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Abstract

Purpose — This paper aims to investigate the effects of various heat treatments on microstructure, hardness, porosity and corrosion properties of the
parts.

Design/methodology/approach — Hot isostatic pressing (HIP) process, various heat treatments and their combinations were applied to the
AlSi10Mg parts produced by direct laser metal sintering (DMLS).

Findings — It has been found that the HIP process, which is a post-processing process, reduces the amount of porosity in DMLS-AISi10Mg material,
thus improves corrosion resistance significantly.

Originality/value — In this study, the HIP process and subsequent T6 heat treatments were applied to AlSi10Mg parts produced by the DMLS
technique. The study aims to increase the corrosion resistance of AlSi10Mg parts by reducing porosity with the HIP process and by altering the

microstructure with the T6 process.

Keywords Hot isostatic pressing (HIP), Direct metal laser sintering (DMLS), Heat treatment, AlSi10Mg, Additive manufacturing (AM),

Corrosion resistance

Paper type Research paper

1. Introduction

Interest in metal-based additive manufacturing (AM) systems
has been increasing in recent years. They can provide quick and
easy solutions to the demands of defense, aerospace and
medical industries. Capabilities of these technologies offer
design freedom without any loss in material (Ti, Ni, Co, Al,
etc.) properties (Herzog er al., 2016; Olakanmi ez al., 2015;
Girelli ez al., 2019a; Wang et al., 2016; Vrancken ez al., 2012;
Sing et al., 2016; Ni et al., 2019). It is possible to produce many
complex shaped parts in various industries with AM systems,
even parts that cannot be produced by traditional methods such
as “dies with built-in channels” (Kempen ez al., 2012; Iturrioz
etal.,2018).

The most common aluminum alloy used in metal AM
technology is AlSil10Mg, which is the equivalent of the A360
casting alloy. This alloy has good mechanical properties, low
thermal expansion coefficient, and superior corrosion
resistance (Girelli ez al., 2019¢; Delahaye er al., 2019; Read
et al., 2015). Due to the nature of the AM process, high cooling
rates in production result in eutectic compounds that are fine-
grained and rich in silicon, resulting in higher tensile strength,
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higher hardness and higher ductility compared to conventional
casting products (Kempen ez al., 2012; Iturrioz ez al., 2018;
Girelli ez al., 2019c; Delahaye ez al., 2019; Read er al., 2015).
Also, there are many parameters that affect the properties of the
material such as volume distance and scanning speed. Those
parameters play an important role in material porosity and
directly affect it is mechanical (fatigue, abrasion, creep)
properties (Girelli ez al., 2019a; Krishnan et al., 2013; Wang
etal.,2018).

The use of heat treatment to improve the mechanical
properties of materials is also essential for AM, as heat
treatment has an enormous impact on the microstructure and
final performance (Girelli ez al., 2019a; Girelli ez al., 2019c;
Wang er al., 2018; Salman ez al., 2019). Among these, T6-like
heat treatments are the most widely researched processes for
AlSi10Mg alloys (Girelli ez al., 2019b). Studies have shown that
the aging time of T6 treatment directly affects the hardness of
the material (Zhou ez al., 2018), increases ductility (Wang ez al.,
2018; Aboulkhair et al., 2016), promotes the growth of Si
particles with increasing temperature (Li ez al, 2016) and
affects the anisotropy behaviour (Girelli er al., 2019c). In
addition to T6-like treatments, the hot isostatic pressing (HIP)
process, which is a very effective secondary process that reduces
the amount of porosity in the parts, is frequently applied to AM
samples (Girelli ez al., 2019a; Schneller ez al., 2019). Although
the HIP is a high-cost process, it provides a significant increase
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in ductility and corrosion properties and fatigue strength (Ran
etal., 2006; Lee et al., 2003; Ceschini ez al., 2008), all of which
are very critical properties for aluminum parts.

As aluminum alloys are frequently used in aerospace and
automotive industries, it is not enough to provide strength only as
mechanical strength. At the same time, it must have high
corrosion resistance. Recently, the effects of thermal post-
processing (HIP, heat treatments, etc.) on AM parts have been
studied. The effects of HIP treatment on reduction of internal
porosity, fatigue strength and mechanical properties of AM parts
were investigated (Maamoun ez al, 2018). Besides, in the
literature, there are studies on the corrosion properties of AM
parts (Ti, steel, etc.) treated with HIP as a secondary process.
Still, there is no study on the effects of the HIP treatment on the
corrosion behaviour of AlSilOMg products. The effects of
AlSi10Mg alloys produced with AM on corrosion behaviour have
been previously investigated. These studies are generally about
the investigation of the effects of heat treatment conditions on
corrosion (Gu ez al., 2019; Cabrini er al., 2018; Rafieazada ez al.,
2019). In addition, the effects of different chemical solutions
were also examined. In this study, it was also reported that open
porosity affects corrosion resistance by creating preferred
corrosion starting zones (Cabrini ez al., 2016¢). In another study,
the effects of different surface finishing processes on corrosion
were investigated (Cabrini ez al., 2016b).

The aim of the study is to increase the corrosion resistance of
AlSi10Mg parts by reducing porosity with the HIP process and
by altering the microstructure with the T6 process.

2. Experimental procedures

2.1 Material and production
Spherical gas atomized AlSil0Mg powder with an average
particle size of 40 um supplied by EOS GmbH was used for
production of the parts. The chemical composition of the
powder used is given in Table 1.

In the production stage, cylindrical test samples were
produced by the DMLS method, using the EOS M 290 metal
AM system. All samples were produced horizontally. DMLS
production parameters are given in Table 2.

Energy density is calculated according to the equation as
follows:

E=—— €))

in which E indicates the energy density (J/mm?); P, laser
power (W); V, scan speed (mm/s); h is the hatch distance
(mm) and z shows the layer thickness (mm), respectively.

Table 1 Chemical composition of AlSi10Mg powder (Wt.%)
Si Fe Cu Mn Mg Ni Zn Pb Ti Al
9.8 0.14 0.02 <0.01 036 0.01 <0.01 <0.01 0.01 Rest

Table 2 DMLS parameters

2.2 HIP and heat treatment conditions

Heat treatments were carried out according to the EOS
datasheet (EOS, 2009). Post-production stress-relieving (SR)
heat treatment was applied to all samples at 300°C for 2h.
Solution treatment (solutionizing) was applied at 540°C for
2h. Samples were then quenched in 80°C water. Aging was
carried out at 180°C for various durations. All heat treatments
were carried out under ambient atmosphere in Nabertherm N
41/H furnace. Sample coding and process design are given in
Table 3. The HIP process was performed under argon
atmosphere and 100 MPa pressure at 500°C for 75 min. HIP
furnace (AIP press HP 630 model, USA) use graphite heating
elements (Figure 1). The average heating rate for HIPing was
12°C/min, and the cooling rate was 50°C/min. The whole
process cycle lasted approximately 3 h.

2.3 Microstructural characterization
The samples were prepared according to the standard
metallographic preparation procedure by cutting, polishing and
then etching with Keller’s Solution (95 mL of distilled water,
2.5mL of HNO3, 1 mL of HF and 1.5mL of HCI). Optical
micrographs were taken using Zeiss Axio Lab. Al light metal
microscope. Scanning electron microscope scanning electron
microscope (SEM) (Hitachi SU3500 T2) and energy dispersive
x-ray spectrometer (Oxford EXACT energy-dispersive X-ray
spectroscopy) were used for further investigation. Quantitative
analysis of the micrographs was performed (approximately 40
measurements) using the Image] software.

Approximately 60 pieces of silicon particles were measured
from SEM micrographs and a table was created from the
average values of them.

2.4 Mechanical tests

Brinell hardness (HB) measurements of the samples were
conducted using an EmcoTest Duravision hardness tester by
applying 62.5 kgf load using a 2.5 mm steel ball intender. Mean
hardness values were calculated using five measurements
conducted on a single sample.

2.5 Corrosion characterization

2.5.1 Electrochemical corrosion tests

The electrochemical corrosion behaviour of the samples was
characterized by potentiodynamic polarization tests according
to ASTM G5-14 standard using IVIUM/Vertex-CompactStat
model potentiostat. Tests were carried out in 3.5% wt. NaCl
solution with a scanning rate of 0.5 mV/s. Before potentiodynamic
polarization tests, the samples were polished, cleaned with acetone,
and dried with hot air. The corrosion test cell consisted of the
reference electrode-RE (Ag/AgCl), working electrode-WE (MS1
samples), and a counter electrode-CE (platinum). Surface areas of
the working electrode and the counter electrode were determined
as 1 cm?. At the beginning of a potentiodynamic test, open-circuit
potential was measured after 40 min. Corrosion potential (E,,.),
corrosion progression rate (i), polarization resistance (R,) and

Laser power (W) Scan speed (mm/s)

Hatch distance (mm)

Layer thickness (.m) Energy density (J/mm?®)

370 1,300 0.19

30 49.93
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Table 3 Sample coding and corresponding thermal processes

Sample code Process

HO DMLS + SR*

H1 DMLS + SR + HIP

H2 DMLS + SR + HIP + solutionizing** + 4-h aged***
H3 DMLS + SR+ HIP + solutionizing + 12-h aged

T6 DMLS + SR + solutionizing + 4-h aged

Notes: *SR heat treatment: 300°C/2h + air cooling; **solutionizing heat
treatment: 540°C/2h + 80°C water quench; ***aging temperature: 180°C

Figure 1 Graphite heating setup with a set of samples

corrosion rate (mm/year) were obtained by the Tafel extrapolation
method using IviumSoft software according to ASTM G3-14.

2.5.2 Intergranular corrosion tests

IGC tests were carried out according to BS EN ISO
11846:2008 standard-method B. Before IGC testing, samples
were degreased with acetone, immersed for 2min in NaOH
solution [5% (m/m)] at a temperature of 60°C, washed in
running water, immersed for 2 min in concentrated nitric acid
for desmutting, and rinsed in running water and then in
distilled water and dried. After that, samples were immersed for
24 in a solution containing 30 g/l NaCl and 10 mL * ImL of
concentrated HCI at room temperature. After the tests, the
samples were rinsed in running water and distilled water and
dried. The corrosion products on the sample surfaces were then

cleaned, and the weight losses of the samples were calculated
using a precision-scale.

Based on the weight loss calculated as the difference between the
initial weight of the sample before immersion and its weight after
the removal of corrosion product, the corrosion rates (mm/year) of
the samples were determined using the formula below:

Rey = 87.6 X 2)

DAT

In this formula, R,,,, is the corrosion rate (mm/year), W is the
weight loss (mg), D is the density of the sample (g/cm?), A is
the surface area of the sample (cm?) and T is the duration of the
sample is immersed in the solution (h) (Ozer ez al., 2020).

3. Results and discussion

3.1 Microstructural evaluation

The optical micrographs of the polished cross-sections of the
polished samples are given in Figure 2. The micrographs of as-
built and HIPed samples indicate that all the materials contain
porosities with varying amounts. It was observed that the
HIPed samples contain a lesser amount of porosity, which is
confirmed by the image analysis results given in Table 4.

Table 4 indicates the amount of open porosity in the samples.
The as-built sample has a reasonable porosity value, which is due
to the nature of AM. However, as expected, the amount of
porosity decreased after HIP and increased after T6 heat
treatment. The H1 sample had the lowest porosity. Therefore, it
can be concluded that HIP treatment is an effective method to
reduce the porosity in the AM samples. On the other hand, the
HIP process does not cause a significant change in the
microstructure (Ertugrul ez al., 2020).

The cross-sectional SEM images of the AlSi10Mg samples
are given in Figure 3. The as-built microstructure of the
AlSi10Mg alloy consists of eutectic Si formed in a very thin
cellular form with an @-aluminum matrix. Such a
microstructure is the typical result of the very rapid
solidification (10°-10° K/s) during the DMLS process
(Prashanth and Eckert, 2017; Nakata er al., 2017). Rapid
solidification results in insufficient time for the diffusion of Si
atoms and the formation of a supersaturated solid solution
(Zakay and Aghion, 2019). Due to the nature of the DMLS
process, the melt pool boundaries and the heat-affected zone
are formed in the structure [Figure 3(a)].

After the HIP process, Si atoms diffuse into nucleation sites,
and cellular structure is disrupted. Also, the melt pool
boundaries disappear entirely, and the Si particles become
coarser [Figure 3(b)]. Si particles grow further and become
spherical with subsequent T'6 heat treatment [Figure 3(c)-3(e)].
The measured average Si particle sizes are given in Table 5
confirm the findings of the SEM investigation.

3.2 Mechanical properties

Figure 4 shows the hardness values of the samples. The
hardness value of the HO sample was measured as 85.5 HB.
Hardness decreased dramatically after the HIP treatment (H1
sample/51.1 HB), as can be expected, as there is some solutionizing
and grain growth during the high-temperature treatment of the Si-
rich Al matrix. For the H2 sample, the hardness value increased to
110 HB as a result of precipitation hardening. With increasing
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Figure 2 Microstructures of the polished AlSi10Mg samples (a) as-built, (b) HIPed, (c) HIP + 4-h aged, (d) HIP + 12-h aged and (e) T6

Table 4 Porosity values and standard deviations of the samples

Sample  Porosity —image analysis (%)  Standard deviations (+)
HO 0.203 0.076
H1 0.089 0.021
H2 0.102 0.033
H3 0.110 0.033
T6 0.510 0.009

aging duration, the hardness value decreased (92.1 HB/H3 sample)
due to the excessive coarsening of the Si particles (Table 5) and
averaging. Although the hardness of the T6 condition (90.3 HB)
was found to be close to the H3 condition, the hardness value of the
H3 sample was found to be slightly higher, revealing the positive
effect of the HIP. These results are following the previous study
based on mechanical property investigations with the same system
(Ertugrul ez al., 2020).

3.3 Corrosion behaviours

3.3.1 Electrochemical corrosion behaviour

The effects of the HIP and heat treatment conditions on the
electrochemical corrosion behaviour of the AlSi10Mg samples
were studied using the Tafel polarization method. Figure 5
shows the Tafel polarization curves of the AlSi10Mg samples.
Corrosion initiation potential (E,,,.), corrosion progression rate
(1.0 corrosion rate (mm/year) and the polarization resistance
(R,) were obtained from Tafel plots. The T6 sample showed
the lowest corrosion potential (—0.7272V) while the highest
corrosion potential value (—0.7941V) was found in the H2
sample (Figure 5). In addition, when the corrosion current
density values were examined, the T6 sample showed the
highest corrosion current density value (0.3884 ;LA/cmZ). The
lowest current density value was found in the HO sample
(0.1940 wA/cm?). The current density value of HI
(0.2958 wA/cm?) is also relatively low. In H2 and H3 samples,
current density values were found to be somewhat similar
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Figure 3 SEM images of the etched (a) as-produced, (b) HIPed, (c) HIP + 4-h aged, (d) HIP + 12-h aged and (e) T6

ALUTEAM 15.0kV 4.9mm M-x500 SE 03/01/2019 T 00pm

Table 5 Average silicon grain size of the microstructures

Sample Average silicon grain size («m)
Ho -

H1 3.26

H2 5.54

H3 6.17

T6 5.87

(0.3538 and 0.3323 wA/cm?, respectively), which means aging
duration does not affect corrosion current density significantly.
Polarization resistance (R,) 1is inversely proportional to
corrosion resistance. In other words, if the polarization
resistance is high, the corrosion rate is also low. As seen in
Table 6, the HO sample showed the highest polarization
resistance (37.0 kQ2), which is considerably higher than other
samples. In addition, the lowest polarization resistance belongs
to the T6 sample (10.3 kQ). The second highest polarization

Figure 4 Hardness results
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Figure 5 Potentiodynamic polarization curves of the samples
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resistance belongs to the HI sample (26.6 kQQ), and then to the
H2 sample (24.9 kQ). The polarization resistance of the H3
sample is relatively lower (20.8 kQ)).

Corrosion current densities of HO and H1 samples were
lower than high-temperature heat-treated samples (H2, H3 and
T6). The reason for this is the microstructural alterations. In
the HO microstructure, silicon particles are distributed through
the sample as a very fine network. This very fine distribution of
silicon particles has been shown to have a beneficial effect on
corrosion by the “small cathode-large anode” mechanism by
previous researchers (Girelli er al, 2019b). Rubben er al
demonstrated that there is a potential difference between
silicon particles and the aluminum matrix they performed on
the AM/AISi10Mg sample using the Scanning Kelvin Probe
Force Microscopy (SKPFM) (Rubben ez al., 2019). With the
heat treatment, the silicon network structure deteriorates,
the silicon particles become independent and coarse. As the
temperature increases, the size of the silicon particles (cathode)
increases (Table 5). Hence, the “small cathode-large anode”
mechanism is broken. In this case, the Al matrix, acting as an
anode, dissolves faster, and the corrosion rate increases. As a
result, solution and T6 heat treatment after HIP treatment
increase the corrosion sensitivity of the samples in the saline
environment.

Another reason for the decrease in corrosion resistance after
high-temperature heat treatment is the formation of
intermetallic phases (Fe-containing and Mg,Si). As the
intermetallic phases form a micro galvanic couple with
the aluminum matrix, they reduce the corrosion resistance of
the samples. Furthermore, the porosity in the microstructure
decreases after the HIP process, increasing the corrosion
resistance of the samples.

Table 6 Results of the potentiodynamic polarization tests

3.3.2 Intergranular corrosion behaviour

Figure 6 shows the variation of weight loss depending on the
sample conditions. A sample had the lowest corrosion rate (highest
corrosion resistance) in the immersion solution (H1), whereas the
HO sample suffered the fastest corrosion. The T6 sample shows a
low corrosion rate. Other samples that were heat-treated after the
HIP process (H2 and H3) show moderate corrosion resistance.

The cross-sectional images of the samples after the immersion
in the intergranular test solution for 24 h are given in Figure 7. As
seen in Figure 7, the immersion corrosion behaviour is different
from electrochemical corrosion behaviour. Corrosion damage is
seen as a penetrating attack in the sample with H0. This is related
to the microstructure formed after the stress relief heat treatment
applied to the as-built structure. In such a microstructure, the
cellular Si network formed in the as-built microstructure is
disrupted and becomes discontinuous. However, melt pool
boundaries do not disappear completely. IGC damage in such a
microstructure proceeds deeper in a lightning-like structure. The
cause of this corrosion damage is the selective attack of the material
along the melt pool boundaries. That is, the H0 sample is locally
subjected to a selective corrosion attack.

The HIPed sample was hardly corroded [Figure 7(b)]. This
situation is related to the porosity in the microstructure. After
the HIP procedure, the micro porosities in the structure
decrease considerably. DMLS as-built samples have porosity
due to the nature of the production method, making the samples
susceptible to micro-cracks (Subrahmanyam ez al., 2020; Cabrini
et al., 2019; Aboulkhair ez al., 2014). These cracks preferentially
form starting points for corrosion damage in corrosive

Figure 6 Variation of the weight loss depending on different sample
conditions
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Samples Ecorr (V) leorr (AJcm?) Corrosion rate (mm/year) Polarization resistance (kQ)
HO —0.7823 0.1940 0.002192 37.0
H1 —0.7670 0.2958 0.003168 26.6
H2 —0.7941 0.3538 0.003998 24.9
H3 —0.7472 0.3323 0.003755 20.8
T6 —0.7272 0.3884 0.004390 10.3
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Figure 7 Cross-sectional images of the samples after the IGC test, (a) as-built, (b) HIPed, (c) HIP + 4-h aged, (d) HIP + 12-h aged and (e) T6

T
1.00mm

environments (Cabrini ez al., 2016a). It can be concluded that the
HIP process reduces the risk of cracking, and the samples
become more resistant to corrosion.

After high-temperature heat treatment, a different mechanism
emerges. The melt pool boundaries in the microstructure disappear
completely, the cellular silicon network is broken, and the silicon
particle become coarse [Figure 3(c)-3(e)]. In this case, the corrosion
behaviour of the material also changes. The preferential corrosion
progression seen in the HO sample is not seen in these samples.
Corrosion damage is mostly observed in the form of pits in samples
that have been heat-treated at high temperatures [Figure 7(c)-7(e)].

T
1.00mm

Ypp—
1.00mm

The IGC behaviour of the material is different from
electrochemical corrosion behaviour. “Small cathode-large
anode” mechanism is effective in electrochemical corrosion. As
heat treatments performed at high temperatures disrupt this
mechanism (Si particles become coarse), the alloy shows higher
corrosion resistance in the as-built state.

In ICG, the corrosion damage proceeds along the grain
boundaries. Therefore, in the as-built case where grain boundaries
exist, the alloy suffers more damage. High-temperature heat
treatments homogenize the microstructure. The cellular Si network
structure deteriorates, and grain boundaries are lost. With the
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disappearance of grain boundaries, corrosion cannot progress along
the grain boundaries, and instead, it appears as pits (Figure 7).

The H1 (HIPed) sample showed the lowest corrosion
sensitivity. Porosities in the microstructure preferentially form
the starting points of corrosion in the IGC solution. Therefore,
after the HIP process, the porosity decreases considerably,
decreasing the corrosion initiation and progress rate.

4. Conclusions

The main conclusions deduced from this work are as follows:

+ AlSi10Mg alloy samples produced with DMLS contained
micro porosities due to the nature of the production
method. It was that the HIP process significantly reduced
these micro porosities.

- DMLS/AISi10Mg microstructure consisted of a very fine
cellular eutectic Si and aluminum matrix. The melt pool
boundaries were apparent in the microstructure. After the
HIP process, this microstructure was degraded with the effect
of temperature, and the Si particles became independent and
coarse. T6 heat treatment performed after the HIP process
made these Si particles even coarser.

» The HIP process reduced the hardness as it altered the as-
built microstructure. However, the short T6 heat
treatment performed after the HIP process increased the
hardness by precipitation hardening. However, longer T6
heat treatment caused overaging and reduced hardness.

+  The HO sample showed the lowest corrosion sensitivity in a
3.5% NaCl solution. This was due to the “small cathode-large
anode” mechanism in the H0O microstructure. Relatively low
corrosion sensitivity was seen after the HIPed process. As the
HIPed process reduces the porosities in the microstructure of
the alloy, it has a beneficial effect on corrosion resistance.
However, as the T6 heat treatment performed after HIPed
coarse the Si particles and disrupts the “small cathode-large
anode” mechanism, its corrosion resistance decreases.

+  The IGC behaviour of AlSilOMg alloy was completely
different. The HO sample showed the lowest corrosion
resistance in IGC. This was because of the melt pool
boundaries that exist in the microstructure. IGC progresses
along these boundaries and damages the material. The IGC
resistance of the alloy increases as the HIP process and
subsequent heat treatments remove the grain boundaries in
the microstructure and homogenize the microstructure. In
addition, as HIPed significantly reduces the porosity in the
microstructure, the IGC strength of the alloy increases.
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