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ABSTRACT:

Triply periodic minimal surface structures (TPMSs) can be used as a substitute for polymeric foams in applications where is necessary to absorb
a large amount of energy with high structural deformation. Diamond TPMS offers higher energy absorption per unit weight. This structure is
based on the Ashby-Gibson material model that establishes the main mechanical material properties as functions of the relative density and
material properties. However, since TPMSs are used in dynamic applications, it is essential to analyse them under dynamic loads. In this study,
we investigate the influence of the strain rate on the Ashby-Gibson parameters of sheet diamond
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1. INTRODUCTION

Polymeric foams are extensively used in the packaging and automotive industries as internal liners in most types of helmets, side
impact protection systems, seat cushions, envelopes for goods, bumper systems, etc. This is due to their high energy absorption per
unit weight and high deformation in the process.

In addition, it is possible to tailor the mechanical properties of foams by controlling the expansion during the foaming process. The
relationship between the density and the mechanical properties of these foams has been well-studied [1]. However, the manufacturing
process of polymeric foams only yields constant density foams. Recent studies have revealed that, due to the differences in the
stiffness of the elements that polymeric foams protect (i.e. in the case of a helmet, the human skull has different stiffness depending
on the zone [2] and there are parts of the brain more sensitive to damages during impacts [3]), final products should have different
properties depending on the zone that protects.

Recent advances in AM possibilities to create mono-block structures with different properties depending of the zone of piece and their
structural requirements. Thus, it is possible to develop helmets with different stiffness in different zones of the brain to be protected
[4].

One of the most promising AM structures are TPMS structures, also known as lattice structures, which are intricate periodic forms
generated by repetition of cells. This cell is defined by a mathematical function that generates a surface with a minimum surface area,
and as a result, maximizes the mechanical properties of the structure; hence, TPMS realizes high efficiency energy absorption per unit
weight [5], and the properties also can be tailored. Additionally, there are several types of available materials for AM and thus, higher
customization can be expected.

Among the different types of TPMS structures, Lidinoid, diamond, gyroid, Schwarz-P (primitive), Neovious, and split-P offer higher
specific mechanical properties [6]. Comparative studies of these structures [7,8] have revealed that the diamond structure is ideal due
to high energy absorption capability in the plateau zone per unit weigh, densification with a high strain, and stable stress levels in the
plateau zone without “waves”. Thus, we focus the diamond structure in this study.

Ashby and Gibson [9] analysed the stress-strain curves of different polymeric foams under quasi-static compression, and showed that
these materials exhibit a characteristic curve. Additionally, these curves and the main mechanical properties are related to the
density[10]. Recent studies have confirmed these behaviours in lattice structures [11,12] and cork products [13] as well.

The Ashby-Gibson model splits the stress-strain curve in three well-defined zones (see Fig. 1 of the supplementary material). The first
zone is called the linear zone, where materials have an elastic and linear behaviour that defines the elastic Young’s modulus (Ec) of
the foam/lattice structure. In addition, in this zone, the walls of the cells of the foam or of the TPMS suffer elastic deformation without
any permanent damage. After a certain point (defined when the actual curve deviates more than 0.2% from the elastic curve), cells of
the foams and walls [14] of the TPMS begin to collapse or crush, and the material cannot recover its initial shape. Then, cells of foams
and walls of TPMS structures collapse progressively with approximately similar levels of stress. As a result, the stress-strain curve
exhibits a zone with approximately constant level of stress. In some cases, an initial peak appears [15], and in some TPMS structures,
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some “waves” associated with the collapse of a layer appear. This zone is the plateau zone, where the average value of the stress
defines the plateau Young's modulus (Ep). There is a point at which all the internal cells of the foam or TPMS collapse completely, and
there is no air trapped inside the structure. At this point, the material densifies, and exhibits the same behaviour as the non-foamed
material or of the original material in case of TPMS. As a result, the stress increases rapidly. This densification zone and transition
point are denoted by &cqand acq, respectively, and is obtained in the intersection between the line defined by the plateau Young's
modulus and bulk modulus of the solid material.

Additionally, the Ashby —Gibson model establishes a relationship between the properties of solid materials (elastic modulus Es and
yield stress oys) and obtained lattice structures. Different equations are defined for closed cell and for open cell foams. In the case of
lattice structures, this structures are equivalent to an open cell foam, because there is no fluid trapped inside. Additionally, Ashby-
Gibson established different models for elastomeric foams (Eq. 1, Eq. 2, Eq. 3, and Eq. 6), elastic-plastic foams (Eq. 1, Eq. 4, Eq. 5,
and Eq. 6), and elastic-brittle foams (Eq. 1, Eq. 6, and Eq. 7). The failure mechanism in the plateau zone changes totally. In elastomeric
materials, an elastic buckling occurs due to the formation of plastic hinges and via brittle crushing in elastic-brittle foams. Eq. 2 and
Eq. 3 differs due to the fact that the latter takes into consideration a correction due to the cell corners of cells in foams with a high
p* (> 0.3), which has the effect of making the foam slightly stronger. The same occurs in Eq. 4 and Eq. 5.

Ecfoam/iatt _ C, - (Pfaam/latt)m =C p*m (1)
- 1 - -1

Es Pcsolid
O'C,e,foam/latt (pfaam/latt)p (2)
Es Pc,solid
1 2
p /2 1/.\2
O'C,e,foam/latt (Pfaam/latt) (pfoam/latt) — C3 _p*p . (1 + ,D* /2) (3)
Es Pc,solid Pc,solid
O'pl,faam/latt (Pfoam/latt)n )
Oys Pcsolid
1
O'pl,faam/latt (Pfoam/latt)n (Pfoam/latt) /2 =C p*n ) (1 +p*1/2) (5)
Oys Pc,solid Pc,solid 2
Eop = 1—1.4-(M) =1-14-p° (6)
Pc,solid
* q
Ocr,foam/latt __ Pfoam/latt _ *
Crfomtas _ ¢, . (PLoamlant)' - _ g0
fs Pc,solid

Here, Ci, n, m, p, and q are experimental variables. Analysis of the stress-strain curves of these structures (see. Fig. 1) are closed to
an elastic-plastic Ashby-Gibson model. However, for the lowest volume fraction, the curve approximates an elastic-brittle model.
Analysis of the failure mechanisms (Fig. 2 of the supplementary material) shows continuous shearing bands, generally of 45°, owing
to crushed diagonal layers. Then, bending failure occurs, as reported previously [16].
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Fig. 1. Stress-strain curves for analysed specimens under different strain rates.

In the case of elastic-plastic behaviour, Gibson-Ashby [9] indicated that C1 is generally between 0.1 and 1, Cz between 0.1 and 4, n
and m depend on if the structure exhibits a bending-dominated collapse (n = 2 and m = 1.5) or stretch-dominated collapse (n =m =
1).

Moreover, Gibson- Ashby identified different collapse mechanisms in elastic-plastic materials. On the one hand, in stretch-dominated
structures, there is an initial peak of the stress-strain curve after the elastic zone, followed by a post-yield softening where the levels
of stress decreases. On the other hand, in bending-dominated structures, no local peak is observed in the onset. Fig. 2 shows that
there is no initial peak, which confirms a bending dominated structure.

Although several studies have determined the Ashby-Gibson coefficient in lattice strut structures [17,18], sheet TPMS structures have
not been investigated in detail [19-26] (see Table 1 of the supplementary material), and the influence of the strain rate has not been
considered. Additionally, metal alloys (TisAlsV) have been studied, and there is only one papers of the state of the art that has studied
a similar materials (ABS) but for a gyroid structure. In this case [24], regression has been used to obtain an elastic modulus C1 of 0.23,
an n of 1.14 (R2 96.5%), C2 of 0.93, and a m of 1.97 (R2 95.5 %). Some studies have focused on the influence of the strain rate in
other materials. Kang et al. [27] studied aluminium foams under three different strain rates (quasi-static, 650 s and 1600 s-'), and
observed that the parameters of the Ashby-Gibson model change depending on the strain rate. Similarly, Mae et al. [28] studied
polypropylene foam under five different strain rates (0.3, 1, 10, 50, and 100 s-') and obtained similar results. Jain et al. [29] studied
austenitic stainless steel foam under three different strain rates (0.1, 0.01, and 0.001 s°*), and concluded that with a high R2, the higher
the strain rate, the higher the values of C+ and C2 with the same n and m. Duan et al. [30] studied additive manufactured PLA Kelvin
cells structures under five different strain rates (0.001, 0.01, 500, 1000, and 2000 s-'), and observed that the Ashby-Gibson parameters
after regression were different, and there was no clear relationship between the strain rate and the different parameters. The Ashby-
Gibson model indicated that the strain rate influences the material behaviour of the constitutive materials of foam or lattice structures,
but does not modify the experimental variables. Thus, only the modification of the properties of the constitutive materials need to be
considered.

2.- MATERIALS AND METHODS

In this study, we investigate acrylonitrile styrene acrylate (ASA) with the commercial name Z-ASA Pro by Zortrax. All specimens were
printed using a fused filament fabrication (FFF) Lion 2X 3D printer with a 0.4-mm nozzle and a layer height of 0.19 mm. Precisely, we
investigate diamond structures that are defined as follows [31]:
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F(x,y,z) = sin (?) sin (?) sin (%) + sin (%) cos (%) cos (Z%Z) + cos (Z%x) sin (%) cos (%) +
cos () eos (Z)sn(Z) ¢ ®
where x, y, and z are the coordinates, t is a constant adjusted for a desired volume fraction/wall thickness, and a is the cell size.

TPMS specimens were generated using N-Topology software using an implicit method that uses the volume fraction (p*) instead of
the thickness ({). The use of p*, i.e., the relation of the density of the TPMS specimen (pit) and the density of the solid material (psoiid),
is more common than the period in TPMS. However, there is a closed relationship between these parameters, given by:
« _ (Volumeseryct) _ __ Platt
p= (V‘)lumesolid) - (1 Psolid) ©)
It is worth noting that we do not focus on the influence of the strain rate in the Ashby-Gibson parameters, but the influence of the main

parameters of the diamond structure p* and a. Hence, we studied three different volume fractions and three different cell sizes (see
Fig. 2), and three strain rates (0.0016, 0.0075, and 0.1 s*'). p* and a have been selected as functions of the maximum load capability
of the uniaxial test machine, 3D printer's maximum resolution, and specimen dimensions (40 mm) comprising 6, 4, and 2 cells. The
specimens have been named as X_YY, where X is the number of cells and YY is the volume fraction. It must be highlighted that in the
case of low number of cells, some o edges effects could appear. The strain rates have been selected due to the maximum velocity of
the uniaxial test machine.

p*vs. t 20% 30% 40%
6.6 mm

10 mm

20 mm

Density. | 210
kg/m?
Fig. 2. N-Topology CAD models of the different specimens.
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TPMS cubic specimens were studied under compression tests to obtain the mechanical properties of the structures. Moreover, full
solid bone specimens were studied under traction tests to obtain material properties used to determine the Ashby-Gibson parameters
(£5and 0ys).

There is no standard test for plastic TPMS structures. Due to the similarity of the main mechanical properties and stress-strain curves
with cellular foams, the specific standards for these materials can be [32] the ASTM 3574, the ISO 844 or the ASTM. The main
difference between these standards is the dimension of the specimen. The other aspects of the standards are similar. Due to the 3D
printing machine resolution, maximum load capability of 100 kN of the INSTRON, and range of thickness and TPMS cell dimensions,
we decided to use the ASTM D1621 standard, i.e., a 40 x 40 x 40 mm3 prism specimen.

To determine the properties under traction loads in the case of the solid bone specimen, the ASTM D638 is the most common testing
standard. All specimens were studied under quasi-static and dynamic compression loads using an 8032 INSTRON universal test
machine with a maximum load capability of 100 kN. To measure the force and determine the stress using the transversal area of the
specimen in the case of the TPMS specimens, a 100 kN load cell was used, and in the case of bone specimens with much lower
transversal area, a 10 kN load cell was used to reduce the load cell error.

In terms of the strain rate, all mentioned regulations are specific for quasi-static load cases and specify the same movement condition
(there are not any regulation for dynamic load cases). The rate of crosshead displacement must be equal to 10 % of the sample
thickness per minute. Thus, for the TPMS prism, the velocity must be 4 mm/min, which imply a strain rate of 0.0016 s-'. In the case of
the bone specimens, the extensometer was sued to control the strain rate, which was fixed at 0.0016 s-. In the case of the dynamic
test, the maximum velocity of the INSTRON test machine (4 mm/s) limited the maximum strain rate, and thus, it was fixed at 0.1 s-!.
We also selected an intermediate strain rate of 0.0075 s-! (0.3 mm/s). In the case of the bone test, the extensometer was used to
control the strain rate. It must be also be noted that for FFF printed structures, the print direction can affect the results [33], and thus,
all the specimens were tested in the print direction

The results of the TPMS test were processed to obtain the stress-strain curves (see Fig. 1), using which the main mechanical properties
(see Table 1) were evaluated in detail in previous articles [34,35]. Additionally, the stress-strain curves have been obtained, using
which the main mechanical properties (see Table 2 of the supplementary material and Fig. 3 of the supplementary material) for the
solid material were determined to be used in Egs. 1 to 7. It can be observed that the higher the strain rate, the higher the elastic
Young's modulus (Es), ultimate strength (ays), and elongation at maximum tensile stress (gys), in agreement with previously reported
results for other materials [36,37]

0.0016 s 0.0075 s

Ec ‘Oc,e ‘Oc,p ‘Uc,d €oe ‘Ec,p Ec ‘O'c,e ‘Oc,p ‘O'c,d €oe ‘sc,p
MPa % MPa %
20% (268 |14 |11 |09 |52 634|345 |16 [1.0 |20 |46 |67.3
2 30%| 594 | 3.7 |26 |51(62|53|91.0 |40 |30]|52 |44 |584
40% | 126.8| 6.2 | 56 | 9.0 | 49 [51.1]1410| 6.8 | 6.0 |11.0| 4.8 [47.2
20% (251 |14 |11 |14 |56 |61.7(276 |15 [1.0 |18 |54 |634
4 30%| 728 | 38|33 |48 |52 |532|720 |41 |38 5257|512
40% [132.0| 65| 70| 9.0 |49|513[121.0| 68 | 7.2 |10.0| 5.6 [49.9
20%(36.8 |16 |12 |15 |43 |584(246 |12 |09 |18 [49 |66.7
6 30%| 722 | 38|34 |50 (53(578|705 |42 |36 |48 ]6.0]553
40% [134.2| 72 | 66 | 9.0 | 54 |522(119.0| 6.8 | 7.0 |10.0| 5.7 | 52.3

Cells/p*

0.1s?
E (o] o (o] £ £
CeIIs/p* c ‘ ce ‘ c,p ‘ cd ce c,p
MPa %
20% (235 [1.7 |1.0 (1.7 |72 |626
2 30%|69.0 | 42| 3.0 | 40 |6.1(60.2
cells

40% [ 140.0 | 6.9 | 6.0 | 9.0 | 49 533
20% (233 (19 |11 |15 |82 |613
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4 30% | 66.1 | 46 | 3.6 | 54 | 7.0 | 50.2
cells [40%(112.0| 8.0 | 7.2 [10.2| 7.1 |57.8
20% [22.7 [1.8 [1.0 [1.9 [79 [633
30% | 63.3 | 46 | 3.6 | 5.0 | 7.3 [57.2
40% [122.0] 78 | 7.0 | 10.0] 6.4 |56.0
Table 1. Main mechanical properties of the tested specimens

3. - RESULTS AND DISCUSSION

Fig. 1 shows that all the specimens follow the Ashby-Gibson material model, and that the higher the relative density, the higher the
stress values, and the lower the strain in the densification point. In addition, it can be observed that the lower the number of cells, the
higher the instability, which is also reflected in a depth valley in the plateau zone associated with the collapse of one layer of the
specimen. It can be observed that for lower strain rates (0.0016 s and 0.0075 s*) and higher volume fractions (20 and 30%), there is
no initial peak. Thus, it can be deduced that these are bending-dominated structures. In the case of 20% volume fraction and for the
highest strain rates, an initial peak occurs, and then, a post-yield softening that could indicate a stretching-dominated structure is
observed. However, new peaks also appear in the plateau zone, which indicates the instability of the structure. The analysis of the
failure mechanism (Fig. 2 of the supplementary material) reveals that failure due to bending predominates in all cases.

It can also be observed that the higher strain rate, the higher the instability of the curves and a higher influence of the number of
cells/period in the shape and values of the curve. Additionally, it the results for the 120 kg/m? EPS show that the stress-strain curve is
between the results for the diamond structure with a volume fraction of 20% (210 kg/m?3) and 30% (315 kg/m3). It must also be noted
that EPS does not suffer from instability when the strain rate increases, and has a significantly lower density.

Using Egs. 1, 4 and 5, the relationship between the logarithm of the volume fraction vs. the logarithm of the elasticity (Fig. 6) and
stiffness are plotted without taking into consideration a correction due to the cell corners (Fig. 4 of the supplementary material), and
by considering the correction (Fig. 5 of the supplementary material). With a high R, there is a linear relationship, and it can be deduced
that these equations can be also used to determine the final properties. Then, Cs, C2, n, and m can be obtained (Table 2) as varying
functions of the strain rate, as reported previously for foams [27,28]. A relationship depending on the number of cells and a global
relationship for all cases with high R2, but slightly lower than previously, have also been obtained.

6
cells

0.0016 5! IN(Piae/ Pscl) i 0.0075 s In(pie/Psal) s
-1.80 -1.60 -1.40 -1.20 -1.00 080  -1.80 -1.60 -1.40 -1.20 -1.00 -0.80
-2 -2
y =2.2239x- 0.7287 | |y = 2.41x - 0.438||y = 1.8532x- 0.9999 Y =2.0547x-0.9714 ||y = 2.1475x - 1.0594 |y = 2.0319x - 0.1504
R?=0.993 R?=0.9959 R?=0.9946 25 R?=0.9864 R?=0.9948 R2=1 25
3 JF r | S
= =
= . 2
5 35 F a5 | F
4 e 4
(] y=2.1624x - 0.7222 o
RZ=0.9675 45 y=2.1659x- 0.9858| 4.5
R? = 0.9587
-5 -5
0.1s1 In(Piat/Psal) 45
-1.80 -1.60 -1.40 -1.20 -1.00 -0.80
y=2.5801x- 0575 [y =2.2852x- 1.0331 [y = 2.4329x- 0.8442] 2
R?=0.9996 R?=0.992 R?=0.9992 e
- ®2cells ®4cells ®6cells
'] 3 \.uE
3 ® All
35 £
-4
y=2.4327x-0.8174 45
R?=0.9911
5
Fig. 3. logarithm of the volume fraction vs. the logarithm of the elasticity
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2 cells 4 cells
Stiffness Corrected Elastic Stiffness Corrected Elastic
strain rate m C2 m C2 n C1 m C2 m C2 n Ci

0.00167s' |1.18 [2.33 |0.62 |2.16 |0.48 |2.22 |2.10 |2.67 |1.10 [2.50 [0.65 |2.41
0.0075 s 1.29 {259 |0.67 |242 |0.38 |2.05 [2.10 |2.88 |1.10 |2.70 |0.35 |2.15

0.1s" 112 |259 [0.59 (242 [0.56 |258 [1.53 |2.72 [0.80 |2.55 [0.36 |2.29
6 cells All cells
Stiffness Corrected Elastic Stiffness Corrected Elastic

strain rate m Cz |m Cz |n C m Cz |m Cz |n C
0.00167s' |1.66 |2.47 |0.87 |2.29 [0.37 |1.85 |1.60 (249 |0.84 |2.32 [0.49 |2.16
0.0075 s 132 {259 |1.19 |2.82 [0.38 |2.03 |1.83 [2.82 [0.96 |2.65 |0.37 |2.17
0.1s? 1.68 (2.83 |0.88 |2.66 |0.43 |243 |142 (272 |0.74 |254 |0.44 |2.43
Table 2. Ashby-Gibson parameters for the studied specimens

Table 3 of the supplementary material shows the error obtained using Eqs. 1, 4, and 5, and the Ashby-Gibson parameters obtained
using a regression. It can be seen that Eq. 1 can predict the E* with a low error. Similarly, Egs. 4 and 5 can also predict the average
stress level in the plateau zone with a low error for the lowest and highest strain rates. In the case of the 0.0075 s rate, the error is
higher than 10%. It must also be pointed that both equations have a similar accuracy, and thus, Eq. 4 would be more adequate since
it is simpler. Moreover, in this case, different Ashby-Gibson parameters have been obtained for each number of cells/periods and for
each strain rate. We also determined Ashby-Gibson parameters independently of the number of cells by considering the strain rate.
The results in Table 3 of the supplementary material show that high errors occur in this case, and thus, it cannot be used to determine
mechanical properties.

Additionally, we used Eq. 6 to determine &c4 (see Table 1), but the results show a high error, and thus, this equation cannot be used.

Fig. 4, Fig. 6 of the supplementary material, and Fig. 7 of the supplementary material show plots of the numerical results obtained
using the Ashby-Gibson model with Egs. 1, 4, and 5, respectively. It can be observed that there is no clear relationship between the
number of cells in the values for the E* and Oiatt
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Fig. 4. Numerical results for the elastic Young’s modulus. Experimental and analytical with eq. 1.

Similarly, the analysis of the relationship of the of the Ashby-Gibson parameters with the strain rate and number of cells (Fig. 5) shows
that there is no clear tendency, and it cannot be estimated like previously reported results for PLA foams [30]. Thus, the parameters
must be experimentally established for each strain rate.
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Fig. 5. Comparative analysis of the obtained parameters in function of the number of cells and the strain rate.
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It was observed that the Crand C: (for Eqs. 4 and 5) parameters are between 2 and 3, n is between 0.3 and 0.7, m (of Eq. 4) is
between 1.1 and 2.1, and m (of Eq.) is between 0.6 and 1.2. Thus, while Cr and C: the are inside the ranges proposed by Gibson and
Ashby [9], n and m are not similar to the proposed ones for bending-dominated collapse. The values also differ from other recent
results [19-26] (see Table 1 of the supplementary material), but the TPMS analysed here and the materials in these previous studies
is different.

4. - CONCLUSIONS

Our results present valuable information about the behaviour of the PLA diamond TPMS and the influence of the strain rate and internal
parameters on the Ashby-Gibson parameters generated by FFF AM.

The main conclusions drawn from this study are as follows: The investigated structure follows the Ashby-Gibson material model, and
the higher the volume fraction, the higher the mechanical properties (stress levels, capability to absorb energy, etc.), but the lower the
strain in the densification point for any strain rate. In addition, the cell size does not have significant influence on the mechanical
properties for low and moderate strain rates, but in the case of a low number of cells, some abrupt drops appear in the plateau zone
due this effect. It has been also observed that the higher the strain rate, the more unstable the material, and more differences appear
in the behaviour due to the number of cells. Additionally, the maximum stress level in the elastic zone increases.

Furthermore, it is possible to obtain the Ashby-Gibson parameters of the curve with a high R?, and the results show the experimental
date adjust to this material model laws with a low error. However, there is no clear relationship between the strain rate and number of
cells in these Ashby-Gibson parameters. It must be pointed that for average stress levels in the plateau zone, both models have the
same accuracy with and without taking into consideration a correction due to the cell corners.

The Ashby-Gibson equation proposed to determine the strain in the densification point it is not sufficiently accurate. The analysis of
the obtained Ashby-Gibson parameters has also reflected that there is no clear tendency in predicting the variation of the parameters
as functions of the number of cells/periods and strain rate.

Moreover, the ASA diamond structure cannot substitute EPS, because it offers lower mechanical properties per unit weight.
Additionally, EPS is more stable in the plateau zone. Consequently, other materials should also be studied, for instance carbon fibre
reinforced materials and polyamides.

Finally, it has been observed that main failure mechanism in diamond structures is due to bending, and generally, this failure first
appears along a diagonal of the structure, and then, subsequently, it appears in adjacent ones. Consequently, the initial peak in the
densification zone does not appear in the stress-strain curve.

To summarize, the diamond structure follows the Ashby-Gibson model, and it is possible to obtain the Ashby-Gibson parameters using
aregression. However, they cannot be predicted as functions of the number of cells and/or the strain rate, and thus, must be determined
experimentally for each case. This is the main drawback of this model, because it is not possible to predict the main mechanical
properties with a low number of experimental tests due to the fact that the change with the strain rate and number of cells cannot be
determined.
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