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Al»03-ZrO, ceramic coatings were prepared on 6061 Al alloy by Micro Arc Oxidation (MAO) and Selective Laser
Melting (SLM). Coatings prepared by MAO exhibit a porous structure and a progressive oxidation of the substrate
as a function of processing time. Those made by SLM are denser, although the presence of cracks is observed
throughout their surface. XRD results suggest that the ceramic coating consists of m-ZrOs, t-ZrO5 and y-Al;03
phases for the MAO process, while a Zr3O phase is also present in SLM. The hardness of the MAO Al,03-ZrO,

coating is higher than that obtained by SLM. Young’s modulus of the MAO coating is lower, due to higher level of
porosity observed in the coating prepared by MAO. Moreover, in-situ oxidation, heating and solidification
processes are all discussed and compared within the context of MAO and SLM peculiarities. The processes and
transformation mechanisms involved in the processing methods produce diverse microstructures.

1. Introduction

Micro-arc oxidation (MAO) is an effective in-situ oxidation technique
to fabricate metallurgical oxide coatings on the surface of valve metals
(aluminum, magnesium, titanium, zirconium, etc.) and their alloys,
utilizing a microarc discharge generated by dielectric breakdown [1-4].
Owing to the high temperatures achieved during the microarc discharge,
atoms within the micro-zone of the substrate react with the oxygen
plasma [4-7]. Aluminum alloys are a kind of valve metals which can be
MAO processed to form an aluminum oxide coating. The coating can
improve the mechanical and corrosion properties for applications in
various industrial sectors such as aerospace, automotive, naval,
biomedicine, electronics, or energy [8,9].

However, Al,O3 coating is not ideal for high-temperature applica-
tions because of its high thermal conductivity and poor thermal shock
resistance [10]. A practical method to further enhance the mechanical
performance of alumina is combining it with suitable materials such as
ZrOy, SiC or TiO2 [5-9]. Among the alumina-based composites, the
Aly03-ZrO, system provides unique features. Zirconia is recognized as
an interesting material in fundamental studies because of its good

chemical and dimensional stability, high melting point, low thermal
conductivity and high wear resistance. ZrO5 has been widely applied in
many fields, such as engine components, cutting tools, thermal barrier
or wear-resistance coatings, as well as in biomedical implants [11].

On the other hand, selective laser melting (SLM) [12] has been often
used for Laser Additive Manufacturing (LAM) of ceramics. It has also
been used to densify and control the microstructure of oxide coatings on
metallic substrates [13,14] and even achieve attractive Aly03-ZrO,
eutectic coatings [15,16]. The microstructure and properties of
Aly03-ZrO; coatings fabricated by MAO and SLM may expectedly be
quite different. Therefore, it is of interest to compare the in-situ oxida-
tion behavior of Zr (ZrO-based) coatings obtained via MAO and SLM.

In this paper, Al,O3-ZrO, coatings are thus fabricated by two
promising methods, MAO and SLM, through a pre-deposited Zr coating
on the substrate. The outcome allows a systematic comparison of the
morphology, microstructure and phase composition of the Aly03-ZrO2
coating after different in-situ oxidation processes. It is expected that the
detailed behavior of in-situ oxidation upon heating, melting, and
directional solidification, can be illustrated in a straightforward way.
This is of significance to pave the way towards the scalable fabrication of
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functional materials based on Al,03-ZrO, composite coatings, as well as
to design a new coating process via in-situ oxidation techniques.

2. Experimental methods
2.1. Sample preparation procedure

Two different sets of samples have been fabricated using a multi step
procedure. Fig. 1 shows a diagram of the two processes that have been
used to prepare the samples presented in this work.

Group I: A thin uniform layer (about 4-5 um in thickness) of Zr was
deposited on bare 6061 aluminum alloy substrate by magnetron sput-
tering ion plating followed by oxidation via MAO.

Group II: A MAO process was applied initially to bare 6061
aluminum alloy substrates in order to obtain an Al;O3 coating. The latter
was further coated with a Zr layer, deposited using magnetron sputter-
ing ion plating. The sample surface was subsequently melted and
directionally solidified via SLM.

The substrate selected in both cases was 6061 aluminum alloy, with
the following nominal composition (mass fraction): 0.15-0.4 % Cu,
0.8-1.2 % Mg, 0.15 % Mn, 0.25 % Zn, 0.04-0.35 % Cr, 0.15 % Ti,
0.4-0.8 % Si, 0.7 % Fe and balance Al. Prior to surface treatments, cir-
cular specimens with a diameter of 35 mm and a thickness of 3 mm were
ground successively with SiC papers up to 1500 grit, degreased with
acetone, washed with distilled water and dried in a cool air stream.

Initially a MAO-50-II micro-arc oxidation apparatus (Nanjing
HaoRang Environment Science & Technology CO. Ltd, China) was used
to prepare a micro-arc oxidation AlyO3 ceramic coating with a thickness
of 18 um on the Al substrates of group II samples. MAO processing was
carried out in 20 g/L NaySiOy4, 3 g/L NapWO4 and 5 g/L NaOH solution
under a DC pulse constant current mode, characterized by the following
processing parameters: 4 A/dm?, 500 Hz and 80 ps. The experiment was
performed for a 30 min period. The solution temperature was kept
below 30 °C during this MAO process. After this treatment, samples
were rinsed with distilled water in an ultrasonic bath for 10 min in order
to eliminate the effect of adsorbed solute anions.

These samples, with an Al;O3 coating, and a second set of 6061
substrates were prepared for depositing the Zr coating using a magne-
tron sputtering ion plating system (MSIP019). During the deposition
process, the system was equipped with only one 330 x 135 mm verti-
cally positioned magnetron installed in the chamber wall, and a 99.9 %
pure Zr sputtering target (330 x 135 x 8 mm) was used. The substrate
holder was designed to fix the substrate-to-target separation (ds.) at
120 mm with the rotation speed fixed at 5 rpm. Prior to deposition, the
chamber was evacuated to a basic pressure lower than 3.0 x 107> Torr,
and then backfilled with high purity argon (99.99 %) to the required
depositing pressure (about 8.4 x 10~* Torr), as measured using a
capacitance manometer gauge. During the experiment, the Zr target
current was fixed at 3 A during a deposition time of 30 min.

As illustrated in Fig. 1 for Group I samples, a final MAO treatment
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was performed to obtain the ceramic Aly03-ZrO5 coating. The MAO
processing parameters applied for the latter were the same as for the
preparation of the Al,O3 coating and deposition experiments were car-
ried out during periods of 5, 15 and 30 min.

In the case of the Group II samples, laser treatments were performed
in Beam Scanning configuration to infiltrate Zr into the Al,O3 coating
using two different pulsed lasers. These included a ps UV and a ns n-IR
Yb fiber laser. The UV laser (ROFIN-SINAR LASER, PowerLine Pico
10-355) emits at 355 nm, with a maximum power of 3 W, a pulse width
of 300 ps and its beam has an elliptical shape with 2a = 34 ym and
2b = 29 pym. The nIR Yb fiber laser (JEANOLOGIA LASER) has a nom-
inal power of 20 W, emits at a wavelength of 1070 nm with a spot size of
36 um, and its pulse width may be selected between 4 and 200 ns.

2.2. Characterization methods

The surface and cross-section morphologies of both, the original
samples, as well as the samples after in-situ oxidation treatment, were
studied using field emission scanning electron microscopy (FESEM, Carl
Zeiss MERLIN). The elemental composition of the different phases
observed within the coatings was determined by energy dispersive
spectroscopy (EDS INCA350 Oxford Instruments). Crystalline phase
content within the coatings after in-situ oxidation were also analyzed by
X-ray diffraction (XRD) using a CuKa anode configuration (voltage:
40 kV, current: 40 mA, scan speed: 10°/min, samplings pitch: 0.02°).

Nanoindentation tests were carried out using a Nano Indenter G200
system (Agilent Technologies Inc) on polished surfaces of samples
1#—5# shown in Fig. 1 at different stages of the fabrication process to
evaluate their mechanical properties, including hardness and Young’s
modulus. The equipment monitored and recorded the dynamic load and
displacement of the indenter. The tests were performed using a trigonal
Berkovich indenter and fused silica for standard area-function calibra-
tion, maintaining a constant drift rate of 0.05 s~! and a 5000 nm depth
limit. The indenter was driven perpendicularly into the coating, then out
of it, using the continuous stiffness mode (CSM). The strain rate, har-
monic displacement and frequency were set at 0.05/s, 2 nm and 45 Hz,
respectively. Each indentation experiment consisted of three steps:
loading, holding the indenter at peak load for 10 s, maintaining a depth
limit at 5000 nm, and unloading completely. The Poisson ratios of 6061
Al alloy, Zr layer and Al,03-ZrO; coating were set as 0.33, 0.34 and 0.31,
respectively, and the indentation tests were repeated ten times at
different positions within the sample’s surface.

3. Results and discussion
3.1. In-situ oxidation behavior during the MAO process (Group I)
As described in the previous section, in order to obtain a ZrO,-Al;03

composite layer on the Al alloy, a Zr coating was deposited by magne-
tron sputtering on the sample and then MAO was used to produce the co-
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Fig. 1. Schematic diagram of the preparation of Al;03-ZrO, layers by Micro-Arc Oxidation (MAO) and by Selective Laser Melting (SLM).
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oxidation of both, the Zr layer and the substrate. Fig. 2 shows the voltage
vs time response for this MAO process at a control mode of constant
current density. During the first stage (I), the voltage increases from 0 V
to almost 360 V in 1 min, promoting the formation of an insulating film
(lower left inset) before the microarc oxidation starts. When the voltage
is higher than the breakdown potential of the oxygen gas layer and the
surface oxide layer, the sparks take place with formation of pores [17].
With continued oxidation, a transient period occurs, between about
360 V and 520 V, with a variable slope voltage-time response (stage II,
center inset). Above 520 V, the voltage increases approximately linearly
at a low rate up to a relatively stable value of about 560 V until the
termination of the MAO process after 30 min (stage III, upper right
inset).

The surface morphology and the cross-section aspect of the original
Zr layer and of the coatings after 5- and 30-min MAO processes, are
presented in Fig. 3. Elemental compositions of the observed phases were
obtained by EDS and are indicated in Table 1. Observation of Figs. 3a-b
thus indicates that the substrate is covered with a uniform ca. 4.50 ym
thick, well-bonded Zr layer. Densely packed grains appear dispersed
throughout the surface (Fig. 3a) and the cross-section (Fig. 3b) of this
PVD coating, which exhibits a roughness value (R,) of ca. 0.22 um. This
layer is the source of Zr during the subsequent MAO process. EDS
measurements indicate that this original coating contains mainly Zr,
accompanied by a small amount of oxygen, as expected from the oxygen
affinity of Zr metal and probably incorporated during the sample
preparation that is required for microscopy analysis.

After a 5 min MAO treatment, the composite coating exhibits a sig-
nificant increase in porosity and the appearance of micro-cracks, as
revealed in Figs. 3c-3d. These account for the observed coating thickness
increase in Fig. 3d. In addition, some of the microcracks that are
observed on the surface topography appear due to the thermal stresses
generated during the fast melting and solidification phenomena char-
acteristic to MAO. The presence of these pores is also reflected in an
increase in Ra values, up to 0.91 um. In the cross-section view presented
in Fig. 3d, it is observed that an inner Zr layer with some dissolved O is
left with a maximum thickness ranging between ca. 3.6 and 4.3 pm.
Within several areas, this Zr layer has disappeared completely. An
external, highly porous and consequently thicker ZrO, layer is also
generated. Moreover, there appear many cracks parallel to the surface of
the coating, which result from the stress caused by the expansion of Zr
due to the absorption of oxygen, as well as by the phase transformation
from Zr to ZrO5 [18]. In addition, perpendicular cracks also appear and
are related to the formation of channels induced by the presence of
microcharges. In consequence, in this initial stage of MAO, where the
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Fig. 2. The voltage vs time curve of MAO process at a constant current density
J = 4 A/dm?. The insets correspond to MAO stages I, II and III, as explained in
the text.
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process has been carried out for a period of 5 min, the external part of
the original magnetron sputtered Zr layer has thus been modified to
ZrO,, absorbing a relatively high content of oxygen, reaching a value of
68 at. % in region 3 (Fig. 3d), according to Table 1. Consistent with these
observations, it may be proposed that the ZrO, layer in Fig. 3d forms by
subsequent further oxidation of the sputtered Zr metal deposit, via ox-
ygen uptake from the surface in contact with the electrolytic medium
during micro arc oxidation.

In the case of the sample in which the MAO process extends during
15 min, the oxidation of the Al substrate to Al;O3 phase starts to take
place once the Zr layer is depleted, as expected from its complete
oxidation into ZrO,. There appear two different ZrO, and Al,O3 layers
with a distinct interface between them. The thickness of the external
ZrO; layer ranges from 6.17 to 13.30 pym. In addition, the content of Al
in the ZrO, layer ranges from 2.41 to 8.41 at. %, indicating that Al,O3
diffusion into the ZrO, layer has already begun.

When the duration of the MAO process is prolonged to 30 min, the
number of pores on the coating surface that reach diameters larger than
5 um increases (Fig. 3e), leading to a further increase in Ra, until a
maximum value of 2.89 um is reached. According to Fig. 3f, two layers
are clearly identified within this coating. An external Al;O3-ZrO layer
appears above an inner AlyO3 layer. The thickness of the Aly;03-ZrOs
layer ranges from 7 ym to 17 pm and that of the Al;O3 layer from 5 to
11 pm, both determined from the FESEM images presented in Fig. 3.
When the MAO treatment reaches 30 min, the oxidized layer has already
been transformed into an AlpO3-ZrO, phase, as determined by EDS on
area 4 within Fig. 3f. Analysis on area 5 in the same Figure suggests,
however, that further oxidation of the Al alloy substrate has taken place
simultaneously to eutectic formation during this prolonged MAO pro-
cess, yielding an intermediate layer of AlpO3 with a high level of
porosity. Thus, as a result of longer MAO treatments, an outer surface
Aly03-ZrO; layer can be obtained in contact with an intermediate AloO3
layer, which appears between the former and the Al alloy substrate.

According to the ZrO,-Al,03 phase diagram [19,20], the eutectic
composition of Alp03-ZrO, is about 63 mol. % AlyO3, corresponding to
29.6 at. % Al and 8.7 at. % Zr. In Fig. 4a, the composition of region 3
observed after 5 min transforms into the composition of region 4 after
30 min of MAO because of the melting of Al from the substrate during
MAO. The latter composition (region 4) suggests the presence of the
hypereutectic structure composed of Aly03-ZrO, eutectic (67 mol. %)
and primary AlyO3 (33 mol. %) grains. The high magnification micro-
graph shown in Fig. 4b displays the microstructure of the eutectic
network of these two phases where ordered ZrO, lamellae are embedded
within the Al,O3 matrix [21]. However, if the total amount of Zr
deposited in the original MAO Zr layer is used to generate the eutectic,
the expected thickness of the resultant Al,03-ZrO, eutectic should be
around 21 um, which is larger than that of the experimentally observed
thickness. Such a discrepancy may be due to the spalling of Zr, caused by
the difference in the coefficients of thermal expansion between Zr and
Al,Os (Zr: ~5.7 x 107® /K and Al,05: ~8.8 x 10~°/K), and in part due
to the cracks which appear parallel to the surface of the coating shown in
Fig. 3d.

3.2. In-situ oxidation behavior during SLM process (Group II)

During laser processes, a large amount of energy is deposited in a
localised region of the surface of the material during a very short time
span. When the material is a metal with high thermal conductivity, the
deposited energy spreads over a large volume. For this reason, SLM is
not adequate to oxidize Al alloy underneath the Zr layer, as may be
achieved with MAO. Group II samples thus have been prepared under a
different configuration. Consequently, a metallic Zr coating was
deposited by magnetron sputtering over an initial layer of AlyOg3 fabri-
cated by MAO. This 18 um thick Al;O3 coating can act as a good thermal
barrier towards heat loss to the Al substrate. In other words, it facilitates
heat concentration within the sputtered metal layer. Fig. 5 shows FESEM
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Fig. 3. FESEM images of surface and cross-section morphology of (a-b) the original Zr coating obtained by magnetron sputtering and the resultant Al;03-ZrO,
coatings developed during MAO after (c-d) 5 min and (e-f) 30 min periods. Numbered rectangles correspond to EDS analyses given in Table 1.

Table 1
Elemental composition (at. %) determined for the MAO coating phases found
within the areas indicated in Fig. 3.

Site (0] Al Zr
1 15.1 - 84.9
2 10.4 0.3 89.3
3 68.7 - 31.3
4 66.5 28.7 4.8
5 66.1 339 -

images of the surface and cross-section morphologies of the original Zr/
Al,03 MAO-produced coating. The composite coating exhibits some
micro-pores and micro-cracks, as well as several large inner cavities.
Fig. 5b reveals that Zr forms a uniform and well-bonded layer of
approximately 4 ym in thickness with an Al;O3 layer of ca. 18 pm un-
derneath. The Ra value of the coating reaches 1.88 um. This high
roughness value facilitates the laser processing because it increases the
percentage of laser energy absorbed by the Zr metallic deposit [22,23].

The UV laser employed for this study emits within the sub-ns
(300 ps) pulsed regime at a wavelength of 355 nm. It is expected to
trigger mainly photochemical transformations on the irradiated surface,
but due to the high laser frequency and its pulse width value
approaching the ns regime it can also contribute to induce photothermal
processes [24]. In consequence, it is expected that this laser treatment
can induce thin molten layers with also limited thermal exchange to-
wards the substrate. The laser parameters employed for this UV laser
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treatment are: average output power 2.9 W, pulse repetition frequency
300 kHz, laser scanning speed 50 mm/s, scanning line length 4 mm and
distance between scanning lines 20 um. Laser treatments were per-
formed in air. The microstructure of the surface after the UV laser
treatment is presented in Fig. 6. Using these laser parameters, the Zr
layer is oxidized and melted, as a consequence of a predominantly
photothermal process. The surface tension of the melt, combined with
the laser beam displacement provoke the agglomeration of resolidified
material into different size drops. It is clearly observed in the micro-
graph shown in Fig. 6a that the laser-remelted coating covers only part
of the substrate surface, leaving significant areas exposed. From the
cross-section morphology presented in Fig. 6b, it can be observed that
the heat is sufficient to start to melt and mix the two oxides, although the
amount of Al;Os is not sufficient to obtain a uniform eutectic micro-
structure. In addition, the laser trace can be identified within these
micrographs and will be discussed later on.

In order to prepare a more uniform remelted layer, a ns pulsed nIR
laser was employed in order to increase the photothermal character of
the laser-mater interaction and thus generate a larger molten volume
and greater heat transfer to the coating/substrate system during the
laser treatment. Fig. 7 shows the surface and cross-section morphologies
of two coatings prepared using this ns nIR laser with two different sets of
parameters. The laser treatment was performed in air with a pulse
repetition frequency of 1 MHz, and an average power output of 12 W in
both cases. In one of the samples, however, the laser beam scanned the
surface at 400 mm/s with a distance between lines of 35 um, while in
the second sample these values were set at 150 mm/s and 5 um,
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Fig. 4. (a) Transformation from ZrO, to Al,03-ZrO, placed within the ZrO,-Al,O3 equilibrium phase diagram after Ref. [20] and (b) microstructure of the eutectic

Al;03-ZrO, coating after a 30 min MAO treatment.

Fig. 6. Surface and transversal cross-section morphologies of Zr layer after sub-ns pulsed UV laser treatment.

respectively. These changes in parameters lead to a total average accu-
mulated laser fluence [25] that is 19 times higher in the second treat-
ment, in comparison with the first one. In both cases, scanning was
performed in the vertical direction with respect to the orientation of the
micrographs presented in Fig. 7a-b. Using the first set of parameters, the
distance between laser scanning lines is larger than the size affected by
the previous laser scan. Thus, the different lines scanned by the laser can
be observed on the surface topography with a morphology that re-
sembles semi-continuous lines, where surface tension accumulates the
transient melt prior to solidification. In the second case, with a slower
scanning speed and reduced line separation, the above coating
morphology is replaced by a rough, porous surface. This cross-section
exhibits an Al;03-ZrO, structure where the different laser beam scan
steps are observable, with a repeating line every 5 pm. It is also observed
that cracks appear at some points, mainly at the interface with the Al

6707

substrate, and can propagate along the full thickness of the coating.
These are likely due to high thermomechanical stress characteristic to
laser processing of ceramics [26,27].

In the magnified Fig. 7e-f, the Al;03-ZrO4 layers appear to contain
smaller grains with slower beam scan speed and smaller line-to-line
scanning distance. The average laser energy density was defined in
Ref. [28] as follows:

P

VED = —

vhd M

where VED is the volumetric energy density, P is the laser power, v is the
scanning speed, h is the scanning hatching (distance between scan lines)
and d is the thickness of the layer affected by the laser. According to the
equation, the average laser energy density decreases with the larger
scanning hatching and the faster scanning speed. The heat input melts
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Fig. 7. Surface and cross-section morphologies corresponding to sputtered MAO coatings on Al alloy substrates after treatment with a near IR ns pulsed Fiber laser
emitting with 12 W average power at a pulse repetition frequency of 1 MHz. Beam scan rates and line to line spacing was set at 400 mm/s and 35 pm in (a, c, €) and

150 mm/s and 5 pm in (b, d, ), respectively.

the coating creating an elliptical melt pool [29]. As the heat source is
displaced, the melt pool rapidly solidifies. Its solidification microstruc-
ture is determined by several critical parameters, which include the
temperature gradient G, solidification rate R and degree of undercooling
AT. The ratio G/R determines the mode of solidification, while the
product GR (undercooling AT) governs the scale of the solidification
microstructure [30,31]. The energy density in Fig. 7e is much lower so
that the G is much smaller, resulting in a smaller G/R and GR. Because of
the small G and resulted small AT, the nucleation in the melt pool is
comparably homogeneous and the nuclei have enough time to grow
before textured grain growth dominates solidification. Equiaxed grains
are thus produced and observed in Fig. 7e. With the larger G in Fig. 7f,
dendrites aligned closely with the maximum heat flow direction at the
solid-liquid interface achieve competitive growth during the solidifica-
tion process, leading to the formation of columnar grains. Under certain
solidification conditions, the growth of columnar structures is termi-
nated with the formation of equiaxed structures. Among the boundary of
two melt pools, the grains appear with equiaxed structure and larger
than those in the melt pools, because of the low G and AT induced by the
remelting effect of the subsequent laser beam scan.

The corresponding compositions of the regions presented in Figs. 6
and 7 are given in Table 2. The comparative elemental composition of Al
and Zr obtained by EDS on the UV laser processed samples does not
appear homogeneous, probably due to the fact that this laser affects the
original sputtered Zr layer to a much larger extent than the alloy
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Table 2

Elemental composition (at. %) determined by EDS on the coatings obtained after
treatment with ps UV and ns nIR pulsed lasers. Analysis regions are indicated in
Figs. 6 and 7.

Site o Al Zr
1 68.8 10.8 20.5
2 65.6 3.7 30.7
3 62.9 26.0 11.1
4 64.1 6.8 29.1
5 60.1 23.5 16.4

substrate. Under this hypothesis, differences in the Zr deposit would
explain inhomogeneities in the Zr/Al elemental composition ratio
throughout the UV laser affected coating, as found in analysis regions
1-3 indicated in Fig. 6. For the samples treated with the ns nIR laser, the
constituent distribution is more uniform, as shown in Fig. 7. The
composition of region 4 in the latter Figure suggests the presence of the
hypoeutectic structure with superfluous ZrO,. The laser energy input in
this case is not large enough to sufficiently melt the substrate and allow
formation of the Aly03-ZrO, eutectic structure. With increased energy
density in region 5, laser irradiation can induce a considerable thermal
load on the substrate, enrich the molten pool with increased amounts of
Al oxide and induce effective formation of the eutectic structure.

The elemental compositions determined by EDS correspond to
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similar Al;03-ZrO, ratios in the different sample areas measured,
regardless of which laser (UV or nIR) was employed. For example, sites
1-2 and 4-5 may correspond to nearly similar chemical component
mixtures. The difference between these, however, may be ascertained in
their respective microstructures, where clear, effective eutectic structure
formation is confirmed only in the case of an IR laser treatment,
consistent with the above argument.

3.3. Phase composition

The XRD patterns in Fig. 8 summarize the evolution of the crystalline
phases of the coating obtained by MAO and by SLM using the nIR laser.
After a 5 min long MAO process, shown in Fig. 8a, m-ZrO; and t-ZrO, are
found in the apparent absence of Al,03, whose diffraction lines are not
clearly detected in the lower diffraction pattern of this Figure. After the
MADO process is carried out for 30 min, the coating contains t-ZrO3 as the
major crystalline phase, besides m-ZrO, and y-Al,03, whose main
diffraction lines are observed. Similar phases have been reported for a
ZrO, ceramic coated LY12 Al alloy [32]. During the MAO process, the
local temperature of the discharge channels can reach 10%-10* K, which
can melt the Zr layer and result in the formation of liquid ZrO,.

Under equilibrium conditions, with very low Al;O3 contents, high-
temperature c-ZrO, forms at 2680 °C. Then c-ZrO, transforms first
into t-ZrOy at 2370 °C and this phase into m-ZrO, at 1240 °C. The
presence of c-ZrO, and t-ZrO, are not expected under equilibrium
cooling conditions down to RT (room temperature or electrolytic solu-
tion temperature). Fast non-equilibrium cooling characteristic to MAO
may stabilize or “freeze” metastable phases which transform via atomic
diffusion. The presence of t-ZrO,, with a higher stability temperature
range than c-ZrO,, at RT could also be consistent with specific cooling
rates intrinsically related to the applied experimental MAO conditions,
and the associated sub-cooling processes. Hence, it is not difficult to
envisage that zirconium oxide-based compounds are subject to known
phase transformations under non-equilibrium conditions, as the reaction
products are in contact with cold electrolyte. The former conditions
would thus explain the formation of predominately t-ZrO,, consistent
with the phase diagram of Fig. 4(a) and supported by previous published
work [15]. The latter reported on the appearance of m-ZrO5 under slow
solidification rates, in contrast with t-ZrO,, found in thermally quenched
areas. Furthermore, the addition of Al,O3 can stabilize t-ZrO5 under the
compression exerted by the surrounding Al;0O3 matrix [33].

The coating fabricated by SLM with a hatching distance of 5 pym
exhibits a crystalline phase composition based on small amounts of t-
ZrO,, Zr30 phases, together with that corresponding to the Al alloy
substrate. This is most likely due to the fact that the coating has peeled
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off and exposed the bare substrate. The sample prepared with the
interlinear distance of 35 pm mainly shows the structure of t-ZrO,, but
also exhibits diffraction lines corresponding to m-ZrO,, Zr30, y-Al,O3
and Al The existence of Zr3O may result from insufficient oxygen uptake
combined with very fast solidification rates characteristic of this laser
beam scan process. SLM can also yield t-ZrOo, due to the thermodynamic
non-equilibrium processes that are generated. The reason for the
apparent formation of this phase may well be assigned to the severe
conditions imposed by the laser surface process, combining very high
temperatures with very high cooling rates. The t-ZrO, phase is thus
“frozen” under very high cooling rates, avoiding, at least to a certain
extent, the expected phase transition to its monoclinic allotrope [21,34].

3.4. Nano indentation

Fig. 9 shows the mean values of nano-hardness and reduced Young’s
modulus for samples #1 to #5. The error bars represent the standard
deviation of results gathered from ten tests. The AlyO3-ZrO layer pre-
pared by the 30 min MAO process was selected as sample #3 here.
Moreover, the Al;03-ZrO5 layer after the treatment by the near IR ns
pulsed Fiber laser emitting with beam scan rate of 400 mm/s and a
hatching distance of 35 um was correspondingly taken as sample #5. It
is found that the hardness of #1 (Al substrate) is about 1.21 GPa. After
the deposition of Zr, the hardness of the coatings is developed in varying
degrees. The hardness of the Zr layer deposited directly on 6061 Al alloy
(#2) is much higher than that deposited on the Al;O3 layer generated by
MAO (#4). The lower hardness of the coating in sample #4 may be
explained by the porosity and presence of cracks within the Al;O3 layer
underneath the Zr coating. However, after the MAO treatment on the Zr
coating, the porous Al;03-ZrO layer in sample #3 (2.38 GPa) is harder
than the dense Al;03-ZrO, layer in sample #5, fabricated by SLM
(1.67 GPa). This phenomenon may be dominated by an increased con-
tent of ZrO,, which exhibits lower hardness than Al;O3 in sample #5
[35].

Fig. 9b shows the modulus of the alloy and coatings. The modulus of
the Zr layer (#2) is significantly higher than the value for the 6061 Al
alloy (#1), while the value of the Zr layer in sample (#4) is slightly
lower. As discussed above, the porous AlyO3 layer underneath signifi-
cantly affects the mechanical properties of the Zr layer. After the latter
layer is subjected to MAO, the modulus of the Aly03-ZrO5 layer descends
to 44.95 GPa, as expected from its porous structure. However, after SLM,
the modulus of this coating increases to a steady value of 51.82 GPa.

The observed behaviour in hardness and modulus are similar in all
the studied samples. The MAO treatment can reduce the hardness and
modulus of the Zr layer through formation of a porous and cracked
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Fig. 8. XRD patterns of the Al,03-ZrO, coatings fabricated by (a) MAO and (b) SLM.
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Fig. 9. (a) Hardness and (b) modulus of samples #1-#5 in Fig. 1 obtained from nano-indentation measurements.

structured Al,O3-ZrO, coating. In contrast, the bilayer structure of
porous Al>O3 + Zr layer possesses the same hardness and modulus as the
Aly03-ZrO; coating prepared by SLM. Moreover, the Aly03-ZrO, coating
prepared by MAO exhibits a higher hardness and a somewhat lower
Young’s modulus compared with those obtained by SLM.

3.5. Discussion

The mechanism, process and the obtained coatings of MAO and SLM
are quite different according to the above results. Thereby, the two in-
situ oxidation methods are herewith compared.

Fig. 10 shows illustrative schemes of the MAO and SLM processes

Laser Beam

herein reported. In the case of MAO, cracks and pores are the natural
channels through which micro-discharges take place, and the efficiency
of electro-thermal conversion is thus very high. For SLM, the efficiency
of photo-thermal conversion depends on the state of the material. Some
of the energy is reflected and cannot be absorbed by the substrate. The
holding time in this case refers to the pulse width and its influence on
heat accumulation via pulse to pulse overlap. This is particularly
important as the pulse repetition rate or frequency is increased above
kHz values. Although very high temperatures may be reached, these are
induced at or near the surface of the sample. This results in very fast
cooling rates, once the laser source is turned off.

During the MAO process, there are two approaches for consumption

Fig. 10. Schemes of MAO (a) and SLM (c) and the typical cross-sectional morphologies of Al,03-ZrO- coating after oxidation by MAO (b) and SLM (d), respectively,

as discussed in the text.
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of OH". When the Zr layer comes into contact with the solution, OH" can
react with Zr directly by Eqgs. (2)-(3) [17]. When the upper part of the Zr
layer is oxidized and MAO occurs inside the coating consequently, there
are sufficient OH' ions in the solution, of which some react with Zr** and
AIP*) and the others generate oxygen according to Eq. (4). Under the
electric field associated to the high voltage, oxygen is ionized to oxygen
plasma and then this plasma reacts with the metal ions. Moreover, most
oxygen can escape as gas, yielding the holes in the coating observed in
the top view of Fig. 3.

Zr — Zi*t 1+ de (2)
Zi* + 20H + 2H,0 — ZrO, + 2H;0™ 3)
40H - 4¢” — 0, + 2H,0 4)

In the case of SLM, the oxygen is taken from the atmosphere where
the laser treatment is performed. When the intensity of the laser is low,
the laser beam can be considered as a more conventional, localized heat
source. With the increase in the laser intensity, the substrate can be
melted and readily reacts with oxygen. Above a certain intensity, a
plasma that can shield laser light is formed and competes with the
characteristic higher absorption of this radiation at high temperatures.
Besides, the reaction location depends on the operation mode of the
laser.

During the melting process of the material, the highest temperature
exists either in volumes where the micro-discharges occur, or at the
incidence point of the laser on the surface of the sample. For MAO,
micro-discharges occur in the holes that appear in the coating, while the
laser is effective on the outermost surface of the sample. The tempera-
ture gradient is away from the center of the highest temperature point so
that the molten zone exhibits a ball-like shape during the MAO process,
whereas it is confirmed as crown type for SLM. Because the MAO process
progresses in solutions, the loss of heat is much faster than in the SLM
process. The soaking time is proportional to the pulse width at a constant
pulse repetition rate. With laser irradiation in SLM, however, a thermal
accumulation effect is associated to pulse-to-pulse overlap, increasing
the temperature of the irradiated material considerably. In addition, the
laser works in a beam scan mode, reheating the same zone several times,
as each line described by the laser beam is overlapped by subsequent
lines. As a result, the overall sample temperature decreases at a slower
pace than in MAO.

The solidification interface separating the melt from adjacent colder
zones at room temperature in MAO and SLM, may result initially in a
fine grain size solidified crystalline solid. Owing to the maximum degree
of supercooling, the initial nucleation and solidification appears at the
melt boundary. Progressive solidification then occurs towards the center
of the melt, with a consequent increase in grain size and Zr at. %.
However, the shock waves provoked by the plasma and the laser, as well
as the thermal expansion coefficient difference, may result in the
appearance of structural defects, such as microcracks, during such pro-
cesses. Future progress in these methodologies will require increased
knowledge of the complex phenomena involved in MAO and SLM pro-
cesses, as well as improved conditions to avoid the formation of micro
and macroscopic defects, which deprive the final products obtained
from reaching optimum properties.

4. Conclusion

This work reports on the in-situ oxidation behavior of Zr deposited
on 6061 aluminum alloy by MAO, as well as on an Al,O3 MAO-coated
6061 aluminum substrate by SLM. Morphologies, crystalline phase
composition and nano-indentation were studied and the difference be-
tween the two processing methods were compared. It was found that:

Aly03-ZrO; coating is obtained by MAO and SLM processes. The
coating prepared by MAO displays a porous structure because of the
micro-arc discharge in the insulating film. The SLM process results in a
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denser coating, although with the presence of cracks arising from ther-
momechanical stresses.

The crystalline phases found within the MAO treated coating are
confirmed to be m-ZrOg, t-ZrO3 and y-Aly0O3. The coating prepared by
SLM, with a hatching interlinear distance of 35 um, exhibits mainly the
structure of t-ZrOy, m-ZrO,, Zr3O and y-AlyO3, where the existence of
Zr30 may result from insufficient exposure to oxygen during the fast
heating/solidifying process intrinsic to this method.

The Al;03-ZrO coating prepared by MAO exhibits a higher hardness
and a lower Young’s modulus compared with that obtained by SLM. This
difference is ascribed to the porous structure of the Alo03-ZrO, coating
prepared by MAO.
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