during which, for each generic i-th iteration, Deys and Di, are
kept constant, while all possible physical combinations of N,, and t are
generated. The resulting 56 geometrical configurations are organized in
a matrix of 4 rows and 14 columns. Similarly, their cross-sectional areas

and moment of inertia are organized in matrices, e.g. Arss; ¢ and

sts‘i,th. The matrices are graphically illustrated in Fig. 4b. Then, the
generative algorithm is repeated for all the physical combinations of
external and internal diameters (Table 1). At the generic i-th combina-
tion, the matrices of the corresponding equivalent CHS configurations
are generated by imposing the conditions of equal external diameter
Dcps=Dexr and equal cross-sectional area Acys=Arss for the 56 config-
urations. Then, the moment of inertia matrix containing the 56 config-
urations of the equivalent CHS (7@,31%;1) is generated (Fig. 4b), and the
56 ratios between the TSS and corresponding CHS moments of inertia

are computed and stored in the matrix R si_cn (Fig. 4b). The selection
criteria are implemented by comparing the moment of inertia and the
cross-sectional class of the TSSs and the corresponding equivalent CHSs.
For this aim, for each i-th combination, the 56 TSS and corresponding
equivalent CHS configurations are classified according to EC3 and the
cross-sectional classes are collected in the corresponding matrices
6'Tss,i—th and E'CHs_i—rh~

In step 3, the selection is performed according to the following
criteria. First, the values of the matrix ratio R Ji_th are rearranged in a
vector with values ranked from the highest to the lowest, keeping track
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of the geometrical parameters (diameters, spokes and wall thickness)
and cross-section class (Fig. 4c).

Finally, in step 4, the selected configurations are inserted into four
different parts of the catalogue, each one containing only sections of a
specific class, thus obtaining part 1 (containing class 1 TSSs), part 2
(containing class 2 TSSs), part 3 (containing class 3 TSSs), part 4 (con-
taining class 4 TSSs). In the first catalogue release, one cross-section is
selected (for each catalogue part, each combination of D, and Dj, and
each thickness value) considering the selection criterion based on the
higher-ranked Jyss / Jcys value. This selection allows to encompass
different desired performances, such as large ductility capacity (leading
to stocky profiles) or reduced weight (leading to slender profiles). The
full catalogue is generated by implementing the selection criterion for all
the considered combinations of D.,; and D To summarize, the first
catalogue of uniform TSS provides their main geometrical characteris-
tics and properties (i.e. Deyt, Ding, t, Ny, A7ss, J1ss, '1ss) as well as the
cross-sectional classification according to EC3 for a S235 steel grade
[47].

The generic TSS entry of the catalogue is identified using a nomen-
clature characterized by the following specifications organized as fol-
lows: (i) the section type identifier TSSU indicating uniform TSS, (ii) the
dimension of the outer cylindrical wall D, in mm, (iii) the dimension of
the inner cylindrical wall Dj,; in mm, (iv) the number of spokes N, (v)
the dimension of the uniform wall thickness in mm indicating a uniform
thickness value t for all walls. As an example, the cross-section
TSSU_1200-1080-64-4 indicates a uniform TSS with an outer cylindri-
cal wall diameter of 1200 mm, an inner cylindrical wall diameter of
1080 mm, 64 spokes, and 4-mm thickness for all the cross-sectional
components.

For illustrative purpose, Fig. 5 presents some selected entries of the
uniform TSS catalogue. The table provides the following information:
the cross-section identifier (TSS ID), the graphical representation of the
cross-section geometry, the main geometrical properties. It also provides
a comparison with respect to the equivalent CHS in terms of moment of
inertia ratio and cross-sectional class. The following observations may
be given. The TSSs show a decrease of the moment of inertia with respect
to the equivalent CHS of 8 %. However, despite the TSSs exhibit reduced
moment of inertia, they belong to a class higher than the corresponding
equivalent CHS (class 4). Therefore, it is expected that TSSs may exhibit
larger ductility and rotational capacities. These aspects will be assessed
in future work through ad-hoc experimental tests and numerical
simulations.

5.1.2. Fabrication of TSS specimens as a first proof of concept

The proof of concept for the proposed computational design
approach to generate a wide range of TSSs was demonstrated by suc-
cessfully producing two sample members at the AITIIP WAAM facilities
in Zaragoza, Spain (Fig. 6) [48]. The two TSS demonstrators, identified
as TSSU_280-240-12-8 and TSSU_240-160-12-4), were selected from
the catalogue. They were fabricated using carbon steel wire with the
following WAAM setup: (i) Fronius TPS 500i as welding machine
equipped with Fronius WF 60i ROBOCTA DRIVE CMT welding torch
mounted on a Yaskawa GP50, (ii) SplitBox SB 60i R as buffer, (iii)
ER70S-6 wire as feedstock, and (iv) SanSrc8 welding gas, a mixture of Ar
and CO;. The WAAM process parameters adopted to fabricate the
demonstrators are summarized in Table 2. The TSS members, whose
dimensions are provided in Table 3, were manufactured using a
continuous (layer-by-layer) deposition strategy.

The detailed presentation of the manufacturing process adopted to
produce the specimens and their geometrical, microstructural and me-
chanical characterization (including, for instance, tensile, compression,
and fatigue strengths as well as local weaknesses at the connection
zones) will be the objective of future work.
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TSS ID

Graphical representation

Geometrical characteristics

TSSU_1200-1080-64-4

Dext = 1200 mm
Din=1080 mm
Ny=64

t=4 mm
Arss =4 8E+04 mm’
Jrss=7.8E+09 mm*
rrss =402 mm
Classtss 1
tcus=12.9 mm

Jens = 8.5E+09 mm*
Jrss/Jens=0.92

Classcus 4

TSSU_1200-1080-56-4

Dext =1200 mm
Dint =1080 mm
Nw=56

t=4 mm
Arss=4.7E+04 mm®
J1ss=7.6E+09 mm*
rrss =402 mm
ClassTss 2
teus=12.5 mm

Jens = 8.3E+09 mm*
Jrss/Jens=0.92

Classcys 4

TSSU_1200-1080-48-4

Dext =1200 mm
Dine = 1080 mm
Ny=48

t=4 mm
Arss = 4.6E+04 mm®
Jrss=7.4E+09 mm*
rrss =402 mm
Classtss 3
teus=12.2 mm
Jens=8.1E+09 mm*
Jrss/Jens=0.92

Classcys 4

TSSU_1200-1080-36-4

Dext =1200 mm
Dine = 1080 mm
Ny=36

t=4 mm
Aqss =4 4E+04 mm’
Jrss=7.1E+09 mm*
rrss =402 mm
Classtss 4
teps=11.8 mm

Jens = 7.8E+09 mm*
Jrss/Jcus=0.92

Classcus 4

Structures 67 (2024) 106689

Fig. 5. Graphical representation and geometrical characteristics of selected TSSs extracted from the TSS structural catalogue.

5.2. Non-uniform thickness TSS subjected to radial pressure

5.2.1. Design principles based on the desired buckling failure mode
As anticipated in Section 4, CHS members exhibit a desired structural

response under combined axial loads, biaxial lateral loads and hydro-
static pressure, resulting to be the most suited choice for structural

members of offshore steel jacket structures. Despite this fact, their
fabrication requires complex welding with particular care for the
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Fig. 6. (a) WAAM torch during the fabrication of the demonstrators by AITIIP company [48]. TSS sample members: (b) 8-mm thickness, (c) 4-mm thickness.

Table 2
WAAM process parameters adopted by AITIIP to fabricate the two demonstrators
[48].

WAAM process parameter

Wire feed rate 7.5 m/min
Layer height 2.25 mm
Robot printing velocity 0.018 m/s
Robot travel velocity 0.06 m/s
Current 238 A
Voltage 16.34V
Gas flow rate 15 1/min

tubular joint parts that are subjected to a critical stress state and become
very prone to stress concentration and fatigue issues [49]. In light of this,
TSS can be considered an improved cross-section for tubular members in
offshore structures. In fact, submerged members of offshore jacket
structures need to withstand large compressive hydrostatic pressure.
Hence, the proper design of TSS may optimize their behaviour,
leveraging their advantages associated with the freedom of the geo-
metric configuration and the possibility of using variable thicknesses for
different walls.

For this aim, this second applicative study investigates the behaviour
of a TSS steel member under axial compression and radial compression
as compared with the corresponding equivalent CHS steel member
having the same external diameter and cross-sectional area. According

to the standards adopted for the structural design of offshore steel
tubular members [50], CHS members characterized by a very large D/t
ratio may experience buckling failure under hydrostatic pressure,
leading to the whole cross-section ovalization (see Fig. 7a), making them
unsuitable for such applications.

TSS can be designed to mitigate this disadvantage. Based on simple
considerations dealing with the desired buckling mode shape under
radial compression (see Fig. 7b), the TSS geometrical configuration
should be designed to effectively constrain the external stiff cylinder by
the spokes then connected to the inner cylinder. Therefore, a larger
thickness needs to be assigned to the external cylinder which is directly
subjected to the lateral radial pressure. Consequently, a smaller thick-
ness can be allocated to the spokes and inner cylinder since their main
function is only to provide an effective restraint for the external cylin-
drical wall.

To demonstrate the expected behaviour, a specific TSS member is
designed according to the principles illustrated above, with the partic-
ular goal to improve the behaviour under radial compression. In detail,
the diameter (D) and thickness (t.y) of the outer cylindrical wall are
equal to 300 mm and 2 mm, respectively, the diameter of the inner
cylindrical wall (Djyy) is equal to 200 mm, the number of spokes (Ny,) is
equal to 24, while the wall thickness of the inner cylinder (t;,) and
spokes (ty,) is set equal to 0.75 mm. The member is designed considering
a cantilever condition with a length equal to 4.8 m. The corresponding
equivalent CHS has a diameter D¢ys=D,y: and a wall thickness (tcys) of
3.6 mm. Table 4 provides a summary of the key geometrical parameters

Table 3

Geometrical properties of the TSS demonstrators.
TSS Demonstrator TSS ID Dey [mm] Dine [mm] texe [mm] tine [mm] t,, [mm] N, [-]
t=8 mm TSSU_280-240-12-8 280 240 8 8 8 12
t=4mm TSSU_240-160-12-4 240 160 4 4 4 12
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(b)

Fig. 7. Graphical representation of buckled deformed configurations: (a) buckled ovalized shape of CHS under radial pressure; (b) buckled shape of a circular arch
sector with hinged ends under radial pressure, representing the portion of the external circumference of the TSS effectively restrained by the spokes and the internal

circunference.
Table 4
Geometrical and mechanical properties of CHS and TSS members.
CHS TSS
Geometrical
Dext, Dine [mm] / 300, 200
texts tint, tw [mm] / 2, 0.75, 0.75
Ny [-] / 24
Dcys [mm] 300 /
teps [mm] 3.6 /
A [mm?] 3352 3368
J [mm*] 3.68E+07 3.10E+07
r [mm] 105 96
L [mm)] 4800 4800
Mechanical
E [MPa] 205000 205000
f, [MPa] 332 332
Table 5

Structural performances of CHS and TSS members with element lengths of
4.8 m.

Predicted strengths CHS TSS
Axial load [kN] 1113 1118
Yielding moment [kN m] 81 69
Global Euler buckling [kN] 828 680
Critical pressure [MPa] 0.8 1.6

of the TSS and the corresponding equivalent CHS member.

The main expected structural performances of the TSS and corre-
sponding equivalent CHS were initially estimated considering the values
of the geometrical and material parameters reported in Table 4 ac-
cording to the formulations reported below and graphically illustrated in
Fig. 7. Then, the CHS and TSS structural performances are summarized
in Table 5.

e Axial yield strength [51]: Ny = Af, ;
e Yielding bending moment strength [51]: M, = Welfy, with Wy =
J

(Dext/2)
e Global Euler buckling strength [52]: Ng g =

being the strength modulus;

*EJ
(pLy”

effective length factor § = 2 (cantilever configuration);

assuming an

10

e Critical radial pressure [52]: (i) for the CHS the critical pressure is
evaluated according to the formulation valid for circular arches:

3
Qer = % (g) (in this case the buckled deformed shape is ovalized,

as depicted in Fig. 7a); (ii) for the TSS the critical pressure is eval-
uated according to the formulation valid for a sector of a circular

3
2
(1ED2) <5) (ZT -

1> (with a = 60° corresponding to the central angle between two

arch described by a central angle equal to 20: ger = 2

spokes, see Fig. 7b).

It can be noted that the expected elastic critical pressure for the TSS
is twice the one expected for the corresponding equivalent CHS, thus
confirming the basic design principles outlined in this section (see
Table 5). On the other hand, given that the CHS has a higher moment of
inertia and wall thickness, it is consequently characterized by a higher
yielding moment strength and a higher Euler buckling load. Moreover,
since the wall thickness of the CHS is greater than that of the spokes of
the TSS, it follows that the local buckling stress under compression of the
CHS is much higher than that of the TSS.

5.2.2. Numerical modelling

The TSS and CHS members were numerically analysed by means of
Finite Element Analysis (FEA). For this aim, both linear elastic buckling
analysis and non-linear buckling analysis were developed considering
the influence of mechanical and geometrical irregularities (GMNIA)
[53]. The analyses were carried out employing the FE software ABAQUS
[54]. The small thickness of the walls allow the use of shell models made
of 4-node linear quadrilateral shell elements (designated as S4R in the
ABAQUS element library). The nominal size of the mesh was selected
through a mesh sensitivity analysis as discussed in Section 5.2.3.

The analyses were carried out on both CHS and TSS members with
two different member lengths, i.e. 0.5 m (stub members) and 4.8 m
(slender members). Both axial compression and radial pressure load
cases were analysed. Then, the non-linear GMNIA were carried out
considering only the radial pressure load, as the TSS was designed pri-
marily to withstand high radial compression. The linear buckling anal-
ysis allowed for the evaluation of the first elastic critical loads and the
corresponding buckling mode shape, which were then used to model the
initial geometrical imperfections for the GMNIA. Fig. 8a-b display the
mesh of the FE models of TSS and CHS members, while Fig. 8c-d provide
a graphical illustration of the applied loads and boundary conditions.
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TR’F’-Z

(d)

Fig. 8. FE models of TSS and CHS members: (a-b) mesh of TSS and CHS, respectively; (c-d) load cases for axial compression (on the left) and lateral radial pressure

(on the right) of CHS and TSS, respectively.

The boundary and loading conditions were set using two reference
points (RP) defined by a set of coordinates. One reference point (RP-1)
was set at the bottom end of the member to simulate a fixed support,
while the other reference point (RP-2) located at the top end of the
member was not constrained thus leading to a cantilever structural
scheme. The second reference point (RP-2) was used to apply the vertical
load. The radial pressure is applied by imposing a uniform distribution
of radial compression to the outer face of the external cylindrical wall.

For the linear elastic buckling analysis, the steel material is modelled
according to the Hook’s law, while for the GMNIA the steel material is
modelled according to an elasto-plastic with hardening stress-strain
curve (Fig. 9a). The key mechanical parameters of both linear and
non-linear constitutive material models are based on the results of
previous tests on layer-by-layer steel WAAM-produced plates

11

manufactured by the same producer using ER70S-6 welding wire as
feedstock [19]. The Young’s modulus is set equal to 205 GPa, the yield
stress and strain are set equal to 332 MPa and 0.16 %, respectively,
while the ultimate stress and strain are set equal to 455 MPa and 23 %,
respectively. In particular, ABAQUS requires a stress-strain curve
defined in terms of true stress and log plastic strain, which was imple-
mented to perform the FE simulations according to [55].

The non-linear buckling analyses under lateral radial pressure were
conducted employing the Riks method available on ABAQUS to effi-
ciently deal with the geometrical and material non-linearities [56]. The
magnitude of the initial imperfections is assumed to encompass a range
similar to the intrinsic imperfections obtained from the geometrical
characterization of WAAM CHS members, as discussed in [12,41] and
schematically illustrated in Fig. 9b.
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Dy +D,
id — 2

Fig. 9. (a) Elasto-plastic with hardening stress-strain curve. (b) Real CHS printed using WAAM, and evaluation of an ideal CHS with a specified outer diameter (D;q)

Adapted from [41].

(@

The TSS and CHS geometrical shapes with imperfections were set as
the deformed shape of the first buckling mode obtained from the linear
buckling analysis, as also discussed in [55]. To quantify the influence of
the geometrical imperfections on the critical pressure, the maximum
amplitudes of the local imperfections (represented with red arrows in
Fig. 10) were set equal to 0.5 mm, 1 mm, 2 mm, and 3 mm, corre-
sponding to a CHS out-of-roundness (i.e. O(%) = |D2D;HD“-100 [41]) of
0.67 %, 1.33%, 2.67% and 4.00%, respectively. These
out-of-roundness values are in line with the maximum admissible tol-
erances as provided by typical standards adopted by CHS members.
Specifically, industry standards specify a maximum out-of-roundness
tolerance of 2 % for traditionally cold-formed welded CHS according
to EN 10219-2 [57], increased to 3 % for tubular members of fixed steel
offshore structures according to ISO 19902 [50]. Additionally, the
assumed out-of-roundness values are also in agreement with the
maximum out-of-roundness value of 3.2 % measured for WAAM CHSs
[41]. The maximum amplitude of local imperfections defined for CHS
members is also imposed on TSS members (as represented in Fig. 10b),
for which standards are not currently available. In addition, to assess the
sensitivity of both CHS and TSS when subjected to the same maximum
local imperfections, it is convenient to compare the imperfection
amplitude with the wall thickness. For the considered case, the

12

(b)

Fig. 10. Buckled shape under lateral radial pressure highlighting the maximum amplitude of initial imperfections for (a) CHS member and (b) TSS member.

maximum imperfections range from 0.25t to 4t for the TSS (whose wall
thickness t varies from 0.75 mm to 2 mm), and from 0.14t to 0.93t for
CHS (having a constant thickness t of 3.6 mm) [55,58]. Based on this
comparison, the TSS would experience a much higher sensitivity to the
same absolute imperfections with respect to CHS.

5.2.3. Results from the linear buckling analysis

The choice of mesh size plays a pivotal role in achieving accurate and
efficient numerical results. Thus, a mesh sensitivity analysis was con-
ducted with the aim of balancing the required level of accuracy from
structural engineering perspective with affordable computational cost.
The mesh sensitivity analysis was performed on a portion of 0.5 m-long
tubular member (the reduced length allows to substantially reduce the
computational effort). Two separate load cases were considered
including axial compression and lateral radial compression. In each
analysis the mesh size was varied considering six different models (M,
My, M3, M4, Ms, Me) and varying the nominal element size from 25 mm
(for M), 22 mm (for M), 20 mm (for M3), 15 mm (for My), 10 mm (for
Ms), up to 9 mm (for Mg) while monitoring its effect on the resulting first
buckling load. To further validate the results of the numerical simula-
tions, comparisons were also made considering the predicted values
according to the analytical formulations discussed in Section 5.2.1. For
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(b) ©

Fig. 11. Results from linear buckling analyses on CHS and TSS members: (a) sensitivity analysis performed on stub TSS member under lateral radial pressure. (b)
Ovalization of slender CHS member under radial pressure. (c) Buckled shape of slender TSS member under radial pressure.

Table 6
Structural performances comparison between slender TSS and conventional CHS
members.

CHS TSS

Analytical Numerical Analytical Numerical
Global Euler buckling [kN] 828 751 680 631
Critical pressure [MPa] 0.78 0.80 1.56 1.92

illustrative purposes, Fig. 11a shows the results of the sensitivity anal-
ysis conducted on the TSS member as subjected to radial pressure. The
graph displays the relative error (indicated as sensitivity [%]) in the
estimation of the first buckling load as computed comparing model M;
and M;,; (the comparison is indicated with the following notation, M;
=> Mj;1). It can be noted that the relative error drastically reduces from
16 % when comparing M; with My up to 1 % when comparing Ms and
Me. Assuming a threshold for admissible error of 5 %, it leads to the
selection of an optimal mesh size of 10 mm (e.g. model Ms), which

2-5 T T
----- Linear buckling
NL(umax=O.5mm)
2+ NL(umax=1mm) .
= NL(umaX=2mm)
% NL(u__ =3mm)
‘o 151 .
5
[2)
%)
o
a
g 1
ke
©
o
0 1 1
0 5 10 15

Displacement [mm]

(@)

provides the required good balance between precision and computa-
tional cost.

Fig. 11b-c display the deformed shapes of the first buckling modes of
both TSS and CHS members under radial compression. The deformed
shapes confirm the expected buckling modes based on the theoretical
formulations mentioned in Section 5.2.1. Furthermore, the values of the
first buckling modes from the FEA, summarized in Table 6, are consis-
tent with the analytical predictions. The numerical simulations confirm
that the TSS has an elastic critical pressure almost twice the one of the
corresponding equivalent CHS.

The enhanced buckling strength of the TSS member is attributed to
the effective constraints provided by the spokes and the inner cylinder,
reducing the free buckling length corresponding to the arch sector be-
tween two consecutive spokes, as illustrated by the buckled shape shown
in Fig. 11c. On the contrary, the buckled shape of the CHS member in-
volves the full cylinder, leading to a global cross-section ovalization, see
Fig. 11b, according to the theoretical formulation reported in Section
5.2.1.

2-5 T T
----- Linear buckling
NL(umax=0.5mm)
2F NL(u g, =1mm) - 1+
T NL(umaX=2mm)
g NL(u, _ =3mm)
o 15¢F 8
5
N
%)
o
a
S
ke
©
o
0 1 1
0 5 10 15

Displacement [mm]

(b)

Fig. 12. Non-linear analyses on members with initial imperfections (imposing a maximum amplitude of 0.5 mm, 1 mm, 2 mm, 3 mm) under lateral radial pressure:

(a-b) slender CHS and TSS members, respectively.
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Results from non-linear analyses: critical pressures for both TSS and CHS slender members, and their ratios.

Critical pressure

CHS TSS TSS GMNIA/TSS linear TSS/CHS
[MPa] [MPa] [-1 [-1
Linear Buckling Analysis 0.80 1.92 2.40
Umax= 0.5 mm 0.75 1.33 0.69 1.77
Umax= 1.0 mm 0.68 1.12 0.58 1.65
GMNIA Upax= 2.0 mm 0.63 0.93 0.49 1.48
Umax= 3.0 mm 0.58 0.81 0.42 1.40

5.2.4. Results from GMNIA

The global results from the non-linear static analyses with material
and geometrical imperfections (GMNIA) are represented in Fig. 12a,b in
terms of buckling curves showing the radial pressure vs maximum local
imperfection, e.g. the cross-section ovalization for the CHS and the
maximum deflection reached at the crest points for the TSS, as illus-
trated in Fig. 10. The peak values of the radial pressure shown in the
buckling curves represent the critical pressure values g, and are
collected in Table 7, which also provides the ratios between the critical
pressure achieved by the TSS and the corresponding equivalent CHS.

It can be noted that the TSS critical pressure decreases from 1.92 to
0.81 MPa, while a smaller reduction is observed when considering the
CHS, since the critical pressure reduces from 0.80 to 0.58 MPa. The
reduction of the critical pressure in presence of imperfections can be
expressed in terms of ratio between the results from the non-linear
(GMNIA) and linear analyses, whose minimum value is equal to 0.42 for
TSS, as reported in Table 7. These results confirm the expected higher
sensitivity of the TSS members to local imperfections as compared to the
CHS members subjected to the same maximum local imperfection. The
critical pressure ratio between TSS and CHS decreases from 2.40 (when
considering the results of the linear buckling analysis) to 1.40 (when
considering the results of the non-linear GMNIA). This finding indicates
that, despite the higher sensitivity of the TSS to the initial imperfections,
even in presence of very large initial imperfections, it still exhibits a
significantly higher buckling capacity (+40% of that of the equivalent
CHS). Such increase can be also expressed in terms of increment of the
hydrostatic load which can be withstood by the TSS member. The in-
crease in water column depth exhibited by TSS when compared to CHS
varies between 20 m (for GMNIA with upg=3 mm) up to 110 m (for
linear buckling analysis). Those considerations, even though based on
very preliminary results, clearly show the high potential of TSS for
offshore applications.

6. Conclusions

The present work aims at providing the first insights on a new class of
tubular cross-sections for steel members, referred to as Tubular Sand-
wich Section (TSS). TSS offers several advantages to the designers
related to the increased degrees of freedom of its geometrical configu-
ration, allowing for a wider range of structural requirements to be met
and ensuring flexibility in the design phase. In this respect, they are
particularly suitable to exploit the high potential offered by Additive
Manufacturing (AM) technologies, novel computational design and to-
pology optimization algorithms. One recent design approach proposed
by the authors was specifically developed to blend the conceptual design
of new efficient structural forms with computational design algorithms,
accounting for AM constraints and advanced simulation tools for the
final verification of the structural performances. This paper sheds light
on the conceptual design of TSSs and the application of the blended
design approach through the illustration of two specific scenarios
dealing with uniform and non-uniform thickness TSS members.

The focus of the first scenario was on uniform thickness TSS to
develop a first structural catalogue of uniform TSSs providing their main
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geometrical properties and cross-sectional classification. The catalogue
is organized into four parts, each one including cross-sections charac-
terized by the same class. This approach ensures that the catalogue of-
fers a broad spectrum of solutions to the industry and structural
designers, ranging from compact class 1 cross-sections with thick walls
to slender class 4 cross-sections with thin walls. The feasibility of the
concept was demonstrated through the successful manufacturing of two
prototypes of uniform thickness TSSs (i.e. 4 mm and 8 mm) using
WAAM technology, allowing the production of optimized large-scale
structural elements.

In the second scenario, the focus was shifted to the design of non-
uniform TSS members with high strength against radial pressure,
which could be particularly suitable for applications in the offshore
sector. The structural performances of a specific slender TSS were
evaluated through numerical non-linear buckling simulations account-
ing for the non-linear behaviour of WAAM steel material and initial
geometrical imperfections. The comparison with the performances of
the equivalent slender CHS member of the same external diameter and
cross-sectional area demonstrated that the TSS may lead to significantly
improved structural performances, with an increase in the elastic critical
pressure of 140%. Even when high geometrical imperfections are
considered, the TSS performances are still superior to that of the
equivalent CHS, with an increased critical pressure of 40%. Such in-
creases in critical pressure correspond to a water column depth ranging
between 20 m and 110 m (ranging from GMNIA with upax=3 mm to
linear buckling analysis). The higher sensitivity to geometrical imper-
fections of TSS is related to the thinner wall thickness, less than one-
third of that of the equivalent CHS.

Overall, the obtained results indicate that TSS represents a very
promising solution for optimized tubular steel members capable of ful-
filling a wide range of structural performances. The next steps of the
research will focus on the development, verification and validation of
new TSS designs, exploring, for example, the possibility of considering
all available geometrical degrees of freedom. The validation will include
the development of a wide experimental testing campaign to assess the
microstructural, geometrical and mechanical performances of the opti-
mized TSS members. Moreover, future research will delve deeper into
the manufacturing process, therefore facilitating considerations for cost-
effective and time-efficient solutions tailored to specific industrial
applications.
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Articulo 4

rCF LM PAEK press-moulding process optimization through the introduc-
tion of a WAAM mould core

Alejandro Marqués, José Antonio Dieste, lvan Monzdn, Carlos Javierre y Daniel Eldu-
que. (2024).
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COMP23 (2023)

Link: https://www.scipedia.com/public/Marques* et al 2024a

Articulo publicado en los proceding del congreso MATCOMP23, tras su revisidn por pa-
res

Este estudio se basa en los desarrollos previamente detallados en el Articulo 1, cen-
trando su objetivo en verificar las prestaciones de los utillajes disenados para el proceso
de press-forming. Este método de fabricacion se utilizd para conformar piezas a partir
de laminados LM PAEK reforzados con fibra de carbono mediante estampacion rapida a
alta temperatura. El ciclo de trabajo del proceso consta de los siguientes pasos:

1. El sistema de calentamiento de aceite eleva la temperatura del molde por en-
cima de la temperatura de transicion vitrea (Tg) del composite termoplastico.

2. La placa de composite termoplastico consolidada se coloca en un marco dise-
fnado para facilitar su calentamiento mediante lamparas de infrarrojos (IR) y
mantener la traccion en zonas criticas durante todo el proceso.

3. Laplacaen el marco es transferida al utillaje de prensado, donde las lamparas IR
elevan su temperatura hasta alcanzar la temperatura de fusion (Tm).

4. Al alcanzar la Tm, las [damparas se retiran, permitiendo el cierre del sistema de
moldeo por inyeccién en cuestidon de segundos.

5. Se aplica presidn para mantener una distribucién térmica homogénea en la
pieza, seguido del ciclo de refrigeracién del utillaje.

6. Cuando la temperatura del sistema desciende por debajo de la Tg, el molde se
abre y la pieza conformada se extrae.

El andlisis comparativo del ciclo térmico en ambos utillajes mostré que el disefio WAAM
redujo el tiempo de ciclo térmico en un 20 %, atribuible a su menor peso y optimizacion
geométrica derivada de este método de fabricacion. Por otro lado, no se observaron
diferencias significativas en los resultados metrolégicos de las piezas obtenidas con am-
bos utillajes (tradicional y WAAM). Esto refuerza el potencial de la tecnologia WAAM
como una alternativa eficiente y sostenible a los procesos tradicionales de fabricacion,
gue ha demostrado su capacidad para procesos de altos requerimientos mecdanicos.
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Abstract

Carbon fibre matrix composites are consolidated in high-demanding industries such as
aeronautics and aerospace. Nowadays, thermoset composites are fully integrated on
several new aircrafts in production. However, thermoplastic composites are progressively
emerging as a better solution due to their end-of-life recyclability and optimized
manufacturing process. One of the processes used to manufacture final parts from
thermoplastic composite materials is press-moulding, in which a high-temperature heating
system is combined with the application of pressure at high speeds. This article studies the
optimization of press-moulding process in combination with an Additive Manufacturing
(AM) produced metallic mould core. The aim of this study is the manufacturing of a
thermoplastic aeronautical part, that would be submitted to real-world performance test.
For the press-moulding process, a high-temperature infrared heating system was designed,
supported by thermal oil mould heating, this heating system was combined with a mould-
pressing process by integrating the system in a commercial injection machine. Regarding
the AM tooling, produced by Wire Arc Additive Manufacturing (WAAM) process, was
designed to reduce tooling weight, and optimise thermal cycle. Moreover, manufacturing
data from WAAM tooling was recorded and compared with that obtained from a
symmetrical conventional manufacturing made mould. The analysis shows savings in terms
of material and energy consumption, as well as cycle times reduction. The final part
metrology study shows indistinguishable results between the press-moulding process
carried out using the WAAM tooling and that manufactured through conventional methods.
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Introduction

Composite materials have become one of the pillars of today's
aeronautics industry. It could be verified the use of composite
materials on aviation since first flight of the Wright Brothers’
Flyer 1 on December 17, 1903, nevertheless, it was not until
1960 that these materials began to be definitively integrated
into the industry [1]. Airbus used for the first-time composite
materials on the vertical stabilizer of the A300 aircraft more
than 50 years ago, and nowadays the A350 model use
lightweight  composite  materials on critical structural
components [2]. This significant increase in the use of
composite materials not only leads to further research into the
uses of these materials, but also to the development of
manufacturing techniques for parts made from them.

Nowadays, thermosetting composites, based on carbon fibre
high-performance reinforcements held together by polymer
resin, are the most common composite materials used in the
aircraft industry [3]. Despite their superior characteristics
compare to metallic materials (superior specific strength and
stiffness, along with improved corrosion and fatigue resistance)
[4], the development of new thermoplastic composite materials
will lead to their substitution in future applications.
Thermoplastic composite materials present similar mechanical
properties than thermoset materials [5]-[7], however, their its
advantages in terms of energy and process time savings during
manufacture, its recyclability and reusability [8] position
thermoplastic composites as a promising alternative to
thermoset materials.

It should be noted that most of these composite materials are
not final products, but rather intermediate products that are
converted into final products by advanced manufacturing
methods. This is the case, for example, of 3D printing [9] or
press-forming processes [10].

Regarding the press-forming process, which will be the one
developed in the article, is based on the following steps and
summarize at Figure 1:

1. A consolidated rCF thermoplastic composite plate is
positioned on the press-forming system.

2. The plate is heated up until it reaches its processing
temperature (T,), also called melt temperature. At this
temperature, the thermoplastic matrix is fluid enough to
adapt to the mould's final geometry.

3. Once this temperature is reached, the composite plate is
placed on the press-forming mould (already heated). At this
point, the system rapidly closes, exerting high pressure to
the composite plate.

4. After the mould closing and stabilization cycle, the
cooling system starts decreasing the temperature of the
whole. The system should reach a temperature lower than
the material glass transition temperature (Tg). At this
temperature the polymer that makes up the composite
undergoes a transition from rubbery state to glassy state.

5. At this point, the final conformed part is ready to be
extracted from the system.

Correspondence: A. Marqués* (alejandro.marques@aitiip.com), J. A. Dieste (joseantonio.dieste@aitiip.com), L. 1
Monzon (ivan.monzon@aitiip.com), C. Javierre (sabicjl@unizar.es), D. Elduque (delduque@unizar.es). This is an article
distributed under the terms of the Creative Commons BY-NC-SA license
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Figure 1 Press-forming cycle graph

Regarding the explained press-forming process, the performing
toolings function conceptually as a mould. In terms of this
mould manufacturing, concepts such as thermal expansion or
spring-back [11] are taken into consideration during the design
stage. In addition, the mould will be heated by means of
thermal oil (a fluid capable of reaching high temperatures),
which will run through the mould via channels designed for this
purpose. This channels optimization should theoretically be
adapted to the surfaces of the final geometry, so that the
temperature behaves homogeneously throughout the part. This
objective is hard to achieve during tooling manufacture process
using traditional methods, due to system restrictions. However,
new manufacturing models, such as Additive Manufacturing
(AM), propose novel solutions to this problem. For this reason
and taking into account other properties of the AM processes
such as possible energy and material savings, the core of the

forming tool was  manufactured by metal additive
manufacturing (MAM).
The MAM technology chosen was Wire Arc Additive

Manufacturing (WAAM), which is a fusion AM process in which
the heat energy of an electric arc is employed for melting the
electrodes and depositing material layers for wall formation or
for simultaneously cladding two materials to form a composite
structure [12]. This technology allows the creation of large
metallic toolings following geometries impossible to achieve by
conventional manufacturing methods. Moreover, due to the
large size of the tooling manufactured, this construction would
be considered as a Big Area Additive Manufacturing (BAAM)
product [13]. Based on the data obtained from the tooling
manufacturing and performance, not only the press-forming
process would be tested, but the availability of an AM tooling to
carry out this process.

This article looks forward to describing an experimental
thermoplastic composite material forming process, performed
by a mould partly made by additive manufacturing (tie part).
The aim of the article is not only validating the press-forming
manufacturing process for the rCF thermoplastic material
tested, but the operability of a tooling made by WAAM
technology.

Methods/Case study

All test performed for this article were made under INNOTOOL
project [14], on Clean Sky 2 program, within the Horizon 2020
framework, whose objective is the development of a rCF
thermoplastic press-forming tool for advanced rear end closing
frame prototype. The rCF thermoplastic material used was LM

https://www.scipedia.com/public/Marques*_et_al_2024a

PAEK reinforced by carbon fibre with quasi-tropical disposition
(45°/135°/90°/0°). Should be mentioned that the significant
thickness of this part was one of the critical points of the
process. As aforementioned, both the press-forming
manufacturing process and the WAAM tooling performance
would be tested. Moreover, 2 symmetrical toolings were
required for this project, allowing the comparison of material
and energy consumption between the core produced by WAAM
process and the symmetrical one produced by conventional
machining.

This article would be divided in 2 differentiated parts:

* AM tooling description, encompassing its design and
manufacturing processes.

@ Press-forming process description and performance

It should be mentioned that both the material and the press-
moulding process have been tested experimentally beforehand.
Therefore, the scaling of the system has been done based on
the results obtained in these tests.

AM tooling

As mentioned, press-forming tooling designed concept could be
assimilated to that of a mould. For this project, only the die part
of the mould was performed by WAAM, therefore, this article
would focus on this WAAM tooling core. Should be highlighted
that, as WAAM process is based on the superposition of
material layers, the final printed geometry shows an uneven
finish. For this reason, WAAM technology is consider a Near-to-
Net-Shape technology, which requires from a second-stage
machining process before being considered finalised [15], [16].
This second-stage machining will be also measured, and the
results will be presented. Should be mentioned that the
selected wire material was ER70S-6 (carbon steel electrode), and
the shield gas was SANARC 8 (CO, 8% Ar 92%).

Regarding the WAAM core design, thanks to the design
possibilities of the technology, several optimizations could be
performed compared to the symmetrical core manufactured by
conventional methods, emphasizing the following two:

@ Internal heating channels could be directly performed
adapting to the final geometry.

@ Tooling inner part was designed empty in order to
reduce tooling weight and therefore, thermal inertia.

Figure 2 CAD design comparison between a) Pure machining core and b) WAAM core.

Figure 2 displays inner channels disposition, highlighted in blue.

Across both the WAAM process and second-stage machining
process, material and energy consumption were analysed. Also,
the symmetrical tooling conventional machining manufacturing
process was analysed, allowing a direct comparison of the
above-mentioned consumptions, as well the total time of the
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Figure 3 WAAM tooling after second-stage machining

The results show an important reduction in terms of energy
consumption, being the amount of energy needed for the 2
combined manufacturing processes (WAAM process + Second-
stage machining) 20% lower than the single process traditional
manufacturing. Also, tooling weight is 40% reduced. Regarding
the material save, this reduction is even much favourable,
decreasing the amount of material consumed by 40%.
Nevertheless, the WAAM manufacturing process carries an
important increase in total process time, being the total process
time 4 times longer than in the case of tooling made by
conventional methods.

Press-forming process

The aforementioned explained press-forming system was
adapted to the dimensions and characteristics of an injection
machine (Billion 750) in such a way as to take advantage of both
its closing speed and operating pressure. The clamping force of
the press was set at 300 tonnes, affecting the surface of the rCF
thermoplastic material by approximately 100 bar thanks to the
compression stops designed for the tooling.

Regarding the thermal cycle, material T, is in the range of 400
°C, which is a thermal requirement that is difficult to achieve
with conventional heating systems such as electric heaters or
thermal oil. For this reason, infrared radiation heating was
chosen. Infrared radiation heating system was based on 2 lamp
grills filled by infrared radiation screens (Figure 4). These
screens are medium-wave emitters that allow the transfer of
thermal energy from one body to another without the need for
any intermediate support and without the sensitive absorption
of the energy emitted by the medium that separates them,
which is usually air. Should be mentioned that the lamp grill
system was designed to ensure that it could be rapidly removed
from the press during the process. The temperature must be
controlled during this thermal process, as an unbridled
temperature rise could degrade the material.

https://www.scipedia.com/public/Marques*_et_al_2024a

Figure 4 IR lamp grill

It should be noted that the rCF thermoplastic plate was adapted
in geometry to the subsequent process devised, for this reason,
areas with different amounts of extra material were designed.
This material was used both as a clamping area for the
thermoplastic plate and as a back-up material to ensure that,
after a trimming process, the final part complies with the
required dimensions.

Regarding the moulding system, process temperature
requirement is less restricted, requiring process temperatures
slightly superior to the LM PAEK T, around 200 °C. This
temperature is achievable by an industrial oil heating system,
which performs not only heating cycle, but also the cooling
cycle.

The rCF thermoplastic part press-forming process, based on the
explained cycle at Introduction section, is broken down as
follows:

1. The WAAM mould oil heating system is initiated, heating
up the mould until a temperature superior to thermoplastic
Tg- This process would last between 3 to 4 hours.

2. The consolidated rCF thermoplastic plate is placed on the
positioning framework. This framework is developed to
allow the IR heating while positioning the plate. Its design
also allows the plate to be strategically clamped,
maintaining the necessary traction in critical areas across
the process.

3. The positioning framework is placed at the press-
moulding  tooling, where it is heated up by the
aforementioned IR lamp grills until the T, is reached. IR
heating is shown at Figure 5. This IR heating process is
relatively fast regarding the high temperatures achieves,
lasting approximately 30 min.

4. At this point, the IR lamp grill is removed, allowing the
press-moulding system to close. Taking advance of the
injection mould system, a rapid confinement of the rCF
thermoplastic plate is achieved in seconds.

5. The moulding system pressure is maintained until the
conformed rCF thermoplastic part is stabilized, ensuring
the whole part maintains a homogeneous temperature.
This process takes around 20 min. After this stabilization
time, cooling system refrigerates the whole tooling.



SCIPEDIA

A. Marqués*, ). Dieste, I. Monzén, C. Javierre and D. Elduque, rCF LM PAEK PRESS-MOULDING PROCESS
OPTIMIZATION THROUGH THE INTRODUCTION OF A WAAM MOULD CORE, Materiales Compuestos (2024). Vol. 08 -
COMUNICACIONES MATCOMP21 (2022) Y MATCOMP23 (2023), (NUm. 6 - Fabricacién y Aplicaciones Industriales), 35

6. When the temperature of the system decreases below
the T, the mould opens, and the conformed part is
retrieved. This cooling process last around 2 hours.

~|—cll |- =

Figure 5 Press-moulding process images

The rCF thermoplastic part obtained from this process was
subjected to a trimming post-process, using a positioning and
cutting tooling for this purpose. After this process, the part was
subjected to a metrological studio (Figure 6). It should be noted
that the tolerances of this part, being a first R&D process in
development, are not very restrictive, being £2 mm in these first
tests.
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Figure 6 Final CFRP part meteorological studio

Results/Conclusions

As stated in the Introduction section, the objective of this study
is the validation of both the AM process for mould manufacture
and the press-forming process for the manufacture of CFRP
parts. This combination of process aims not only to perform the
forming process of large rCF thermoplastic materials quickly,
but also to take advantage of the possibilities of AM process to
produce  complex  structures in order to accelerate
manufacturing cycles.

Regarding to the additive process (WAAM), the optimisation of
the mould allows significant energy and material savings
compared to conventional production. Moreover, in direct
process terms, the possibility of adapting the thermal heating
channels to the geometry of the part and the reduction in the
mass of the tooling reduces the thermal cycle time, and, thus,
the production cycle. It is important to note that the
optimisation  of tooling manufacturing by additive
manufacturing is directly dependent on the geometry of the
final tooling, so the data cannot be extrapolated as valid for any
design, but nevertheless show a very favourable trend for AM
processes based on WAAM technology. For these reasons, this
study verifies this process as suitable for a press-moulding
process with rCF thermoplastic materials.

Also, thanks to the core mould weight reduction achieved by the
WAAM process, thermal inertia was reduced. This optimisation
can be seen in the cycle times, which are reduced by 20%
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compared to those measured with conventional manufacturing
made mould. However, it is estimated that the manufacture of
the female mould using the WAAM process would be able to
further optimise cycle times. This solution will be evaluated for
future applications.

As for the press-moulding process for rCF thermoplastic parts,
several innovations were incorporated. Firstly, the design and
cutting of the CFRP fabric was optimised to fit correctly on the
tooling. Also, the IR lamp grill system was designed as a
removable tooling, which can be taken out of the press station
during the process, avoiding the need to transport the CFRP
plate from the infrared heating station to the press station. This
feature prevents the heat loss that this entails. Finally, Process
parameters obtained from previous tests and subsequently
scaled for this study proved to be valid in view of the results.

On the other hand, it should be noted that the accuracies
achieved, despite being within the framework of validity of the
project as it is an R&D process, are much higher than those
commonly used in the aeronautical industry. In this direction,
studies on the thermal shrinkage and spring-back processes of
the part should be carried out.
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Discusidn de resultados

Con el propésito de analizar las ventajas y limitaciones del proceso WAAM en la produc-
cion de piezas de grandes dimensiones, el trabajo inicial se centré en el disefo y
fabricacion de utillajes especificos para procesos de moldeo. El primer paso fue evaluar
las capacidades constructivas del sistema KRAKEN, el cual emplea un robot colaborativo
COMAU NJ130 [108], instalado sobre la estructura de pdrtico escrita, permitiendo tra-
bajar en seis ejes de movimiento. Los movimientos del sistema fueron programados a
través del software CAM HyperMILL CAD/CAM 2023 [109], cuyos cdédigos fueron poste-
riormente postprocesados en lenguaje ISO G-Code.

Antes de la ejecucion, los archivos fueron simulados en un software de programacién
offline (Ultimaker Cura 2023) [110] para identificar posibles colisiones, evitar singulari-
dades y garantizar que todos los movimientos estuvieran dentro del rango operativo del
robot colaborativo. En cuanto al sistema de soldadura utilizado para el proceso WAAM,
se empled el Fronius TPS 400i [111].

En el marco del proyecto Innotool [112], se llevd a cabo la primera fabricacién WAAM
de gran tamafiio, enfocada en la produccién de dos utillajes simétricos para press-for-
ming. Como parte del disefio experimental, uno de los utillajes se fabric6 mediante
procesos convencionales, mientras que el segundo fue optimizado en la etapa de disefio
y producido utilizando el proceso WAAM. El utillaje fabricado mediante proceso WAAM
se muestra en la llustracion 21.

i

llustracion 21 Comparacion entre (a) utillaje WAAM impreso sobre placa y (b) utillaje tras eliminacion de base de
sacrificio y segunda fase de postprocesado

Este enfoque permitié recopilar datos relevantes de ambos métodos, lo que facilité una
comparacion directa en términos de consumo eléctrico y de material. Los resultados
obtenidos se muestran en la Tabla 1. Estos respaldaron la sostenibilidad del proceso
WAAM frente a la fabricacién tradicional, mostrando una reduccién del 41% en el ma-
terial total consumido y de un 18% en la energia. Ademas, se destacaron importantes
ventajas del enfoque aditivo, como la reduccidn del peso del componente (41% de re-
duccidn) gracias a la optimizacién geométrica, y una primera evaluacién de la viabilidad
para integrar canales internos segun el concepto de Conformal Cooling.
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Tabla 1 Consumos eléctricos y de material durante los procesos de fabricacion de utillajes simétricos para press-for-
ming

Utillaje convencional Utillaje WAAM
Materia prima consumida 291.345 kg 173.091 kg
Consur:; mate- [ oo final de utillaje 152.747 kg 90.960 kg
Material descartado 47.57% 47.45%
Proceso WAAM - 311.365 kWh
Consm:rrir::c:)eléc- Proceso de mecanizado 696.228 kWh 257.15 kWh
Total 696.228 kWh 568.515 kWh

Una vez fabricada la pieza WAAM, se realizd un estudio metroldgico para el estudio del
pardmetro de sobre-espesor seleccionado. En este caso, como se especifica en el apar-
tado Diseno, se establece en 10 mm. Los resultados de estos estudios, como el
representado en la llustracidn 22, revelan una considerable variabilidad en la cantidad
de material depositado, identificandose dreas con espesores que superan en mas de 10
mm el sobre-espesor de disefio. Esto se traduce en un consumo adicional de material y
un aumento significativo del consumo energético durante el mecanizado necesario para
eliminar dicho excedente.
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llustracion 22 estudio metroldgico de construccion WAAM respecto a CAD adaptado al proceso WAAM con 10 mm
de sobre-espesor
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Los resultados evidencian zonas diferenciadas donde se alternan capas con exceso de
espesor y otras con espesores inferiores al valor tedrico. Esta distribucién es consecuen-
cia de la dilatacion térmica del material durante la impresién, ya que el proceso WAAM
deposita material a altas temperaturas, generando expansién térmica que se corrige al
enfriarse.

Cuando se producen pausas prolongadas durante la impresidn, la pieza se contrae al
enfriarse, desplazando su geometria respecto a la ruta de impresién. Al reanudar el pro-
ceso, las capas impresas se desalinean, aumentando el ancho y reduciendo la altura en
las nuevas deposiciones. Este efecto no es critico, ya que las capas sobrantes se elimina-
ran durante el mecanizado posterior.

El andlisis adquiere especial relevancia en las regiones donde el material depositado
gueda por debajo de la cota tedrica, ya que imposibilita que la pieza final alcance las
dimensiones tras el proceso de mecanizado hibrido de segunda fase. Segun este analisis,
un sobre espesor minimo de 3 mm podria ser implementado, reduciendo 70% el con-
sumo de material impreso por cada metro de perimetro de pieza.

Una vez fabricados y sometidos a verificacion metroldgica, los utillajes fueron utilizados
en un innovador proceso de press-forming disefiado para conformar piezas en LM PAEK
reforzado con fibra de carbono. Este proceso, caracterizado por sus elevados requeri-
mientos mecanicos, implica una estampacion rapida a alta temperatura. Los resultados
obtenidos fueron satisfactorios en ambos casos: tanto el utillaje fabricado mediante
WAAM como el producido de manera convencional mostraron un desempefio equiva-
lente, sin diferencias significativas en las piezas obtenidas con cada molde.

Es importante destacar que este proceso de fabricacion de componentes en LM PAEK
reforzado con fibra de carbono ha sido protegido mediante patente (EP4400292A1),
subrayando su caracter innovador y su potencial industrial [113].

Establecidas las bases para la fabricacién aditiva WAAM en piezas de gran tamaio y
comprobado su desempeno en condiciones industriales reales, se propuso aplicar esta
tecnologia para fabricar un nuevo molde industrial destinado a la inyeccién de plastico.
En concreto, se disefié el molde macho del conjunto, con la peculiaridad de requerir
canales internos de refrigeracion. Dado que estos canales, debido a la geometria de la
pieza, debian mecanizarse en posiciones centralizadas con una distancia considerable
desde la base hasta las paredes laterales, se aprovechd la capacidad de la tecnologia
WAAM para crear disefios complejos. Cabe resaltar que la placa base de fabricacién en
este caso se integrd en el disefio final, siendo mecanizada para dar continuidad a los
canales internos disefados.

El molde fue disefiado siguiendo estrictamente el concepto de Conformal Cooling, opti-
mizando la disposicién de los canales internos para una refrigeracion eficiente. Estos
canales se analizaron utilizando el software CADMould [114], comparandolos con un di-
sefio tedrico adaptado a métodos de mecanizado convencional. La llustracion 23
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permite observar las diferencias entre ambos enfoques. Ademas, se llevé a cabo un es-
tudio comparativo del consumo de material entre el proceso WAAM y el consumo
tedrico asociado al molde fabricado por métodos convencionales, destacando las ven-
tajas de sostenibilidad de la fabricacion aditiva. Las fases de fabricacion del utillaje
estudiado pueden apreciarse en la llustracién 24.

(a) (b)

llustracion 23 Comparacion de disefio de moldes de inyeccion (a) para fabricacion por proceso WAAM disefiado se-
gun el concepto de Conformal Cooling y (b) para fabricacién convencional

llustracion 24 Estados en la fabricacién de una pieza por tecnologia WAAM. (a) Disefio final de la pieza. (b) CAD
adaptado al proceso WAAM con sobre-espesor de 10 mm. (c) Pieza WAAM producida. (d) Pieza final tras segunda
fase de postprocesado.

El estudio de refrigeracién del molde fabricado mediante tecnologia WAAM evidencio
mejoras notables en comparacién con el disefio tedrico adaptado para métodos con-
vencionales de fabricacién. Entre los principales beneficios destacan la reduccién
significativa en los tiempos del ciclo de enfriamiento. La simulacién mostré un aumento
del 18.92% en la extraccion de calor en el molde WAAM, siendo este parametro aplica-
ble al tiempo de ciclo inversamente.
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Por otro lado, los resultados mostraron una distribucién mas homogénea de la tempe-
ratura. Este hecho impacta positivamente en la disminucién de las deformaciones
finales de la pieza moldeada. Las deformaciones simuladas en la pieza final para el molde
WAAM se reducen un 26.48% respecto de su analoga realizada en su molde tradicional
simulado.

Ademas, en linea con los hallazgos previos sobre la fabricacién aditiva WAAM, este uti-
llaje demostré una considerable reduccion tanto en el consumo total de material como
en los desperdicios generados, en contraste con su equivalente disefiado para técnicas
de fabricacion tradicionales, como se evidencia en la Tabla 2. Los resultados muestran
una reduccion de 4095.44 kg en el consumo total de materia prima para el utillaje
WAAM, repercutiendo en una reduccion del material descartado de un 62% respecto al
molde tedrico disefado para su fabricacion mediante técnicas de fabricacién convencio-
nales. Cabe resaltar que en el molde WAAM, la placa base mecanizada integrada en el
disefio (hombrada como “base de soldadura”) se ha sido realizada mediante procesos
de fabricacién tradicional, por lo que sus datos de consumo se han comentado de ma-
nera especifica en la Tabla 2.

Tabla 2 Andlisis de consumo de material en molde WAAM de inyeccion respecto a molde andlogo tecrico disefiado
para su fabricacion mediante técnicas de fabricacion convencionales

Utillaje convencional Utillaje WAAM
- Base de soldadura | Fabricacion aditiva
Materia prima consumida 5079.02 kg 491.20 kg 492.38 kg
Peso final de utillaje 796.11 kg 446.24 kg 325.30 kg
Material descartado 84.33% 21.56%

Tras analizar los consumos de material en los dos primeros estudios de esta tesis, resulta
pertinente introducir el concepto de Buy-to-Fly (BTF). Este indicador se define como la
relacion entre la masa inicial del material en bruto y la masa de la pieza final acabada.
Su utilidad radica en evaluar el aprovechamiento de materia prima durante un proceso
de fabricacion.

En el caso del primer utillaje fabricado, descrito en el Articulo 1, el BTF del utillaje pro-
ducido mediante tecnologia WAAM es de 1,90, comparado con un BTF de 1,91 del
utillaje fabricado por métodos convencionales. Si bien la diferencia entre ambos proce-
sos en términos de aprovechamiento de material es insignificante, cabe destacar que el
consumo total de materia prima en el proceso convencional es un 168% mayor que en
el proceso WAAM.

En el segundo utillaje analizado, descrito en el Articulo 2, el impacto del BTF es significa-
tivamente mayor. El utillaje fabricado mediante tecnologia WAAM presenta un BTF de
1,27, en comparacion con un 6,38 del utillaje tedrico disefiado basado en métodos tra-
dicionales de fabricacion. Este dato evidencia una notable ventaja de la tecnologia
WAAM en el aprovechamiento de material.
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Aunque el BTF es un parametro relativo al disefio final de cada pieza, estos resultados
reflejan una tendencia clara hacia un mayor aprovechamiento de la materia prima en
los procesos de fabricacion aditiva WAAM, frente a sus equivalentes en la fabricacidon
convencional. Esto refuerza la viabilidad de la tecnologia WAAM como una solucion efi-
ciente y sostenible en términos de consumo de material.

Una vez testeadas y confirmadas las capacidades de fabricacién de disefios complejos
optimizados de la tecnologia WAAM en el campo de la industria del moldeo, se planted
la utilizacién del proceso para la fabricacion de elementos finales. Por ello, se tomd un
nuevo enfoque hacia la industria de la construccion. En este caso, la estructura fabricada
no seria un medio para obtener una pieza final, como en el caso de la industria del
molde, sino un producto acabado. Por ello, se planteé el disefio y fabricacion de proto-
tipos estructurales de gran tamafio.

Estas estructuras de disefio tubular fueron disefiadas mediante la optimizacién de los
pardmetros de didmetro exterior (Dext), diametro interior (Dint), nUmero de refuerzos
(Nw) y espesor de pared (t). Como resultado, se generd un catalogo de disefios optimi-
zados, del cual se fabricaron demostradores (llustracion 25) para verificar la viabilidad
del proceso.

llustracion 25 De mostrador de estructura tubular reforzada. Identificador TSSU_280-240-12-8

Tras la verificacion de la hipoétesis inicial del estudio, se planteé un segundo escenario.
En él, la atencion se centrd en el diseno de elementos tubulares reforzados con alta
resistencia frente a la presién radial, que podrian ser especialmente adecuados para
aplicaciones en el sector de alta mar. Las prestaciones de estas estructuras auto-refor-
zadas fueron evaluadas mediante simulaciones numéricas de pandeo no lineal, que
incorporaron tanto el comportamiento del acero WAAM como las imperfecciones geo-
métricas iniciales.

Los resultados de las simulaciones revelaron que los disefios WAAM superan significati-
vamente en prestaciones estructurales a estructuras tubulares comerciales
equivalentes, considerando el mismo diametro exterior y area de seccion transversal. La
estructura WAAM alcanza unas prestaciones estructurales significativamente mejores,
con un aumento de la presidn critica elastica del 140%. Incluso en los escenarios mas

Pagina | 130



Capitulo 3. Resultados y trabajos realizados

desfavorables, con valores elevados de imperfecciones geométricas simuladas, las es-
tructuras WAAM demostraron un rendimiento notablemente superior (40% mayor en
comparacion con sus analogos comerciales), consolidando su potencial como solucion
innovadora y eficiente.

Alo largo de este estudio, la tecnologia WAAM ha sido evaluada exhaustivamente, abar-
cando desde su etapa de disefio inicial hasta la fabricacién final. Se ha analizado su
viabilidad y sus ventajas en comparacién con los métodos de fabricacion convenciona-
les, siguiendo un enfoque progresivo que partié de hipdtesis de disefio aplicadas a
productos simples, aumentando gradualmente la complejidad y los requisitos funciona-
les.

Los resultados obtenidos destacan importantes mejoras tanto en el rendimiento estruc-
tural de las piezas fabricadas como en los procesos de produccién, incluyendo un factor
clave de sostenibilidad. Este estudio ha demostrado reducciones significativas en el con-
sumo de material y energia en los casos evaluados, lo que refuerza la eficiencia del
proceso WAAM. Estas evidencias consolidan la idoneidad de esta tecnologia para su
adopcioén en entornos industriales, ofreciendo soluciones innovadoras y sostenibles a
los desafios actuales de fabricacion.

Contribuciones a la transferencia tecnoldgica: Patentes

En el marco de las investigaciones realizadas durante el desarrollo de esta tesis doctoral,
se han generado dos patentes que ofrecen soluciones innovadoras a los desafios técni-
cos y cientificos identificados. Estas patentes protegen los desarrollos realizados en
colaboracién con el entorno empresarial privado, aportando no solo originalidad al co-
nocimiento existente, sino también un alto potencial para aplicaciones practicas. Su
utilidad y capacidad de impacto destacan especialmente en el sector de la fabricacion.

En este apartado se describen las caracteristicas mas relevantes de cada patente, inclu-
yendo un resumen de su contenido y el modo en que este trabajo ha contribuido a su
desarrollo. Este esfuerzo de proteccion y formalizacidén de los resultados de la investiga-
cién pone de manifiesto su importancia y asegura una transferencia efectiva tanto al
ambito académico como al industrial.

A continuacion, se detallan las patentes publicadas, junto con su nimero, fecha de pu-
blicacién y area de aplicacion.

e Patente Europea EP4400243A1 publicada el 17-07-2024.
e Patente Europea EP4400292A1 publicada el 17-07-2024.
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Patente EP4400243A1
Titulo
Método de fabricacion aditiva para fabricar moldes y sistema de fabricacién
Aplicantes
FUNDACION AITIIP
Inventores

MONZON CATALAN, Ivan; LAGUIA PEREZ, Alberto; MARQUES PAOLA, Alejandro;
GONZALVO BAS, Berta; DIESTE MARCIAL, José Antonio; GRACIA ARANEGA, Pas-
cual

Prioridades y aplicacion
EP23382012A-2023-01-11

Publicacién y fecha
EP4400243A1-2024-07-17

Resumen. La invencién se centra en la fabricacidon aditiva mediante tecnologia DED
WAAM para la optimizacion de moldes metalicos. Utiliza un modelo computacional que
define estratégicamente la disposicion de las capas de material, evita deformaciones y
mantiene parametros optimos del proceso. Incluye trayectorias especificas de arco y un
disefio optimizado para moldes con geometrias complejas y canales internos de refrige-
racion. El sistema abarca desde el modelado 3D hasta el control en bucle cerrado del
proceso de impresion.

X4

-« NM

FIG. 1 FIG. 2

llustracion 26 Método de fabricacion aditiva para fabricar moldes y sistema de fabricacion. Patente EP4400243A1
[115]
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Este método permite fabricar moldes eficientes, ligeros y con alto rendimiento térmico,
adecuados para procesos como inyeccion, soplado, RTM y compresiéon de materiales.
Ofrece ventajas frente a técnicas tradicionales, como reduccién de mecanizado, costes,
peso y consumo de material, ademas de facilitar disefios complejos y sostenibles.

Contribucidn de la tesis.

El proceso de fabricacion WAAM ha sido evaluado y optimizado a lo largo de esta tesis.
Los ensayos de fabricacidn previos y los utillajes finales producidos mencionados en este
documento sirvieron como base para el desarrollo del modelo computacional paten-
tado. La correcta parametrizacion de los modelos y la optimizacion previa del disefio de
las estructuras han permitido agilizar y aumentar la eficiencia del proceso, mejorando
su competitividad frente a los métodos de fabricacion tradicionales.

Patente EP4400292A1
Titulo
Un sistema y un método de fabricacion de piezas moldeadas
Aplicantes
FUNDACION AITIIP
Inventores

MARQUES PAOLA, Alejandro; LAGUIA PEREZ, Alberto; MONZON CATALAN, Ivan;
GONZALVO BAS, Berta; DIESTE MARCIAL, José Antonio; GRACIA ARANEGA, Pas-
cual

Prioridades y aplicacion
EP23382013A-2023-01-11

Publicacion y fecha
EP4400292A1-2024-07-17

Resumen La presente patente describe un sistema y método innovador para fabricar piezas
moldeadas, especialmente fabricadas de materiales termo-formables, como el LMPAEK,
utilizado en componentes aeronauticos. Este proceso aborda el desafio de controlar con preci-
sién la posicidn y deformacién de la placa durante el moldeo, un problema comun que afecta la
calidad final. La invencidn incluye una mdaquina equipada con guias precisas para el movimiento
de la placa, un sistema de calentamiento que garantiza la temperatura 6ptima antes del moldeo,
y elementos eldsticos que tensan la placa para evitar arrugas y deformaciones.
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El método abarca desde la instalacion de la placa en un marco de sujecién hasta la ex-
traccion de la pieza moldeada final. Ademas, el disefio optimizado del molde mejora los
procesos de calentamiento y enfriamiento, aumentando la eficiencia

llustracion 27 Un sistema y un método de fabricacion de piezas moldeadas. Patente EP4400292A1[113]

Entre sus ventajas destacan un mayor control de la posicién y la deformacién de la placa,
lo que asegura piezas de alta calidad, y una mejora en la eficiencia y precisién en com-
paracién con métodos tradicionales. Las innovaciones presentadas tienen el potencial
de mejorar significativamente los procesos de moldeo en diversas industrias.

Contribucion de la tesis. El sistema descrito en la patente emplea como moldes de ter-
moformado los utillajes detallados en el Articulo 1. Ademds, este proceso fue
implementado para validar el desempefo de dicho utillaje fabricado mediante tecnolo-
gia WAAM, tal como se detalla en el Articulo 4. Por ello, se puede afirmar que la patente
nace de los desarrollos realizados durante los mencionados articulos de la tesis.

Contribuciones cientificas: Congresos

En esta seccidn se detallan las actividades de difusion realizadas en el marco de esta
tesis, destacando las conferencias y seminarios impartidos, los cuales han abordado de
manera especifica las tematicas principales del estudio.

Conferencia: Metromeet 2021

Titulo

“Development of innovative smart 4.0 tooling set for the manufacturing and as-
sembly of the advanced rear end product”

Fecha de participacion
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25-03-2021
Congreso

“Intelligent metrology for a sustainable and efficient digital factory”
Autores

Alejandro Marqués, Jose Antonio Dieste, Ivan Monzén

Resumen. Durante esta conferencia se presentd el concepto del proceso de press-for-
ming para materiales termopldsticos de altas prestaciones, especificamente LM-PAEK.
La exposicion incluyd tanto el desarrollo del proceso como los principios de fabricacion
de utillajes mediante tecnologia aditiva WAAM. Asimismo, se planted la fabricacion de
un conjunto macho-hembra para molde optimizados para reducir el peso del conjunto
y por tanto mejorar el ciclo de fabricacién

Contribucion de la tesis. En este congreso se introdujeron los fundamentos del proceso
de press-forming, posteriormente sometido a pruebas, validacién y patentado, junto
con la optimizacién y fabricacién de utillajes mediante tecnologia WAAM. Ambos con-
ceptos planteados y demostrados a raiz de la investigacion realizada durante la presente
tesis.

Conferencia: Additive manufacturing in the automotive industry

Titulo
“AM boost in Automotive Sector”
Fecha de participacion
22-04-2021
Congreso
“Additive manufacturing in the automotive industry”
Autores
Alejandro Marqués, Jose Antonio Dieste

Resumen. Durante esta conferencia se expusieron diversas propuestas para la imple-
mentacion de tecnologias aditivas en la industria automotriz. Entre ellas, se destacaron
soluciones estéticas basadas en fabricacién mediante tecnologia FDM, como un salpica-
dero multi-material intercambiable que ofrece acabados personalizados, propiedades
antimicrobianas y aromas especificos. Asimismo, se presentd una demostracion de fa-
bricacidn aditiva metdlica, en la que se integraron estructuras metalicas directamente
sobre el chasis de un modelo deportivo de Alfa Romeo, evidenciando el potencial de
estas tecnologias para aplicaciones funcionales y estructurales en el sector.
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Contribucion de la tesis. En este congreso se expusieron diversas aplicaciones de las
tecnologias aditivas orientadas a la fabricacidn de piezas finales para uso industrial. En
particular, se destacaron soluciones basadas en materiales de aporte metalicos utili-
zando tecnologia WAAM, demostrando su versatilidad y potencial en el sector
automovilistico. Ademas, la fabricacion de moldes metalicos mediante tecnologia
WAAM fue presentada como una innovadora alternativa para su implementacidn en la
industria automouvilistica, un concepto desarrollado a partir del primer articulo de esta
tesis.

Conferencia: Advanced Manufacturing Madrid 2023

Titulo

“HELACS - Procesos avanzados de desmantelamiento y valorizacion de materiales
compuestos aeronduticos”

Fecha de participacion

24-11-2023
Congreso

“Advanced Manufacturing Madrid 2023”
Autor

Alejandro Marqués

Resumen. Presentacion de un sistema de desmantelamiento novedoso por imitacion,
basado en un sistema de Digital Twin, aplicado en este caso especifico al desmantela-
miento y revalorizacion de material compuesto aeronautico. Dicho sistema de
programacion se presentd también para una variedad de aplicaciones, como serian ope-
raciones de corte, taladrado y soldadura. Esta ultima aplicacion a los procesos de
soldadura utiliza el mismo sistema GMAW integrado en el proceso de fabricacién aditiva
WAAM, lo que permite utilizar el sistema de programacién también como ruteado de
impresion WAAM.

Contribucion de la tesis. El sistema Digital Twin de programacién por imitacion incor-
pora la capacidad de ser aplicado a procesos aditivos WAAM, facilitando la impresion
3D metalica in situ. Esta innovacién representa un avance significativo al posibilitar la
integracion de la tecnologia WAAM en el ambito de la fabricacion de manera disruptiva
y novedosa. Los avances logrados en el proceso de fabricacién aditiva WAAM durante
esta tesis permiten adaptar dicha tecnologia a la implementacidn in situ planteada por
el sistema.
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Seminario: Towards a Greener Aviation

Titulo

“Integracidn de la colaboracion humano-robot en los procedimientos de desman-
telamiento de composites en su fin de vida”

Fecha de participacion

28-02-2024
Congreso

“Towards a Greener Aviation”
Autor

Alejandro Marqués

Resumen. Presentacion de un sistema novedoso de desmantelamiento robdtico de ae-
ronaves mediante un sistema de programacion por imitacién, basado en el concepto
Digital Twin. Este sistema, ya presentado en la Conferencia: Advanced Manufacturing
Madrid 2023, es aplicable a diversos procesos de mecanizado o fabricacién aditiva, como
ya se ha comentado. Ademas, se presentaron mejoras en el software del sistemayen la
interfaz de usuario.

Contribucion de la tesis. Tal como se expuso en la contribucién de la conferencia ante-
rior, el sistema Digital Twin de programacion por imitacién integra la capacidad de
aplicacién en procesos aditivos WAAM, permitiendo la impresion 3D metalica in situ. Los
avances alcanzados en el proceso de fabricacion aditiva WAAM durante esta tesis per-
miten su adaptacidn tanto para laimplementacién in situ propuesta por el sistema como
para su aplicacion en reparaciones de componentes metalicos.

Colaboracién en proyectos de investigacion

La ejecucion y los resultados de esta tesis han estado vinculados a distintos proyectos
de investigacion, tanto con financiacién publica, como con financiacién privada. A con-
tinuacion, se realizara un resumen de los proyectos mas relevantes en los que la ha
participado el doctorando, remarcando su relacidén con la presente tesis.
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Proyecto KRAKEN
Nombre extendido

“Hybrid automated machine integrating concurrent manufacturing processes, in-
creasing the production volume of functional on-demand using high multi-
material deposition rates”

Programa, expediente y financiacion
H2020-FOF-2016N07237595.947.836€
Socios

Coordinador: Fundacién AITIIP. Participantes: TWI, CSEM, ACCIONA, CRF, Pinin-
farina, Teamnet Group. Leica Geosystems, Vero Software, Arasol Industrial, VBC,
Alchemie, Espace2001 y Autonomous Systems.

Resumen. KRAKEN es un proyecto financiado por el programa europeo Horizon2020,
desarrollado entre octubre de 2016 y septiembre de 2019. Su objetivo principal fue la
creacion de una maquina de fabricacion hibrida de grandes dimensiones (20x6x3 m),
gue combina tecnologias sustractivas y avanzadas tecnologias aditivas para trabajar en
amplias areas sin requerimientos de espacio adicional en el suelo. Adema3s, el proyecto
buscé proporcionar a empresas de diferentes tamafios una solucion "todo en uno" ase-
quible, disefiada para producir componentes personalizados, integrando procesos de
fabricacidn, reparacidn y control de calidad de piezas funcionales.

El consorcio de KRAKEN, permitid vincular resultados de investigacion con necesidades
tecnoldgicas en areas clave como software, monitorizacidn, automatizacidon, materiales,
estandarizacion y usuarios finales, consolidando asi la cadena de valor de la fabricacién
hibrida. Durante el proyecto, se validaron nuevas tecnologias aditivas para la produccién
de grandes componentes multimateriales, tanto en entornos de laboratorio como en
escenarios industriales de alta relevancia, y se integraron para su demostracion en apli-
caciones reales.

Contribucion de la tesis. El proyecto KRAKEN es el germen del que parte esta tesis,
siendo el punto inicial del desarrollo de la tecnologia aditiva WAAM. A partir de los desa-
rrollos iniciales testeados y validados en KRAKEN se realizaron las primeras pruebas de
fabricacidon aditiva metdlica, incluyendo las pruebas conceptuales de disefio adaptado al
proceso, optimizaciones de patrdn de impresién y parametrizacién del proceso. Por ello,
la presente tesis resultd la validacion de los procesos de fabricacion aditiva metadlica
planteados durante el proyecto.
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Proyecto INNOTOOL
Nombre extendido

“Development of Thermoplastic press-forming Tool for Advanced Rear End Clos-
ing Frame Prototype and Tooling 4.0 for Assembly and transportation of the
Advanced Rear End Prototype”

Programa, expediente y financiacion
H2020-CS2-CFP10-2019-01N0886491715.952€
Socios

Coordinador: Tekniker. Participantes: Fundacién AITIIP. Topic Manager: Airbus
Operations

Resumen. El proyecto INNOTOOL, cofinanciado a través del programa Horizon2020, es-
pecificamente en el drea de CleanSky2, se desarrollé en AITIIP entre mayo de 2020 y
junio de 2022. Este proyecto tuvo como objetivo principal el disefio de utillajes innova-
dores para la fabricacion y ensamblaje de componentes de altas prestaciones basados
en LM-PAEK (termopldstico reforzado con fibra de carbono).

El papel de AITIIP en el proyecto se centrd en la creacion de un utillaje avanzado para el
proceso de conformado por prensa, integrando la consolidacion de refuerzos y el con-
formado de materiales termoplasticos con espesores variables. La innovacion de este
enfoque radica en la incorporacion de tecnologias de fabricacidn aditiva, el disefio mo-
dular de los componentes y la implementacién de estrategias de control térmico
optimizado durante el proceso de prensado.

Contribuciones de la tesis. Dentro de este proyecto se enmarcan los articulos 1y 4 pre-
sentados dentro del compendio, ademas del desarrollo de la patente EP4400292A1. Por
ello, la presente tesis fue esencial para el desarrollo del proyecto, especificamente para
la fabricaciéon aditiva WAAM aplicada a moldes de gran tamaiio, englobando la optimi-
zacion de disefio, el andlisis comparativo de la sostenibilidad del proceso y finalmente
su validacion industrial.

Proyecto AGRIAM

Nombre extendido

“DED-arc manufacturing of highly customized functional injection moulds, to pro-
duce thermoplastic parts for agricultural machinery, optimising for weight
reduction and forest fire prevention”
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Programa y financiacion
3DP PAN EU40.000€
Socios
Coordinador: MOSES. Participantes: Fundacién AITIIP, TECOS y UNIBO

Resumen. Los proyectos bajo el programa 3DP PAN, estan destinados a PYMES, tratando
de acercar las tecnologias de fabricacidn aditiva a los procesos industriales de estas com-
pafifas. En este proyecto, la empresa MOSES desarrolld piezas termoplasticas
personalizadas para maquinaria agricola, buscando la reduccion de peso y el riesgo de
incendios. Usando la tecnologia WAAM, se fabricaron moldes metalicos para procesos
de inyeccion de plasticos, optimizando el peso y diseiio de los canales de refrigeracion
de éstos. El proyecto validé la cadena de valor, demostrando que este proceso es viable
para producir moldes funcionales con alta calidad y en menor tiempo.

Contribucion de la tesis. A partir de los desarrollos de fabricacién aditiva WAAM estu-
diados en loa presente tesis, fue posible validar los procesos de fabricacion aditiva
metalica en entornos industriales de alta exigencia, como es el caso de la industria de
inyeccidn de plastico. Se fabricé un molde de inyeccidn de plastico mediante la tecnolo-
gia DED WAAM, el cual, fue testeado y validado en una maquina de inyeccién de plastico.

Proyecto WELDER

Nombre extendido

“Welding Equipment for optimised, fast and accurate LongituDinal barrEl joint
closuRe”

Programa, expediente y financiacion
H2020-CS2-CFP11-2020-011010078141.592.062€
Socios

Coordinador: CT Ingenieros Participantes: Fundacion AITIIP, DUKANE IAS y Al-
MEN Centro Tecnoldgico

Resumen. Los equipos de soldadura de precisién son un componente esencial de la
fabricacion aeroespacial de alta calidad. El proyecto WELDER, con el objetivo de situarse
a la vanguardia de la estrategia para la adopcidon de termopldsticos en la industria aero-
espacial, desarrollé6 y demostré diferentes métodos de soldadura de fuselajes
aeronauticos. Para ello, se disefiaron, desarrollaron e implementaron dos equipos de
soldadura robética modulares, flexibles y totalmente operativos, proporcionando un sis-
tema de control y supervisién en linea para la gestién del ciclo de vida al completo.
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Ademas, los elementos termopldsticos a soldar fueron desarrollados dentro del marco
del proyecto, mediante un innovador sistema de press-forming llevado a cabo por Aitiip
Centro tecnoldgico.

Contribucion de la tesis. Durante este proyecto se desarrollé el sistema de press-for-
ming utilizado previamente para la validacion de utillajes desarrollados en el proyecto
Innotool. Por lo tanto, los conocimientos y las ensefianzas obtenidos en el desarrollo de
los articulos 1y 4 de esta tesis fueron esenciales para el desarrollo del proyecto.
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Conclusiones y aportaciones originales

En este capitulo final, se presentan las conclusiones del trabajo de investigacion desa-
rrollado en el marco de la tesis doctoral del doctorando Alejandro Marqués. Se resumen
los resultados obtenidos y se destacan las principales claves para una integracion efec-
tiva de la tecnologia aditiva metalica en los sectores industriales mas relevantes.

La investigacion concluye reafirmando que la optimizacién de procesos industriales ac-
tuales es viable mediante la incorporacidén de la fabricacién aditiva metalica de gran
escala. Esta tecnologia no solo permite mejorar los procesos intermedios, sino que,
desde una perspectiva de sostenibilidad, ofrece importantes ventajas en términos de
ahorro de material y energia en comparacién con los métodos de fabricacién conven-
cionales. Sin embargo, la tecnologia aditiva metalica continua teniendo niveles de TRL
inferiores a los procesos de fabricacidn consolidados, lo que implica desafios significati-
vos, especialmente en la estandarizacidon de procesos y la reduccion de tiempos de
fabricacidon. La evolucién de los criterios de disefio y fabricacién especificos para la fa-
bricacion aditiva sigue siendo un aspecto crucial para su consolidacion.

El objetivo principal de esta tesis ha sido avanzar hacia la integraciéon completa de esta
tecnologia en la industria, generando una base de conocimiento sélida y resultados pro-
metedores.

Asimismo, este capitulo incluye propuestas para futuras lineas de investigacién relacio-
nadas con los estudios realizados. Algunas de estas investigaciones, ya vinculadas a la
actividad profesional del doctorando, buscan extender el impacto de los resultados ob-
tenidos en la tesis, promoviendo la adopcién progresiva de procesos aditivos metalicos
en las operaciones industriales cotidianas. Estas perspectivas refuerzan la relevancia del
trabajo realizado y su potencial para transformar los paradigmas actuales de fabricacién
industrial.
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Conclusiones

La fabricacidn aditiva se posiciona como uno de los pilares fundamentales de la cuarta
revolucion industrial, abriendo nuevas posibilidades para la manufactura gracias a su
capacidad de trabajar con materiales diversos y producir disefios complejos que resultan
inalcanzables mediante procesos tradicionales. Aunque esta tecnologia ya se encuentra
plenamente implementada en la industria para aplicaciones de prototipado rapido, el
objetivo de este estudio ha sido evaluar su capacidad para una integracion total en pro-
cesos industriales reales, con altos requerimientos mecdnicos, optimizando tanto el
rendimiento de los procesos como su sostenibilidad.

Durante esta tesis se han investigado los procesos de disefio, fabricacion e implementa-
cion de la tecnologia aditiva, especificamente WAAM, en sectores como el moldeo vy la
construccion. Los resultados obtenidos han sido muy prometedores, demostrando el
potencial de esta tecnologia en la fabricacion de utillajes intermedios para la industria
del moldeo y de estructuras finales para la construccién.

Las conclusiones extraidas del estudio pueden resumirse en las siguientes conclusiones,
gue seran desarrolladas posteriormente:

e Se ha validado la excepcional capacidad de la tecnologia de fabricacion aditiva
metalica WAAM para la optimizacién de disefios y fabricacidon de estructuras
complejas con altos requerimientos mecanicos.

e Se han demostrado mejoras procesos de inyeccion, mediante la optimizacién del
disefio del circuito de refrigeracion del molde utilizando tecnologia WAAM.

e Se ha mostrado la capacidad para fabricar estructuras auto-reforzadas destina-
das a la construccion, disefadas especificamente para cumplir con requisitos
mecanicos avanzados, y con propiedades superiores en comparacién con sus
equivalentes convencionales.

e Se ha evidenciado una reduccién significativa en el consumo de materia prima
durante la fabricacion WAAM en comparacién con tecnologias convencionales,
incluyendo una notable disminucién del material descartado.

e Se ha analizado y validado la optimizacién de los parametros de disefio y fabri-
cacioén, en procesos WAAM, especificamente mediante la reduccién del sobre-
espesor de disefio, para minimizar ain mas el consumo de material.

e Se ha mostrado el ahorro energético logrado con el método de fabricaciéon
WAAM, frente a los métodos tradicionales, gracias a sus capacidades de disefo,
y al concepto de fabricacidon Near to Net Shape.

e Se ha validado el proceso WAAM para la fabricacion de utillajes destinados al
moldeo, mediante su aplicacién exitosa en un proceso de press-forming que
exige altos estandares mecanicos.
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En primer lugar, uno de los aspectos mas destacados del estudio ha sido la capacidad de
la tecnologia WAAM para la optimizacién de diseios, con un impacto directo en la me-
jora de los procesos industriales. Durante el primer articulo presentado, la tecnologia
WAAM permitié la optimizacion del disefio del utillaje a estudiar, permitiendo una re-
duccidén de peso del 41% respecto a su homoélogo realizado por métodos de fabricacion
convencional, lo que disminuyé la inercia térmica y reduciendo los ciclos de fabricacién
en un 20%, impactando en una mejora del tiempo de ciclo. Ademas, esta tecnologia
posibilitd la incorporacidén de canales térmicos internos complejos disefiados bajo el
concepto de Conformal Cooling, aumentando significativamente la transferencia de ca-
lor entre el molde y la pieza. En un segundo caso de estudio, los canales térmicos
optimizados mejoraron la extraccién de calor en un 18% y redujeron las deformaciones
de la pieza final en un 26%.

En relacién con la implementacién de la tecnologia WAAM en la fabricacion de estruc-
turas destinadas a la industria de la construccion, se desarrollé un catalogo de
estructuras tubulares auto-reforzadas, cuya fabricacidn seria inviable mediante méto-
dos convencionales. Cada estructura del catdlogo fue disefiada con configuraciones
especificas en términos de diametro exterior, didametro interior, niUmero de refuerzos y
espesor de pared, permitiendo una adaptacion precisa a los requerimientos estructura-
les de cada proyecto de construccion. Esta versatilidad no solo responde a las
necesidades especificas de la industria, sino que también contribuye a una significativa
optimizacidn en el uso del material.

En términos de desempefio estructural, se evalud la optimizacion de disefio de las es-
tructuras auto-reforzadas en comparacién con una estructura equivalente sometida a
condiciones de aplicaciones off-shore. Los resultados demostraron una mejora del 140%
en la presion critica elastica, destacando el notable potencial de la tecnologia WAAM
para optimizar tanto el disefio como las propiedades finales de las estructuras fabrica-
das. En este sentido, se concluye que WAAM no solo facilita la implementacién de
disefios avanzados, sino que también aporta importantes beneficios en la mejora de
procesos industriales y en el rendimiento estructural de los productos finales.

El estudio también ha puesto de manifiesto el impacto positivo de la tecnologia WAAM
en términos de sostenibilidad, tanto en el proceso de fabricacion como en la operativi-
dad de los disefios. En el caso de la sostenibilidad en el funcionamiento de los disefios
fabricados, esta es inherente a las optimizaciones de proceso mencionadas. Como se ha
comentado, la capacidad del proceso de fabricar estructuras complejas ha permitido
reducir los ciclos de fabricacién en los procesos de moldeo testeados, repercutiendo en
una optimizacioén del proceso.

Por otra parte, en relacion con los procesos de fabricacion WAAM realizados, se ha mo-
nitorizado el consumo de material durante los estudios realizados, mostrando una
importante reduccion del consumo total de material respecto a las construcciones
analogas realizadas por métodos de fabricacién convencional. En los casos analizados,
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el consumo de material se redujo considerablemente, alcanzando un 41% y el 80% res-
pectivamente al primer y segundo articulo. Ademds, se ha mostrado una importante
capacidad de optimizacién de la materia prima aportada, especificamente en el segundo
utillaje impreso, correspondiente al articulo 2. En este utillaje, el BTF ratio del utillaje
WAAM se redujo en 5,11 puntos respecto a su homdlogo disefiado para fabricacidon con-
vencional.

Como se evidencia en el primer articulo, el proceso de disefio especifico para la fabrica-
cibn mediante tecnologia WAAM aun presenta oportunidades de mejora,
particularmente en la optimizacion del término de sobre espesor de disefio. Este valor,
concebido como un margen de seguridad para garantizar la integridad geométrica del
perimetro de la pieza, se establecid inicialmente en 10 mm. Sin embargo, los resultados
del estudio metroldgico indican que este sobre espesor puede reducirse a 3 mm, lo que
implica una disminucidn significativa en el material de aporte consumido, asi como en
el consumo energético asociado al mecanizado posterior.

En cuanto al proceso de mecanizado subsiguiente, la naturaleza Near to Net Shape de la
fabricacion WAAM elimina la necesidad de una etapa de desbaste en la pieza. Esto per-
mite limitar el mecanizado posterior a las fases de pre-acabado y acabado, que son
menos intensivas en términos de consumo energético, junto con los procesos de tala-
drado y roscado necesarios. Esta caracteristica del proceso WAAM conlleva una
reduccion en el consumo eléctrico en comparacion con los métodos convencionales de
fabricacidon. En el contexto especifico del estudio, esta disminucién en el consumo ener-
gético ha alcanzado un 18%, evidenciando el potencial de la tecnologia WAAM para
optimizar tanto los recursos materiales como energéticos en la fabricacién industrial.

El cuarto articulo del compendio validé la aplicacién de utillajes WAAM en un proceso
industrial de alta exigencia mecdanica, como es el press-forming de piezas termoplasticas
de altas prestaciones. Este logro confirma la capacidad de la tecnologia WAAM para
adaptarse a procedimientos industriales avanzados y satisfacer requerimientos comple-
jos.

No obstante, la tecnologia WAAM, siendo mas joven que otros procesos de fabricacién
tradicionales, enfrenta desafios como tiempos de producciéon mas largos y restricciones
especificas de disefio. Estas limitaciones reflejan un menor grado de madurez tecnolé-
gica, aunque los beneficios demostrados en esta investigacion respaldan su integracion
progresiva en la industria. Ademas, la estandarizacién de los criterios de disefo y fabri-
cacién para WAAM serd crucial para su adopcién generalizada, especialmente en lo que
respecta a la reduccién del sobre-espesor de disefio, lo que podria disminuir aun mas el
consumo de material y energia.

En conclusion, esta tesis doctoral ha demostrado que la tecnologia WAAM no solo ofrece
una solucion eficaz para la optimizacion de procesos industriales existentes, sino que
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también abre nuevas posibilidades en el disefio y fabricacion de componentes. Su con-
tribucidn a la sostenibilidad y eficiencia de la fabricaciéon moderna posiciona a WAAM
como una herramienta clave en la transformacion industrial hacia modelos mas soste-
nibles y avanzados.

Aportaciones originales e innovaciones técnico-cientificas

La presente tesis doctoral, desarrollada por el doctorando Alejandro Marqués, ha tenido
como eje central la identificacidn de estrategias dptimas para la integracion de procesos
de fabricacion aditiva metdlica de grandes dimensiones en la industria contemporanea.
Este enfoque ha buscado aprovechar las ventajas inherentes de esta tecnologia, tales
como la posibilidad de realizar disefios complejos y su contribucién a la sostenibilidad,
demostrando de manera efectiva su viabilidad y beneficios. Para ello, se seleccionaron
dos nichos de mercado en los que la implementacion de esta tecnologia podria generar
resultados particularmente significativos.

En primer lugar, se exploré el disefio de utillajes complejos destinados a la industria del
moldeo, maximizando las capacidades especificas de la tecnologia WAAM. En este con-
texto, el objetivo principal fue la optimizacién de los procesos industriales en los que
estos utillajes son empleados. Entre las mejoras introducidas destacan la reduccion del
peso de los utillajes y la incorporacion de canales térmicos internos complejos, los cuales
han demostrado un impacto directo en la mejora de los ciclos de fabricacién y en la
calidad de las piezas finales producidas. Este enfoque de redisefio y reinterpretacién de
estructuras tradicionales para su adaptacion a la tecnologia WAAM se extendié al sector
de la construccion mediante la creacion de un catadlogo de elementos estructurales auto-
reforzados, disefiados para satisfacer las necesidades especificas de fabricacion de cada
proyecto.

En segundo lugar, la perspectiva de sostenibilidad ha sido un pilar fundamental de este
estudio. Gracias a la capacidad de optimizacién de disefio inherente a la fabricacién adi-
tiva y a las caracteristicas especificas del proceso WAAM, se ha demostrado una
significativa reduccion en el consumo de material durante los procesos de fabricacion
analizados. Asimismo, se logré disminuir considerablemente el material descartado, lo
gue conllevé una reduccién proporcional en el consumo energético asociado a toda la
fase de fabricacion, abarcando tanto la impresiéon 3D como los procesos de mecanizado
posteriores.

Por ultimo, se ha validado la capacidad de un utillaje fabricado mediante WAAM para
llevar a cabo procesos industriales de alta exigencia, como el press-forming, que repre-
senta hasta la fecha el desafio mds riguroso al que ha sido sometido un utillaje WAAM
de grandes dimensiones. Este logro no solo refuerza el potencial de esta tecnologia para
satisfacer los altos estandares de la industria, sino que también consolida su viabilidad
como herramienta clave en la transicion hacia procesos industriales mas eficientes y
sostenibles.
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Lineas de investigacion futuras

Gracias a la naturaleza de un doctorado industrial, el doctorando tiene la oportunidad
de continuar las lineas de investigacidn iniciadas en el centro tecnolégico, consolidando
y ampliando los avances logrados. En este contexto, destaca la continuidad del desarro-
llo de la fabricaciéon aditiva metalica mediante la tecnologia WAAM, aplicada
especificamente a las industrias del moldeo y la construccidn. Las principales direcciones
de investigacion futura propuestas son las siguientes:

1. Realizacidn de un estudio integral de LCA (Life Cycle Assessment)y LCC (Life Cycle
Costing) para la fabricacién de un utillaje destinado a la industria del moldeo, con
el objetivo de obtener datos representativos sobre el impacto ambiental y el
coste del proceso, en comparacién con los métodos de fabricacién tradicionales.

2. Testeo de disefos fabricados con tecnologia WAAM aplicando un factor de so-
bre-espesor minimizado, vinculado a los resultados del primer articulo de la tesis.

3. Estudio metrolégico comparativo de un utillaje fabricado mediante tecnologia
WAAM, sometido a condiciones industriales a lo largo de un ciclo de fabricacién
prolongado, en relacion con su homélogo fabricado por métodos convenciona-
les.

4. Disefioy fabricacion de estructuras tubulares con configuraciones tipo arbol para
el sector de la construccidn, avanzando en la investigacién asociada al tercer ar-
ticulo de la tesis.

5. Evaluacién de las posibilidades de optimizacién del proceso de soldadura WAAM,
especificamente en parametros como la velocidad de impresion, y los parame-
tros relacionados con la definiciéon del cordén de soldadura, como son las
dimensiones de altura y anchura del corddn de aporte.

6. Investigacion sobre la mejora en la fabricacion de estructuras en voladizo, apli-
cables tanto a construcciones exteriores como a elementos interiores con
cavidades complejas.

7. Testeo yvalidacidon de nuevos materiales de aporte para el sistema WAAM, como
aceros inoxidables y aleaciones de hierro-niquel (Invar), explorando sus poten-
ciales aplicaciones industriales.

Estas lineas de investigacion no solo permitiran profundizar en los conocimientos adqui-
ridos durante el doctorado, sino que también contribuiran al avance y la consolidaciéon
de la tecnologia WAAM en la industria.
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Anexo A: Justificacion de la contribucion del
doctorado

Todos los articulos incluidos en esta tesis doctoral se han desarrollado en el marco de
diversos proyectos europeos, lo que ha permitido su elaboraciéon en colaboracién con
multiples autores, tanto internos como externos a la entidad de investigacion. No obs-
tante, el doctorando ha liderado tanto la investigacién como la redaccion de los cuatro
articulos cientificos que conforman esta tesis.

El doctorando ha desempefiado un papel clave en las tareas de diseno y optimizacién
para la fabricacién aditiva mediante tecnologia WAAM, ademads de participar activa-
mente en el andlisis de los datos obtenidos y en las labores de redaccién de los
manuscritos. A continuacion, se detallan las contribuciones especificas realizadas por el
doctorando:

Articulo 1

Marqués, A.; Dieste, J.A.; Monzon, |.; Laguia, A.; Javierre, C.; Elduque, D. Analysis of En-
ergy and Material Consumption for the Manufacturing of an Aeronautical Tooling: An
Experimental Comparison between Pure Machining and Big Area Additive Manufactur-
ing. Materials 2024, 17, 3066, d0i:10.3390/ma17133066.

Factor de impacto: 3.1; Q1 (JCR 2023)
Area temética: “Materials science and engineering”

En el primer articulo, el doctorando tuvo una participacién destacada en la conceptuali-
zacion y disefio de los utillajes objeto del estudio, tanto el fabricado mediante la
tecnologia WAAM como el producido mediante métodos tradicionales. Asimismo, con-
tribuyd de manera significativa al analisis de los datos, incluyendo el consumo eléctrico
y de material, asi como la evaluacién de la informacién metroldgica asociada a los uti-
llajes disefiados y fabricados.
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Contribucion CRediT: Validacion, analisis y redacciéon — borrador original.
Articulo 2

Marqués, A.; Dieste, J.A.; Monzdn, |.; Laguia, A.; Gracia, P.; Javierre, C.; Claveria, I.; Eldu-
que, D. Improvements in Injection Moulds Cooling and Manufacturing Efficiency
Achieved by Wire Arc Additive Manufacturing Using Conformal Cooling Concept. Poly-
mers (Basel) 2024, 16, doi:10.3390/polym16213057.

Factor de impacto: 4.7; Q1 (JCR 2023)
Area tematica: “Polymer science”

La investigacion y el desarrollo asociados a este articulo han sido llevados a cabo de
manera conjunta por todos los investigadores involucrados. No obstante, el doctorando
ha asumido el rol de investigador principal, estando involucrado de manera activa en
todas las etapas del estudio. Su contribucion ha sido especialmente destacada en el di-
sefio tanto del utillaje fabricado mediante tecnologia WAAM como del utillaje tedrico
utilizado como referencia comparativa.

Contribucion CRediT: Validacion, analisis y redaccién — borrador original
Articulo 3

Arre, L.; Laghi, V.; Marqués, A.; Palermo, M. Tubular Sandwich Cross-Sections Fabricated
with Wire Arc Additive Manufacturing for Jumbo Structural Members. Structures 2024,
67, d0i:10.1016/j.istruc.2024.106689.

Factor de impacto: 3.9; Q1 (JCR 2023)
Area temética: “Structural engineering”

En el desarrollo del tercer articulo, el doctorando desempefié un rol destacado en el
disefio y la fabricacién de los demostradores seleccionados del catalogo de estructuras
tubulares auto-reforzadas. Este trabajo incluyd la experimentacion con diferentes para-
metros de fabricacion para alcanzar las caracteristicas de corddn requeridas. Asimismo.,
el doctorando realiz6 el pertinente trabajo de redaccién y validacién del articulo.

Contribucion CRediT: Metodologia, investigacion, recursos y redaccion — revision y edi-
cion.

Articulo 4

A. Marqués, J. Dieste, |. Monzdn, C. Javierre and D. Elduque, rCF LM PAEK press-mould-
ing process optimization through the introduction of a WAAM mould core, Materiales

Pagina | 166



Compuestos (2024). Vol. 08 - COMUNICACIONES MATCOMP21 (2022) Y MATCOMP23
(2023), (Nam. 6 - Fabricacién y Aplicaciones Industriales), 35 URL https://www.scipe-
dia.com/public/Marques* _et_al_2024a

Proceeding con revision académica por pares
Area tematica: “Composite Material”

En la cuarta publicacién, el doctorando participd activamente en todas las fases del pro-
ceso. Su contribucion abarcé el disefio de los utillajes empleados en el proceso de press-
forming descrito en el articulo, asi como en la ejecucién integral de las pruebas realiza-
das. Esto incluyd la conceptualizacién, preparacién y validacion de los resultados
obtenidos. Ademads, el doctorando asumid la responsabilidad de la redaccion del articulo
correspondiente.

Contribucion CRediT: Metodologia, investigacién, metodologia, recursos, validaciéon y
redaccién — borrador original.

Pagina | 167






Anexo B: Patente EP4400243A1

Titulo

Método de fabricacion aditiva para fabricar moldes y sistema de fabricacién
Aplicantes

FUNDACION AITIIP
Inventores

MONZON CATALAN, Ivan; LAGUIA PEREZ, Alberto; MARQUES PAOLA, Alejandro;
GONZALVO BAS, Berta; DIESTE MARCIAL, José Antonio; GRACIA ARANEGA, Pas-
cual

Prioridades y aplicacion
EP23382012A-2023-01-11
Publicacién y fecha

EP4400243A1-2024-07-17

Pagina | 169






EP 4 400 243 A1

(19) Européisches

: Patentamt

European
Patent Office

Office européen
des brevets

(11) EP 4 400 243 A1

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication:
17.07.2024 Bulletin 2024/29

(21) Application number: 23382012.5

(22) Date of filing: 11.01.2023

(51) International Patent Classification (IPC):
B23K 9/04 (2006.01) B23K 9/095 (2006.01)
B33Y 10/00 (201501 B33Y 50/02 (2015.07)
B33Y 80/00 (20150

(52) Cooperative Patent Classification (CPC):

(C-Sets available)
B33Y 10/00; B23K 9/044; B23K 9/0956;

B33Y 50/02; B33Y 80/00 (Cont.)

(84) Designated Contracting States:
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB
GRHRHUIEISITLILT LU LV MC ME MK MT NL
NO PL PT RO RS SE SI SK SM TR
Designated Extension States:
BA
Designated Validation States:
KH MA MD TN

(71) Applicant: Fundacion AITIIP
50720 Zaragoza (ES)

(72) Inventors:
* MONZON CATALAN, Ivan
E-50720 Zaragoza (ES)

+ LAGUIA PEREZ, Alberto
E-50720 Zaragoza (ES)

+ MARQUES PAOLA, Alejandro
E-50720 Zaragoza (ES)

e GONZALVO BAS, Berta
E-50720 Zaragoza (ES)

e DIESTE MARCIAL, José Antonio
E-50720 Zaragoza (ES)

« GRACIA ARANEGA, Pascual
E-50720 Zaragoza (ES)

(74) Representative: ABG Intellectual Property Law,

S.L.

Avenida de Burgos, 16D
Edificio Euromor

28036 Madrid (ES)

(54) METHOD OF ADDITIVE MANUFACTURING FOR MANUFACTURING MOLDS AN ADDITIVE
MANUFACTURING SYSTEM FOR MANUFACTURING MOLDS

(57)  The present invention is related to the field of
additive manufacturing and, in particular, to wire arc ad-
ditive manufacturing methods and systems for optimized
metal molds. The invention is characterized by the use
of a computational model that allows the definition of slic-
es that serve as a reference for the addition or not of
layers of material according to a strategy that prevents

accidental contact of the arc tool with the manufactured
piece, and serve to maintain some of the process param-
eters (stick out) in the optimized value range. According
to specific aspects the method and system include strat-
egies for defining arc trajectories to permit the correct
growth without deformation of the manufactured part.
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Description

FIELD OF THE INVENTION

[0001] The present invention is related to the field of
additive manufacturing and, in particular, to wire arc ad-
ditive manufacturing methods and systems for optimized
metal molds.

[0002] The invention is characterized by the use of a
computational model that allows the definition of slices
that serve as a reference for the addition or not of layers
of material according to a strategy that prevents acciden-
tal contact of the arc tool with the manufactured piece,
and serve to maintain some of the process parameters
(stick out) in the optimized value range.

[0003] According to specific aspects the method and
system include strategies for defining arc trajectories to
permit the correct growth without deformation of the man-
ufactured part.

PRIOR ART

[0004] Manufacturing molding processes are widely
employed for producing plastic parts or components us-
ing a mold cavity for the molten material, like glass or
plastics and most commonly, thermoplastic polymers.
Different types of manufacturing molding processes,
such as injection molding, blow molding, RTM, lay-up,
compression molding, organosheet compression use a
mold cavity created within a mold.

[0005] Injection machines that perform manufacturing
molding processes use injection molds containing cavi-
ties that form the parts of the resulting plastic component.
Melted plasticis injected into the mold, filling said cavities.
The mold is continuously cooled or heated, and the parts
are ejected by pins.

[0006] The moldisakey pointofamanufacturing mold-
ing process. Any reference to "mold" or "injection mold"
in no way limiting, as all forms or parts of a mold are
contemplated, for example a mold or a counter-mold, or
a fixed mold plate and a movable molt plate that close
together.

[0007] Steel is the most frequently used material for
the construction of a mold or a part of it. However, other
materials, such as aluminum, nickel-chromium, iron-
nickel or beryllium-copper alloys are also used for some
mold makers mostly for prototypes and test runs. Alumi-
num is lighter than steel and has a better thermal con-
ductivity than steel. The choice of one or another material
is generally made based on the size of the part, the vol-
ume of parts to be manufactured and the desired quality.
The type of mold material affects the product quality a
lot (e.g. thermal conductivity, weight, etc.). A combination
of steel and aluminum, wherein each material is used for
different parts of the mold is also possible.

[0008] In reference to the steel, different types of steel
material (e.g. mild steel) may be used, depending on the
particular use or needs (e.g. a mold that works well in
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the shorter term or a longer-lasting mold with lower long
term cost). On the other hand, different grades of steel
material may be used.

[0009] In general, a mold is constantly receiving heat
from the melted material and therefore need to be con-
stantly cooled. Itis well known to provide the molds with
an inner cooling system to either cool or heat the mold
or a part of said mold depending on the specific step or
need of the manufacturing process. In this case, the ther-
mal inertial is not very relevant since the heat evacuated
is the heat that the mold receives from the melted mate-
rial.

[0010] According to other applications with no melted
material, a thermo-deformable sheet or preform is de-
formed by the mold at high temperature and then is
cooled down before opening the mold in orderto correctly
set the final shape. In these cases, a mold needs to be
heated before starting the manufacturing process and
cooled once the process has finished. Since the mold
need to be heated and cooled the time invested in a man-
ufacturing cycle depends on the thermal inertia of the
mold and therefore has to be as low as possible.
[0011] A correct design of the injection mold cooling
system is, therefore, crucial since the cooling time takes
more than half of injection molding cycle. Poor design of
cooling system will extend molding time, increase pro-
duction cost, and the injection mold temperature has
great influence to the mold shrinkage, dimensional sta-
bility, deformation, internal stress and surface quality.
Therefore, a well-designed cooling system can shorten
the molding time and improve the productivity magnifi-
cently.

[0012] A conventional cooling inner system comprises
a cooling circuit that uses a fluid (also called coolant),
such as water or oil, that is selectively transmitted and
passes through a plurality of cooling channels created in
specific parts inside the mold for this purpose.

[0013] Said plurality of inner cooling channels are con-
stituted as hollow spaces that are formed in specific parts
of the interior of the mold body according to a determined
direction depending on the geometry of the mold. The
design and formation of the plurality of cooling conduits
or channels inside the mold come with great challenges.
There are several design aspects of cooling channels
that can help achieve good channel design. These in-
clude: (a) the number of cooling channels should be as
many as possible, (b) the diameter of the inner cooling
channels should be as large as possible, (c) the cooling
channels should be as close as possible to the thickest
part of the mold cavity and (d) the cooling channels
should be closely follow the specific geometry of the ex-
ternal mold parts to ensure a uniform thermal transfer to
avoid deformation of the resulting molded part or a non-
homogeneous temperature field in the mold.

[0014] One or more external mold parts are likely to
have one or more curved surfaces. In those cases, as
indicated in the previous paragraph, it is desirable that
each cooling conduit or channel closely follows the same
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specific curved trajectory than the external mold part that
is placed above the inner cooling conduit or channel.
[0015] Metal molds can be produced by different types
of manufacturing processes. They have traditionally
been produced by casting of molten metal to generate a
first part that is subsequently machined. Typical external
machining operations are milling, mainly by means of
numerical control machines with several degrees of free-
dom that allow the generation of complex shapes. For
the machining of internal cavities such as cooling ducts
or channel, the most common operation is drilling, im-
posing ducts of straight configuration. When straight
ducts are to be adapted to a certain shape, one of the
usual ways is to machine straight sections that are con-
nected. A specific connection between straight sections
are external chambers, for example by open chambers
that allow access to the drilling tool and then closed, for
example by plates.

[0016] However,theformation of the plurality of cooling
channels of the metal molds or part of said molds ob-
tained by these conventional manufacturing processes
is difficult when the inner cooling channels should adapt
to complex paths with one or more curvatures. The pre-
cision of design and formation of each cooling channel
according to a predetermined path including one or more
curvatures is critical to ensure a correct heating and cool-
ing of the mold.

[0017] On the other hand, due to the weight of the met-
al, metal molds or part of such molds obtained by these
conventional manufacturing processes also aim to re-
duce the overall weight of the mold by providing internal
openings in certain parts of the mold which are devoid
of material.

[0018] More recently, welding technologies for manu-
facturing metal parts or components, such as gas-metal
arc welding (GMAW), tungsten-inert gas welding (TIG)
or stick welding have been employed to produce "built-
up" metal parts, pieces or components. However, metal
parts, pieces or components later require significant ma-
chining to produce usable, useful parts. Instead, a rela-
tively new manufacturing technology based on welding
to produce useful metal geometries through Wire Arc Ad-
ditive Manufacturing (WAAM) is gaining an increasing
market share, due to their significant benefits.

[0019] WAAM is an advanced digital manufacturing
process that melts a metal wire (wire feedstock) using a
standard electric or plasma arc equipment as the heat
source by depositing layers of metal on top of each other
under the control of a program or software according to
a 3D digital model, until a desired 3D metal part, piece,
component or shape is created. The shape is built upon
a substrate material (a base plate) that the part can be
cut from once finished. The wire, when melted, is depos-
ited in the form of a cord or bead on the substrate. As
the beads stick together, they create a layer of metal
material. The process is then repeated, layer-by-layer
until the metal part is completed. In WAAM, components
are typically deposited vertically layer-by-layer.
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[0020] WAAM can generally work with a wide range of
metals, provided they are in wire form. This list includes
stainless steel, nickel-based alloys, titanium alloys and
aluminum alloys. Any metal that can be welded can also
be used with WAAM.

[0021] It would be highly desirable to find a method
and system thatis capable to produce an optimized metal
mold suitable for being used e.g. in injection molding,
blow molding, RTM, lay-up, compression molding, orga-
nosheet compression process, wherein the formed metal
molds can have very complex curved external part/s (pro-
truding or recessed parts) with an optimized design of
the geometry and location of the inner cooling channels
and also an optimized design of the geometry and loca-
tion of other internal openings for reducing the quantity
of metal, so the weight of the mold.

[0022] Itwouldbe also highly desirable to find a method
and system thatis capable to produce an optimized metal
mold having a thermal inertia reduction and raw material
consumption. Furthermore, the manufactured mold by
the method and system must have no imperfections and
a sufficient amount of material so that after machining
the generated surface of the mold does not show voids
or defects even if the deposition is by means of a bead
generated by melting material that hardly generates a
predictable shape.

DESCRIPTION OF THE INVENTION

[0023] The present invention provides a solution for
the above mentioned issues by a method of additive man-
ufacturing for manufacturing molds according to inde-
pendent claim 1, an additive manufacturing system for
manufacturing molds according to claim 13 and a com-
puter program product according to independent claim
15. In dependent claims, preferred embodiments of the
invention are defined.

[0024] In afirst inventive aspect, the present invention
provides a method of additive manufacturing for manu-
facturing molds or parts of said molds, by means of:

- a substrate intended for supporting the generated
mold or part of said mold;

- awire arc device adapted for depositing metal cord
according to a predetermined path over a surface in
a direction perpendicular to the substrate and adapt-
ed to be movable in a plane parallel to the substrate
forming a metal layer on top of each other;

- a sensor adapted to measure a distance between
the wire arc device and a surface in a perpendicular
direction to the substrate; and

- a computer system in communication with the wire
arc device and the sensor;

the method comprising the steps:

1. generating by the computer system a 3D numer-
ical model of a mold or part of said mold;
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2. segmenting by the computer system the 3D nu-
merical model into a plurality of stacked slices of a
predetermined thickness according to a predeter-
mined direction;

3. iteratively, departing from the first slice until the
last slice of the 3D numerical model, carrying out on
each of the slices by the computer system, according
to a sequential order, the following sub-steps:

a) selecting the slice of the 3D numerical model
to be used for determining the path of the wire
arc device to form a determined metal layer;

b) determining by the computer system, for the
determined slice, a path intended to represent
a trajectory of a metal cord to be deposited in
respect to the slice; and

¢) commanding the wire arc device by the com-
puter system to form a determined metal layer
by depositing a metal cord on top of the previ-
ously formed metal layer, or on the substrate if
it is the first metal layer, following a trajectory
according tothe path generated by the computer
system for the slice to be used;

wherein in step 3the computer system further carries
out a further action of checking for the selected slice
the formed metal layers in comparison to the slices
of the 3D numerical model, comprising the following
sub-steps:

before step c is executed, receiving from the
sensor at least one measurement value of the
distance and determining a representative value
of the height of the formed metal layers;

if the representative value is higher than the
summation of the thicknesses of the previous
slices of the 3D numerical model plus the thick-
ness ofthe selected slice to be usedthen atleast
c¢) of the currently checked slice is not executed
and the computer system selects the next slice.

The following terminology is used along the

The term "substrate" should be understood as it can
be any type of support or plate intended for support-
ing the generated mold or the generated mold pre-
form or part of any of them. Preferably, the substrate
is a metallic substrate, for example a stainless steel.
Also preferably, the substrate is flatand it is disposed
in a horizontal plane. In the case where the substrate
is flat and it is disposed in a horizontal plane, the
direction in which the slices are generated is the di-
rection identified during manufacture as vertical.
Once the shape is built upon a substrate the sub-
strate can be cut.

The term "generated mold or part of said mold"
should be understood in a broadly way, including a
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wide range of a mold or injection mold or part of said
mold, e.g.: a preform of the mold that is next ma-
chined to finally obtain the final mold, a mold or a
counter-mold, a fixed mold plate and a movable molt
plate that close together or even a coating of a mold;
wherein the mold or part of said mold is made of a
material such as metal, for example steel, aluminum,
nickel-chromium, iron-nickel or beryllium-copper al-
loys; and wherein the mold is suitable for being used
in injection molding, blow molding, RTM, lay-up,
compression molding, organosheet compression
process or a similar manufacturing process. When
the term "material" is used, it is understood as the
deposition material with which the growth of the man-
ufactured piece is obtained. The preferred material
is metal or metal alloys, although the use of other
resistant materials is also possible. The resulting
mold or mold preform or mold part according to spe-
cificembodiments have curved external part/s or sur-
face/s have inner cooling channels or other aper-
tures, even for cases where the curvatures of the
curved external part/s and so the curved inner cool-
ing channels or other apertures are very complex.

The term "steel" in no way limiting, as there are thou-
sands of grades to choose from for each specific
product. The type of material and geometry deter-
mine the choice of steel grade.

The term "wire arc device" should be understood as
it can be any wire arc device adapted for depositing
a weld cord or also known as weld bead (in most
cases departing from a metal wire or also known as
wire feedstock) according to a predetermined path
over a surface.

In the context of the present invention, the wire arc
device is at least adapted to be movable in a plane
parallel to the substrate forming a plurality of cords
extended along a path distributed over a certain ar-
ea. Since the weld bead has a certain width, the path
establishes a band that covers a portion of the area.
The aim of the use of a wire arc device is at least to
deposit a new layer of material, preferably metal,
without leaving cavities or defects in said layer. The
weld bead can cover the entire area by making use
of sinuous paths or paths that at one or more points
intersect. This is the case of paths that form a grid,
for example triangular, by superimposing lines ex-
tending in various directions.

Further, it should be understood that the heat source
used to melt the metal cord or metal wire (wire feed-
stock) may be a standard electric or plasma arc
equipment. The metal wire, when melted by the heat
source, is deposited in the form of a cord or a bead
on the substrate or the piece. As the beads stick
together, they create a layer of metal material. The
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weld bead notonly has a certain width but, according
to its cross-section, shows a curved upper surface
of greater height in the central part. For this reason,
once the material has been deposited by means of
the wire arc device following the predetermined path,
the new layer of material shows strong variations in
height over the original surface, either because of
the curved shape of the weld bead or because of the
places where there is crossing and overlapping of
weld beads or for both reasons. The growth of the
part is carried out by generating a plurality of layers
of material following the same strategy.

[0026] In places where a layer has irregularities in
height, according to the direction of growth by deposition,
the deposition of a new layer can increase these irregu-
larities. The set of steps and features of the method al-
lows a controlled growth of the mold even in these cir-
cumstances.

- The term "sensor" should be understood as it can
be any sensor adapted to measure the distance be-
tween the wire arc device and a surface in a perpen-
dicular direction to the substrate. When we refer to
"the distance between the wire arc device and a sur-
face in a perpendicular direction to the substrate" the
reference point of the wire arc device is preferably
where the material is supplied. However, the sensor
can be in a different location from the point of dep-
osition of the material but always in a fixed location
with respect to the wire arc device. This makes the
positional relationship between the sensor and the
deposition point known. With the position relation-
ship between the sensor and the deposition point it
is possible to correct the signal directly obtained by
the sensor and reference it to the desired point, in
particular to the material deposition point.

[0027] In analytic geometry, the distance from a point
to a plane is the shortest distance between the point and
any other point in the plane. This distance corresponds
to the length of the segment perpendicular to the plane
that goes from the point to the plane. A possible type of
sensor may be a laser sensor.

- Any reference to "part", "piece", "component" or
"shape" in no way limiting, as all forms of parts are
contemplated, including metal pieces or compo-
nents or part of said pieces or components, such as
coatings.

[0028] The present invention provides a method for
manufacturing optimized metal molds or parts of said
molds using Weld Arc Additive Manufacturing (WAAM),
wherein the resulting formed metal mold or parts of said
molds is suitable for being used, e.g., in injection molding,
blow molding, RTM, lay-up, compression molding, orga-
nosheet compression, is an improvement upon existing
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methods of additive manufacturing using weld materials.
This method allows has the advantages thatthe raw
mould formed requires only a small amount of finishing,
it greatly simplifies the processing procedure, avoids spe-
cial tools, shortens the product manufacturing cycle, and
enables customised production of a mold with a complex
shape.

[0029] On the other hand, advantageously, the result-
ing WAAM formed metal mold or part of said mold pro-
duced through the disclosed method is capable of man-
ufacturing complex shaped molds having curved external
part/s or surface/s (protruding and/or recessed parts),
even for cases where the curvatures of said curved ex-
ternal part/s is very pronounced.

[0030] Furthermore, advantageously, the resulting
WAAM optimized metal mold or part of said mold pro-
duced through the disclosed method permit manufactur-
ing complex shaped molds having curved external part/s
or surface/s and including inner apertures, inner conduits
or inner cooling channels with the same curvature as the
curved external part/s with a high degree of precision and
accuracy according to a predetermined curvature re-
quirements. In particular, the plurality of inner cooling
channels are constituted as hollow spaces, in specific
parts of the interior of the mold body depending on the
geometry of the shape of the mold. In particular, the
present method makes it possible to create these cooling
channels in a close position to the thickest part of the
mold cavity and closely following the specific geometry
of the external mold parts (even if the external mold parts
are curved) to ensure uniform the thermal transfer to
avoid deformation of the resulting molded part. A well-
designed inner cooling channels for the coolant in the
mold according to a predetermined path ensures a cor-
rect heating and cooling of the mold, which shorten the
molding time and improve the productivity magnificently
of the molding process. Moreover, the method and sys-
tem of the present invention allow to form an optimized
mold having a good design of the geometry and location
of one or more internal openings or apertures. The pro-
vision of these one or more internal openings or apertures
advantageously reduces the amount of metal in the mold
in specific parts, thereby consequently reducing the over-
all weight of the mold.

[0031] The specific strategy according to claim 1 of es-
tablishing the metal deposition paths combined by the
layer selection criteria depending on the result that is
being measured on the generated part allows the use of
a metal deposition by beads or cords that, traditionally,
does not offer control over the thickness or shape adopt-
ed on a surface that is increasingly irregular. On the con-
trary, it has been observed that as a result, even though
the generated metal part according to method claim 1
has roughness, the overlapping of beads does not gen-
erate cavities due to inadequate deposition. In addition,
the claimed method guarantees the non-interference of
the arc generating head with the generated metal part.
This is very important since a simple contact of the head
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with the generated metal part would give rise to a very
high intensity discharge that would generate the unde-
sired welding of the head itself, destroying it at least in
part.

[0032] Inrespecttothe predetermined path, according
to an embodiment, it is planned according to the specific
mold to be manufactured. According to an embodiment,
the predetermined path of the wire arc device comprises
one or a plurality of lines following the contour or part of
it and a set of lines filling the inner area surrounded by
the contour. The set of lines filling the inner area, accord-
ing to an embodiment, are parallel lines equally spaced.
According to a further embodiment, the set of lines filling
the inner area comprises afirst set of parallel lines equally
spaced and a second set of parallel lines equally spaced
and rotated a predetermined angle in respect to the first
set of lines. Examples of angles are 309, 4590, or 90.
According to a further embodiment, the set of lines filling
the inner area are parallel lines equally spaces that are
rotates in respect to the lines of the part of the path cor-
responding to the inner area of the former slice.

[0033] Preferably, step 2 ofthe method consists of seg-
menting by the computer system the 3D numerical model
into a plurality of stacked slices of a predetermined thick-
ness according to a predetermined direction, wherein
said predetermined direction in which the slices are gen-
erated is perpendicular to the substrate.

[0034] Once the 3D numerical model of a mold or part
of said mold has been generated, a segmentation proc-
ess generates a plurality of stacked slices of a predeter-
mined thickness wherein the stacking direction is prefer-
ably the vertical direction to a base. Thus, if the substrate
extends along a horizontal plane, the direction in which
the slices are generated in the 3D numerical model is the
vertical direction wherein a base of the 3D numerical
model uses as a coordinate reference system the sub-
strate position and orientation. This base of the 3D nu-
merical model is the base representing the substrate on
which the mold or piece willbe manufactured. The vertical
direction in respect to the base in the 3D numerical model
is the same that that the vertical direction in respect to
the substrate during real manufacturing of the mold. That
is, the numerical model is a representation of the mold
to be manufactured and the base is a representation in
the 3D numerical model of the substrate.

[0035] The set of slices having a predetermined thick-
ness are references that will be used when determining
if a new layer is added to the piece being manufactured
and when determining the path that the wire arc device
must follow when depositing a new layer. The shape of
the perimeter of each layer may vary from one layer to
another and is delimited by the mold model when seg-
mented.

[0036] The addition of layers using the wire arc device
is done by applying an iterative method that runs through
the set of slices of the 3D numerical model. In the exe-
cution of the method, there will be slices that do not result
in a new layer deposited by the wire arc device or, there
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will be slices that result in the deposition of one or more
layers.

[0037] The first reference slice is the first slice of the
3D numerical model, the one closest to the base and
which should result in one or more layers of material on
the substrate. Starting with this first slice, one slice is
taken sequentially as a reference slice. From a reference
slice, the path that the wire arc device will follow is es-
tablished according to the shape of the slice, mainly the
perimeter shape. While the segmentation of a body de-
limited by a curved surface by stacked slices gives rise
to perimeter limits according to a curved perimeter band,
the determination of the path of the wire arc device is
established for a reference plane, for example either a
middle plane of the slice or one of the base planes of the
slice, and the perimeter limit is the intersection of the
reference plane with the perimeter surface of the slice.
[0038] Once the path of the wire arc device is estab-
lished, the method acts on the wire arc device so that it
deposits aweld bead or cord following the path previously
established on the slice of the model and deposited on
the previous layer (or the substrate if it is the first layer).
[0039] Once this new layer has been deposited, a
measurement of the height reached with the new layer
is carried out. Although each point of the upper surface
of the layer provides a different measurement due to ir-
regularity, the method establishes a single reference val-
ue where, according to a preferred example, this refer-
ence value is taken based on a plurality of measurements
taken on the surface.

[0040] When anew reference slice is selected, a check
is carried out: the representative height measured on the
top surface of the last layer is compared with the corre-
sponding heightin the 3D numerical model resulting from
considering the sum of the thicknesses of the new refer-
ence slice and all the reference slices that have been
previously used.

[0041] Ifthe measured heightis greater than the height
resulting from adding the thicknesses of the slices, the
used slices plus the new reference slice, then the method
moves on to the next slice without carrying out the layer
deposition process. Thatis, the reference slice becomes
the next slice by rechecking if now the height provided
by the 3D numerical model by stacking reference slices
is greater than the height measured on the part of the
piece already measured.

[0042] The technical effect of this check is not to allow
the piece to grow too much, especially when the height
of growth in one or more layers is greater than the thick-
ness of the slices. Otherwise, if the part grows more than
expected it could result in accidental contact of the wire
arc device and the part being manufactured and this ac-
cidental contact causes the wire arc device to weld di-
rectly to the part damaging the tool.

[0043] Preferably, the distance measurement made by
the sensor is taken right at the point of the wire arc device
where the metal material is introduced.

[0044] In some embodiments, after receiving from the
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sensorthe measurement of the distance and determining
a representative value of the height of the formed metal
layers, the method further comprises the step:

- before step a), receiving from the sensor a meas-
urement of the distance and determining a repre-
sentative value of the height of the formed metal lay-
ers and, if the representative value of the height is
lower than the summation of the thicknesses of the
previously used slices then steps b) and c) are exe-
cuted.

[0045] Once it has been ensured that the height
reached with the deposition of a new layer does not grow
excessively such as coming into contact with the tool,
according to this embodiment an additional check iden-
tifies situations in which the last deposited layer has not
reached the height corresponding to the sum of the thick-
nesses of the slices used as reference. In this case the
method deposit again a new layer according to steps b)
and c).

[0046] I/n some embodiments of the method, the path,
determined by the computer system, generated for at
least one slice of the plurality of stacked slices comprises
the following regions or portions:

- afirst portion of path that corresponds to the perim-
eter of the slice;

- a second portion of path that corresponds to inner
perimeterls of one or more inner conduits, inner
openings or inner cavities sectioned by the slice (if
they exists); and

- athird portion of path that corresponds to the inner
area of the slice.

[0047] According to another embodiment of the meth-
od, the predetermined path also comprises a portion ex-
tended along the outer perimeter of the layer and the
perimeter of any of the openings caused by the inner
conduits sectioned by the layer. This possible form of the
predetermined path is repeated for layer-by-layer accu-
mulation to complete the production of a certain surface
of the mold. This embodiment providing a path extended
at least along the outer perimeter of the layer allows to
avoid a growth process that has been observed to be
anomalous since the addition of successive layers in
practice results in the manufactured piece tilting in re-
spect to the direction of growth. It has been observed
that increasing the material deposition specifically in the
perimeter zone avoids this anomalous behavior.

[0048] In other embodiments of the method, the path,
determined by the computer system, generated for at
least one slice of the plurality of stacked slices, addition-
ally to the previous three steps, further comprises:

- aforth portion of path that corresponds to inner pe-
rimeter/s of one or more inner cooling ducts or chan-
nels sectioned by the slice.
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[0049] Asimilareffectis observedintheinneropenings
or inner cavities sectioned by the slice. The wire arc de-
vice add material but these specific regions close to the
inner perimeters show a lower height and adding the sec-
ond portion of path that corresponds to inner perimeter/s
increase the amount of material avoiding deformations
of the whole mold parts close to the existence of inner
cooling ducts or channels.

[0050] /n some embodiments of the method, two sen-
sor measurements are taken:

- a first measurement at a location corresponding to
the inner area of the slice determining a represent-
ative value of the height at said location and,

- asecond measurement at a location corresponding
to a perimeter of the second portion or the third por-
tion or both portions determining a representative
value of the height at said location;

wherein the step c) is executed over the second portion,
the third portion or both portions if the absolute value of
the difference between the representative value of the
height of the first measurement and the representative
value of the height of the second measurement is higher
than a predetermined threshold.

[0051] Although it has been observed that the manu-
factured pieces by layered deposition using a wire arc
device give rise to deformations that are compensated
by the inclusion of a portion of the perimeter path, this
perimeter deposition does not necessarily correspond to
a deposition of material in the inner area of the slice.
[0052] According to thisembodiment, two independent
measurements are carried out, one representative of the
height reached inside the deposited layer and the other
representative of the height reached in the perimeter ar-
ea. The difference, if it exceeds a predetermined thresh-
old value assesses whether the degree of growth in the
perimeter zone and the inner zone is different. In partic-
ular, when the growth of the inner zone is greater than
the perimeter zone exceeding the predetermined thresh-
old value then a deposition is established only along a
path in the third portion; that is, in the perimeter zone
causing a compensation effect of the heights obtained in
the manufactured piece.

[0053] In some embodiments of the method, the gen-
erated third portion of path incorporates a tolerance for
avoiding the section reduction or closing of any internal
channel with metal cord.

[0054] It has been observed that the deposition of ma-
terial following a perimetric path, the second portion of
the path, generates a narrowing of the ducts that are
generated. According to this example embodiment, the
deposition path is amended by causing itto enter towards
the inner area a certain distance and as a result, the duct
is widened.

[0055] In some embodiments of the method, the metal
cord is deposited in a direction transversal to the prede-
termined direction of the path, preferably in a direction
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perpendicular to the substrate.

[0056] According to this embodiment, the metal cord
is deposited in a direction perpendicular to the substrate
and therefore, at any change of direction imposed by the
path, the deposition angle does not change, and the re-
sulting weld bead is independent of the path. Moreover,
under these conditions it is not necessary to modify the
deposition orientation and the movements of the wire arc
device only correspond to displacement movements
without any change of orientation, simplifying the means
ofaction and movementto achieve a deposition following
a certain path.

[0057] In an embodiment of the method, determining
the representative value of the height from a sensor
measurement is being processed by the computer sys-
tem by:

- removing measurement spurious values; or

- removing measurements that are not maintained
during a predetermined period of time; or

- removing both, measurement spurious values and
measurements that are not maintained during a pre-
determined period of time.

[0058] It has been previously described that the sur-
face of a deposited layer in mold formation results irreg-
ular and with strong variations in height if measured at
different points. When the height sensor carries out a
plurality of readings, for example at or along a path, the
signal received is a strongly varying signal. According to
this example embodiment from this strongly varying sig-
nal a single scalar value representative of the height of
the entire layer is determined.

[0059] In afirst option, spurious values are eliminated,
thus removing noise due to values that do not necessarily
correspond to real height variations. Even if this is not
the case, such values are not assessed as representa-
tive. The resultis a signal that, being variable, has smaller
fluctuations.

[0060] Thefurtheroptionassessesonly valuesthatare
maintained for a predetermined period. This means that
height values acquired along a path without any change
in these values means that a surface area is close to
flatness or does not correspond to strong height changes
such as the interface between measuring outside the part
and inside the part.

[0061] A third option combines the application of the
first option and the second option. After one or two filters
like the ones disclosed the resulting signal is more stable
and can be used as a calculation reference for a repre-
sentative height value.

[0062] A method according to the previous claim,
wherein the sensor measurement is being further proc-
essed by the computer system by selecting the higher
value ofthe sensor measurements in an entire metal lay-
er ensuring that the wire arc device does not touch the
generated mold.

[0063] The measurements used to establish the height
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reference value can be the directly obtained from the
sensor output signal or the signal preprocessed accord-
ing to any of the examples described above. In this sec-
ond case, the values are closer to the real values of the
height of the mold due to the elimination of unwanted
effects such as reading noise or values that correspond
to the beginning or end of the part following the meas-
urement projection of the sensor. The use of the maxi-
mum value criterion ensures that the tool, the wire arc
device, will never make contact with the mold at any time.
[0064] Although height is described as the measure-
ment variable, at all times it should be interpreted as
meaning that the measurement is the distance between
the sensor and the measured object in the direction of
growth, although the preferred example uses the vertical
direction determined by the action of gravity as the direc-
tion of growth.

[0065] Optionally, the method further comprises a final
step of machining the external surface of the generated
mold or of the part of said mold. Different types of surface
finishes can be applied to the formed mold or part of the
mold for aesthetic or functional purposes. Preferably, the
machining is milling, e.g. by means of numerical control
machines with several degrees of freedom that allow the
generation of complex shapes. As an example, the pre-
form manufactured by the method and system has an
excess thickness of about 5 mm on all outer surfaces,
which is the area that is subsequently machined.
[0066] Inthe case of working surfaces that mustfit pre-
cisely with other surfaces, such as the surfaces of a mold
that come into contact with the surfaces of a counter-
mold, the machining operation eliminates all the irregu-
larities inherentto a surface generated by the contribution
of a weld bead. Therefore, the 3D numerical model must
be oversized in such a way that the volume generated
must be delimited by surfaces distanced from the surface
generated after the machining operation, distanced out-
wards from the body of the mold, and with a sufficient
distance to ensure that the machining eliminates all ir-
regularities. That is, even the deepest valleys of irregu-
larities are spaced away from the final surface so that
the final surface is only the result of the machining oper-
ation.

[0067] Also optionally, the method further comprises a
final step of polishing the external surface of the gener-
ated mold or of the part of said mold. Preferably, the
polishing the external surface of the generated mold or
of the part of said mold is a subsequent step to the step
of machining the external surface of the generated mold
or of the part of said mold.

[0068] Surface polishing operations are in fact a fine
machining operation. Therefore, the oversized 3D nu-
merical model must take into account the additional re-
duction of volume caused by polishing the surface. This
polishing step is carried out after the step of machining
the external surface of the generated mold or of the part
of said mold.

[0069] In asecond inventive aspect, the invention pro-
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vides an additive manufacturing system for manufactur-
ing molds, the system comprising:

- a substrate intended for supporting the generated
mold or part of a mold;

- a wire arc device adapted for depositing metal cord
according to a predetermined path over a surface in
a direction perpendicular to the substrate and adapt-
edto be movable in a plane parallel to the base form-
ing a metal layer on top of each other;

- asensor adapted to measure the distance between
the wire arc device and a surface in a perpendicular
direction to the substrate; and

- acomputer system in communication with the wire
arc device and the sensor;

wherein the computer system is adapted to carry out the
steps 1 to 3 of the method according to the first aspect
of the invention.

[0070] Thesecond aspectis anadditive manufacturing
system with the physical elements identified in the meth-
od description and where such a system incorporates a
computational system that reads environmental varia-
bles, in particular the growth height of the layers being
incorporated on the substrate by means of the sensor,
and also has the ability to act. This performance is mainly
to carry out the movements of the wire arc device ac-
cording to the stages established by the method accord-
ing to any of the described examples.

[0071] In particular, in the first aspect of the invention
and the second aspect of the invention, the wire arc de-
vice is capable of carrying out movements according to
the vertical direction to position itself at a height separat-
ed from the substrate sufficient to provide an additional
layer of material. This distance to the substrate is the one
thatincreases according to the described criteria and the
thicknesses of the slices of the 3D numerical model that
are taken as a reference each time a new layer is added.
[0072] As additional separation distance (the incre-
ment of distance to be moved) taken to separate the wire
arc device when a new layer is to be deposited, the thick-
ness of the 3D numerical model is taken as a first refer-
ence unless, as a specific example, the computational
system receives information of a different distance more
appropriate to the layer thickness that is actually gener-
ated when the layer is completed. In this case, although
the distance taken to separate the wire arc device from
the substrate is different from the thickness of the 3D
numerical model, the criteria described for maintaining
the reference slice or advancing to the next slice remain
intact.

[0073] Preferably, the base of the system intended for
supporting the generated mold or part of a mold is a me-
tallic substrate, such as stainless steel.

[0074] Preferably,the wire arc device is a DED-arc wire
device.

[0075] The wire arc device is preferably adapted for
depositing a weldable metal cord in wire form, wherein
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the material may be, forexample as: steel, stainless steel,
nickel-chromium alloys, nickel-based alloys, titanium al-
loys and aluminum alloys.

[0076] Preferably, the wire arc device is movable in a
plane parallel to the base by means of a robotic arm hav-
ing a freedom of movement, which is connected to the
wire arc device.

[0077] Once the wire arc device has increased the dis-
tance from the substrate, a new layer is applied. This
layer, according to this example of realization is with
movements in a plane parallel to the substrate according
to the predetermined path maintaining the distance to
the substrate while depositing the same layer.

[0078] In a particular embodiment of the system, the
computer system is further adapted to carry out any spe-
cific example of method previously disclosed.

[0079] In a third inventive aspect, the invention pro-
vides a computer program product comprising instruc-
tions which, when the program is executed by a computer
system, cause the computer system to carry out the steps
1 to 3 of the method according to the first aspect of the
invention and optionally any of the additional disclosed
steps of specific embodiments of the method of the first
inventive aspect.

[0080] Such acomputer program product provides the
required software and is adapted to carry out the method
of the first aspect of the invention when is executed by
the computer system of the second aspect of the inven-
tion.

[0081] In a fourth inventive aspect, the invention pro-
vides a computer-readable data carrier having stored
thereon the computer program of the third inventive as-
pect.

[0082] Advantageously, this provides a functional sys-
tem for the reproduction of the sequential steps (path of
the device) and/or milestones (any relevantaspectduring
the manufacturing process), thus achieving the required
results without the presence of a user or operator.
[0083] All the features described in this specification
(including the claims, description and drawings) and/or
all the steps of the described method can be combined
in any combination, with the exception of combinations
of such mutually exclusive features and/or steps.

DESCRIPTION OF THE DRAWINGS

[0084] These and other characteristics and advantag-
es of the invention will become clearly understood in view
of the detailed description of the invention which be-
comes apparent from a preferred embodiment of the in-
vention, given just as an example and not being limited
thereto, with reference to the drawings.

Figure 1 This figure shows a first example of a nu-
merical model, generated by a computer system,
representing an object to be manufactured accord-
ing to the method and system of additive manufac-
turing of the present invention.
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Figure 2 This figure shows a cross-section of the
numerical model of Figure 1 by the cutting plane "P".

Figure 3 This figure shows the same view of the nu-
merical model as Figure 2, but also including the
partitioning of the numerical model into a plurality of
stacked slices.

Figure 4 This figure shows a view of a real situation
of the system of the invention, wherein the material
is being deposited on a real substrate. It also shows
onadottedline a cross-section of the numerical mod-
el being used for manufacturing. In particular, Figure
4 shows a situation in which six different layers have
been deposited and the input of the last layer (i.e.
the top layer) has not reached the height of the nu-
merical model slide.

Figure 5 This figure shows the same view of the sys-
tem as Figure 4, but in a different situation wherein
five different layers are deposited and the last layer
(i.e. the top layer) has exceeded the numerical model
slide.

Figure 6 This figure shows a top view of a certain
deposited layer.

Figure 7 This figure shows the same top view of Fig-
ure 6 of a certain deposited layer, but in another ex-
ample including three separate openings.

Figure 8 This figure shows a top view of a certain
deposited layer of a second example of a manufac-
tured mold manufactured by the method of additive
manufacturing of the invention. This second exam-
ple comprises two lateral through openings and also
four oil channels.

Figure 9 This figure shows a perspective view of a
third example of a mold which is manufactured by
the method and system of additive manufacturing of
the invention.

Figure 10 This figure shows a perspective view of a
forth example of a counter-mold which is manufac-
tured by the method and system of additive manu-
facturing of the invention.

Figure 11 This figure shows a view of two graphs
corresponding to height measuring process.

DETAILED DESCRIPTION OF THE INVENTION

[0085] As will be appreciated by one skilled in the art,
aspects of the present invention may be embodied as a
system, method or computer program product.

[0086] Figure 1 depicts an example of a 3d numerical
model, generated by a computer system (CS), wherein
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the 3d numerical model represents a three-dimensional
object, namely a mold, to be manufactured according to
the additive manufacturing method proposed by the
presentinvention. In this example, the 3d numerical mod-
el, which is implemented in the computer system (CS),
also includes a flat base (B) on which the three-dimen-
sional numerical model is supported. Alternatively, the
numerical model could have only one plane as a base.
The flat base (B) extends along a direction (Y-Y’) trans-
verse to a longitudinal direction (X-X’) along which the
mold (M) to be manufactured will be made to grow by
adding layers of material.

[0087] In this first example, the 3d numerical model
(NM) numerical model (NM) extends along a vertical axis
corresponding to the longitudinal direction (X-X’) and the
gravity direction, which in this case is perpendicular to
the direction (Y-Y’) of the base (B) and will be horizontal.
In this example, the shape of the 3d numerical model
(NM) numerical model (NM) is not regular in the longitu-
dinal direction (X-X’) and it is regular in the direction (Z-
Z’). Thatis, any cut according to the plane defined by the
Y-Y’ and X-X’ directions are the same when cutting the
object, as the one identified as plane "P".

[0088] In order to simplify the representation of the
steps of the method of the invention, Figure 2 depicts a
cross-section of the 3d numerical model of Figure 1 by
cutting plane "P" of Figure 1, so a "simplified" two-dimen-
sional numerical model is represented.

[0089] AsshowninFigure 3, the "simplified" 2d numer-
ical model of Figure 2 now includes the partitioning/seg-
menting of the numerical model into a plurality of stacked
slices (slg, sl4, sly,... sl ), in particular nine different
stacked slices, of a predetermined thickness (e) along a
predetermined longitudinal direction (X-X’). The first slice
that is placed on the upper surface (B1) of the flat base
(B) corresponds to slice 0 (slg), and the next slice that is
placed on top of the upper surface of slice 0 (sl0) corre-
sponds to slice 1 (sly), and so on until the last slice 8 (slg)
is placed on top of the whole numerical model (NM). In
this specific example, all nine stacked slices have the
same thickness (e) but they have a different shape and
width according to the transverse direction (Y-Y’).
[0090] The manufacturing method uses the model as
a reference so that starting from a first slice (slp) a first
layer is deposited on the substrate in order to fill with
material a volume as defined by this slice (slj).

[0091] The material deposition method is by arc so that
once a trajectory is established in the plane parallel to
the substrate, a cord of material is deposited. The dep-
osition of material by means of a cord results in a very
irregular deposition giving rise to a surface with strong
fluctuations in height.

[0092] The method also makes use of height meas-
urements, specific ways of taking a single measurement
value over an irregular surface will be disclosed, which
allow criteria to be applied to determine whether the vol-
ume corresponding to a slide (sl) being filled has been
completed or even exceeded.
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[0093] Figure 4 depicts a first real situation of the sys-
tem of the invention (not in the computer system (CS),
wherein the base of the object corresponds to the real
substrate (S) on which material of the first layer (Lg) is
deposited and also serves for supporting the generated
mold (M). The computer system (CS) that is in commu-
nication with the wire arc device (A) and the sensor (H)
is not represented in the figures.

[0094] In this first example of Figure 4, six stacked lay-
ers (Lg, Ly, Loy...., Lg) have been deposited following a
growth direction G-G’ which is perpendicular to the di-
rection Y-Y’ of the substrate (S), so the manufacturing
process is at an intermediate stage where more than half
of the total of the nine slices are deposited. Furthermore,
a cross-section of the numerical model that it is used for
guiding the wire arc device (A) is also represented in the
same figure 4 over imposed to the body generated by
the deposited layers. Continuous and thick lines are
those corresponding to the manufactured part of the mold
(M) and dashed lines correspond to the over imposed
model as a reference.

[0095] In this Figure 4, the tool (T) that is used to apply
the layers (L) is also represented. Letter "L" is used for
all layers or for any layer since index is not relevant. The
same applies to other references with indexes.

[0096] Inthis case, the direction G-G’ in which the mold
(M) grows corresponds to the longitudinal direction X-X'.
Thetool (T) comprises awire arc device (A) for depositing
metal cord according to a predetermined path (PTH) over
a surface in a direction perpendicular to the substrate
(S). The wire arc device (A) is configured for being mov-
able in a plane parallel to the substrate (S), see arrows
indicating that direction, thus forming a metal layer (L)
on top of each other. The means for automatically moving
the wire arc device (A) are not represented in the figures.
[0097] These means are adapted to move according
to a growing direction G-G’ to a predetermined distance
from the substrate (S) and a height set by the height
resulting from the number of slices, and the thickness of
each slice, accumulated in the manufacturing process.
These means are further adapted to move in a plane
parallel to the substrate (S) and according to a specific
and predetermined path (PATH). Movements according
to the growing direction G-G’ are directed to grow one or
more new layers (L) trying to fill the thickness of a specific
slice (sl). If this aim is not fulfilled for a specified slice (sl)
when a new layer is applied then a new layer is added.
If the height resulting from a new layer exceeds the height
of the accumulated slices (sl) and the next slice (sl) then
such next slice (sl) is skipped taking the further next slice
(sl) as a reference slice (sl).

[0098] Also the tool (T) comprises a sensor (H) that
measures the vertical distance (d) between the wire arc
device (A) and the current top layer of the mold (M). In
particular, Figure 4 shows a situation in which the input
of the current last (top) layer (i.e. the layer 5 (L5)) has not
reached the current height of the numerical model slice
4 (Sly), so the slide is not changed and a new layer is
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reapplied on top of the current top layer.

[0099] Figure 5 depicts the same view of the system
as Figure 4 butin a second different method step wherein
five different stacked layers (Lg, L4, Lo,..., L4) have been
deposited. In this case, the current last (top) layer (i.e.
the layer 4 (L,)) has exceeded the current height of the
numerical model slice 3 (Sl;) and, therefore, one slide is
skipped and the next slide 4 (Sl,) is used as a reference.
This criteria is more important than the former one since
if the added layer (L) is higher than expected there is risk
of contact between the wire are device (A) and the gen-
erated part of the mold (M) that would result in a welding
of the tool and such generated part.

[0100] Both figures 4 and 5 show how the constant
thickness (e) of the slices (sly to Slg) of the numerical
model does not maintain in reality, where the thickness
of each deposited layer (L) is different from each other,
e.g.the thickness of deposited layer4 (L4) is substantially
higher than the thickness of previous deposited layer 3
(L3).

[0101] The example shown in Figure 6 is a top view of
the deposited layer 3 (L3) having a solid rectangular con-
figuration. It can be seen that the metal cord (MC) that
forms the layer 3 (L3) is deposited by the wire arc device
(A) following a predetermined path (PTH) generated in
the computer system (CS) and transmitted to the wire
arc device (A) for each slice (sl) of the plurality of stacked
slices of the model (NM). The path (PTH) of one slice (sl)
may be different to the path PTH) of other slice (sl).
[0102] The example shown in Figure 7 is a top view of
another deposited layer 3 (L3), having also a solid rec-
tangular configuration. Unlike Figure 6, the path (PATH)
generated in the computer system (CS) and transmitted
to the wire arc device (A) when manufacturing layer L
of a model (NM) have three separate inner conduits or
openings (O) which are crossing the vertical direction.
Said inner conduits or openings (O) are provided for re-
ducing the quantity of metal of the mold, so the total
weight of the mold. The path (PATH) comprises the fol-
lowing different regions or portions:

- afirst portion of path (PTH,) that corresponds to the
rectangular perimeter of the layer L5 determined by
the perimeter of the reference slice (sl) of the model
(NM) used at that stage of the manufacturing proc-
ess, in particular the shape of the slice (sl) cut at the
height with an horizontal plane located at the height
of the layer (L);

- asecond portion of path (PTH,) that corresponds to
the three inner perimeters of openings (O) sectioned
by the same plane; and

- a third portion of path (PATHj;) that corresponds to
the inner area of the same section.

[0103] Figure 8 depicts a top view of a second example
of an intermediate layer of a mold (M) which has been
manufactured by the method and system of additive man-
ufacturing of an example of the invention. This second
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example has a solid shape with two lateral through rec-
tangular openings (O) and also four through oil channels
(OC) for cooling the mold located at an intermediate po-
sition.

[0104] The black contour line outlines represent the
paths (PATH) generated in the computer system (CS)
for this specific layer (L;). In this case, the path (PATH)
generated in the computer system (CS) for this layer (L)
comprises the following different regions or portions:

- afirst portion of path (PTH,) that corresponds to the
perimeter of the layer (L);

- asecond portion of path (PTH,) that corresponds to
one or more inner perimeters of inner openings (O)
sectioned by the layer (L);

- athird portion of path (PATHS,) that corresponds to
the inner area of the layer (L); and

- aforth portion of path (PATH,) that corresponds to
theinner perimeters of one or more inner oil channels
(OC) sectioned by the layer (L;).

[0105] The metal cord (MC) that forms the stacked lay-
ers of the mold is represented in this Figure 8 by an area
with intersecting lines forming triangles. Once the mold
(M) has been manufactured layer by layer, it can be sub-
sequently machined at the outer surfaces to finally obtain
the final mold.

[0106] The mold (M)and counter-mold (CM) of Figures
9 and 10 are configured for being used together, wherein
the surfaces enteringinto contactare machined obtaining
a high quality surface while the where the mold manu-
facturing process has required up to 25% - 45% less met-
al cost than a traditional casting process and a thermal
inertia reduction of 38% for the core plate (the mold) and
a40% of thermal inertia reduction for the cavity plate (the
counter mold).

[0107] Figure 9 depicts a perspective view of a third
example of a mold (M) which has been manufactured by
the method and system of additive manufacturing of the
invention. This third example of a mold (M) comprises a
protruding central portion (PP), three through openings
(O) and also a plurality of oil channels (OC). The central
portion (PP) has a lateral part that is curved and another
lateral part that is rectilinear. Some oil channels (OC) of
the plurality of oil channels (OC) are located in the interior
of the central portion (PP) and (OC) cannot be drilled
since they follow the curvature of the protruded central
portion (PP).

[0108] Figure 10 depicts a perspective view of a forth
example of a counter-mold (CM) which has been manu-
factured by the method and system of additive manufac-
turing of the invention. This forth example of a mold (M)
comprises a recessed central portion (RP), four through
openings (O) and also a plurality of oil channels (OC).
The oil channels (OC) of the plurality of oil channels (OC)
that are located in the peripheral area of the recessed
central portion (RP) follow the curvature of said recessed
central portion (RP).
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[0109] Figure 11 depicts a view of two graphs corre-
sponding to height measuring process performed by the
method and system ofthe presentinvention. In particular,
it shows at the top a graph of measurements captured
by the height sensor (H) of the system along a given
length of one of the wire arc device (A). The number of
measurements retrieved from this sensor (H) is very high
per unit length, so a narrow portion of the graph is plotted
atthe bottom of the figure, expanded to show more clearly
the measurements and further signals generated from
this first signal.

[0110] The blackcolorin the two graphs shows a highly
fluctuating signal (S4) that corresponds to the height data
directly obtained by the sensor (H).

[0111] Thetwo graphs shownin grayisthe value signal
(S,) of afiltered signal where the measurements directly
obtained by the sensor (H) has had spurious values and,
also values that are not maintained over time for a pre-
determined time interval are removed. The result is a
more stable generated surface height tracking value.
[0112] Finally, a third signal (S3) is shown in a lighter
gray in the two graphs, almost white in the upper graph,
which are constructed as the maximum values of the pre-
vious signal at predetermined length intervals thus iden-
tifying the height values to be taken as a reference to
prevent the tool (T) from entering into contact with the
mold (M), avoiding the welding of the tool (T) with the
mold (M).

Claims

1. Method of additive manufacturing for manufacturing
molds or part of molds, by means of:

- asubstrate (S) intended for supporting the gen-
erated mold (M, CM) or part of said mold;

- a wire arc device (A) adapted for depositing
metal cord (MC) according to a predetermined
path (PTH) over a surface in a direction perpen-
dicular to the substrate (S) and adapted to be
movable in a plane parallel to the substrate (S)
forming a metal layer (L) on top of each other;
- a sensor (H) adapted to measure a distance
(d) between the wire arcdevice (A) and a surface
in a perpendicular direction to the substrate (S);
and

- acomputer system (CS) in communication with
the wire arc device (A) and the sensor (H);

the method comprising the steps:

1. generating by the computer system (CS) a
3D numerical model (NM) of a mold (M) or part
of said mold (M);

2. segmenting by the computer system (CS) the
3D numerical model (NM) into a plurality of
stacked slices (s/;, i=0,1, ...) of a predetermined
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thickness (e) according to a predetermined di-
rection (X-X');

3. iteratively, departing from the first slice (sly)
until the last slice (s/y) of the 3D numerical model
(NM), carrying out on each of the slices (s/;) by
the computer system (CS), according to a se-
quential order, the following sub-steps:

a) selecting the slice (s/;) ofthe 3D numerical
model (NM) to be used for determining the
path (PTH) of the wire arc device (A) to form
a determined metal layer (Lj);

b) determining by the computer system
(CS), for the determined slice (sl;), a path
(PTH) intended to represent a trajectory of
ametal cord (MC) to be deposited in respect
to the slice (sl}); and

c) commanding the wire arc device (A) by
the computer system (CS) to form a deter-
mined metal layer (L;) by depositing a metal
cord (MC) on top of the previously formed
metal layer (L), or on the substrate (S) if
itis the first metal layer (L), following a tra-
jectory according to the path (PTH) gener-
ated by the computer system (CS) for the
slice (s/;) to be used,;

- wherein in step 3 the computer system (CS)
further carries out a further action of checking
forthe selected slice (s/;) the formed metal layers
(L) in comparison to the slices (sl) of the 3D nu-
merical model (NM), comprising the following
sub-steps:

before step ¢ is executed, receiving from
the sensor (H) at least one measurement
value of the distance (d) and determining a
representative value of the height of the
formed metal layers (L);

if the representative value is higher than the
summation of the thicknesses € of the pre-
vious slices (sl, /= 0,1, ..., i - 1) of the 3D
numerical model plus the thickness € of the
selected slice (sl)) to be used then at least
c) of the currently checked slice is not exe-
cuted and the computer system (CS) se-
lects the next slice (sl;,4).

A method according to claim 1, wherein after receiv-
ing from the sensor (H) the measurement of the dis-
tance (d) and determining a representative value of
the height of the formed metal layers (L), the method
further comprises the step:

- before step a), receiving from the sensor (H) a
measurement of the distance (d) and determin-
ing a representative value of the height of the
formed metal layers (L) and, if the representative
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value of the height is lower than the summation
ofthe thicknesses € of the previously used slices
(sl =01, ...,i-1) then steps b) and c) are
executed.

A method according to any of the preceding claims,
wherein the path (PATH), determined by the com-
puter system (CS), generated for at least one slice
(sl) of the plurality of stacked slices comprises:

- a first portion of path (PTH,) that corresponds
to the perimeter of the slice (sl);

- a second portion of path (PTH,) that corre-
sponds to inner perimeter/s of one or more inner
conduits, openings or cavities (O) sectioned by
the slice (sl); and

- a third portion of path (PATH5) that corre-
sponds to the inner area of the slice (sl).

A method according to the preceding claims wherein
the path (PATH), determined by the computer sys-
tem (CS), generated for at least one slice (sl) of the
plurality of stacked slices further comprises:

- a forth portion of path (PATH,) that corre-
sponds to inner perimeter/s of one or more inner
cooling ducts or channels (OC) sectioned by the
slice (sl).

A method according to the preceding claim, wherein
two sensor measurements are taken:

- a first measurement at a location correspond-
ing to the inner area of the slice determining a
representative value of the height at said loca-
tion and,

- a second measurement at a location corre-
sponding to a perimeter of the second portion
or the third portion or both portions determining
a representative value of the height at said lo-
cation;

wherein the step c) is executed over the second por-
tion, the third portion or both portions if the absolute
value of the difference between the representative
value of the height of the first measurement and the
representative value of the height of the second
measurementis higherthan a predetermined thresh-
old.

A method according to the preceding claim, wherein
the generated third portion of path (PATHj;) incorpo-
rates a tolerance for avoiding the section reduction
or closing of any inner conduits or openings (O) with
metal cord (MC).

A method according to any of the preceding claims,
wherein the metal cord (MC) is deposited in a direc-
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tion of growth (G-G’) transversal to the predeter-
mined direction of the path (PATH), preferably in a
direction perpendicular to the substrate (S).

A method according to any of the preceding claims,
wherein determining the representative value of the
height from a sensor measurement is being proc-
essed by the computer system (CS) by:

- removing measurement spurious values; or

- removing measurements that are not main-
tained during a predetermined period of time; or
- removing both, measurement spurious values
and measurements that are not maintained dur-
ing a predetermined period of time.

A method according to the previous claim, wherein
the sensor measurement is being further processed
by the computer system (CS) by selecting the higher
value of the sensor measurements in an entire metal
layer ensuring that the wire arc device (A) does not
touch the generated mold (M) or part of said mold
(M).

A method according to any of the preceding claims,
further comprising the step of machining the external
surface of the generated mold (M) or part of said
mold (M), wherein the machining is preferably mill-

ing.

A method according to any of the preceding claims,
further comprising the step of polishing the external
surface of the generated mold (M) or part of said
mold (M).

An additive manufacturing system for manufacturing
molds (M), the system comprising:

-asubstrate (S) intended for supporting the gen-
erated mold (M) or part of said mold (M);

- a wire arc device (A) adapted for depositing
metal cord (MC) according to a predetermined
path (PATH) over a surface in a direction per-
pendicular to the substrate (S) and adapted to
be movable in a plane parallel to the substrate
(S)forming a metal layer (L) on top of each other;
- a sensor (H) adapted to measure the distance
(d) betweenthe wire arcdevice (A) and a surface
in a perpendicular direction to the substrate (S);
and

-acomputer system (CS)in communication with
the wire arc device (A) and the sensor (H);

wherein the computer system (CS) is adapted to car-
ry out the steps 1 to 3 of the method of claim 1.

A system according to claim 12, wherein the wire arc
device (A) is a DED-arc wire device.
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A system according to claim 12 or 13, wherein the
computer system (CS) is further adapted to carry out
the method according to any of claims 2 to 9.

A computer program product comprising instructions
which, when the program is executed by a computer
system (CS), cause the computer system (CS) to
carry out the steps 1 to 3 of the method of claim 1
and/or any of the steps of claims 2 to 9.
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Description

FIELD OF THE INVENTION

[0001] Thepresentinvention isrelatedto a system and
method for manufacturing molded pieces in a molding
machine, preferably departing from composite plates
formed from layers, e.g. carbon fiber layers, through
pressing, with a pre-heating step heating the composite
plate.

[0002] According to a preferred embodiment, in order
to reduce thermal inertia and optimize the circuits, the
molds are heated using thermal fluid flowing through in-
ternal ducts with an optimized path, through molds print-
ed using additive manufacturing techniques.

[0003] Inapreferred embodiment, the plate is preheat-
ed by means of a heating system with mobile lamps.

PRIOR ART

[0004] Pressing processes are performed by a mold
and a counter mold installed in a molding machine.
[0005] Composite plates are known as SMCs (Sheet
Molding Compounds), wherein such composite plates
are produced ensuring complete integration of fibers and
resin.

[0006] According to the prior art, the molding process
includes a model of manufacturing which also encom-
passes different methodologies that seek greater effi-
ciency in the forming of parts.

[0007] In the manufacturing process, from a general
point of view, some amount of energy is applied to raw
material in order to make it melt, or at least be able to
flow by adapting the material to the shapes imposed by
a mold.

[0008] Known processes involves the use of injection
devices allowing to introduce in a forced way the material
with flowing capacity inside a cavity formed inside the
mold, so that the material adapts to the shape of the
cavity resulting in the preset shape of the part to be man-
ufactured. The raw material is configured according to
the desired final shape, and possibly, some fraction of
waste has to be removed at a later stage to provide the
final product. Some of the main objectives are to optimize
the variables of quality, cost and productivity.

[0009] Within the existing categorization of processes,
molding is part of the mechanical processes very well
known for instance in metal working, being one of the
most basic operations of manufacturing by forming. In
most cases the molding processes with casting involves:
pouring on the mold, solidification and cooling. This meth-
od is a very versatile but complex method, since it re-
quires taking into account numerous parameters that af-
fect the effectiveness and quality of the process, such as
the melting temperature, the pouring techniques, which
at high temperatures involve the generation of trapped
gases, the generation of defects, pores or cracks in the
solidification process, or the difficulty in the final separa-
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tion of the part from the mold. Within the casting molding
processes, there are currently sand molding, shell mold-
ing, lost wax molding or gravity molding.

[0010] However, the process disclosed according to
embodiments of the present invention relies on plastic
deformation processes, so that it does not require the
casting process of the part to be molded.

[0011] On the contrary, in metal working, deformation
is possible because external forces are applied to raw
material, thus causing a tensional state in the crystalline
inner structure of the metal material, which, if certain val-
ues are exceeded, causes the desired permanent defor-
mations.

[0012] Intuitively, one may come to think that casting
the material is the most efficient method, achieving com-
plicated shapes of very precise forms without the need
for any machining process; or atleast minimizes the sub-
sequent machining process.

[0013] Casting has, therefore, always been a preferred
option, since it allows the molding of parts very efficiently
while requiring much less energy than cold, the ductility
and hardening of the parts do not limit the amount of
deformation of the material on the part, and its properties
are mainly isotropic.

[0014] When manufacturing plastic pieces, molding
processes are based on injection molds wherein the melt-
ed material shows complex fluid properties since melted
plastic is a non-Newtonian fluid (without a defined and
constant viscosity value) and the techniques that are val-
id for metals cannot be extrapolated to the model of plas-
tic parts.

[0015] Some other known forming methods are based
on cold forming, such as metal stamping techniques.
Such methods involve strengthening of the area upon
impact, a great deal of savings in furnace and fuel costs,
and the most significantadvantage is thatitinvolves such
a low amount of heating and cooling time, that for the
specific case of working with large workpieces means a
significantly increase in productivity.

[0016] There are also known techniques for the man-
ufacture of parts formed by stacking layers of resin-bond-
ed fibers. The set of layers, for example of carbon fiber,
Kevlar, glass, are positioned in a mold and forced in cold
to adopt the final shape.

[0017] On each of the layers, the resin is added cold,
which helps the layer to adopt the shape of the mold until
the total number of layers is completed. At this point, the
counter-mold is superimposed, which presses the whole
assembly. In many cases the set of layers with the resin
that leaves the fibers embedded is inside a bag that is
subjected to vacuum.

[0018] Subsequently, the set is taken to an autoclave
that causes the curing and hardening process of the
piece. The final part also requires additional operations
such as the removal of the back mold and the bag and,
finally, the extraction of the part from the mold.

[0019] This process has many drawbacks, the main
one being the difficulty of automation. In most cases the
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layers of fiber are applied by hand so that the worker
ensures that the layer is properly adapted to the shape
imposed by the mold and only when he observes that he
has achieved this adaptation is when he adds resin and
incorporates the next layer.

[0020] The other problem with this method is the lack
of dimensional control, especially with respect to the
thickness of the part.

[0021] The automation of this process and ensuring
that the final dimensions are adequate is easier when
the part manufactured by this procedure is a flat plate of
constant thickness.

[0022] Ifwereferdirectlytothe cold compression mold-
ing methodology, since it does not require such high tem-
peratures as castingmolding, it is one of the oldest plastic
deformation processes in existence, being described for
the first time at the beginning of the 19th century. In this
process, after a previous heating at moderate tempera-
tures, the part in its original shape is placed on the open
mold. After locating the partin the mold, the mold s closed
by applying force until all areas of the part come into
contact with the mold. The molds used for this process
are generally simpler than those used for casting and
injection molding, since they do not require mold chutes
or feeding systems, but they do require accessories to
heat the mold.

[0023] Interms of materials, molding is also very often
used for thermosets. Unsaturated polyester resins, ob-
tained from PET, are usually used. This resin is cross-
linked to form a thermosetting material, together with
some kind of stress. Curing process may involve the use
of heat after the material is inside of the mold. However,
the method is applicable to a wide variety of thermofor-
mable materials, such as rigid polymers or semi-finished
thermoplastics. Probably the material belonging to the
state ofthe art thatis closest to the materials to be working
with is the SMC (Sheet Molding Compound), which con-
sists of laminar elements structured in deformable layers
and with heat application within a specific temperature
range, which, after molding, still maintains their laminar
structure. They are produced by deposition of fibers pro-
jected by a cutter on a strip, which then serves as a sup-
port and on which a constant thickness of resin is already
present. A recently developed variant that would also be
of interest consists in the LSMC (Low Pressure Molding
Compound) materials, which maintain a molding temper-
ature with a much reduced viscosity compared to classic
SMCs, allowing eight times lower molding stresses and
stress addition.

[0024] Within this context, presses are normally em-
ployed to exert sufficient force on both molds, mold and
counter mold. Commonly, the process is carried out with
a vertical molding path, as this allows the use of gravity
to mold the part by exerting both, the necessary pressure
on the plate. Therefore, there is no guidance at any time
in the trajectory of the plate, nor the possibility of heating
both sides of it, since it is always supported by the coun-
ter-mold. And although there may be certain clamps that
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hold the edges of the plate, they do not follow the motion,
nor do they have any type of elastic characteristic that
adapts to the movement. Clamps are intended for ensur-
ing rigidity of the edges and gravity ensures that the plate
remains supported on the bottom mold.

[0025] Finally, this process is composed of two differ-
entstages: the upward stroke by the lower mold, although
in some systems it remains fixed, and the downward
stroke by the upper counter mold. Generally, the system
is made up of a hydraulic cylinder that exerts the neces-
sary force to carry out the molding, and commonly con-
sists of a male and a female plunger mold, with grooved
pins that ensure the perfect fitting of both parts.

[0026] There is also a need in the art for a system and
method for manufacturing molded pieces in a molding
machine with the aforementioned needs.

DESCRIPTION OF THE INVENTION

[0027] The present invention provides a solution for
the above mentioned issues by a system for manufac-
turing molded pieces according to independent claim 1
and a method for manufacturing molded pieces by means
of the system according to claim 20. In dependent claims,
preferred embodiments of the invention are defined.
[0028] In afirstinventive aspect, the present invention
provides a system for manufacturing molded pieces,
comprising at least the following elements:

- amolding machine, comprising two supports for sup-
porting two mold pieces, a first support adapted to
receive a mold and a second support adapted to re-
ceive a counter mold, the molding machine adapted
to adopt at least a first open position wherein the
mold and the counter mold are spaced apart and a
closed position wherein one mold piece from the
mold or the counter mold exerts force against the
other mold piece and, wherein the movement of one
mold piece from the mold or the counter mold in re-
spect to the other mold piece is according to a dis-
placement direction,

- aframe configured for supporting a thermo-formable
plate,

- guiding means adapted to guide the frame according
to the displacement direction,

- heating means configured for heating the thermo-
formable plate,

- actuating means adapted to move the heating
means of least between two positions, a first position
close to the thermo-formable plate for heating the
same and, a second position distant from the frame
andthe mold pieces for allowing the mold movement.

[0029] The present system solves all the drawbacks
identified above by departing from a first piece in the form
of a thermo-formable plate, for example a composite
plate formed by layers of fibers embedded in a thermo-
formable material.
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[0030] Thepresentinventionfurther comprises guiding
means that allow the thermo-formable plate to be posi-
tioned in any of the intermediate positions between the
mold and the counter mold since guiding means are
adapted to guide the frame according to the displacement
direction, even when the movement of the latter is hori-
zontal.

[0031] The present invention also comprises heating
means for heating the thermo-formable plate and permit
its molding even in conditions where the material, on its
own, would no longer be able to maintain its stable shape
before being shaped.

[0032] The term "molding machine", as used in this
context, shall be interpreted as a machine comprising
actuation means for applying a force by means of ele-
ments intended to move the two supports at least in an
open position and in a closed position. The force is ap-
plied to the part to be molded. In this particular case, the
molding machine comprises two supports for supporting
at least two molding parts, a first support adapted to re-
ceive a mold and, a second support adapted to receive
a counter-mold.

[0033] When the molding machine moves a support,
the mold part attached to said support also moves. Ac-
cording to the prior art, the support usually shows a fixing
area allowing at least to fix the mold piece but, the area
can be larger allowing to fix additional elements.

[0034] Also according to the prior art, the actuating
means of the molding machine acts on one support while
the other support is immovable.

[0035] The movement of one support with its mold part
relative to the other support, with the other mold part,
establishes the displacement direction. The most com-
mon displacement direction is longitudinal, either vertical
or horizontal.

[0036] The molding machines that make use of a ver-
tical displacement show a fixed support, preferably the
lower one, and a movable support, preferably the upper
one, because the action of gravity acting on the movable
elements favors the downward force against the lower
fixed support, and therefore against the mold piece also
arranged lower.

[0037] According to the prior art, molding machines
with a vertical displacement direction are preferred for
the molding of plates formed by layers. The same is true
for plates that include perimeter reinforcement to in-
crease stiffness. With this machine configuration the
plate rests supported on the bottom mold piece by the
action of gravity and does not need to be fixed.

[0038] In these circumstances, when the upper mold
is lowered, as soon as it contacts the plate, the latter is
trapped between the mold and the counter-mold, so that
the friction forces determine its subsequent position as
well as the way its deformation progresses.

[0039] That is, control over the position and deforma-
tion of the plate is lost and finally by trial and error the
best molding conditions are determined.

[0040] Advantageously, the presence of the frame in
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the first aspect of the invention configured to support the
thermo-formable plate to be molded and the guiding
means adapted to guide the frame according to the dis-
placement direction allows the guiding of the position of
the thermo-formable plate when fixed to the frame, with-
out the need for the operator to come into direct contact
with the plate, or, according to an embodiment, even fa-
cilitating it's tensioning thus avoiding its wrinkling as a
result of the molding forces acting on the plate.

[0041] The elementorelements responsible for the tra-
jectory executed by the thermo-formable plate frame are
the guiding means, those being responsible for the tra-
jectory and also centering of the frame that holds the
thermo-formable plate, so that it can perform its function
without getting in the way in the second position of the
molding machine. According to a possible embodiment,
said frame has a shape and a size such that, when the
molding machine in in the second position, the frame
extends perimetrically outside the mold parts.

[0042] Since the guiding means are adapted to guide
the thermo-formable plate frame according to the dis-
placement direction, any force exerted by any of the piec-
es of the mold, the counter-mold or both on the plate will
impose a displacement of the plate which will always be
limited to the direction of displacement. This ensures its
correct position but does not prevent the plate from adapt-
ing its position as the deformation imposed by the mold
and the counter-mold progresses as the closing position
is reached.

[0043] The guiding means also makes possible to carry
out an optimal heating of the thermo-formable plate just
before the molding process is executed. Since the guid-
ing means allows the frame, and therefore the plate fixed
to the frame, to be located at any position between the
mold and the counter mold, this condition allows to keep
a space between the plate and the mold pieces at both
sides of the plate. This makes it possible to heat the sur-
face of the thermo-formable plate when it is already held
by the frame and in the required position for the process.
[0044] The actuating means are the means responsi-
ble of the movement of the heating means. Among their
possible positions, there are at least, a first position close
to the thermo-formable plate that allows raising its tem-
perature, thus facilitating its subsequent deformation,
and a second position further away from the thermo-form-
able plate, which prevents either the actuating means or
the heating means to hinder the molding path, or alter
the thermo-formable plate from correctly acquiring the
shape imposed by the mold and the counter-mold.
[0045] The specific arrangement according to the in-
vention further allows to carry out an optimal molding
process since the thermo-formable plate loses the least
possible amount of heat before the molding process
since the heating process is carried out close to the mold-
ing position of the plate avoiding any mounting process
of a preheated piece, out of the molding machine, like in
the prior art.

[0046] According to a particular embodiment of the
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present invention, the heating means are movable ac-
cording to a direction perpendicular to the displacement
direction.

[0047] A preferred example where the heating means
have more than one possible position with respect to the
rest of the components belonging to the invention, is one
in which these are disposed perpendicularly to the dis-
placement direction, said displacement direction given
by the path defined between the first and the second
position of the mold, or the counter mold, or the path of
the frame movement which support the thermo-formable
plate.

[0048] This disposition allows equidistance between
any of the points of the surface of the thermos-deformable
plate and any point of the heating means, ensuring uni-
form heating of the surface of the thermo-formable plate.
This arrangement also allows the heating medium to
move independently with respect to the two mold parts;
it is only necessary that the mold and counter mold be in
an open position providing the space between each of
these mold parts and the plate to locate the heating
means.

[0049] According to another embodiment of the
present invention, the heating means comprise at least
one infrared ceramic lamp, which have the advantage,
among others, ofhigh durability and can be used 24 hours
a day because their light scattering is UVA filtering.
[0050] According to a further embodiment of the
present invention, the system comprises at least one
elastic deformable element that establishes the connec-
tion between the plate of one end and the frame of the
opposite end.

[0051] The atleast one elastic deformable element act
as connecting element between the frame and the ther-
mo-formable plate, thus allowing its tensioning and cor-
rect positioning even during when the deformation of the
plate progresses, without hindering the correct molding
of the plate and avoiding the appearance of errors or
wrinkles in the deformation of the thermo-formable plate
due to its incorrect tensioning or positioning.

[0052] According to a further embodiment of the
present invention, the system comprises a plurality of
elastic deformable joint elements distributed around the
plate in order to connect a respective point of the thermo-
formable plate with a respective point of the frame and
also to provide stretch tension in the plate.

[0053] According to this embodiment of the presentin-
vention, the deformable elastic joining elements are dis-
tributed along the contour of the frame, giving rise to the
tensioning of the perimeter of the plate in the outward
direction of the plate, and therefore favoring the correct
molding of the thermo-formable plate without the appear-
ance of wrinkles or possible errors.

[0054] Thatis, during the process of plate deformation,
the plate is no longer contained in one plane and concave
regions appear, which can cause wrinkles in the perim-
eter zone. The plurality of elastically deformable ele-
ments distributed perimetrically maintain a tensional
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state of the perimeter zone that tends to keep this region
in a plane facilitating the closing of the mold and that the
deformation of the plate inside is in accordance with the
shape imposed by the mold and the counter-mold without
the wrinkles giving rise to internal folds.

[0055] Moreover, their presence allows the spatial ori-
entation of the assembly to be independent of the molding
process and does not have to be considered for its correct
functioning.

[0056] Accordingto a possible embodiment, the frame
comprises one or more grooves and the at least one joint
element is connected to the thermo-formable plate
through the groove wherein the groove extends trans-
versely to the displacement direction connecting the first
and second ends of said joint element.

[0057] The connecting elements are connected to the
frame when supporting the thermo-formable plate. These
grooves are arranged transversely to the direction stab-
lished by the two ends of the connecting element, one
end connected to the plate and the opposite end con-
nected to the frame by means of the groove. This second
connection allows to adjust the direction of tension ap-
plied on the plate according to a plane perpendicular to
the direction of displacement. Since the tensioning direc-
tion of the joint element is perpendicular to the groove,
even ifthe end of the joint element connected to the frame
moves, its position is stable and does not tend to move
to other locations along the groove.

[0058] According to another embodiment of the
present invention, the system does not have any elastic
deformable element for establishing the connection be-
tween the plate and the frame; and instead the thermo-
formable plate comprises respective connection portions
distributed in respective positions along its perimeter.
The connection between the thermo-formable plate and
the inner part of the frame is performed by means of a
respective fixing pin that is positioned between a respec-
tive connection portion of the thermo-formable plate and
a respective point of the inner part of the frame. Prefer-
ably, said connection portions of the plate extends out-
wards.

[0059] Another possible alternative to be considered
by any of the embodiments, the displacement direction
is horizontal.

[0060] According to this example of realization, the
frame rests on the shanks without any tendency to move
towards the mold or the counter-mold, so that the dis-
tance between the frame and the mold or the distance
between the frame and the counter-mold remains stable
before closing the mold parts, thus facilitating the entry
of the heating means. Another advantage of this arrange-
ment is that when the frame makes use of slots or open-
ings of converging configuration supporting a shank, the
action of gravity tends to pull the shank to the extreme
position of the slot.

[0061] According to a preferred embodiment, the
frame is extended along a main plain, the plain of the
thermo-formable plate when fixed to the frame.
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[0062] According to another embodiment, the frame is
adapted to be positioned perpendicular to the displace-
ment direction.

[0063] According to another embodiment, the guiding
means comprise a shank oriented in the displacement
direction and fixed to one support of one end of the mold-
ing machine in a cantilever manner, the shank being fur-
ther adapted for sliding the frame through an aperture of
the frame.

[0064] The guiding means are preferably a rod or a
shank which is preferably arranged in a cantilevered ar-
rangement. This shank is fixed at one end to the molding
machine support through one of the ends. It has already
been described above that the molding machine support
usually has a larger area than the mold or counter mold
so that fixing at some point in this extra area is possible.
[0065] According to another embodiment, the guiding
means comprise a spring and the shank comprises a
stopper, being the stopper located at one end of the
shank, wherein the frame when installed in the guiding
means is positioned between the stopper and the spring
according to the displacement direction.

[0066] The guiding means may also comprise at least
one spring. The at least one spring is oriented in the dis-
placement direction (D) and, according to an embodi-
ment, it butts against the support at one end of the mold-
ing machine and, the opposite end is proximal to the
frame.

[0067] According to an embodiment, the frame com-
prises a slot or aperture intended to house the guiding
means, particularly a rod or a shank. In a preferred em-
bodiment, when the guiding means are a rod or a shank,
the rod or shank is limited by an abutting element or stop-
per preferably located at the end in cantilever condition.
[0068] The stopper prevents the frame from slipping
out of the guiding means and the spring causes a ten-
dency on the frame so that it adopts a position close to
the stopper. Therefore, the frame may move freely be-
tween the stopper and the spring.

[0069] In addition, it should be mentioned that the
frame in a preferred example would be located perpen-
dicular to the displacement direction, so that the plate is
positioned parallel to the mold and the counter-mold.
That way is more accurate to carry out its deformation,
and no wrinkles are formed when closing the two parts
of the mold.

[0070] Moreover, according to an embodiment the
guiding means are made up of a spring and one or more
shanks or rods. When the spring is compressed, the
frame is forced to show a single position when forced by
the mold parts during the closing process since the spring
exerts a force against the frame that tends to pull it to
one side only.

[0071] Thatis, the frame can move between the spring
end and a stopper along its path parallel to the displace-
ment direction except during the mold closing process
where the spring exerts a force that prevents the frame
from moving freely over the range of distances between
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which it would move freely without the spring.

[0072] According to an embodiment, the frame com-
prising at least an aperture with a region of support for
shank that is convex, and the convex region being ori-
ented downwardly according to the vertical direction es-
tablished by the direction of gravity.

[0073] In a preferred example, the frame comprises
one or more convex apertures or openings that allow the
rod (or shank) or rods to pass through. The convex region
of the opening is oriented downwardly, taking as a refer-
ence a vertical axis to the direction set by gravity. This
configuration facilitates the perfect positioning of the
frame by its own weight and also the limitation of its de-
grees of freedom. This ensures the correct trajectory of
the frame and alignment with the molding machine
throughout the opening and closing process.

[0074] The wider part of the opening allows a quick
installation of the frame with the plate since it is sufficient
to fit inside the shank, for example through the stopper.
The special configuration of the opening is what estab-
lishes its correct positioning without requiring any action
by an operator.

[0075] Inthe specific embodiment of another preferred
example, the frame comprises one or more openings. A
shank, among a plurality of shanks, passes through each
of these openings.

[0076] According to an embodiment, the aperture is
teardrop-shaped, with the narrowest part of the teardrop-
shape located in the upper part of the aperture.

[0077] Furthermore, in a preferred example each of
the openings has a tear-shaped contour oriented down-
wards, taking as a reference the vertical axis established
by the direction of gravity. This is another specific case
that allows limiting the degrees of freedom of the frame
in respect to the rod or shank passing through the re-
spective opening since the frame tends to move in the
direction of gravity due to weight.

[0078] The molding of each one of the plates requires
a previous heating of them, so that the material opposes
less resistance at the time of carrying out the molding
and thus to facilitate the process as well as to obtain more
accurate results. This is possible thanks to the presence
of heating means, a system that allows the preheating
of the plate without hindering the manufacturing process.
For this purpose, they comprise two elements spaced
apart, thus making it possible to heat the plate from both
sides, facing the heat-emitting surfaces on both sides of
the plate to be molded.

[0079] According to an embodiment, the heating
means comprise at least two elements distanced from
each other adapted to be facing both sides of the plate.
[0080] Inthis embodiment, the distance from one heat-
ing element and the other heating element allows to
house at least the plate wherein both sides of the plate
are accessible to the heating means. This configuration
facilitates the heating of the plate in an effective manner
in both sides simultaneously and the plate being at a
location appropriate for closing the two mold parts with
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no need of expending extra time installing the heated
plate in the mold machine.

[0081] By avoiding this extra time it is also possible to
avoid having to raise the temperature of the plate exces-
sively to temperatures that could degrade the properties
of the plate material.

[0082] According to an embodiment, the distance be-
tween the two elements of the heating means is adjust-
able.

[0083] This feature allows a simple regulation of the
heat reaching the plate without having to vary the tem-
perature of the heat source. In addition to its simple dis-
placement before closing between the mold and the
counter-mold, so as not to hinder its contact with the plate
to be molded. The minimum distance between the two
elements must be such that such movement of the heat-
ing means allowing the subsequent closing of the two
mold parts is not prevented.

[0084] According to an embodiment, the heating
means comprise at least two heating sources, wherein
atleast one heating source is activable in an independent
manner.

[0085] When the different heat sources belonging to
the heating means are activated independently then
these heating means also allow for the regulation of the
amount of heat transmitted to the plate.

[0086] In another preferred example, either the mold
orthe counter mold or both are manufactured by additive
manufacturing, preferably by waam (wire arc additive
manufacutring), so that there is the presence of interior
ducts within the molding part or parts. As there is some
thermal fluid inside, it favors both the heating and cooling
process.

[0087] Thecooling process occurs through the contact
of the mold with the plate to be molded, once the closing
between mold and counter-mold occurs, enclosing the
plate between them.

[0088] Thatis, during the closing phase ofthe two parts
of the mold the plate is hot allowing its deformation. It is
in this phase of closing of the two parts of the mold when
there is an interaction with the plate and where all the
deformation takes place. During this phase the two mold
parts must also be at a high temperature in order not to
cool the hot plate, since cooling during the deformation
phase would harden the plate locally and cause breakage
or at least defects.

[0089] In order for the mold and the counter-mold to
be at a high temperature, a previous heating stage is
necessary, for which a hot fluid is introduced through the
internal channels.

[0090] Oncethe plate has acquired its final shape after
the deformation process by the closing of the mold and
the counter-mold, it is necessary to cool both parts of the
mold to achieve again the rigidity of the molded part.
[0091] Inview of these stages, the manufacturing time
of a piece depends on the time required to heat the mold
parts and also on the time required to cool the mold parts
again after closing the mold. The overall efficiency of the
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process will depend on the ability to reduce these two
times, which are proportional to the thermal inertia of
both.

[0092] According to a preferred embodiment of the in-
vention, in order to reduce thermal inertia and optimize
the circuits, the molds (i.e. mold and a counter mold) are
heated using thermal fluid flowing through internal ducts
with an optimized path, through molds printed using ad-
ditive manufacturing techniques. The additive manufac-
turing of the mold and the counter-mold allows to elimi-
nate in the design phase material that would be present
when manufacturing them from a metal block that is sub-
sequently machined according to the state of the art but,
which is not structurally necessary. This is a first factor
that reduces thermal inertia.

[0093] Likewise, through additive manufacturing it is
possible to configure internal ducts that adapt to complex
shapes giving rise to channels and cavities that also re-
duce the volume of metal in the mold and, therefore, be-
ing a second factor that reduces thermal inertia. The sep-
aration walls of the mold and the counter-mold between
the internal ducts and the heat exchange surface by con-
tact with the plate can be smaller and moreover constant
even if the shapes to be adopted by the plate are com-
plicated.

[0094] In a preferred example, the thermal fluid used
through the ducts flowing inside the counter-mold or both,
is oil, as it prevents the phenomenon of thermal shock,
and possible state changes, from occurring.

[0095] In another preferred example, the inner ducts
comprise a portion of their interior adapted to the outer
shape of the mold surface, so that heat transfer is opti-
mized.

[0096] In a second aspect, the present invention pro-
vides a method for manufacturing molded pieces by
means of the system defined previously, wherein the
method comprises the steps:

a) installing a thermo-formable plate in the frame;
b) installing the frame in the guiding means while the
molding machine is in open position;

¢) positioning the heating means in the first position,
the heating means being activated for heating the
thermo-formable plate;

d) positioning the heating means in the second po-
sition;

e) positioning the molding machine in the closed po-
sition, the two mold pieces exerting force on the ther-
mo-formable plate,

f) positioning the molding machine in the open posi-
tion and removing the frame;

g) removing the molded thermo-formable plate from
the frame.

[0097] According to an embodiment of the method,
firstly the thermo-formable plate is placed on the frame
by means of its connecting elements. Then the frame is
installed into the guiding means while the molding ma-
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chine is in its open position, so that it is in a fixed orien-
tation with the displacement direction as the only degree
of freedom. Then the heating means are placed close to
the plate to raise its temperature, and once this process
is finished, they are placed in a second position that does
notobstruct the closing between the mold and the counter
mold.

[0098] According to an embodiment, the mold and the
counter-mold are also heated for avoiding to cool the
thermo-formable plate two fast when both are closed
causing the deformation of the plate.

[0099] At this point the molding machine is already in
optimal conditions to close and deform the thermo-form-
able plate to the desired shape. Once the plate has been
deformed, the mold and the counter-mold are cooled
down in order to increase the rigidity of the deformed
thermo-formable plate. Then the molding machine sep-
arates the two mold parts and the frame is removed from
the molding machine assembly. Secondly the plate al-
ready molded with the desired shape is separated from
the frame.

[0100] Additional steps may be needed depending on
the specific manufactured piece, for instance cutting a
perimetral part of the molded piece since such perimetral
part has been only useful for supporting the thermo-form-
able plate with the frame.

DESCRIPTION OF THE DRAWINGS

[0101] These and other features and advantages of
the invention will be seen more clearly from the following
detailed description of a preferred embodiment provided
only by way of illustrative and non-limiting example in
reference to the attached drawings.

Figure 1 This figure shows a perspective view of
an embodiment of a system for manufac-
turing a molded thermo-formable plate.
Figure 2 This figure shows a perspective view of
an embodiment of the inner part of the sys-
tem shown in figure 1, at least comprising
the first support, the second support, the
mold and the counter mold with the ther-
mo-formable plate located therebetween.
Figure 3,4  These figures show a perspective view of
an embodiment of heating means config-
ured to be installed in the system for man-
ufacturing a molded thermo-formable
plate. Figure 4 shows heating means in a
first position located out of the frame sup-
porting the thermo-formable plate and, fig-
ure 5 shows the same in a second position
configured to heat the thermo-formable
plate.

Figure 5 This figure shows a perspective view of
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an embodiment of the first support and the
second support of the mold parts without
the mold parts and, both being in a closed
position. The first support comprises four
shanks for supporting the frame.
Figure 6 This figure shows a perspective view of
an embodiment of the first support and the
mold showing the four shanks.
Figure 7 This figure shows a perspective view of
an embodiment of a frame and a thermo-
formable plate joined with a pin.
Figure 8 This figure shows a perspective view of
an embodiment of a frame and a thermo-
formable plate joined with a plurality of
elastic deformable joint elements distrib-
uted around the thermo-formable plate.

DETAILED DESCRIPTION OF THE INVENTION

[0102] As will be appreciated by one skilled in the art,
aspects of the present invention may be embodied as a
system or a method.

[0103] Figure 1 depicts system for manufacturing
molded pieces departing form a thermo-formable plate
(3) according to a first embodiment of the invention. In
this first example, system for manufacturing molded piec-
es is configured by the following elements:

- a molding machine (1);

- aframe (2) configured for supporting a thermo-form-
able plate (3);

- guiding means (5) adapted to guide the frame (2)
according to a displacement direction (D);

- heating means (6) (not shown in figure 1 but shown
in figures 3 and 4) configured for heating the thermo-
formable plate (3); and

- actuating means (6.2) adapted to move the heating
means (6) at least between two positions, a first po-
sition close to the thermo-formable plate (3) for heat-
ing the same and, a second position distant from the
frame (2) and the mold pieces (1.3, 1.4) for allowing
the mold movement (D).

[0104] Inthe example of Figure 1,the moldingmachine
(1) comprises a base (1.5) for supporting an upper main
structure that supports two supports (1.1, 1.2) identified
as a first support (1.1) and a second support (1.2) for
supporting two mold pieces (1.3, 1.4) also identified as
a mold (1.3) and a counter mold (1.4) respectively. Fur-
thermore, according to this embodiment two lateral parts
(1.6) having a respective central apertures are also part
of the main structure of this example allowing an easy
access to the mold parts (1.3 ,1.4) and other inner com-
ponents while protecting the operator.

[0105] Figure 1 does not show heating means (6) in
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order to have a clean view of the inner components lo-
cated between the mold parts (1.3, 1.4). Figure 1 shows
four big bars (1.7) allowing a guided movement of the
first support (1.1) for moving the mold (1.3) in respect to
the second support (1.2) according to the displacement
direction (D). In this specific example displacement di-
rectionis horizontal being vertical direction perpendicular
to the horizontal direction and, vertical direction defined
by the direction of any force caused by gravity.

[0106] The displacement of the first support (1.1) to-
wards the second support (1.2) causes the displacement
of the mold (1.3) towards the counter mold (1.4) closing
the mold parts (1.3, 1.4).

[0107] During the movement of the first support (1.1),
part of the big bars (1.7) on either side of the first support
(1.1) are accessible. In particular a portion next to the
second support (1.2).

[0108] The heating means 6 can be better appreciated
in figures 3 and 4 wherein four supporting means (6.3)
are configured to be fixed to the four big bars (1.7).
[0109] According to the embodiment shown in figure 3
and 4, heating means (6) comprises two elements with
the purpose of placing each of the elements on either
side of the thermal-deformable plate (3) allowing to heat
both faces of said thermal-deformable plate (3).

[0110] In this embodiment, each element comprises a
plurality oflamps (6.1) generating heat. The two elements
of the heating means (6) shows a distance that is adjust-
able allowing to adjust the heat received by the thermo-
formable plate (3).

[0111] In this embodiment, a further manner to adjust
the heat received by the thermo-formable plate (3) is by
activating a selection of lamps (3), preferably the activat-
ed lamps (3) being uniformly distributed preventing the
overheating of a local area of the thermal-deformable
plate (3).

[0112] In this example the lamps (6.1) are infrared ce-
ramic lamps very effective heating black pieces as those
made of carbon fiber.

[0113] Figure 3 shows a vertical structure keeping the
plurality of lamps (6.1) located in a first position wherein
the upper part comprising the plurality of lamps (6.1) is
away from the supporting means (6.3), and therefore, in
operative manner away from the frame (2) supporting
the thermo-formable plate (3).

[0114] Figure 4 shows a second position of the heating
means (6) wherein the plurality of lamps (6.1) is a lower
position located in the inner region delimited by the sup-
porting means (6.3) and, therefore located where the re-
gion destined to house the part to be molded is located.
[0115] The heating means (6) comprise actuating
means (6.2) responsible for acting on the structure sup-
porting the plurality of lamps (6.1) by moving it between
the two end positions shown in figure 3 and 4 respective-
ly.

[0116] When thelamp assembly (6.1)is in the position
shown in Figure 3, that is, in an elevated position, the
mold (1.3) and the counter mold (1.4) can move by open-
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ing and closing without interference between the mold
parts (1.3, 1.4) and the lamps (6).

[0117] In the first position of the heating means (6),
with the lamps (6.1) in the raised position, it is possible
to locate the frame (2) with the thermo-formable plate (3)
fixed to it (2). Once the frame (2) with the thermo-formable
plate (3) is in place, the heating means (6) are lowered
until the lamps (6.1) are positioned on either side of the
thermo-formable plate (3). In this position and the lamps
(6.1) activated the temperature of the thermo-formable
plate (3)is raised, making it capable of large deformations
under force.

[0118] With this configuration, rapid withdrawal of the
lamps (6.1) is possible because the actuating means
(6.2) raise the lamps (6.1) to a height that does not inter-
fere with the closing of the mold (1.3) towards the counter
mold (1.4) with no further operations allowing to close
the mold (1.3) and the counter mold (1.4) before the heat-
ed thermo-formable plate (3) is cooled again.

[0119] Figure 2 shows a detail of the elements identi-
fied in Figure 1 but with an enlarged view in the area
where the mold (1.3) and the counter mold (1.4) are lo-
cated.

[0120] This view offigure 2 shows the first support (1.1)
with the mold (1.3) and the second support (1.2) with the
counter mold (1.4) spaced apart.

[0121] Four shanks (5.1) emerge horizontally from the
second support (1.2) in a cantilevered position. Each of
the shanks (5.1) has a spring (5.2) around the shank (5.1)
so that the spring (5.2) is guided in its compression de-
formation when it occurs avoiding it from bending.
[0122] Each of the shanks (5.1) shows at the free end
an stopper (5.3), in this example in the form of a disk of
larger diameter than the diameter of the shank (5.1). The
spring (5.3) has a shorter length than the stopper (5.3)
leaving a section of the shank (5.1) free.

[0123] Theframe (2), as shown infigures 7 and 8, have
openings (2.1)intended to allow the passage ofthe shank
(5.1) and also the passage of the stopper (5.3) in order
to install the frame (2) in the plurality of shanks (5.1).
[0124] The frame (2) is located between one end of
the spring (5.2) and the stopper (5.3). If the spring (5.2)
has sufficient length then the spring (5.2), according to
an embodiment, can maintain a forcing action against
the stopper (5.3).

[0125] Accordingto a preferred example, the openings
(2.1) have a teardrop shape with the most restriction re-
gion located in the partwhich, in operative form, is located
in the upper part according to the action of gravity. With
this configuration, the action of the weight on the frame
(2) and the thermo-formable plate (3) tends the frame (2)
to descend and the shank (5.1) to be located in the nar-
row, convergent region of the teardrop. This tendency to
position itself in the convergent region means that the
natural tendency of the frame (2) is to position itself in a
single position making the adjustment of its position au-
tomatic.

[0126] Another function of the spring (5.2) is to place
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the position of the frame (2) in an orientation as close to
perpendicular to the displacement direction (D) as pos-
sible.

[0127] Anotherfunction ofthe spring (5.2)is to position,
according to the displacement direction (D), the frame
(2) in a predetermined position that leaves space on ei-
ther side of the frame (2) so that the two spaced elements
of the heating means (6) can be lowered leaving the
frame (2) between them safely and without mechanical
interference.

[0128] Figure 2 shows the position of the frame (2) in
a position close to the free end of the shanks (5.1) due
to the action of the springs (5.3).

[0129] Figure 5 shows the first support (1.1) and the
second support (1.2) in a close-up position where the
mold (1.3) and the counter-mold (1.4) have been with-
drawn to show the remaining elements in detail.

[0130] In particular, mold guiding nipples are shown to
ensure in the approach that the fit between mold (1.3)
and counter mold (1.4) is precise.

[0131] Also shown are the four cantilevered shanks
(5.1) extending from their fixed end to the cantilevered
end, the one with the stopper (5.3). The length of the
shank (5.1) is sufficient so that the frame (2) can adopt
any intermediate position in the movement of the mold
(1.3) forcing also the movement of the thermo-formable
plate (3) attached to the frame (2).

[0132] Thatis, at the moment of closing the mold (1.3)
towards the counter mold (1.4) the frame (2) keeps the
thermo-formable plate interposed between the two piec-
es of the mold (1.3, 1.4) ensuring the correct positioning.
[0133] Even when the thermo-formable plate (3)
comes into contact with the mold (1.3) and the counter-
mold (1.4) the thermo-formable plate (3) is still retained
by the frame (2) allowing the thermo-formable plate (3)
to deform but always maintaining the position for which
it has been designed without any modification of this po-
sition from one molded piece to another.

[0134] Figure 6 shows the second support (1.2) with
the counter mold (1.4) attached to it to show the shanks
(5.1) of the guiding means (5) more clearly. In this specific
case the counter mold (1.4) has a vertical projection
shape with a central flaring. This shape is complementary
to the shape of the mold (1.3) not shown in this figure.
The shanks (5.1) in this embodiment are not fixed to the
counter-mold (1.4) but are fixed to the second support
(1.2) although the movement of all the parts shown in
this figure is the same.

[0135] Figure 7 shows a first example of attachment
between the frame (2) and the thermo-formable plate (3).
The fastening incorporates connection portions (2.3) lo-
cated in the inner area of the frame (2). In this way the
connection portions (2.3) extend into the inner area of
the frame (2).

[0136] Likewise, in this embodiment, the thermo-form-
able plate (3) has projections towards its perimeter zone
with points of joint with points of the connection portions
(2.3) of the frame (2). These joints are carried out by
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means of fixing pins (7).

[0137] When the mold (1.3) moves towards the coun-
ter-mold (1.4) with the thermo-formable plate (3) between
them, there is a first approach phase in which it may not
even contact the thermo-formable plate (3). Once the
mold (1.3) contacts the thermo-formable plate (3) be-
tween the thermo-formable plate (3) and the counter
mold (1.4) there may be a free space. By advancing the
displacement of the mold even further a configuration is
reached in which a part of the thermo-formable plate (3)
is in contact with the mold (1.3) and, another part of the
thermo-formable plate (3) are in contact with the counter
mold (1.4). From this point, the advance of the mold (1.3)
generates stresses in the thermo-formable plate (3) that
cause its deformation and a tendency to move both in
the direction of displacement (D) and in its orientation.
[0138] Since the frame (2) is guided by the guiding
means (5) in the direction of displacement (D), the frame
(2) moves towards the counter mold (1.4) but always be-
ing located at a point where the forces of the mold (1.3)
and the counter mold (1.4) reach an equilibrium in the
direction of displacement (D) while the frame (2) and the
guiding means (5) always ensure its orientation perpen-
dicular or almost perpendicular to the direction of dis-
placement (D).

[0139] The tensile stresses between the thermo-form-
able plate (3) and the frame (2) can be very high depend-
ing on the shape of the part to be molded.

[0140] Figure 8 shows another embodiment where the
connection between the thermo-formable plate (3) and
the frame (2) has elastically deformable means (4) that
allow very high deformations of the thermo-formable
plate (3) without such deformations being transmitted di-
rectly to the frame (2) and, while maintaining a tensile
stress between the thermo-formable plate (3) and the
frame (2).

[0141] In this embodiment, Figure 8 shows the elasti-
cally deformable means (4) fixed to the frame (2) in the
form of plates (4.3) fixed to the frame (2) which let pass
through a perforation a traction bar (4.1) intended to con-
nect with another joint piece (4.4) with the thermo-form-
able plate (3). The traction bar (4.1) is tractioned by a
spring (4.2) which tends to maintain a traction force on
the thermo-formabile plate (3). In Figure 8, the bars (4.1)
have been disconnected from the joint parts (4.4) fixed
to the thermo-formable plate (3) to show the extended
spring (4.2) and the details of each part.

[0142] The joint pieces (4.4) attached to the thermo-
formable plate (3), in this example embodiment, have the
ability to rotate relative to the thermo-formable plate (3)
to reduce stresses.

[0143] According to another embodiment, the joint be-
tween the plate (4.3) through which the bar (4.1) for fixing
the connecting piece (4.4) passes is in a groove (2.2) of
the frame (2) in the form of a slot. The groove (2.2) allows
the point of joint between the plate (4.3) and the frame
(2) not to be predetermined and to be located where the
least stress occurs during the progress of deformation of
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the thermo-formable plate (3).

[0144] According to another embodiment, the groove
(2.2) of the frame (2) extends in a direction contained in
the main plane of the frame (2) but transverse to the
direction taken by the bar (4.1) pulling the thermo-form-
able plate (3) to ensure the stability of the joint.

Claims

1. Asystemfor manufacturing molded pieces by means
of:

-amolding machine (1) comprising two supports
(1.1, 1.2) for supporting two mold pieces (1.3,
1.4), a first support (1.1) adapted to receive a
mold (1.3) and a second support (1.2) adapted
to receive a counter mold (1.4), the molding ma-
chine (1) adapted to adopt at least a first open
position wherein the mold (1.3) and the counter-
mold (1.4) are spaced apart and a closed posi-
tion wherein one mold piece (1.3, 1.4) exerts
force against the other mold piece (1.4, 1.3) and,
wherein the movement of one mold piece (1.3,
1.4) in respect to the other mold piece (1.4, 1.3)
is according to a displacement direction (D);

- aframe (2) configured for supporting a thermo-
formable plate (3);

- guiding means (5) adapted to guide the frame
(2) according to the displacement direction (D);
- heating means (6) configured for heating the
thermo-formabile plate (3);

- actuating means (6.2) adapted to move the
heating means (6) at least between two posi-
tions, a first position close to the thermo-forma-
ble plate (3) for heating the same and, a second
position distant from the frame (2) and the mold
pieces (1.3, 1.4) for allowing the mold movement

(D).

2. A system according to claim 1, wherein the heating
means (6) are movable according to a direction per-
pendicular to the displacement direction (D).

3. Asystemaccordingto any of previous claims, where-
in the heating means (6) comprise at least one infra-
red ceramic lamp (6.1).

4. A system according to any of previous claims, which
comprises at least one elastic deformable joint ele-
ment (4) that establishes the connection between
the thermo-formable plate (3) at one end and the
frame (2) at the opposite end.

5. Asystemaccordingtoclaim4, whereinitfurther com-
prises a plurality of elastic deformable joint elements
(4) distributed around the thermo-formable plate (3)
in order to connect a respective point of the thermo-
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10.

1.

12.

13.

formable plate (3) with a respective point of the frame
(2)and also to provide stretch tensionin the plate (3).

A system according to claims 4 or 5, wherein the
frame (2) comprises one or more grooves (2.2) and
the at least one joint element (4) is connected to the
thermo-formable plate (3) through the groove (2.2)
wherein the groove (2.2) extends transversely to the
displacement direction (D) connecting the first and
second ends of said joint element (4).

A system according to any of claims 1 to 3, wherein
the thermo-formable plate (2) comprises respective
connection portions (2.3) distributed in respective
positions along its perimeter and, wherein the con-
nection between the thermo-formable plate (2) and
the inner part of the frame (3) is performed by means
of a respective fixing pin (7) that is positioned be-
tween a respective connection portion (2.3) of the
thermo-formable plate (2) and a respective point
(3.1) of the inner part of the frame (3).

A system according to any of previous claims, where-
in the displacement direction (D) is horizontal.

A system according to any of previous claims, where-
in the frame (2) is extended along a main plain, the
plain of the thermo-formable plate (3) when fixed to
the frame (2).

A system according to any of previous claims, where-
in the frame (2) is adapted to be positioned perpen-
dicular to the displacement direction (D).

A system according to any of previous claims, where-
in the guiding means (5) comprise a shank (5.1) ori-
ented in the displacement direction (D) and fixed to
one support at one end of the molding machine (1)
in a cantilever manner, the shank (5.1) being further
adapted for sliding the frame (2) through an aperture
of the frame (2.1).

A system according to the previous claim, where the
guiding means (5) comprise a spring (5.2) and the
shank (5.1) comprises a stopper (5.3), being the
stopper (5.3) located at one end of the shank (5.1),
wherein the frame (2) when installed in the guiding
means (5) is positioned between the stopper (5.3)
and the spring (5.2) according to the displacement
direction (D).

A system according to claim 11 or 12, wherein the
frame (2) comprising at least an aperture with a re-
gion of support for shank (5.1) that is convex, and
the convex region being oriented downwardly ac-
cording to the vertical direction established by the
direction of gravity.



14.

15.

16.

17.

18.

19.

20.

21.
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A system according to the previous claim, where the
aperture is teardrop-shaped, with the narrowest part
of the teardrop-shape located in the upper part of
the aperture.

A system according to any of previous claims, where-
in the heating means (6) comprise at least two ele-
ments distanced from each other adapted to be fac-
ing both sides of the thermo-formable plate (3).

A system according to the previous claim, wherein
the distance between the two elements of the heating
means (6) is adjustable.

Asystemaccording to any of previous claims, where-
in the heating means (6) comprise at least two heat-
ing sources, wherein at least one heating source is
activable in an independent manner.

Asystemaccording to any of previous claims, where-
inthe mold (1.3) , the counter mold (1.4) or both mold
pieces (1.3, 1.4) is manufactured by additive manu-
facturing, preferably by waam; and, the mold
piece/pieces (1.3, 1.4) comprises internal ducts for
conducting a thermal fluid, wherein the internal ducts
are for the heating and/or cooling process.

A system according to claims 1 and 16, wherein the
internal ducts comprises aninternal portion that mim-
ics the shape of at least a portion of the surface
adapted to be in contact with the thermo-formable
plate (3).

A method for manufacturing molded pieces by
means of a system according to any of previous
claims, wherein the method comprises the steps:

a) installing a thermo-formable plate (3) in the
frame (2);

b) installing the frame (2) in the guiding means
(5) while the molding machine (1) is in open po-
sition;

c) positioning the heating means (6) in the first
position, the heating means (6) being activated
for heating the thermo-formable plate (3);

d) positioning the heating means (6) in the sec-
ond position;

e) positioning the molding machine (1) in the
closed position, the two mold pieces (1.3, 1.4)
exerting force on the thermo-formable plate (3);
f) positioning the molding machine (1) in the
open position and removing the frame (2);

g) removing the molded thermo-formable plate
(3) from the frame (2).

A method according to previous claim, wherein be-
fore positioning the molding machine in the open po-
sition and removing the frame (2), the mold (1.3) and
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22,

22

the counter mold (1.4) are cooled down in order to
increase the rigidity of the deformed thermo-forma-
ble plate (3).

A method according to any of claims 20 to 21, where-
in before positioning the molding machine in the
closed position, the mold (1.3) and the counter mold
(1.4) are heated.
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