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Abstract  This work mainly focuses on investigating the 
microstructural and indentation creep behaviour of heat-
treated AlSi10Mg alloy processed via the laser-assisted 
powder bed fusion (PBF) route. The as-built AlSi10Mg 
samples were initially solutionized at 520 °C for 2 h. Then, 
the solutionized samples were aged at 180 °C for 2 h. Inden-
tation creep tests were conducted on the aged sample at three 
different loads 55, 92 and 129 MPa at 100 °C for 2 h. The 
steady-state creep rate was calculated from the slope of 
time vs indentation depth graph. In order to supplement the 
indentation creep results, detailed microstructural analysis 
has been carried out through optical and scanning electron 
microscopy. XRD study was carried out for phase analysis. 
AlSi10Mg in the as-built condition revealed the eutectic 
mixture at the melt pool boundaries and ultrafine Al cells in 
the interior. XRD pattern confirmed the presence of Mg2Si 
in the age-hardened condition. Several defects were seen in 
the age-hardened condition. As-built alloy showed the high-
est hardness, whereas age hardening reduced the hardness 
due to the spheroidization of Si particles. The primary creep 
region showed an increase in indentation depth increased 
with respect to time. The depth of indentation remained con-
stant in the secondary creep region. Age-hardened samples 
subjected to 92 MPa stress showed better creep resistance 
compared to 55 and 129 MPa. As-built condition showed the 
highest hardness due to the extremely fine microstructure.

Keywords  AlSi10Mg · PBF · Age hardening · Hot 
indentation creep · Steady-state creep rate

1  Introduction

One of the most popular laser powder bed fusion (LPBF) 
based additive manufacturing techniques is Selective Laser 
Melting (SLM). Manufacturing of aluminium and its alloys 
through the SLM route has always been a tough challenge 
due to the rapid oxide layer formation. As a result, strong 
laser strengths are used to break these oxide layers [1]. 
AlSi10Mg alloy is one of the widely preferred alloys for 
making components such as pistons, heat exchangers, etc. 
owing to their high strength-to-weight ratio, corrosion resist-
ance and low thermal expansion coefficient [2, 3].

At high temperatures, the phenomenon of creep plays an 
important role in predicting their lifetime before any failure. 
In AlSi10Mg alloy, eutectic silicon particles are responsible 
for providing good creep strength [4]. Hence, a thorough 
investigation of the creep performance of AlSi10Mg alloy 
as a function of corresponding microstructural changes is of 
high interest. Among various existing creep testing methods, 
the indentation creep test has several advantages over other 
techniques which can very easily assess the creep behav-
iour of both single crystal and polycrystalline materials. 
One can easily calculate thermal activation parameters like 
stress exponent, activation energy, etc. thereby predicting 
the mechanism of creep damage [5–9].

Ferrar et al. studied the reproducibility of the properties 
of SLMed AlSi10Mg alloys [10]. Read et al. optimized the 
process parameter through statistical exploratory approaches 
and as a result reduction in pores size was achieved, and 
mechanical properties were also evaluated [11]. Vincent 
Hammond et al. studied the effect of process interruptions of 
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SLM-processed specimens and found that the samples pro-
duced in the interrupted processing showed lower mechanical 
properties [12]. Uzana et al. have investigated the mechani-
cal properties of SLM-processed AlSi10Mg alloy and found 
that dislocation motions in aluminium grains control the  per-
manent deformation during creep [13]. Tae Hyun Park et al. 
observed that the sample processed through  direct aging heat 
treatment enhanced the fatigue properties through modify-
ing the Si morphology [14]. Dongming Li et al. examined 
the influence of temperature and time on the microstructures. 
With an increase in heat treatment temperature and time, a 
transformation of unique Si-rich melt pool boundaries into 
coarse particles took place [15]. Rama Rao et al. investigated 
the indentation creep behaviour at 100 °C on the as-built and 
solution heat-treated SLMed AlSi10Mg alloy. It was observed 
that the as-built alloy provided better creep resistance than 
the SHT condition [16]. Shakil et al. studied the indentation 
derived creep response of cast and LPBF processed AlSi10Mg 
and observed that the as-built one showed the least creep 
deformation as compared to the cast samples [17].

Heat exchanger and automobile components made up of 
AlSi10Mg alloys, undergoes ageing during service condition. 
An indentation test which is convenient, reliable to assess 
the deformation in a reasonable time scale compared to the 
conventional creep test has been used in the current study 
[16–19]. As the literature was limited to the hot indentation 
creep behaviour of SLM-built AlSi10Mg alloy [16], an effort 
was taken to study the same. Additionally, an attempt has been 
made to associate the changes in hot indentation creep behav-
iour of age-hardened AlSi10Mg with the alterations in silicon 
morphology when subjected to loads at 100 °C.

2 � Experimental Methods

2.1 � Material Fabrication and Heat Treatment

Cylindrical samples with 10 mm height and  15 mm diam-
eter were SLM fabricated with a laser power of 370 watts 
and 0.03 mm thick powder bed, 0.19 mm hatch spacing and 
1300 mm/s scan speed using pre-alloyed AlSi10Mg powder 
with spherical particles of two different sizes of 30 and 10 μm. 
The elements present in the pre-alloyed powder is described 
in Table 1. 

The SLMed AlSi10Mg cylindrical test specimens were 
exposed to solution heat treatment (SHT) for 2 h at 520 °C 
and then age hardened at 180 °C for 2 h.

2.2 � Density

Theoretical and relative density has been calculated using the 
density measured by Archimedes principle using (Sartorious-
BSA224S-CW) weighing machine.

2.3 � Metallography

An optical and scanning electron microscope was used to view 
the resulting microstructure of the samples polished accord-
ing to the standard procedure followed by etching using Kel-
ler’s reagent. EDS analysis was also carried out to estimate the 
elemental composition.

2.4 � XRD Analysis

Samples were scanned using Panalytical (Model-X’pert) X-ray 
diffractometer. Crystallite size and lattice strain calculations 
were also performed using Scherrer expression. By plotting 
βT cosθ against 4sinθ, also called as Williamson-Hall plot, 
one can get a straight line with slope ε and the calculated slope 
provides the lattice strain. βT is the total broadening due to the 
broadening due to lattice strain and broadening due to crystal-
lite size [20].

The dislocation density (δ) was calculated from micro-
strain (ɛ) and crystallite size (D) values as obtained from XRD 
studies using the following expression below:

where, b—the magnitude of the Burgers vector = a
0
∕
√

2 
(for an FCC alloy)a

0
—the lattice constant [21].

2.5 � Hot Indentation Creep Test

The indentation creep test carried out at 100 °C at loads of 55, 
92 and 129 MPa. Load was applied for 4 h. An LVDT sensor 
recorded the changes in depth of indentation with respect to 
time. The slope of depth of indentation versus time provides 
the steady state creep rate.

2.6 � Hardness Measurement

Vicker’s micro-hardness tester of model (HMV-G20ST) was 
used. Vickers micro-hardness values were determined. A 
100-g load was applied for 10 s.

(1)� =
2

√

3 ∗ (�2)
1

2

D ∗ b

Table1   Elemental composition 
of pre-alloyed powder supplied 
by EOS Gmbh

Elements Al Si Mg Fe Mn Ti Zn Ni Pb Sn Cu

Wt.% Bal 8–11 0.25–0.45 0.55 0.45 0.15 0.1 0.05 0.05 0.05 0.05



3439Trans Indian Inst Met (2023) 76(12):3437–3445	

1 3

Yield strength was calculated for as-built, solutionized 
and aged samples based on the relationship suggested by 
Cahoon et al. [22], which is given by:

where σy—Yield strength (MPa)
VH—Vickers hardness (MPa) and n—strain hardening 

coefficient, whose value is considered to be 0.1 for SLM-
built and heat-treated SLM processed AlSi10Mg speci-
mens [23].

�y =
(

VH

3

)

∗ (0.1)n

3 � Results and Discussion

3.1 � Density

The relative density of the as-built samples was 98.6 ± 0.9%. 
By contrast, after SHT heat treatment and age hardening, the 
relative densities were 99.43 ± 0.2 and 99.1 ± 0.1%, respec-
tively. The as-built conditions show less density due to the 
presence of pores [24]. However, in the case of age hard-
ening, the density got reduced because of the small pores 
formed due to the difference in thermal expansion coefficient 
between the aluminium cells and Si particles.

3.2 � Microstructural Features

Figure 1a and b shows the optical microstructure of the lon-
gitudinal and transverse plane of the as-built AlSi10Mg, 
respectively. The longitudinal plane revealed the scan track 
and pores of different shapes. The melt boundary consists of 
the eutectic mixture and the core revealed very fine grains 
(see Fig. 1a). The transverse plane revealed a fish scale mor-
phology that arose due to the repeated melting and cooling 
(see Fig. 1b). As shown in Fig. 2a, the SHT image had only 
a few melt pool boundaries, i.e. after SHT, the melt pools 
present in the microstructure were found to be dispersed as 
compared to the as-built condition. Fig. 2b shows the OM 
image in the age hardened condition and one can observe 
from this image that the melt pool boundaries vanished and 
the melt pool eutectic silicon disintegrated into the more 
distinct Si particles in the aluminium matrix. 

These melt pools are basically the inhomogeneity present 
in the microstructure which was formed due to high local-
ized melting and rapid solidification [25]. Figure 3a shows 
the SEM image in the as-built condition. The microstructure 
shows two distinct regions, i.e. one region has coarse cells, 

(a) (b)

SD BD

SDTD
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 track 

Pore 

Fig. 1   OM image of as-built condition. (a) Longitudinal, (b) trans-
verse plane

SD

TD(a) (b)

Si Par�cle

Fig. 2   OM image in (a) SHT-520 °C/2 h/WQ (b) Aged/180 °C/2 h
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whereas the other region has very fine cells. Coarse cells 
are formed at the melt pool boundary region. Fine cells are 
formed in the region interior to the melt pool. Very fine cells 
are formed due to the cooling rates of 106 K/s during the 
SLM process. Fine cells of 0.49 µm size were surrounded by 
a continuous fibrous silicon network 0.18 µm wide.

EDS studies carried out on different regions of melt 
pools confirmed that the continuous fibrous network con-
tains eutectic Si, whereas the cells are identified as alumin-
ium. Figure 3b shows SEM image of solution heat-treated 
AlSi10Mg alloy in which continuous fibrous eutectic Si net-
work in the as-built microstructure transformed into near 
spherical-shaped Si particles and was seen everywhere. This 
change in the morphology of Si from fibrous form to par-
ticulate form is termed as spheroidization, which might be 
attributed to the phenomenon of diffusion of Si at high tem-
peratures during SHT. The average particle size of the coarse 

particles and fine Si particles formed after solutionizing was 
found to be 2.2 ± 0.7 µm and 0.78 ± 0.1 µm respectively. In 
addition, pores were also noticed in the microstructure. Fig-
ure 3c shows SEM image of AlSi10Mg alloy after ageing. It 
can be noted that the Si particles formed during solutioniz-
ing got much more uniformly distributed and widely spaced 
after ageing. The aged microstructure shows three distinct 
morphologies of Si particles: fine spherical particles, coarse 
spherical particles and elongated particles. It is also evi-
dent that after ageing treatment, Si particles became coarser 
when compared to the solutionized condition which might 
be attributed to the phenomenon of grain coarsening, coales-
cence, and Ostwald ripening [26–29]. The average particle 
size of the coarse and fine Si particles formed after ageing 
was found to be 2.6 ± 0.2 µm and 0.866 ± 0.1 µm, respec-
tively, which is comparatively larger compared to the SHT 
condition. Additionally, it could be observed that the number 

Fine cells

(b)

Si particles

(a)
Coarse cells

Eutectic Si 
network

Al matrix

(c)

Si particles

Pores

Pores

Fig. 3   SEM image of AlSi10Mg alloy (a) As-built condition, (b) SHT (c) age hardened condition
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of pores present in the aged AlSi10Mg microstructure was 
much higher than those in the solutionized microstructure.

As shown in Fig.  4a, the microstructure of the non-
indenter contact region or undeformed region shows three 
different morphologies of Si particles: fine, coarse and 
elongated Si particles. The average particle size of the 
coarse, fine and elongated Si particles in the non-indenter 
exposed or undeformed region after the hot indentation 
creep test was measured to be about 2.9 ± 0.4, 1.1 ± 0.2  
and 2.5 ± 0.1 to 4 ± 0.4 µm, respectively. Irrespective of 
the applied stress, the average particle size obtained in the 
non-impressed or undeformed region was higher than in the 
indented or deformed region. Thus, it can be inferred that 
coarsening of Si particles has occurred in this undeformed 
region during the 4 h dwell time at the test temperature of  
100 °C. It can also be observed that the pore size has also 
considerably increased in the undeformed region after the 
hot indentation creep test.

Figure 4(b)-(d) shows the SEM images of the deformed 
region which was in contact with the indenter of aged 
AlSi10Mg samples subjected to hot indentation creep test at 
100 °C for 4 h at 55, 92 and 129 MPa, respectively. Several 

deformation bands were clearly visible in the microstruc-
tures. Both applied stress, test temperature and dwell time 
significantly influence the formation of deformation bands 
and Si morphology on the microstructure of the deformed 
region. The severity of deformation bands formed increases 
with an increase in the load applied, since the higher the 
applied load, higher the plastic flow.

After the hot indentation test, there was a change in the 
morphology of the Si particles into rod-shaped structure 
irrespective of applied stress. This can be mainly attributed 
to the phenomenon of segregation of small particles to form 
larger ones at the test temperature and time. Initially, diffu-
sion of the discrete silicon particles at the melt pool bound-
ary takes a rod shape during the indentation dwell period. In 
addition to that there is a reduction in the size and volume 
fraction of the Si particles in the matrix, the applied load is 
transferred from the aluminium matrix to the silicon rod, 
and subsequently, there is a crack initiated on the surface of 
the silicon rod.

As the aluminium matrix is ductile and the silicon rod 
is brittle the matrix deforms and the silicon rod breaks on 
application of 55 MPs load. The volume fraction of Si rods 

Fig. 4   SEM images of age 
hardened and hot indentation 
tested samples (a) 0 MPa/non-
indenter contact region (b) 55, 
(c) 92 and (d) 129 MPa

(a) 0 MPa 55 MPa(b)

Si rods 
displaced 

region

Si rods

Si rod
broken

Si rods

(d) 129 MPa92 MPa(c)
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was found to be maximum for an applied stress of 129 MPa 
when compared to the other two loads applied (see Fig. 4d). 
It was also observed that the Si rod got displaced from its 
location irrespective of the load applied.

3.3 � XRD Analysis

The as-built sample has the maximum lattice strain of 
0.63835 × 10–3, whereas the heat-treated samples (both 
solutionized and age hardened) have comparatively lower 
values of lattice strain when compared to as-built condi-
tions. This shows that upon heat treatment, stress relieving 
has taken place. It can also be observed that the sample after 
solutionizing at 520 °C for 2 h shows a lattice strain value 
of about 0.5653 × 10–3, whereas those samples aged (at 100 
and 180 °C) after the same solutionizing treatment have been 
found to have lower lattice strain values (0.49548 × 10–3). 
This shows that ageing after solutionizing plays an eminent 
role in relieving the stresses in the strained lattice as shown 
in Table 2.

The dislocation density calculated from the XRD analy-
sis is given in Table 2. It clearly indicates that the disloca-
tion density was 5.761 × 1014 m−2 in the as-built condition. 
However, upon solutioning the dislocation density reduced 
by 17% and on ageing it reduced 31%. Because of the high 
cooling rate, the microstructure revealed the very fine alu-
minium cells surrounded by the silicon network. The Si net-
work acts as an efficient dislocation obstacle and hence the 
dislocation movement is restricted.

However, during solutionizing, the silicon network turned 
into particles and during ageing the particles got coarsened. 
Coarse particles which are widely spaced always allow the 
dislocation to move freely and hence the dislocation density 
is low and possess lesser hardness as compared to the as-
built samples.

3.4 � Hot Indentation Creep Behaviour

Figure 5 gives the effect of load on the depth of inden-
tation with respect to time of age-hardened samples hot 
indentation tested at 100 °C tested for 4 h. The creep curve 
was found to have two distinct regions: primary creep 

region and secondary creep region. It can also be observed 
that irrespective of the load applied and temperature, the 
depth of indentation increased rapidly with an increase in 
time in the primary creep region, whereas in the second-
ary creep region, the depth of indentation was found to 
remain constant.

For a given test temperature of 100 °C, the depth of 
indentation was minimum, i.e. 0.3 mm when the load 
applied was 92 MPa, whereas a maximum depth of inden-
tation of 0.42 mm was obtained when the load applied was 
129 MPa. However, when the load applied was 55 MPa, 
the depth of indentation obtained was 0.37 mm. When the 
load increased from 92 to 129 MPa, the depth of indenta-
tion got increased by 13.5%. This irregular trend in the 
depth of indentation with respect to the load applied can 
be attributed to the irregular trend in the Si particle size 
observed with respect to load applied.

The indentation creep rate of the aged sample in the 
current study was 3.68 × 10–7/s for an applied stress of 
55 MPa. From Table 3, it is clearly evident that irrespec-
tive of the load applied, the aged condition offerred better 
indentation creep resistance when compared to as-built 
and SHT conditions.

Table 2   Dislocation density for different heat treatment condition

Samples Crystallite size 
D (nm)

Micro-strain ɛ (%) Lattice constant 
ao (nm)

Dislocation density δ 
(* 1018 m−2)

Dislocation 
density δ (* 
1014 m−2)

As-built 134.09 0.638 0.405 0.0006 5.761
SHT-520 °C/2 h 143.38 0.5653 0.405 0.0005 4.772
SHT-520 °C/2 h + Aged/180 °C/2 h 149.56 0.4954 0.406 0.0004 3.994

Fig. 5   Effect of load on the depth of indentation
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This hike in the creep rate of aged AlSi10Mg as com-
pared with the as-built condition can be attributed to the 
presence of coarse Si particles formed during ageing and 
also due to the larger distance between the particles . As the 
Si network present in the continuous form also acts as an 
obstacle for the dislocation motion and hence the as-built 
AlSi10 alloy shows better creep resistance than the age-
hardened alloy. In addition to the role of dislocation barrier 
of the Si network, the super saturated alloying elements also 
cause solid solution strengthening in the as-built sample. 
The solid solution strengthening is also weak in case of SHT 
and age-hardened conditions, due to the coarse nature of the 
Si particles.

Table 4 gives the comparison between measured depth 
of indentation of as built, SHT and age-hardened samples. 
It can be observed that, at a constant load of 55 MPa, the 
maximum indentation depth within the materials (h) is the 
highest in the aged sample and the smallest in the as-built 
sample (i.e., h as-built < h SHT < h aged). The same trend fol-
lows for all other applied loads too. This maximum depth 
of indentation value obtained is directly related to the 
mechanical properties of the material being tested, espe-
cially the hardness and yield strength. The age-hardened 

samples show less resistance to depth of indentation as 
compared with SHT is due to the coarsening of the Si 
particles and due to the weak solid solution strengthening.

3.5 � Hardness—Yield Strength Co‑relation

Table 5 shows the measured Vickers hardness values for 
as built, SHT and age-hardened samples. It can be noticed 
that the Vickers hardness (VH) value for as-built sam-
ple was 115 ± 3.2 HV, whereas the same for the solution-
ized and aged samples were found out to be 86 ± 0.2 and 
84 ± 0.2 HV, respectively. Similarly, the yield strength 
value for as-built sample was 298 MPa, whereas the same 
for solutionized and aged samples were 224 and 219 MPa, 
respectively.

This highest hardness and yield strength values in 
as-built samples can be explained in terms of the SLM 
processing conditions. Since the as-built sample was sub-
jected to a very high cooling rate of 106 K/s, higher cool-
ing rate results a microstructure that consists of very fine 
cellular α aluminium. The fibrous eutectic Si particles 
surrounding the aluminium cells thereby promote grain 
boundary strengthening. A combination of solid solution 
strengthening and the resistance offered by the eutectic Si 
particles for the dislocation motion imparts high hardness 
and yield strength to it [17, 24, 30, 31].

Whereas heat-treated samples both solutionized and 
aged ones were found to have comparatively lower hard-
ness values, i.e. they were softer than the as-built sample. 
Among all, the age-hardened sample was found to have 
the lowest hardness value [24]. This can be attributed to 
the formation of coarser Si particles due to coalescence at 
higher temperatures which further counters the strengthen-
ing effects in the SLM processed as-built samples, thereby 
causing a reduction in their hardness and yield strength 
values. The drop in the strength upon heat treatment is 
due to the softening effects mainly caused due to Si sphe-
roidization, grain growth and the elimination of solid-solu-
tion strengthening [27, 31]. In the case of conventional 
alloy, the T6 heat treatment is carried out to enhance the 
strength. Contrary to previous findings, T6 heat-treated 
SLM-fabricated AlSi10Mg can lead to softening rather 
than hardening in cast alloys [32, 33]

Table 3   Comparison of steady-state creep rate values in the present 
study with the available literature

Applied 
stress 
(MPa)

Steady-state creep rate (/s)

Aged condition 
[Current study]

Built condition 
[16]

SHT condition [16]

55 3.68 × 10–7 1.20 × 10–5 4.00 × 10–5

92 3.60 × 10–7 2.10 × 10–5 4.50 × 10–5

129 3.73 × 10–7 3.20 × 10–5 5.00 × 10–5

Table 4   Maximum depth of indentation

Stress (MPa) Maximum depth of indentation, h (mm)

Aged condition 
[Current study]

Built condition 
[16]

SHT 
condition 
[16]

55 0.381 0.052 0.285
92 0.323 0.114 0.365
129 0.428 0.191 0.404

Table 5   Vickers hardness 
and yield strength values 
for as-built, SHT and aged 
AlSi10Mg

Mechanical properties Built condition SHT condition Aged condition

Vickers hardness, VH (MPa)
[Experimental]

1128 846 827

Yield strength, �
y
 (MPa)

[Calculated]
298 224 219
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4 � Conclusions

Based on the analysis of the experimental results obtained, 
the following can be drawn:

•	 OM image of the as-built condition showed the melt pool 
boundaries or the scan track. SEM image revealed the 
eutectic mixture at the melt pool boundaries. The core of 
the melt pool boundaries consisted of ultrafine Al cells of 
about 0.6 µm surrounded by the Si continuous network 
with a boundary width of about 0.3 µm.

•	 Coarser Si particles were distantly observed in age-hard-
ened samples.XRD pattern revealed the presence of Al, 
Si and Mg2Si in the age-hardened condition

•	 At any applied load, the deformed region revealed the 
rod morphology. The undeformed region revealed the 
particle morphology.

•	 The depth of indentation increased significantly with 
an increase in the time in the primary creep region and 
remained constant in the secondary creep region. Age-
hardened samples subjected to 92 MPa stress showed 
better creep resistance compared to 55 and 129 MPa.

•	 High creep rate of aged AlSi10Mg can be attributed 
to the presence of coarse Si particles, a large distance 
between the particles and a weak solid solution effect in 
age-hardened samples.

•	 The volume fraction of Si was more at a lower load. 
However, the volume fraction of rods displaced from 
their position was more at a higher load.

•	 The hardness value of the as-built condition, SHT and 
age-hardened samples were about 115, 86 and 84 HV, 
respectively. Age-hardening reduced the hardness due to 
the spheroidization and growth of Si particles
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