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A B S T R A C T   

Selective laser melting (SLM) of aluminium alloys is of research interest due to its potential benefits in fabricating 
complex components for aerospace and automotive industries. In order to improve the mechanical properties and 
demonstrate the credibility of selective laser melted (SLMed) Al alloys, the effects of post heat treatment on the 
microstructures and mechanical properties need to be studies. In the present work, the nano-TiB2 decorated 
Al–7Si–Cu–Mg samples were successfully fabricated using the SLM technique, and then post-treated by direct 
ageing and conventional T6 heat treatment. The as-built TiB2/Al–7Si–Cu–Mg sample exhibits fine equiaxed grain 
structures without preferred crystallographic texture due to the high cooling rate of SLM and the addition of 
nano-TiB2 particles. Nano-scale eutectic Si cells are present within the equiaxed grains. Inside the cells, there are 
dislocation tangles without precipitates. After direct ageing treatment, the grain and cell structures remain 
almost unchanged, and the new Al2Cu, Mg2Si, and Si phases are formed around the dislocations. While after T6 
treatment, the fine grains grow up and the eutectic Si phases coarse leading to the broken of cell structures. 
Besides, the as-built TiB2/Al–7Si–Cu–Mg samples show high tensile strength and ductility (yield strength: 297.2 
MPa, ultimate tensile strength: 474.6 MPa, elongation: 13.4%). During ageing, the yield strength is enhanced by 
~35% due to precipitation hardening effect. While the broken of fine microstructure during T6 leads to the 
decrease of yield strength by ~16%. The microstructure development and preliminary strengthening mechanism 
were discussed. The effect of post-heat treatments can yield the SLMed TiB2/Al–7Si–Cu–Mg samples with 
appropriate mechanical properties, promoting a wide range of applications.   

1. Introduction 

As an emerging technology, additive manufacturing (AM), also 
known as 3D printing, promises to revolutionize manufacturing by 
rapidly fabricating three-dimensional solid objects with complex and 
customized geometries layer-by-layer [1]. Selective laser melting (SLM), 
the most popular process of metal AM, is a laser powder bed fusion 
process able to produce robust metallic structures [2,3]. It is of great 
interests in investigating the feasibility of manufacturing several 
different alloys including Ti–6Al–4V [4–6], stainless steel [7–9], 
nickel-based superalloys [10–12], Al–Si–Mg alloys [13–16], and 
numerous other advanced alloys. 

In recent years, aluminium alloys, especially Al–Si–Mg alloys, are 
attracting the attention of SLM researchers because of their wide ap
plications in aerospace and automotive industries [17,18]. However, the 

mechanical properties, especially poor strength, cannot satisfy the re
quirements in some special fields. Preliminary studies revealed that 
subsequent heat treatments may be a solution to this problem [18]. To 
optimize the mechanical properties by application of post heat treat
ment, it is essential to understand the development of the microstruc
tures and the associated properties during the heat processing. 

Up to now, a few studies have discussed the effects of post processing 
heat treatments in achieving desirable microstructure and mechanical 
properties [19–28]. The original intention of post heat treatment may be 
different, to eliminate the high residual stress, to modify the micro
structural inhomogeneity or to improve the mechanical properties of the 
SLMed parts. However, for enhancing strength, most previous studies 
have focused on the effects of conventional T6 heat treatment (solution 
treatment and subsequent ageing) on the microstructure and mechanical 
properties of SLMed Al alloys [27,29], since Al–Si–Mg series alloys (the 
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most commonly used alloys for SLM) are recognized as being 
age-hardenable alloys. Considering the high cooling rate, normally from 
104K/s to 106 K/s [14], of SLM process, the rapid solidification results in 
the enhanced solubility of Si and Mg elements. Similar to quenching in 
water following solution treatment of the traditional T6 process, a su
persaturated solid solution is formed in the Al matrix. Consequently, 
direct artificial ageing may be an effective method to enhance the 
strength. Thus, in this paper, we will compare the influence of conven
tional T6 and direct ageing treatment, and focus on the microstructure 
development and the response of mechanical properties. 

Additionally, the large columnar grains with preferential texture 
(normally <001> fiber in FCC Al) that are often formed in SLMed 
components can significantly degrade the mechanical properties. In our 
previous studies, we successfully achieved columnar to equiaxed tran
sition using an in-situ nano-TiB2 grain refiner based on the understand
ing of the evolution of grain structure [14,30]. In general, previous 
studies (including ours) have not included an analysis of the effects of 
post heat treatment on the microstructure with SLMed TiB2/Al–Si alloy. 
Consequently, a comprehension study of the influence of different 
thermal processing on the microstructure development and mechanical 
properties of TiB2/Al–Si samples is required. 

In the present study, to better understand the microstructure devel
opment of SLMed in situ nano-TiB2/Al–7Si–Cu–Mg alloy during post heat 
treatment, the microstructures of as-built, direct ageing and T6 treated 
samples were examined using X-ray diffraction (XRD), electron back
scatter diffraction (EBSD), scanning (SEM) and transmission electron 
microscopy (TEM). The mechanical properties of the specimens under 
different treated states were investigated by conducting tensile testing. 
This paper mainly focused on the issues about the microstructure evo
lution during heat treatment and the effects of the microstructural 
characteristics on the mechanical properties. 

2. Experimental procedure 

2.1. Materials 

In the present study, the original powder material of the in-situ nano- 
TiB2 decorated Al–7Si–Cu–Mg (TiB2/Al–7Si–Cu–Mg) alloy was suc
cessfully synthesized through the salt-metal reaction and gas- 
atomization as described in Refs. [14,30,31]. Fig. 1a shows the 
morphology of the alloy powders. The agglomeration of the powder is 
not observable. The powders are spherical in shape, and some are with 
small satellites. As shown in Fig. 1b, some nano-TiB2 particles are 
distributed on the surface of TiB2/Al–7Si–Cu–Mg powder. Fig. 1c gives 
the powder size distribution revealing the powder has a particle size of 
20–60 μm. The chemical composition of the alloy powder and SLMed 
sample measured by ICP-AES (Inductively Couple Plasma Atomic 
Emission Spectroscopy, iCAP6300) are summarized in Table 1. It can be 
seen that the proportions of the main alloy elements (Si, Cu and Mg) in 
the SLMed bulk samples are almost the same as those in the initial 
powders. Before the SLM process, the powders were first dried in a 

furnace oven at 70 ◦C for 24 h. 

2.2. SLM process 

The SLM processing was carried out at room temperature using a 
Prox DMP 200 SLM machine (3D System, USA) with a high-purity inert 
Ar atmosphere to prevent oxidation (oxygen-content < 20 ppm). After a 
series of preliminary parameters optimization, the 80 × 10 × 10 mm3 

and 10 × 10 × 10 mm3 cubic samples (Fig. 2a) for tensile testing and 
microstructure characterization, respectively, were fabricated using 
laser power of 200 W, scanning speed of 1200 mm/s, hatching space of 
100 μm, the layer thickness of 30 μm and scanning strategy of rotation 
for 90◦ between layers. 

2.3. Heat treatment 

After fabrication, the specimens were cut from the base plate using 
wire cut electric discharge machine. Then, parts of the specimens were 
subjected to direct ageing followed by air cooling. The direct ageing 
condition was chosen according to the microhardness evolution at low 
treated temperature of 150 ◦C (Fig. 2d). The maximum microhardness 
state at the temperature of 150 ◦C for 12 h was chosen as the direct 
ageing condition. Part of the specimens underwent T6 treatment. The 
traditional T6 treatment included solution heat treatment at 520 ◦C for 
1 h followed by water quenching in 25 ◦C water and subsequent artifi
cially ageing at 160 ◦C for 6 h [29,32]. 

2.4. Microstructure characterization 

The samples were prepared for characterization using various 
methods. As shown in Fig. 2a, characterization was performed on the 
side view of the cubic samples. The bulk specimens were mechanically 
polished and etched with Keller’s regent (2.5 vol% HNO3, 1.5 vol% HCl, 
1 vol% HF, 95 vol% H2O) for 60s. The microstructures were examined 
using scanning electron microscope (SEM, TESCAN MAIA3). In order to 
analyze the size of the sub-cell structure of SLMed samples, an image 
processing approach was adopted using Image J software. For each 
sample, at least three SEM images were selected to get the representative 
results. For observation by electron backscatter diffraction (EBSD), the 
samples were mechanically grinded and ion polished using a Leica EM 
TIC 3X machine. They were then characterized using a step size of 0.15 
μm on a BRUKER e-FlashHR EBSD detector. The data was post treated 
using CHANNEL 5.0 software package. The thin samples for trans
mission electron microscope (TEM) observations were prepared by 
mechanical polishing, ion thinning using a Precision Ion Polishing Sys
tem (Gatan Model 691) and examined using an FEI Talos F200X mi
croscope operated at 200 kV. 

Phase determination of SLMed samples was done by X-ray diffraction 
(XRD, Ultima IV X-ray diffractometer) with Cu Ka radiation (λ = 0.1542 
nm) setting in the 2θ range from 20◦ to 50◦ and scanning speed of 2◦/ 
min. To determine the dislocation density of the sample, synchrotron 

Fig. 1. (a) Typical SEM image of the morphology of TiB2/Al–7Si–Cu–Mg powders, (b) The surface of the powder in (a), (c) The powder size distribution. Yellow 
arrows in (b) point to the TiB2 particles on the surface of the powder. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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radiation X-ray diffraction (SRXRD) was tested at the Shanghai Syn
chrotron Radiation Facility (SSRF). The energy of the beam is 18 keV 
and the wavelength is 0.06889 nm. The SRXRD data was post analysed 
using the method for the evaluation of dislocation density proposed by 
Borbely and Groma [33]. The dislocation density is taken as the average 
of (111), (200), (220) and (311) peaks. The average dislocation density 
is determined by analysing the asymptotic behaviour of the 
second-order and fourth-order restricted moments using the restricted 
moment method. 

2.5. Mechanical properties 

According to the ASTM-E8M standard, as the configuration shown in 
Fig. 2b, the dog-bone tensile testing bars were machined (Fig. 2c). The 
tensile testing was performed at room temperature in the air on a Zwick/ 
Roell Z100 machine at a constant strain rate of 1 × 10− 4 s− 1. At least 
three specimens were used for each tensile test condition, and the 
standard deviation were given. 

3. Results 

3.1. XRD analysis 

Fig. 3 exhibits the XRD patterns of the SLMed TiB2/Al–7Si–Cu–Mg 
alloy under as-built state and after direct ageing or T6 heat treatment. It 
can be seen that every pattern shows peaks corresponding to the face- 
centered cubic (FCC) α-Al, the diamond-like cubic Si phase and the 
hexagonal TiB2 phase. In the as-built samples, no other phases can be 
detected, which is in consistent with the previous literature [13]. The 
patterns of direct aged conditions show almost the same peaks with 
as-built ones. However, by amplifying the patterns between 36◦ and 49◦

shown in Fig. 3b, it can be clearly seen that the major Al peaks of (111) 
and (200) shifted towards the lower diffraction angles in the samples 
after direct ageing and T6 treatment. According to the Bragg’s equation, 

2d sinθ= nλ (n= 1, 2, 3…) (1)  

the observed shift suggests an increase in the Al lattice parameter after 
heat treatment. During the rapid solidification of SLM, there is super 
solute especially Si in the α-Al matrix. Because the radii of Al and Si are 
related, it is easier to form the displacement solid solution than the 
interstitial solid solution. Thus, the lattice parameter (d) decreased due 

Table 1 
The chemical compositions of TiB2/Al–7Si–Cu–Mg alloy determined by ICP-AES (wt.%).  

Element Si Cu Mg Fe Ti B Al 

Powder 7.055 0.8860 0.3905 0.0721 1.432 0.6518 Balance 
SLMed sample 7.081 0.8757 0.3402 0.0770 1.413 0.6259 Balance  

Fig. 2. (a) Schematic illustration of SLMed samples, (b) schematic illustration of the tensile specimen, (c) tensile specimens after machining, (d) the micro-hardness 
varies versus aging time at 150 ◦C. 

Fig. 3. XRD patterns of the SLMed TiB2/Al–7Si–Cu–Mg alloy under as-built and heat-treated conditions: (a) 20◦≤2θ ≤ 90◦, (b) 36◦≤2θ ≤ 49◦.  
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to the small radius of Si dissolution into the Al matrix, so the peaks 
moved to the high angle for SLMed samples. When the phases containing 
Si element precipitated out during heat treatment, the lattice parameter 
increased, so the peaks moved to the low angle. Furthermore, after T6 
treatment, the intensity of Si peaks increases obviously revealing that Si 
diffused out of the Al matrix due to the decrease of Si solid solubility. 

3.2. Microstructure characterization 

The EBSD results of longitudinal-section along the building direction 
(BD) of the SLMed TiB2/Al–7Si–Cu–Mg alloy under as-built, direct 
ageing and T6 conditions are shown in Fig. 4. There are many reports on 
the grain analysis of SLMed Al–Si-based alloys revealing that the mi
crostructures consist of coarse elongated grains with <001> fiber 
orientation texture [13,34–36]. However, for SLMed 
TiB2/Al–7Si–Cu–Mg alloy, it can be seen from Fig. 4a and d that the 
as-built sample exhibits mostly equiaxed grain microstructure and the 
maximum texture intensity of {100} pole figure is only around 1.5 due 
to the heterogeneous nucleation effect of nano-TiB2 particles (detail 
explanation can be found in our previous study [14,30]). According to 
the grain size distribution statistics of as-built sample in Fig. 4g, there 
are approximately 23% of the grains with grain size smaller than 1 μm, 
and the average grain size is around 2.23 μm. Besides, the aspect ratio 
(AR) of as-built sample is 2.06, which is much smaller than the AR (>4) 
of SLMed Al–Si-based alloy [30,36]. The above results suggest that the 

most fine equiaxed grains dominate the microstructure of as-built 
sample. After direct ageing at 150 ◦C for 12 h, the microstructural 
morphology and texture remained unchanged as shown in Fig. 4b and e. 
Fig. 4h shows the average grain size slightly increased by only 0.04 μm, 
and the AR of aged sample is 2.04 which is the same as the value of 
as-built sample. Fig. 4c revealed the obvious grain growth of the SLMed 
sample after T6 treatment. From Fig. 4i, the proportion of large grains 
(grain size > 5 μm) increased significantly, and the average grain size 
increased to 2.55 μm. Moreover, the AR of T6 treated sample reduced to 
1.68 suggesting the equiaxed grains dominate the microstructure. 

Fig. 5 presents the low magnification (a, c, e) and high magnification 
(b, d, f) SEM images featuring microstructures of the as-built sample (a, 
b) and the samples after direct ageing (c, d) and T6 treatment (e, f). The 
corresponding results of local chemical compositions of Points 1 to 3 and 
rectangular regions of 4 and 5 marked in Fig. 5 using EDS analysis are 
listed in Table 2. In the as-built sample (Fig. 5a and b), very fine equi
axed cell-like substructures are formed as a result of fast solidification 
during SLM process [30]. It can be seen that the primary α-Al cells are 
surrounded by cellular eutectic Si phase (diamond-like cubic structure 
from previous XRD analysis). After image processing and quantification 
of the SEM results, the mean diameter of cells is approximately 472 nm. 
The EDS analysis (Table 2) reveals the super solute of the main elements 
like Si, Cu and Mg in Al matrix. This result is consistent with the XRD 
analysis. 

After direct ageing at 150 ◦C for 12 h, as shown in Fig. 5c and d, the 

Fig. 4. (a-c) EBSD inverse pole figure (IPF) maps, (d-f) the corresponding pole figures and (g-i) the corresponding grain size distribution statistics of the SLMed TiB2/ 
Al–7Si–Cu–Mg alloy under different conditions: (a, d, g) as-built condition, (b, e, h) direct aged condition and (c, f, i) T6 treated condition. 
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microstructure consisting of α-Al cells and eutectic Si boundaries re
mains unchanged. This suggests that the treatment at elevated temper
ature of 150 ◦C can not destroy the cellular eutectic Si sub-structures 
formed during rapid solidification. In addition, many new fine parti
cles in spherical or short rod-like can be observed inside the α-Al cells 
(red arrows in Fig. 5d). The EDS analysis at rectangular regions of 4 

shows that only 1.17 wt% Si is still in solution. Most of Si and all of Cu 
and Mg are dissipated to form the new precipitates. In the sample after 
T6 treatment (Fig. 5e and f), it can be seen that the precipitation of bulk 
Si particles become coarse and distribute homogenously in the α-Al 
matrix. The relatively coarsened particles of Si phase can reach a 
diameter above 1 μm. The results reveal that the high temperature 
(500 ◦C) solution treatment would destroy the fine microstructure due to 
the coarsening of Si phase. In the elevated temperature, the diffusion of 
elements, especially Si element, were accelerated to cause the redistri
bution of the elements. 

To demonstrate what exactly happened in the sample during direct 
ageing treatment, TEM was applied to the SLMed TiB2/Al–7Si–Cu–Mg 
sample under as-built and ageing treated conditions. Fig. 6 shows the 
bright-field (BF) TEM images that exhibit the microstructures of as-built 
sample. In the low magnification image (Fig. 6a), the cell substructure 
can be clearly seen as well. The obvious variation of diffraction contrast 
across the boundaries indicates the large misorientation between the 

Fig. 5. SEM images of the SLMed TiB2/Al–7Si–Cu–Mg under different treated conditions: (a, b) as-built, (c, d) direct ageing; (e, f) T6 treatment. Red circles in (d) and 
(f) indicate the new precipitates. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Local chemical compositions (wt. %) of Points 1 to 3 and rectangular regions of 4 
and 5 shown in Fig. 5.  

Number Si Cu Mg 

1 4.08 0.78 0.25 
2 3.67 0.72 0.20 
3 4.11 0.78 0.23 
4 1.17 – – 
5 57.1 – –  
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neighboring structures. From the corresponding EDX maps in Fig. 6c-f, 
Si, Cu and Mg atoms clearly segregate along the cell boundaries. In 
addition, it can be clearly seen that the vast majority of the nano-TiB2 
particles (yellow arrows) are uniformly distributed in the sample, 
though some particles tend to distribute along the grain boundaries and 
cell boundaries. Furthermore, as shown in the high magnification image 
(Fig. 6b), there is some entangled dislocations inside the cell structures. 
The dislocations interact both with nano-TiB2 particles and eutectic Si 
cell boundaries. Fig. 9 shows the results of quantitative characterization 
on dislocation density for SLMed alloy under as-built and heat-treated 
conditions by SRXRD. The dislocation density of as-built sample is 
1.74 × 1014 m− 2, which is slightly higher than the results for SLMed 
AlSi10Mg alloy (1.4 × 1014 m− 2) in the literature [37]. The increase in 
the dislocation density may be explained by the mismatch of thermal 
expansion coefficient between α-Al matrix and TiB2 particles. 

Figs. 7 and 8 gives the bright-field (BF) TEM images of direct ageing 
treated TiB2/Al–7Si–Cu–Mg sample. After the ageing treatment 
(Fig. 7a), the cell substructure with some tangled dislocations was not 
broken. The corresponding EDX maps in Fig. 7d–g showed that Si, Cu 
and Mg atoms still segregated along the cell boundaries. In the high 
magnification image (Fig. 7b) of white square area of Fig. 7a, many dot- 
like nano-precipitates can be observed inside the cells. In addition, some 
acicular precipitates were also distinguished. As shown in Fig. 7c, the 
selected area electron diffraction (SAED) image of red circled area in 
Fig. 7b revealed that the nano-scale precipitates are Al2Cu (θ′) and Si 
phases. Fig. 8 shows the details inside the cells, and there are some 
needles-like particles, as presented by yellow arrows in Fig. 8a. These 
needle-like precipitates have a length of ~200 nm, and width of ~10 
nm. They are identified to be pure Si particles from the elemental 

mapping in Fig. 8b. These precipitates are aligned parallel or perpen
dicular to each other. A representative HRTEM micrograph along with 
the FFT for the needle-like precipitate is presented in Fig. 8c. After 
ageing at 150 ◦C, there are partial dislocations annihilation by recovery, 
and the dislocation density slightly reduced to 1.28 × 1014 m− 2. While 
after T6 treatment, the dislocation density reduced to only 0.23 × 1014 

m− 2. 

3.3. Mechanical properties 

Fig. 10a presents the engineering tensile stress-strain curves at room 
temperature of the SLMed TiB2/Al–7Si–Cu–Mg samples under as-built 
and after direct ageing or T6 heat-treated conditions. The correspond
ing comparisons of yield strength (YS), ultimate tensile stress (UTS) and 
elongation (El) are summarized in Table 3. The results indicate that the 
as-built TiB2/Al–7Si–Cu–Mg samples exhibit a yield strength of 297.2 
MPa. The flow stress increases at a relatively high strain hardening rate 
and then reaches the ultimate tensile strength of 474.6 MPa. The tensile 
elongation is approximately 13.4%. After direct ageing treatment, the 
specimen exhibits a higher strength and lower ductility. YS markedly 
increases by 35%–400.7 MPa and UTS increases by 9%–517.9 MPa, and 
meanwhile, the El decreases to 9.6%. While for T6 treatment, the 
method commonly used to enhance strength in conventional Al alloys, a 
large decrease in both strength and ductility can be observed. It can be 
seen that YS and UTS decrease approximately by 16%–248.7 MPa and 
by 30%–330.2 MPa respectively, and El decreases to 9.9%. Fig. 10b 
compares the tensile properties of our results with those published in 
recent reports. It can be seen that SLMed TiB2/Al–7Si–Cu–Mg samples 
show superior tensile performance, especially after direct ageing 

Fig. 6. (a) TEM BF images of the as-built TiB2/Al–7Si–Cu–Mg sample, (b) zoom-in image of the white box area shown in (a), (c-f) corresponding EDX maps of Si, Cu, 
Mg and Ti elements to (a). Yellow arrows point to the nano-TiB2 particles. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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Fig. 7. (a) TEM BF images of the direct ageing treated TiB2/Al–7Si–Cu–Mg, (b) zoom-in image of the white box area shown in (a), (c) the corresponding SAED image 
of red circle area in (b), (d-g) corresponding EDX maps of Si, Cu, Mg and Ti elements to (a). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 8. (a) TEM BF images of the direct ageing treated TiB2/Al–7Si–Cu–Mg, (b) corresponding EDX maps of Si to (a), (c) HRTEM of precipitates in (a), inset is the 
corresponding SAED image of white square area in (c). 

Fig. 9. Quantitative characterization on dislocation density for SLMed TiB2/Al–7Si–Cu–Mg alloy under as-built and heat-treated conditions by SRXRD. (a) The 
diffraction peaks of the samples, (b) normalized peaks for the samples, (c) dislocation density for three samples. The dislocation density is taken as the average of 
(111), (200), (220) and (311) peaks. 

Y.K. Xiao et al.                                                                                                                                                                                                                                  



Materials Science & Engineering A 809 (2021) 140951

8

treatment. 
The fractographic analyses after tensile testing of the SLMed speci

mens under different conditions are shown in Fig. 11. A vast number of 
equiaxed dimples can be clearly seen over the entire fracture surface in 
all samples. The results indicate micro-void coalescence and deforma
tion by slip, and reveal the occurrence of ductile fracture rather than 
brittle fracture. It should be noted that, in the as-built specimen 
(Fig. 11a–c), the dimples are deep and fine. The average dimple size is 
around 500 nm close to the size of α-Al cells. Besides, a few pore defects 
formed during SLM process can be observed on the fracture surface. The 
corresponding magnified image of a pore in Fig. 9c revealed that the 
cracks initiated at the cell boundaries that contain brittle Si phases. The 
fracture characteristics of samples after direct ageing (Fig. 11d) showed 
almost the same results of as-built samples. The corresponding chemical 
distribution of Si element indicates that the cracks initiate and propagate 
along the Si boundaries until complete separation occurs. After T6 
treatment, as seen in the dimpled surface in Fig. 11e, the fracture fea
tures coarsen. Voids nucleate at the large Si particles by de-cohesion 
then void coalescence occurs. The breakage of Si particles occurs and 
cracks initiate along the breakage. The chemical distribution of the main 
elements in the materials (mapped in Fig. 11f) confirms the scenario of 
the breakage of large Si particles as well as the microstructural 
coarsening. 

4. Discussion 

4.1. Microstructure development with heat treatment 

The present work set out to study the crystallographic features and 
microstructures of SLMed TiB2/Al–7Si–Cu–Mg samples that had been 
post heat treated at different conditions, to elucidate the microstructure 
development during heat treatment. First and foremost, we need to have 
a good understanding of the initial structure at as-built condition. The 
hierarchical microstructures including grains, cell-substructures, pre
cipitates and dislocations, are typical for SLMed samples. For the nano- 
TiB2 decorated Al–Si alloy, as depicted in our previous work [14,30], the 
very fine primary α-Al cells firstly solidified based on the TiB2 particles 

(effective nucleating agent for Al). Subsequently, the continuous net
works of eutectic Si began to form at the end of the solidification process. 
Due to the rapid solidification of SLM, the supersaturation of Si, Cu and 
Mg elements is obtained in Al matrix. Besides, our results reveal that 
there is no obvious nano-scale precipitates like Si or Mg2Si in the as-built 
sample. Additionally, some entangled dislocations developed inside the 
cells. 

As for the direct ageing treatment, the above analysis of the present 
study reveals that there is almost no change in the microstructure 
including grains and cell structures. The EBSD results (Fig. 4) indicate 
that the microstructural features in grain level (e.g. grain size, aspect 
ratio, etc.) remain unchanged. The SEM images exhibit that the cell 
structures inside the α-Al grains stay the as-built look (Fig. 5). One of the 
new findings was the observation of nano-sized Al2Cu and Si phases 
within the cells. Additionally, the precipitates prefer to be distributed 
close to the tangled distributions and cell boundaries. The observed fine 
new precipitates within the α-Al matrix also indicate that the existence 
of Si, Cu and Mg supersaturation in the α-Al matrix of the as-built 
samples. 

After the conventional T6 treatment, the fine microstructure, espe
cially the cell sub-structure, caused by rapid solidification during SLM is 
completely destroyed. The EBSD analysis of the present study shows a 
slight growth of the α-Al grains during the treatment. The mean spacing 
of the high angle grain boundaries (HAGBs) was found to increase 
slightly. Considering the sub-structures and tangled dislocations in the 
as-built samples, the microstructure evolution is likely due to the re
covery process, meaning the occurrence of annihilation of the disloca
tions. Besides, the intriguing fine Si substructure within the equiaxed 
α-Al grains was barely observed due to the treatment at high tempera
ture (500 ◦C). The fine eutectic Si structures dissolve firstly and then 
coarsen during the solution heat treatment. 

Based on the above discussion, the microstructure development in 
SLMed TiB2/Al–7Si–Cu–Mg sample during post heat treatment can be 
schematically illustrated, as depicted in Fig. 12. As shown in Fig. 12a, 
the as-built samples reveal the fine equiaxed α-Al grains. The equiaxed 
α-Al grains consist of several cells (firstly solid) surrounded by eutectic 
Si phases (Si-rich liquid with a low melting point, finally solid). Tangled 
array of dislocations developed inside the cells due to the rapid solidi
fication during SLM process. After direct ageing treatment (Fig. 12b), 
the fine grains and cell structure remain unchanged. The fine Al2Cu and 
Si phases precipitate inside the α-Al cells around the dislocations or cell 
boundaries. After T6 treatment (Fig. 12c), the grains grow up, the cell 
structures disappear and the fine eutectic Si phases become coarser. 

Fig. 10. (a) The tensile stress-strain curves of the SLMed TiB2/Al–7Si–Cu–Mg alloy under as-built and heat-treated conditions; (b) comparison of tensile properties of 
our work and other reports. 

Table 3 
Tensile properties of the SLMed TiB2/Al–7Si–Cu–Mg alloy samples under as- 
built and after heat-treated conditions.  

State YS (MPa) UTS (MPa) El (%) 

As-built 297.2 ± 0.2 474.6 ± 1.8 13.4 ± 0.5 
Ageing 400.7 ± 1.2 517.9 ± 1.4 9.6 ± 0.3 
T6 248.7 ± 0.8 330.2 ± 1.0 9.9 ± 0.6  
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4.2. Strengthening mechanisms associated with microstructure 

The potential strengthening mechanisms of the SLM TiB2/ 
Al–7Si–Cu–Mg alloy under different treated conditions are discussed 
below. According to the conventional strengthening mechanisms, there 
are several contributions to the yield strength (YS) and the contribution 
to strength can be described as follows: 

YS= σ0 + σB + σSS + σdis + σP + σD (2)  

where σ0 is the internal lattice friction stress for pure Al (base strength of 
pore Al), σB represents the strength increment of grain/cell boundary 
strengthening (Hall-Petch effect), σSS represents the strength increment 
of solid solution strengthening by solutes like Si, Cu and Mg, σdis rep
resents the strength increment of dislocation strengthening by the pre- 
existing dislocations, σP represents the strength increment of precipita
tion strengthening by nano-scale new phases, σD represents the strength 

increment of dispersoid strengthening mainly from TiB2 particles. 
Qualitative estimates of the contribution of each mechanism in the 
SLMed TiB2/Al–7Si–Mg–Cu materials are described below. 

During post heat treatment, the value of base strength is considered 
constant. Besides, the distribution of nano-TiB2 particles was un
changed, and thus, the contribution by the dispersion strengthening can 
be neglected in all states. Therefore, the discussion will focus on the 
other four contributions. 

The contribution by the grain/cell boundary strengthening can be 
described by the analogous Hall-Petch equation [23,38]: 

σB = kd− 1/2 (3)  

where k is the Hall-Petch coefficient (50 MPa μm1/2 for Al [14]) and d is 
the average grain/cell diameter. As for the as-built and direct ageing 
samples, the cell boundaries inside the grains can also impede the 
dislocation movement during deformation in SLMed Al–Si alloys, as 

Fig. 11. The SEM fracture surfaces of SLMed TiB2/Al–7Si–Cu–Mg samples under different conditions: (a) as-built, (b) the zoom-in image of the white box area shown 
in (a), (c) the zoom-in image of the yellow box area shown in (a); (d) direct ageing, inset is the corresponding EDX mapping of Si element; (e) T6 treatment, (f) the 
corresponding EDX mapping of Al, Ti and Si elements of (e). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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observed by in-situ TEM [35]. Thus, the value of d is chosen as the width 
of the cellular eutectic Si sub-structures (0.472 μm), which is extracted 
from the SEM characterization using Image J software. While the cell 
structures disappear after T6 treatment, so the value of d is chosen as the 
grain size from EBSD results (2.55 μm). Consequently, the contributions 
of grain/cell boundary strengthening to YS are calculated to be 72.8 MPa 
for as-built and direct ageing, and 31.3 MPa for T6 treatment. 

Due to the fast cooling rate during SLM process, a supersaturation of 
solutes including Si, Cu and Mg is achieved, leading to a considerable 
amount of solid solution strengthening. The contribution of solid solu
tion strengthening is given by: 

σSS = kSi(CSi
α )

m
+ kCu(CCu

α )
m
+ kMg(CMg

α )
m (4)  

where kSi is 11 MPa/wt.%, kCu is 13.8 MPa/wt.%, kMg is 18.6 MPa/wt.% 
and m is 1 [23,39]. From the EDS results of as-built samples (Table 2), 
we calculated the mean values of points 1, 2 and 3 inside the cells, and 
around 3.95 wt% of the Si, 0.76 wt% of the Cu and 0.23 wt% of the Mg 
are in solution. Thus, the contributions to the YS by solid solution from 

Si, Cu and Mg can be determined as 43.5 MPa, 10.5 MPa and 6.1 MPa, 
respectively. The total contribution is 60.1 MPa. As for the directly aged 
samples, there will be little Cu and Mg still in solution due to its fast 
diffusion rate, while some residual Si (1.17 wt%) still in solution. Thus, 
under ageing condition, the contribution to the YS by solid solution from 
Si can be determined as 12.7 MPa. As for T6 treated samples, there are 
almost none solid solutions in the Al matrix, so the contribution to the YS 
by the solid solution can be neglected. 

The above results confirmed that pre-existing entangled dislocations 
are formed in the as-built condition of SLMed Al due to the internal 
stresses. Thus, there is the contribution from dislocations in as-built 
sample, and its contribution can be calculated as: 

σdis = βMGb ̅̅̅̅̅̅̅ρdis
√

where β is a material constant (~0.16 for Al), M is the Taylor factor 
(3.06 for FCC crystals), G and b are the shear modulus (~26.5 GPa) and 
Burgers vector (0.286 nm) of Al, and ρdis is the dislocation density 
(Fig. 9). Thus, the contribution of dislocations to the YS of as-built 

Fig. 12. Schematic showing the development in microstructure of SLMed TiB2/Al–7Si–Cu–Mg sample: (a) as-built, (b) direct ageing and (c) T6 treatment.  
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sample can be estimated as 48.9 MPa. During ageing at 150 ◦C, there are 
partial dislocations annihilation by recovery, so the contribution 
reduced to 42.0 MPa. While during solution treatment of T6, the dislo
cations were annihilated and rearranged inside the cells leading to a 
complete recovery. Then, during quenching of T6, dislocations can also 
form and the contribution to YS is calculated as 17.8 MPa. Thus, for T6 
treated samples, the contribution of dislocations to the YS is 17.8 MPa. 

As for the precipitation strengthening, the new nano-scale phases 
like Al2Cu, Si and Mg2Si formed during post heat treatment could 
contribute to the yield strength. Yang, Wang and Hadadzadeh et al. have 
investigated the contribution from precipitate strengthening of SLMed 
Al–Si-(Cu)–Mg alloy during post-heat treatment [39–41]. However, it is 
difficult to get the critical particle sizes at the shearable to non-shearable 
transition. There are some reports which found Si particles are 
non-shearable and calculated the precipitation strengthening through 
Orowan mechanism [37]. The contribution of precipitates is given by: 

σP =
ϕGb
dP

(
6VP

π )
1/3  

where ϕ is a material constant, G is the shear modulus of Al, b is the 
Burgers vector of Al, dP is the average diameter of precipitate particles, 
and VP is the volume fraction of the particles. It is difficult to get the 
values of average diameter and volume fraction. Thus, the contribution 
of Si precipitates can not be estimated accurately, not to mention the 
competitions from Al2Cu and Mg2Si precipitates. Therefore, the contri
bution of precipitates to YS for direct ageing and T6 treated samples will 
be estimated using the compensation method. 

After direct ageing, the increment of yield strength is significant 
(ΔYS = 103.5 MPa). The above calculated results give the respective 
strengthening contributions: the changed contribution of grain/cell 
boundary strengthening can be neglected; the changed contribution of 
dislocation strengthening is − 6.9 MPa; and the changed contribution of 
solid solution strengthening is − 47.4 MPa. As a result, the contribution 
of precipitates can be estimated as 157.8 MPa. It is evident that the 
precipitation strengthening has the most significant effect on the 
noticeable increase of yield strength of samples after direct ageing 
treatment. The result is consistent with the previous works [39,40]. 

It is particularly interesting that the traditional T6 heat treatment 
significantly reduced the strength (ΔYS = − 48.5 MPa). The possible 
reasons can be attributed to the following aspects. Firstly, the destruc
tion of eutectic Si cell structure leads to the decrease of contribution of 
boundary strengthening (ΔσB = − 41.5 MPa). In the as-built sample, the 
Si sub-boundaries inside the grains can also impede the dislocation 
movement during deformation. After T6 treatment, the cell boundaries 
are broken and the cell boundary strengthening disappears. Thus, only 
grain boundary strengthening contributions to the YS. Secondly, the 
reduced solid solution hardening by solutes decreases contributes to 
lower strength (ΔσSS = − 60.1 MPa). Thirdly, the reduction of disloca
tion density leads to the decrease of contribution of σdis (Δσdis = − 31.1 
MPa). Last, but not least, the precipitation strengthening by Si, Mg2Si 
and Al2Cu particles contribute to YS (ΔσP = 84.2 MPa). As for Si phases, 
the coarsened Si particles can still be the resistance to dislocation mo
tion. Besides, the new Mg2Si and Al2Cu precipitates formed during T6 
treatment provide significant contributions to YS through Orowan 
strengthening. 

5. Conclusions 

The present study investigated the effects of heat treatment on the 
microstructure and mechanical properties of TiB2/Al–7Si–Cu–Mg sam
ple fabricated by SLM. The results help to understand the microstructure 
development and the related mechanical properties, especially the 
strength. The following conclusions can be drawn:  

(1) The as-built TiB2/Al–7Si–Cu–Mg sample exhibits fine equiaxed 
grain structures without preferred crystallographic texture due to 
the high cooling rate of SLM and the addition of nano-TiB2 par
ticles. Nano-scale eutectic Si cells are present within the equiaxed 
grains. There are dislocation tangles around the nano-TiB2 par
ticles or cell boundaries inside the cells. No obvious precipitates 
are observed within the matrix.  

(2) In the TiB2/Al–7Si–Cu–Mg sample that was directly ageing 
treated, the grain and cell structures remain almost unchanged. 
New phases, Al2Cu, Mg2Si, and Si particles, are found to precip
itate around the dislocations within the cells. While after T6 
treatment, the fine grains grow up and the eutectic Si phases 
coarse leading to the broken of cell structures.  

(3) The as-built TiB2/Al–7Si–Cu–Mg samples show high tensile 
strength and ductility (yield strength: 297.2 MPa, ultimate tensile 
strength: 474.6 MPa, elongation: 13.4%). After ageing, the new 
nano-scale precipitates enhance the yield strength by ~35%. 
While the broken of eutectic Si sub-structure during T6 leads to 
the decrease of yield strength by ~16%. The present result pro
vides an important insight into the control of post heat treatment 
of the TiB2/Al–7Si–Cu–Mg samples fabricated by SLM. 

Data availability 

The raw/processed data required to reproduce these findings cannot 
be shared at this time as the data also forms part of an ongoing study. 

CRediT authorship contribution statement 

Y.K. Xiao: Investigation, Validation, Writing - original draft. Q. 
Yang: Investigation, Resources, Formal analysis, Writing - review & 
editing. Z.Y. Bian: Data curation, Formal analysis, Writing - review & 
editing. H. Chen: Data curation, Formal analysis, Writing - review & 
editing. Y. Wu: Conceptualization, Resources, Formal analysis, Writing - 
review & editing. Q. Lian: Data curation, Formal analysis, Writing - 
review & editing. Z. Chen: Conceptualization, Funding acquisition, 
Formal analysis, Writing - review & editing. H.W. Wang: Resources, 
Supervision, Writing - review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

This work was supported by the National Key Research and Devel
opment Program of China (Grant No. 2016YFB1100100). 

References 

[1] T. DebRoy, T. Mukherjee, J.O. Milewski, J.W. Elmer, B. Ribic, J.J. Blecher, 
W. Zhang, Scientific, technological and economic issues in metal printing and their 
solutions, Nat. Mater. 18 (2019) 1026–1032, https://doi.org/10.1038/s41563- 
019-0408-2. 

[2] D. Herzog, V. Seyda, E. Wycisk, C. Emmelmann, Additive manufacturing of metals, 
Acta Mater. 117 (2016) 371–392, https://doi.org/10.1016/j.actamat.2016.07.019. 

[3] T. DebRoy, H.L. Wei, J.S. Zuback, T. Mukherjee, J.W. Elmer, J.O. Milewski, A. 
M. Beese, A. Wilson-Heid, A. De, W. Zhang, Additive manufacturing of metallic 
components – process, structure and properties, Prog. Mater. Sci. 92 (2018) 
112–224, https://doi.org/10.1016/j.pmatsci.2017.10.001. 

[4] L. Thijs, F. Verhaeghe, T. Craeghs, J.V. Humbeeck, J.-P. Kruth, A study of the 
microstructural evolution during selective laser melting of Ti–6Al–4V, Acta Mater. 
58 (2010) 3303–3312, https://doi.org/10.1016/j.actamat.2010.02.004. 

[5] W. Xu, M. Brandt, S. Sun, J. Elambasseril, Q. Liu, K. Latham, K. Xia, M. Qian, 
Additive manufacturing of strong and ductile Ti–6Al–4V by selective laser melting 
via in situ martensite decomposition, Acta Mater. 85 (2015) 74–84, https://doi. 
org/10.1016/j.actamat.2014.11.028. 

Y.K. Xiao et al.                                                                                                                                                                                                                                  

https://doi.org/10.1038/s41563-019-0408-2
https://doi.org/10.1038/s41563-019-0408-2
https://doi.org/10.1016/j.actamat.2016.07.019
https://doi.org/10.1016/j.pmatsci.2017.10.001
https://doi.org/10.1016/j.actamat.2010.02.004
https://doi.org/10.1016/j.actamat.2014.11.028
https://doi.org/10.1016/j.actamat.2014.11.028


Materials Science & Engineering A 809 (2021) 140951

12

[6] M. Simonelli, Y.Y. Tse, C. Tuck, Effect of the build orientation on the mechanical 
properties and fracture modes of SLM Ti–6Al–4V, Mater. Sci. Eng., A 616 (2014) 
1–11, https://doi.org/10.1016/j.msea.2014.07.086. 
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