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Abstract

In this work, the effect of heat treatments on the anodizing behavior of additive manufactured
AISi1l0Mg material is studied. Specimens are subjected to artificial aging or stress release heat
treatments, followed by galvanostatic anodizing in sulfuric acid. Optical and scanning electron
microscopy are employed to study the microstructure and the oxide layer characteristics. Upon
applying the heat treatments, the microstructure shows a gradual evolution from a continuous 3D
silicon network towards separate coarse silicon particles in an aluminum matrix. The morphology
of the silicon phase is found to be a deciding factor as it determines the fraction of silicon that is
oxidized during anodizing. This in turn is found to have a direct impact on the anodizing efficiency
and oxide layer uniformity. Thicker and more uniform oxide layers are obtained for the additive
manufacture AlSi10Mg specimens after the silicon network is broken up due to the heat treatments.

1. Introduction

Selective laser melting (SLM) is an additive manufacturing technique in which parts are produced
layer by layer by selective melting of a pattern in a powder bed!. A high power laser is used to
deliver the heat necessary for melting. As the layers are molten on top of each other, they are
effectively welded together and a dense part is created?. This study focuses on AISi10Mg
specimens produced by SLM. As a cast alloy, the AISi10Mg alloy is widely used in the automotive,
aerospace and domestic industries due to its good castability, weldability, hardenability and
corrosion resistance®*. Since the alloy has a near eutectic composition, the melting range (600-
555°C) is reduced compared to pure aluminum (660°C). This increases weldability and facilitates
the processing with laser based techniques such as SLM. Furthermore, it allows simultaneous
solidification of all phases, improving resistance against thermal cracking.

During the SLM process, the material is rapidly molten and resolidified®. This enables the
formation of a very fine microstructure®® but also induces thermal stresses into the material’. Due
to the movement of the heat source, the solidification time varies over the melt pool. It is lowest at
the centerline and increases when going to the edge of the melting track*®. This leads to a
differential in thermal compression, giving residual stresses®. These can induce warpage and reduce
the fatigue resistance of the material. To prevent this, stress release heat treatments are commonly
performed to reduce the residual stresses'®!. The presence of magnesium in the alloy makes it
susceptible to another heat treatment, artificial aging. It enables the formation of Mg2Si precipitates,
hardening the material®. Nevertheless, to the best of our knowledge, the actual formation of Mg,Si
precipitates has not been demonstrated yet in AM Al alloys. As the rapid solidification during
fabrication ensures that a large fraction of the alloying elements is in solution, no solution treatment
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needs to be performed before the artificial aging. This has as a benefit that the fine microstructure,
giving good mechanical properties to the material, is not destroyed®.

Several papers*® 71213 have been written on the microstructure of additive manufactured AISi10Mg.
The microstructure consists of aluminum cells surrounded by a fibrous silicon network. At the
center of the melt pool the Al cells are smallest, giving very fine features. They increase in size
towards the melt pool borders, where the solidifying time was longer, resulting in a more coarse
cellular structure. Because of the larger cell size, the melt pool borders can be distinguished at a
macroscopic scale*. Next to the melt pool border a region exists where the silicon network has
broken up into idiomorphic particles. This region has been identified in previous works as a heat
affected zone (HAZ) and is created when the material is affected by the heat of the laser passing
and creating the adjacent melt pool®. Upon heat treatment, the material progressively approaches
its equilibrium. This leads to a collapse of the silicon network and microstructure ripening,
changing the size, morphology and distribution of the silicon phase®*!. In a previous study® the
effect of artificial aging and stress release heat treatments on the microstructure was investigated.
It was found that artificial aging at 170°C for 6h (AA170) did not have a significant impact on the
microstructure. Stress releases at 250°C (SR250) and 300°C (SR300) for 2h on the other hand were
found to lead to a (partial) breakup of the silicon network into separate coarse particles. In this
work these specimens are anodized in order to investigate the influence of the evolved
microstructure on the anodizing behavior.

Aluminum and its alloys have an inherent protection against atmospheric corrosion due to the
presence of a protective oxide film that forms spontaneously and immediately in air. This natural
oxide film is however limited in thickness, a typical value for the thickness is 2.5 nm*. Anodizing
or anodic oxidation is an electrolytic process that enables the production of much thicker oxide
coating, improving properties like abrasion resistance, electrical insulation, adhesion and corrosion
resistance®®. Previous research'®” has pointed out that additive manufactured and cast alloy
material shows different anodizing behavior. Higher anodizing voltages, lower oxide growth rates
and a smoother oxide film were obtained for the additive manufactured specimens. These
differences were found to depend on the distribution of silicon, the cast alloy having large dendritic
structures while the AM specimen has a fine distribution in a 3D network*®. During anodizing, the
silicon of the AM materials is completely oxidized, unlike the silicon in the cast alloy which is only
superficially oxidized!’. This is related to the size of the silicon inclusions. As presented by Zhu et
al'® for a cast alloy, a larger fraction of silicon is oxidized in Al-Si alloys when the precipitates are
smaller. Since the morphology of the silicon phase plays an important role in the anodizing process,
it is expected that the microstructure evolution induced by the heat treatments will have an effect
on the anodizing behavior as well. To study this, galvanostatic anodizing in sulfuric acid solution
is performed and the produced oxide layers are investigated using optical microscopy and SEM.

2. Experimental
2.1 Specimens

A ProX DMP 320 machine was used to fabricate the AM specimens from LaserForm AlSi1l0Mg
powder by selective laser melting. The process utilized a laser with a power of 500 W to generate
a laser energy density of 51 J/mm? for the specimen preparation. The process was executed in an



argon atmosphere, resulting in an oxygen content below 50 ppm. Aleris provided the cast
aluminum alloy (AA4420) that was used as a reference material. Three types of heat treatments
were performed on the AM specimens. A first treatment is an artificial aging treatment at 170°C
for 6 hours (AA170). The second treatment is a stress release treatment at 300°C for 2 hours
(SR300). For the third treatment a more moderate temperature was chosen for the stress release
treatment, performed at 250°C for 2 hours (SR250). All the specimens were mechanically ground
and polished, finishing with 0,04 um standard colloidal silica suspension (OP-S). The chemical
specification of the metal powder used is given in Tables

Table 1, as is the chemical composition of the cast alloy.
2.2 Anodizing procedure

Galvanostatic anodizing with a current density of 10 mA/cm? was carried out in a stirred 3M H,SO4
solution at room temperature. An ES 0300-0.45 power supply from Delta Elektronika was used.
To measure the anodic potential, a two electrode cell configuration was used with the specimen
acting as the working electrode and a platinum electrode as the counter electrode. Before anodizing,
the specimens were ultrasonically cleaned in acetone and ethanol, each with an immersion time of
3 minutes. After the anodizing, the specimens were rinsed with distilled water and dried with an
air stream.

2.3 Sample characterization

The various specimens were characterized by using optical microscopy and scanning electron
microscopy. In order to study the microstructure before anodizing, polished specimens were etched
using Keller’s reagent. The optical microscope images were obtained at several magnifications
using a Leitz Metallovert optical microscope. A FE-SEM JEOL JSM-7100F was used to take SEM
images with a 15 kV acceleration voltage, a 5 pA probe current and a working distance of 10 mm.
To get a better contrast between different elements, images showing the cross-section of the oxide
layer were taken in backscattered electron mode.

3. Results
3.1 Microstructure characterization

Prior to anodizing, microstructure characterization was performed using optical microscopy and
scanning electron microscopy. The results most relevant for the current study are given here. The
microstructure evolution was discussed in more depth in a previous work?® . Figure 1 shows optical
micrographs that reveal the surface of non heat treated (NHT) specimens that were polished in the
plane perpendicular (XY) to the building direction (Figure 1a) and the plane parallel (XZ) to the
building direction (Figure 1b). The melt pool borders from the laser source can be clearly seen.
There, the microstructure is coarser, making it possible to distinguish them at a macroscopic scale?.
Overlapping melt pools of subsequent layers can be observed in the XZ plane, while elongated
tracks are found in the XY plane. These elongational tracks have different shapes and sizes as the
cross-section cuts through the melt pools at different places resulting in varying widths’.

Higher magnification images were obtained using SEM. These can be used to show the effect of
the heat treatments on the microstructure. Figure 2 shows the polished surface of XY specimens



before and after application of one of the heat treatments. Similar results were obtained for the XZ
specimens. Melt pool borders are indicated by the discontinuous lines. Figure 2a shows the surface
of a NHT specimen. It shows cellular aluminum cells surrounded by a relatively continuous fibrous
eutectic silicon network. A coarser microstructure with larger cell sizes is noted at the melt pool
borders. Right outside the melt pool border, in the heat affected zone, the cellular network has
coarsened into separate idiomorphic silicon particles. Figure 2b shows the surface of an AA170
specimen. It has a microstructure that is very similar to that of the NHT specimen. On the other
hand, the stress releases have a more profound impact on the microstructure. Upon applying the
SR250 heat treatment, the silicon network gets disturbed and starts to break up into separate
precipitates (see Figure 2c). The network is still largely continuous but has become disconnected
at several spots. When the temperature of the stress release is increased to 300°C (SR300), the
breakdown of the silicon network is more complete. This is visible in Figure 2d, where it is shown
that the silicon network has been broken up into separate, coarse precipitates. Regardless of the
applied heat treatment, larger silicon phases are retained at the melt pool borders. To summarize,
upon application of the different heat treatments the microstructure shows an evolution from a
continuous fibrous silicon network (NHT and AA170) to a partially broken network (SR250) and
then to separate, coarse silicon precipitates (SR300).

3.2 Potential vs time behavior

A representative selection of anodizing curves is given in Figure 3a. It contains anodizing data for
AM specimens before and after application of a heat treatment. Data for a cast alloy, taken from
the research performed by Revilla et al.®, was added as a reference. Only data obtained during
anodizing of the surface perpendicular to the building direction (XY) are shown. Similar trends
were obtained for surfaces parallel to the building direction (XZ). Large changes in final voltage
are noted, being lowest for the cast alloy and highest for the AM NHT and AM AA170 specimens.
The final voltage of the AM specimen drops on applying the higher temperature stress releases.
After the SR250 treatment a large drop in final voltage is observed. If the temperature of the stress
release is increased to 300°C, the voltage drop is even larger. The anodizing behavior of the stress
released specimen is getting closer to the one seen for CA specimen.

A closer look at the initial stage of anodizing is given in Figure 3b. The CA specimen shows the
typical behavior for barrier growth followed by pore development. First a sharp linear increase
corresponding to linear growth of the oxide layer before pore initiation, followed by a quick
progression to a steady state. The various AM specimens deviate from this behavior. The initial
linear increase is similar for all specimens but steady state is reached later and at higher voltage
than for the CA specimen. The AA170 and NHT specimens only reach steady state after about 300
s of anodizing time. The time before reaching steady state decreases with heat treatment
temperature, taking about 200 s for the SR250 specimen and about 80 s for the SR300 specimen.

Figure 4 gives the anodizing curves for surfaces perpendicular (XY) and parallel (XZ) to the
building direction. The XZ specimens show the same trend in final voltage as the XY specimens.
The NHT and AAL70 specimens reach the highest voltage while the final voltage of the stress
released specimens decreases with increasing temperature of the heat treatment. The NHT and
AA170 specimens show a large difference in final voltage between the XY and XZ surfaces, with
the surface perpendicular to the building direction (XY) reaching higher voltages. This has been



previously observed for NHT specimens?®. The difference was explained by the XY plane having
smaller aluminum cell size, causing more of the aluminum to be in the vicinity of silicon and
increasing the anodizing voltage. For the stress released specimens this difference has become
much smaller.

A certain spread in the data is observed for replicated experiments. This is illustrated in Figure 5.
Despite this spread, a clear trend in anodizing voltage can be seen: AA170 > SR250 > SR300. A
large spread in data is found for the AA170 specimens, as also observed for NHT specimens in an
earlier work®®. The SR250 specimens show a much more limited spread while the SR300
specimens show almost no spread. This can be attributed to small changes in the plane which is
polished. As was seen in Figure 4, there is a difference in final anodizing voltage between the XY
and XZ surfaces of NHT and AA170 specimens. Now, when an XY specimen is polished, there is
an error in the polishing angle and the polishing will not be perfectly in the XY plane; as such after
polishing there is some deviation towards the XZ plane. Hence, these surfaces are then not purely
XY anymore resulting in a spread in the anodizing data. The same reasoning can be applied to the
XZ specimens. In the case of the SR250 and SR300 specimens, which do not show such a large
variation in microstructure between XY and XZ, this polishing error is less critical, explaining why
there is no large spread in anodizing data.

3.3 Anodic oxide layer thickness

Previous research®®’ has pointed out that the morphology of silicon plays an important role in
determining the oxide growth rate and uniformity. Because the heat treatments induce a significant
microstructure evolution, it is expected that the anodic oxide layer will be affected. As such, the
oxide layer was investigated using optical microscopy. Figure 6 shows optical microscopy images
of the cross-section of anodized specimens. The XY surface of each of the shown specimens was
anodized for 1200s. Differences in thickness and uniformity of the oxide layers can be observed.
The thickest oxide layer is achieved with the cast alloy. However, it can be seen that the oxide layer
is locally affected by the presence of large silicon precipitates, causing a drastic reduction in oxide
layer thickness as was observed in a previous work'®. Concerning the AM specimens, the AA170
specimen appears to have the thinnest and least uniform layer. The stress released specimens appear
to be thicker and more uniform, with the SR300 specimen showing the thickest and most uniform
layer for an AM specimen. To have more quantitative data on the evolution of thickness and
uniformity, besides the optical microscopy pictures, a statistical analysis was performed. To
achieve this, the thickness was measured at various spots and the average and standard deviation
were determined (To obtain this, 7 to 10 areas equally spaced in the specimen were chosen. In each
area 20 points were measured, each spaced 20pum apart). The results of this are presented in Figure
7 and Figure 8, respectively showing the average thickness and the relative standard deviation
(standard deviation of the thickness divided by the average oxide thickness) of the specimens. The
data for the cast alloy and NHT material were taken from the research performed by Revilla et al*6.

The evolution of the average thickness of the various specimens with the anodizing time is shown
in Figure 7. The slope of these curves is a measure of the anodizing rate. The large difference in
thickness between the cast alloy and NHT AM material was previously discussed by Revilla et al®.
The AA170 specimen shows a behavior that is very similar to the NHT AM material. The two
curves almost superimpose. The stress released AM material on the other hand shows a behavior



that lies between that of the cast alloy and that of the NHT AM material. The higher the temperature
of the stress release, the thicker the obtained oxide layer for a given anodizing time and thus the
closer the anodizing rate gets to that of the cast alloy. Figure 8 shows the relative standard deviation
(RSD) on the thickness of the AM material for various anodizing times. The RSD is used instead
of the standard deviation as it gives an improved measure of the uniformity. The NHT AM material
shows the highest deviation, thus it has the least uniform oxide layer. For the stress released
materials lower deviations are found, with the specimens stress released at 300°C having the lowest
RSD. For the heat treatments studied in this work, anodizing produces thicker and more uniform
oxide layers after heat treatment at higher temperatures.

Table 2 summarizes the oxide growth rates for the various specimens. They were calculated from
the linear fitting of the data shown in Figure 7. A general trend can be observed. Higher growth
rates are obtained when less of the aluminum is positioned in the immediate vicinity of silicon. As
such, the obtained thickness after a certain anodizing time will be greater. A trend on uniformity
can also be noted. Lower standard deviations are obtained for AM specimens where the silicon
network is more broken up. This corresponds with what is seen in Figure 8. These values were used
to calculate a relative anodizing efficiency by dividing the growth rate of the specimens by the
growth rate of the cast alloy, as shown in Figure 9. The relative anodizing efficiency of the AM
specimens gradually increases when the heat treatments break up the silicon network to a greater
extend, finally reaching 69% compared to that of the cast alloy.

3.4 Characterization of anodic oxide layer

Figure 10 shows backscattered electron images of the cross-section surface of a NHT specimen
that was anodized for 1200 s. In Figure 10a the formed oxide layer is clearly distinguishable. The
oxygen, which has a lower atomic number than silicon or aluminum, darkens the response. It is
possible to distinguish the cells of the cellular Si network. The Si inside the oxide layer has
darkened considerably compared to the Si visible outside the oxide layer which has a much brighter
appearance. Zhu et al*® described for cast aluminum the split of a partially oxidized Si particle in a
dark and light response. They identified the dark response as being silicon oxide and the light
response as being elemental Si. It thus appears that the Si in the oxide layer has been almost
completely oxidized. Some smaller bright spots are visible. They could indicate that a very small
fraction of the material remains unoxidized but are thought to result from the polishing procedure.
Regardless, for a NHT specimen most of the silicon in the oxide layer is oxidized as has been
recently demonstrated by XPS analysis'’. The border between oxide layer and unoxidized material
has an irregular appearance. At several places the border seems to match the cellular morphology
of the Si network.

In Figure 10b a higher magnification of the region indicated by the square in Figure 10a is visible.
In the region indicated by the circle it can be more clearly seen that the border matches the cellular
silicon network. The border coincides with the dark response of the silicon oxide that is found at
the edge of the cells. At this magnification the pores resulting from anodizing are visible inside the
cells. They go down alongside the length of the cell but show a branching behavior as was also
seen in a previous work*®. The direction of the pores is reoriented towards the Si of the cellular



boundary. The orientation of the pores of one cell does not seem to influence the pores of adjacent
cells, the silicon appears to act as a sort of boundary. This can be most clearly seen at the top of the
figure. After passing the silicon, the orientation of the pores is normal to the silicon phase.

Figure 11 shows backscattered electron images of the cross-section surface of a SR300 specimen
that was anodized for 1200 s. Figure 11a shows the oxide layer with embedded Si particles. The
border between oxide layer and unoxidized material has a somewhat more uniform appearance,
though it is locally perturbed in the vicinity of Si particles. Several Si particles are visible. For the
larger particles two regions can be denoted; a light part at the bottom and a darker response on top.
The dark part most likely corresponds to silicon oxide and the lighter part corresponds to elemental
Si'8, In contrast to the NHT material, the Si is now only partially oxidized. Some of the smaller Si
particles have a completely dark appearance indicating that they are completely oxidized. In Figure
11b a higher magnification of the region indicated by the square in Figure 11a is visible. The
bottommost circle shows the perturbation of the border due to the presence of a Si particle, showing
that the oxide front has not progressed as far as it does when it is farther away from any Si particles.
In the uppermost circle one of the partially oxidized Si particles can be observed. The thickness of
the oxidized part of this and other partially oxidized Si particle appears to be about 100 nm.

There may be some ambiguity as to whether the dark response in Figure 11 corresponds to silicon
oxide or to cavities. To clarify this Figure 12 can be used. It shows a partially oxidized silicon
particle at a higher magnification. The light and dark responses show a clear continuity, indicating
that the dark response is silicon oxide. At the top of the particle some small cavities giving a much
darker response can be seen. Between the particles, the pores resulting from the anodizing can be
seen. The pores go down with minor branching unless they pass a Si particle. If the pore has a Si
particle right beneath it, partial oxidation occurs but the pores do not propagate through the Si*°. If
the pore passes to the left or right of a Si particle, it is deviated or splits towards it. In most cases it
does not reach the Si phase but it instead meets other pores beneath the Si particle. As this happens
multiple times, a trace appears below the Si.

4. Discussion

The heat treatments have a large influence on the anodizing behavior of AM AISi10Mg alloy. The
reason for the differences in anodizing behavior after application of various heat treatments is found
in the corresponding changes in microstructure. It is seen that the silicon plays a crucial role in the
anodizing behavior. The different specimens all have the same silicon content so it is the
morphology of the silicon phase that causes the different anodizing behaviors. During anodizing,
silicon is anodized at a lower rate than aluminum?®, In addition, the silicon is more resistive than
the adjacent aluminum matrix®. Hence if silicon is being anodized, the oxide growth rate will be
lower and the anodizing voltage will be higher. The larger the fraction of silicon that is anodized,
the larger this effect will become.

The difference between the cast alloy and NHT AM specimens was previously explained by Revilla
et al*®. They found that the voltage-time response and oxide film characteristics were significantly
affected by the unique microstructure produced by AM. This was linked to the distribution of
silicon, having large dendritic structures for the cast alloy and a fine distribution for the AM
specimen. For the fine distribution it was demonstrated that a larger fraction of the charge is



consumed by the silicon, giving lower film growth rate. An anisotropic behavior was found for the
AM specimens. The final voltage of the voltage-time curve was found to be higher for surfaces
oriented in the XY direction than in the XZ direction. An explanation for this behavior was found
in differences in the aluminum cell size. For surfaces oriented in the XY plane these cells are
smaller, causing a higher fraction of the aluminum to be affected by the proximity to silicon.

A similar discussion can be made for the various heat treated AM specimens, with the anodizing
behavior depending on how the microstructure was affected. When the silicon network remains
continuous, such as is the case for the NHT and AA170 specimens, it acts as a barrier against the
propagation of the oxide front. Therefore, the silicon will be almost completely anodized. This was
observed for the NHT specimen in Figure 10, where only the darker response corresponding to
silicon oxide was seen in the oxide layer while the lighter response of unoxidized elemental silicon
was observed below the oxide layer. As most of the silicon is anodized, the obtained anodizing
efficiency will be the lowest (see Figure 9), resulting in thin oxide layers. Furthermore, the
anodizing voltage will reach the highest values (see Figure 3). As a result of the differences in
aluminum cell size between the XY and XZ surfaces, an anisotropy exists in final anodizing voltage.
The anisotropy was previously described by Revilla et al'® for the NHT specimens and is again
observed for the AA170 specimens as the artificial aging treatment has not significantly changed
the microstructure.

The stress release heat treatments have a more profound impact on the microstructure of the AM
material. They cause a break-up of the silicon network into separate precipitates. The more broken
the silicon network is, the lower is the resistance to anodizing, as the oxide front can more easily
circumvent the silicon. Because the oxide front does not need to move through the silicon, a smaller
fraction of the silicon facing the oxide front will be anodized. This is visible in Figure 11 and Figure
12 for the SR300 specimen. The silicon particles in the oxide layer show a dark response at the top
compared to a lighter response at the bottom. Below the oxide layer, the silicon particles only show
a light response, indicating again that the dark response is silicon oxide. The oxidized part of the
silicon particles was found to be of similar thickness, regardless of particle size. As a consequence,
smaller particles are completely oxidized while larger particles are only partially oxidized. This
means that if the silicon precipitates are of larger dimensions, a lower fraction of the silicon will
be anodized. Similar observations about the effect of the size of the silicon particles were
previously made by Zhu et al'8 for a cast alloy. As a lower fraction of the silicon is anodized, the
stress released specimens have a lower anodizing voltage (see Figure 3) and a higher anodizing
efficiency (see Figure 9) than the specimens with a continuous silicon network, resulting in thicker
oxide layers. The anisotropy in anodizing voltage between the XY and XZ surfaces is no longer
observed. This is a result of the microstructure having become spatially more uniform and
independent of the building direction after stress release heat treatment, reducing the differences
between the different planes. Moreover, the influence of silicon on the anodizing voltage
diminishes as a lower fraction of the silicon is oxidized, reducing the anisotropic behavior further.

A differentiation can be made between the stress released specimens. For the SR250 specimens the
silicon network is only partially broken whereas for the SR300 specimens the silicon network is
broken more thoroughly. In the SR250 specimen most of the aluminum is still in the vicinity and
thus in the sphere of influence of silicon. This increases the anodizing voltage and decreases the



oxide growth rate compared to the SR300 specimen. For the SR300 specimen the phase separation
between aluminum and silicon occurs to a greater extend, so a smaller fraction of the aluminum is
affected by the silicon and the anodizing voltage will be lower. The cast alloy can be seen as a more
extreme case of the SR300 specimen, where the aluminum and silicon are phase separated to an
even greater extent (see Figure 6d). Because of this, the moving oxide front does not encounter
silicon in a large part of the material. This highly reduces the impact of the silicon, giving the
lowest anodizing voltage and the highest oxide growth rates. A side note should be made for the
cast alloy: it was previously reported that in the vicinity of the dendritic silicon the thickness of the
obtained oxide layer is significantly decreased®®. This can also be seen in Figure 6d. In the end, the
final anodizing voltage measurement shows the following order: NHT =~ AA170 > SR250 > SR300
> Cast alloy (Figure 3) and the oxide growth rate follows the order of Cast alloy > SR300 > SR250
> AA170 =~ NHT (see Table 2).

Another point of interest is the transition to a stable regime in the voltage-time curve (see Figure
3b). After 10 seconds the slope drastically changes, until it stabilizes after a certain time. This
transition seems to depend on the applied heat treatment. The AM specimens show a much larger
transition region than the cast alloy. Previous research'’ on NHT specimens has pointed out that
the time interval of the transition region corresponds with the time required to oxidize one cell. A
similar behavior is now found for the stress released specimens. By taking into account the oxide
growth rate (see

Table 2) of SR300 and the time interval of the transition region (=50 s), a match is found between
the size of a silicon particle (=200 nm) and the oxide layer thickness at time of stabilization. As a
large part of the silicon is oxidized, a steady state is reached when the oxide layer thickness
approaches the average size of the silicon features'’. This clearly indicates that the morphology of
the silicon determines this transition behavior.

Aside from the oxide growth rate, the uniformity of the obtained oxide layer is of importance. The
relative standard deviation of the various specimens is given in Figure 8. It can be used as a measure
of uniformity, taking into account the varying oxide layer thicknesses of the specimens. An
apparent order in uniformity is identified: NHT < AA170 < SR250 < SR300. The morphology of
the silicon is again the deciding factor. The presence of silicon impedes the growth of the oxide
layer as it consumes part of the charge, reducing the anodizing efficiency. Its influence on the oxide
layer can be seen in Figure 10 for the NHT specimen and in Figure 11 for the SR300 specimen. It
is seen that the metal/oxide interface progresses less far near silicon. For the NHT and AA170
specimens most of the silicon is oxidized, reducing the overall oxide layer thickness. Previous
research!’ has pointed out that the melt pool borders of NHT material contains a slightly higher
silicon content, locally reducing the oxide layer thickness and decreasing the uniformity. This gives
a distribution in thickness, visible qualitatively in Figure 6 and quantitatively in Figure 8. The stress
released specimens can be seen to be more uniform. A reason for this is that a lower fraction of the
silicon is anodized, reducing the local thinning effect that leads to a decrease in uniformity. Another
contribution might be that there is a more even distribution of the silicon. Therefore, the moving
oxide front will be less affected and the oxide layer will be more uniform.



5. Conclusion

Differences in anodizing behavior were observed for the different specimens. Heat treated
specimens can be anodized but their behavior was found to depend on how the morphology
of the silicon phase was affected. In the case of a continuous silicon network, most of the
silicon will be oxidized. This is representative for the non heat treated (NHT) and artificially
aged (AA170) specimens. When the microstructure consists of separate precipitates, only
a fraction of the silicon facing the oxide front will be oxidized. This is the case for the stress
released specimens (SR250 and SR300). The differences in fraction of silicon anodized
were used to explain the differences in behavior between the various specimens.

The specimens showed a varied voltage-time response during anodizing. The cast alloy
used as a reference showed the typical steady state growth while the AM specimens had an
increase in voltage for longer times before reaching a steady state at higher voltages. The
final anodizing voltage was found to increase when higher fractions of silicon were
anodized, giving the following order: NHT ~ AA170 > SR250 > SR300 > cast alloy. The
anodizing efficiency is affected as well, as it increased when lower fractions of silicon were
anodized, giving the order: NHT < AA170 < SR250 < SR300 < cast alloy.

The anisotropic behavior in anodizing voltage between the different building planes that
was previously observed for the NHT material is again observed for the AA170. After stress
release, this effect has diminished in importance due to a homogenization of the
microstructure and a decrease in the fraction of silicon that is oxidized.

The heat treatments were found to have an impact on the uniformity of the produced anodic
oxide layer in AM AISi10Mg specimens. When silicon is oxidized it leads to a decrease of
the oxide growth rate. If there is a higher silicon content at a certain spot (e.g. at the melt
pool border), this can lead to a local thinning effect. When most of the silicon is anodized
this has a strong effect on the uniformity, as is the case for the NHT and AA170 specimens.
For the stress released specimens less of the silicon is oxidized, diminishing the impact of
the local thinning effect and improving the uniformity. This gives the following order in
uniformity: NHT > AA170 > SR250 > SR300
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Tables

Table 1: Specifications of the chemical composition of the LaserForm AISi10Mg powder used to
fabricate the specimens (AM) and of the AA4420 cast alloy (CA).

Chemical composition (wt%)
Ti Sn Pb Zn Ni Mn | Cu Fe Mg Si Al
AM | <0.15 | <0.05 | <0.05 | <0.10 | <0.05 | <0.35 | <0.10 | <0.55 | 0.20-0.45 | 9.00-11.00 | Rest
CA - - - <0.18 - <0.09 | <0.07 | <0.38 | 0.5-0.7 | 9.48-9.89 | Rest

Table 2: Oxide growth rate during anodizing of different specimens (In 3M H2SO4 electrolyte and
with a current density of 10 mA/cm?.)

Oxide growth rate (um/min)
NHT AA170 SR250 SR300 Cast Alloy
0,18+0,02 |0,21+0,02 |0,23+£0,01 [0,26+0,01 |0,37+0,03




Figures

Figure 1: Optical images of the surface of AM material. a) Surface perpendicular to the building
direction (XY) and b) surface parallel to the building direction (XZ). The cube shows the position
of the surface plane (in red) in relation to the building direction (represented by the arrow). The
borders of some of the melt pools are denoted by the discontinuous lines.

Figure 2: SEM images showing the surfaces of additive manufactured specimens. The
discontinuous lines denote the presence of a melt pool border (MPB). Specimens: a) no heat



treatment (NHT), b) artificially aged at 170°C for 6h (AA170), c) stress released at 250°C for 2h

(SR250) and d) stress release at 300°C for 2h (SR300).
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Figure 3: a) Voltage time curves of the galvanostatic anodizing of XY-AM specimens and a cast
alloy (CA) as reference. b) Zoom of the first 100 seconds of the voltage-time curve.

30+ ——XYAAT70
XY NHT
24 - -
S ——XZ AATT0
218
f=7] ———
8 XY SR250
S12| XZ SR250
-;r',.__——f——-—-“—"_ XZNHT
64 - XZ SR300
| XY SR300
—— Cast Alloy
0+

Time (s)

0 200 400 600 800 1000 1200

Figure 4: Voltage time curves of the galvanostatic anodizing of AM specimens and a cast alloy as
reference. The differences between the XY and XZ surfaces can be observed.
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Figure 5: Collection of voltage-time curves for AA170, SR250 and SR300 specimens indicating
the spread in the data for replicated experiments.
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Figure 6: Optical images of the cross-section of anodized a) AA170, b) SR250, c) SR300 and d)
cast alloy specimens.
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Figure 7: Evolution of thickness with anodizing time for AM specimens and a cast alloy. The values
for the cast alloy and the NHT material were taken from a previous work® .
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Figure 8: Relative standard deviation (RSD) for the thickness of the oxide layer for AM material
having undergone various heat treatments. The RSD can be used as a measure of uniformity.
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Figure 9: Relative anodizing efficiency of the additive manufactured (AM) specimens, using the
cast alloy as a reference. The relative efficiency of the AM specimens gradually increases from
49% to 69% of that of the cast alloy upon application of the heat treatments.

Figure 10: Backscattered electron images of the cross-section of anodized AM NHT. The oxide
layer and the silicon network are clearly visible.



Figure 11: Backscattered electron images of the cross-section of anodized AM SR300. The oxide
layer with silicon particle inclusions is clearly visible.

Figure 12: Higher magnification backscattered electron images of the cross-section of anodized
AM SR300. Partially oxidized silicon particles with some cavities are visible.



