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EFFECT OF POST-HEAT TREATMENT ON THE WEAR PROPERTIES OF AlSi10Mg ALLOY MANUFACTURED 
BY SELECTIVE LASER MELTING

 Microstructure and wear property of AlSi10Mg alloy manufactured by selective laser melting (SLM) were investigated. Also, 
the effect of post heat treatment on the mechanical and wear properties was examined. Two kinds of heat treatments (direct aging 
(DA) and T6) were separately conducted to SLM AlSi10Mg alloy. As-built alloy had a cellular structure formed inside the molten 
pool. Eutectic Si was also observed at the cellular boundary in as-built alloy. After DA heat treatment, the cellular structure still 
remained, and a large amount of nano-size Si particles were newly formed inside the cell structure. Both molten pool and cellular 
structure disappeared, and the size of Si increased in T6 alloy. The values of Vickers hardness measured as 139.4 HV (DA alloy), 
128.0 HV (As-built alloy) and 85.1 HV (T6 alloy), respectively. However, concerning to wear property, T6 alloy showed better 
wear resistance than other alloys. The correlation between microstructure and wear mechanism of SLM AlSi10Mg alloy was also 
discussed.
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1. Introduction

Among Al-based alloys, AlSi10Mg alloy has a low ther-
mal expansion coefficient, high specific strength and excellent 
mechanical properties. Especially, AlSi10Mg is an alloy that 
contains Si phase, which is known to give outstanding wear re-
sistance [1]. Due to such characteristics, this alloy is commonly 
used in automotive applications such as pistons and engine blocks 
[1,2]. Furthermore, application of AlSi10Mg alloy in the aircraft 
and ship industries is also being explored.

AlSi10Mg alloy was mainly manufactured by casting. 
However, the casting process has a slow cooling rate of ap-
proximately 102 ℃/s or less, and It is also known that the size 
of eutectic Si tends to be coarse easily. [3]. In addition, casting 
forms secondary dendrite structures that hinder the mechanical 
properties and wear resistance of the alloy. 

Recently, there have been attempts to manufacture Al-
Si10Mg alloy using additive manufacturing (AM), and such 
attempts have been garnering great interest [4]. Among the 
various AM processes, selective laser melting (SLM) is capable 
of achieving fast cooling rate (106 ℃/s-108 ℃/s), and it is being 
reported as the most ideal process to manufacture Al alloys [5]. 

Due to its fast cooling rate, SLM forms unique and fine micro-
structures such as its molten pool and cellular structure. These 
unique microstructures are reported to make contributions to 
improving the alloy’s mechanical properties such as hardness, 
tensile strength and compression [6,7].

However, Al-based alloys manufactured by SLM can have 
defects such as pores [8]. Such defects cause microstructural 
instability, which in turn has a harmful influence on the alloy’s 
mechanical properties [9]. As a result, many past studies have 
proposed post-heat treatment to resolve the issues caused by the 
defects [10,11]. And then, T6 heat treatment is a precipitation 
hardening heat treatment that has been used on AM materials as 
well as commercial Al-Si wrought materials. However, unlike 
commercial wrought materials, AlSi10Mg alloy manufactured by 
SLM was reported to suffer a decrease in mechanical properties 
after T6 heat treatment [12]. The reason why SLM AlSi10Mg 
alloy’s mechanical properties decrease after T6 heat treatment 
has not been clearly identified. 

AlSi10Mg alloy is commonly used in automobile and air-
craft parts, and wear resistance is one of its most critical physi-
cal properties [13]. Eutectic Si found in commercial wrought 
AlSi10Mg materials has a good influence on the alloy’s wear 
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resistance. In addition, Al2O3 formed on the wear surface during 
wear plays the act of a solid lubricant that contributes to reducing 
wear loss [14]. However, AlSi10Mg alloy manufactured by SLM 
is reported to form a microstructure that is different from the 
microstructure of conventional AlSi10Mg material [15]. Despite 
this, no study has looked into the wear resistance of AlSi10Mg 
alloy manufactured by SLM.

In this study, AlSi10Mg alloy was manufactured using 
SLM, and its microstructure and wear properties were examined. 
Also, the effect of post-heat treatment on wear resistance and 
wear behavior was investigated. 

2. Experimental Method

Selective laser melting (SLM) was used in scan pattern 
of hatch type to manufacture a bar-shape AlSi10Mg alloy 
10 mm×10 mm×100 mm in size. To identify the chemical 
composition of AlSi10Mg alloy, X-ray fluorescence (XRF, 
ZSX Primus II) analysis was performed, and the results are 
listed in Table 1. The manufactured alloy was confirmed to have 
a chemical composition that fell in the range of standard compo-
sitions.

TABLE 1

Chemical compositions of AlSi10Mg in XRF Results (wt. %)

Element Al Si Mg Fe Total
AlSi10Mg 89.9% 9.6% 0.3% 0.2% 100%

Post-heat treatment was performed using a box furnace 
at room temperature, and the conditions used are shown in 
Fig. 1. AlSi10Mg alloy manufactured by SLM is reported to 
be in a non-equilibrium state where large amounts of Si are 
molten into the Al matrix [16]. As a result, post-heat treatment 
(precipitation hardening heat treatment) was performed under 
two conditions. The first condition was direct aging (DA) heat 
treatment, which only performs aging at 180℃ for 6 hours while 

omitting solution heat treatment. The second heat treatment was 
T6 heat treatment, which is used on commercial wrought Al-Si 
alloys. T6 heat treatment was performed by applying 2 hours of 
solution heat treatment at 520℃, then applying water cooling, 
and conducting 6 hours of aging at 180℃.

In order to perform phase analysis and microstructural ob-
servation of AlSi10Mg alloy, pretreatment was applied. First, the 
specimen was ground using a polisher with #400 ~ #4000, and 
final polishing was applied with 1 μm diamond paste and colloi-
dal silica of 0.04 μm. X-ray diffraction (XRD, ULTIMA IV, scan 
speed 4o/min and 2-theta 25o ~ 105o) equipment was used for 
phase analysis. Microstructural observations were made using an 
optical microscope (OM), scanning electron microscope (SEM, 
TESCAN; VEGA II LMU), field emission scanning electron 
microscope (FE-SEM, FEI COMPANY; QUANTA 200F) and 
electron back-scattered diffraction (EBSD, OXFORD; Nordlys 
nano detector, step size 200 nm, 15 kV) equipment. The etching 
solution used was modified Keller’s reagent (190 ml H2O, 5 ml 
HNO3, 3 ml HCl and 2 ml HF).

Vickers hardness test was performed at room temperature. 
The hardness was measured using Vickers hardness (Akashi, 
AVK-C100) equipment. A wear test was performed to identify 
the wear resistance property of the alloy. The ball-on-disk method 
was applied with no lubrication at room temperature. In addition, 
a rotation radius of 3 mm, rotation speed of 80.2 RPM, straight 
rate of 25.2 mm/s and vertical load of 10 N were employed. The 
ball used for the wear test was made of SAE 52100 (ASTM; 
bearing steel) with 5.556 mm diameter.

3. Results and discussion

3.1. Microstructure characteristics of SLMed AlSi10Mg 
Alloys with post-heat treatments

The microstructures of AlSi10Mg alloy manufactured 
by SLM (as-built) and alloys with post-heat treatment applied 
(DA & T6) were observed macroscopically using an optical 

Fig. 1. Schematic schedule of heat treatment: (a) direct aging (DA) and (b) T6 Heat treatment
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microscope (OM), and the results are shown in Fig. 2. Molten 
pools were found in the as-built alloy (Fig. 2a), and structures 
were similar to the microstructure of alloys manufactured by 
SLM. The above-mentioned molten pool measured 76.3 μm and 
170.8 μm in width and height, respectively. The alloy with direct 
aging (DA) heat treatment applied (Fig. 2b) also maintained the 
molten pools found in the as-built alloy. Even though the DA 
heat treatment temperature was approximately 180 ℃, which 
is not significantly low, the fact that the molten pools in the as-
built alloy did not disappear is an interesting finding. The width 

and height of the molten pools found in the DA alloy measured 
80.3 μm and 164.4 μm, respectively, which are similar to those 
in the as-built alloy. Unlike the other two alloys, no molten pools 
were found in the case of the alloy with T6 heat treatment applied 
(Fig. 2c). In addition, black phases were formed throughout the 
T6 alloy, and the overall structure was somewhat different from 
the other two alloys. 

Fig. 3 is the XRD analysis results of the three alloys. Si 
phase were found with Al phase in all three alloys, and no 
additional precipitation phases [17] were detected. In a detail 
look at the XRD results, the peak intensity of the Si phase in T6 
alloy was higher than the two other alloys. This is suspected to 
be due to additionally precipitated Si (black phases in Fig. 2c) 
as a result of the solution heat treatment of T6 heat treatment, 
which in turn increased Si ratio.

Fig. 3. XRD patterns of SLM-ed AlSi10Mg alloys (as-built, DA and 
T6 alloys)

Fig. 4 is the observation results of the internal structures 
of the as-built and heat treated (DA, T6) alloys. The as-built al-
loy had a cellular structure within the molten pool, and its size 
measured 0.63 μm. In addition, eutectic Si was found at the 
cellular structure boundary of the as-built alloy. In the case of 
the DA alloy (Fig. 4b), a cellular structure similar to that of the 
as-built alloy was observed, and its size was similar to the as-
built alloy, but measured slightly larger (0.69 μm). Meanwhile, 
within the cellular structure, a large number of nano-sized Si 
particles precipitated. This is suspected to be the solid solution 
Si inside the Al matrix precipitating in nano size due to the ag-
ing heat treatment performed at approximately 180℃. On the 
other hand, no cellular structure was observed in the T6 alloy 
(Fig. 4c). In addition, T6 alloy had relatively coarse Si phases 
of 2.35 μm.

EBSD analysis was performed to identify the grain shape 
and size of the as-built and heat treated (DA, T6) alloys, and the 
results are shown in Fig. 5. Inverse pole figure (IPF) identified 
grains of the as-built alloy (Fig. 5a) to be columnar, and their size 
measured 9.09 μm. In general, the grains of SLM-manufactured 

Fig. 2. OM images showing the microstructure of AlSi10Mg alloy: (a) 
as-built, (b) DA and (c) T6 alloys
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materials are reported to assume a columnar shape as they 
develop in the building direction (Z axis) [18]. The DA heat 
treated alloy maintained a columnar grain shape similar to the 
as-built alloy, but its size was slightly larger at approximately 
10.37 μm. On the other hand, the T6 alloy developed coarse 
grains, unlike the other two alloys (as-built, DA), and the size 
measured 21.68 μm. A kernel average misorientation (KAM) 
map of the three alloys was also analyzed. The KAM values of 
the as-built alloy (Fig. 5d) were insignificant, and KAM values 
appeared to have localized into some grain boundaries and co-
lumnar boundaries within grains. Meanwhile, the KAM values 
of the DA alloy (Fig. 5e) were higher than the as-built alloy, 
and the KAM values were evenly distributed throughout. This 
is suspected to be due to the nano-sized Si particles formed by 
the DA heat treatment. A. Hadadzadeh et al. [19] reported that 
if Si precipitates, dislocations entangle with the Si precipitate 
interface due to the difference in thermal expansion coefficient 
between Si and Al matrix. The KAM values in T6 alloy (Fig. 5f) 
were confirmed to be concentrated in local areas. The distribution 
size of KAM values was approximately 2 μm, and considering 
the size, this area can be deduced to be the surrounding areas of 
Si phase precipitated on the grain boundary.

3.2. Wear properties of SLM AlSi10Mg alloys 
with post-heat treatments

Before performing the wear test, the Vickers hardness 
of the three alloys was measured, and the results are listed in 
Table 2. The hardness of the three alloys was 128.0 HV (as-built), 
139.4 HV (DA) and 85.1 HV (T6), respectively, and hardness 
was the highest in the DA alloy. This is suspected to be due to 
the nano-sized Si precipitated after DA heat treatment. On the 
other hand, despite precipitation hardening heat treatment being 
performed, the hardness of T6 alloy was lower than the hard-
ness of the as-built alloy. This might be attributable to the fact 
that the solution heat treatment of T6 alloy caused the molten 
pool and cellular structure to disappear, leading to the Al matrix 
becoming softer.

Fig. 6 shows the ball-on-disc wear results. The wear prop-
erties of the three alloys are expressed in wear loss (g), and the 
alloys measured 0.0185 g (as-built), 0.0178 g (DA) and 0.0156 g 
(T6). This indicated that the wear loss of T6 alloy decreased by 
15.7 % compared to the as-built alloy. In other words, T6 alloy 
had greater wear properties compared to the other two alloys. In 
general, wear properties are reported to be greater as the hard-
ness and strength of the material increase [20]. However, in this 
study, T6 alloy had the lowest hardness value, but the highest 
wear resistance value.

TABLE 2

Quantitative Vickers hardness values: as-built, DA and T6 alloys

Alloy As-built DA T6
Vickers Hardness [HV] 128.0 ± 12.0 139.4 ± 10.9 85.1 ± 4.1

Fig. 4. SEM images showing the microstructure of AlSi10Mg alloy: 
(a) as-built, (b) DA and (c) T6 alloys
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Fig. 6. Weight loss values for various alloys in dry condition

3.3. Wear behaviors of SLM AlSi10Mg alloys 
with post-heat treatments

In order to analyze the unique wear behavior described 
above, the wear surfaces of the three alloys were observed 
(Fig. 7). In low magnification observation of the wear surfaces, 
the as-built and DA alloys had a hair cuticle-like shape (red ar-
row). In addition, the width of the cuticles found in the two alloys 
was smaller in the as-built alloy. In the case of the T6 alloy, the 
macroscopic wear surface featured grind wear behavior, which 
is a typical Al-Si alloy wear surface.

In high magnification observation of the wear surfaces, 
nano-sized Si particles were found between the cuticles of the as-
built alloy (Fig. 7d). This indicated that the nano-sized particles 
in the as-built alloy created debris as they failed to execute their 
role as a wear resistor during the wear. In general, Si in Al-Si 

Fig. 5. EBSD analysis of SLM-ed AlSi10Mg alloy: inverse pole figure (IPF) maps [(a) as-built, (b) DA alloy and (c) T6 alloy] and kernel average 
misorientation maps [(d) as-built, (e) DA alloy and (f) T6 alloy]
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alloy is known to be significantly hard, which allows it to act as 
a wear resistor [21]. In addition, it is also reported that adhesion 
with the Al matrix plays a critical role in Si to fully execute its 
role as a wear resistor [22]. However, the nano-sized Si particles 
in the AlSi10Mg alloy manufactured by SLM have low adhesion 
with the Al matrix, so this characteristic is suspected to cause 
the Si precipitated from the Al matrix to form debris. High mag-

nification observation of the DA alloy (Fig. 7e) confirmed that 
nano-sized Si particles are present between cuticles, as in the 
as-built alloy. However, its Si content was relatively less. This 
is suspected to be due to the slightly greater adhesion between 
the nano-sized Si and the Al matrix achieved through DA heat 
treatment. As in the initial microstructure (Fig. 5f), the KAM 
values of DA alloy were evenly distributed throughout the Al 

Fig. 7. SEM images of the wear surface: (a,d) as-built, (b,e) DA and (c,f) T6 alloys
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matrix, and this was considered to be due to the precipitated 
nano-sized Si particles. According to H. J. Kim et al. [23], if Si 
precipitates after applying T6 heat treatment to Al-Si alloy, the 
dislocation density of the surrounding areas increases. The high 
adhesion between Al and Si can be understood to be the result 
of the high dislocation density at the Si interface. So, the greater 
adhesion between nano-sized Si particles and the Al matrix of 
the DA alloy is suspected to suppress debris formation compared 
to the as-built alloy. In addition, less debris formation can be 
interpreted to result in the narrower cuticle width and less wear 
loss. High magnification observation of the T6 wear surface 
(Fig. 7f), the precipitated Si due to T6 heat treatment was not 

removed from the Al matrix and sufficiently executed its role as 
a wear resistor. In addition, the Si particles, approximately 2 μm 
in size, contribute to the reduction of wear loss as they induce 
grinding wear. The reason why Si phases are not detached in T6 
alloy can be explained with the KAM values concentrated around 
Si (Fig. 5f). In other words, solution heat treatment + T6 aging 
alloy will be able to precipitate fine Si phases while strengthen-
ing its adhesion with the Al matrix. 

In order to further identify the wear behaviors observed in 
the above-mentioned alloys, the wear surface roughness was 
measured using a 3D profiler, and Fig. 8 shows the results of 
measurement. The wear progression surface width of the as-built 

Fig. 8. 3D profiler images of the wear track: (a,d) as-built, (b,e) DA and (c,f) T6 alloys
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alloy was greater compared to the other two alloys. The reason 
why the wear surface width of the as-built alloy was wider is 
suspected to be due to the debris on the wear surface described 
above (Fig. 7a). Debris formed during wear causes secondary 
wear and contributes to facilitating wear loss. In addition, it is 
generally believed that in sliding wear tests such as the pin-on-
disc and ball-on-disc wear tests, the greater the wear properties 
are, the narrower the wear width becomes [24]. In other words, 
outstanding wear materials are likely to have grinding wear on 
the wear surface, and the wear width is narrower. With such 
characteristics, it was confirmed that the wear properties of T6 
alloy are excellent. Furthermore, unlike previous studies that 
reported that the finer the Si particle size becomes, the more 
the wear property improves, this study discovered that when Si 
particles are at a nano-size level, they fail to execute their act 
as a wear resistor.

4. Conclusion

This study investigated the microst ructure and room-
temperature wear properties of AlSi10Mg alloy manufactured 
by SLM and the alloys that performed post-heat treatment (direct 
aging (DA), T6), and came to the following conclusions:
1. The alloy with DA heat treatment applied maintained cel-

lular structures within molten pools, and a large number 
of nano-sized Si particles, which were not observed in the 
as-built alloy, were observed within the cellular structure. 
However, the molten pool and cellular structure disappeared 
in the T6 alloy with heat treatment applied, and coarse (μm 
level) Si particles were observed. In addition, the KAM 
value distribution was analyzed using EBSD analysis. 
DA alloy formed nano-sized Si particles that resulted in 
higher KAM values compared to the as-built alloy, and 
their distribution was even throughout. Meanwhile, the T6 
alloy had KAM values concentrated around Si areas of the 
grain boundary. 

2. A hardness test identified that DA alloy had a 5.2% increase 
in hardness compared to the as-built alloy, but in the case of 
the T6 alloy, the hardness decreased by 33.5%. However, 
a wear test measured the least wear loss in the T6 alloy, and 
compared to the as-built alloy, it had a 15.7% increase of 
wear resistance. A unique wear resistance behavior of T6 
alloy was suggested.

3. The macroscopic wear surface observation of DA alloy 
identified cuticle-like formations on the surface, and 
nano-sized Si particles were found between the cuticles. 
Meanwhile, in the case of T6 alloy, grinding wear, which 
is typical in the wear surfaces of Al-Si alloys, was found. 
The nano-sized Si particles found in the as-built and DA 
alloys cause the formation of debris, and this debris causes 
secondary wear. In addition, the debris contributes to fa-
cilitating wear loss. Unlike this, the Si were not pulled out 
of the wear surface and grinding wear was observed at the 
wear surface in T6 alloy.
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