
Vol.:(0123456789)

Transactions of the Indian National Academy of Engineering (2023) 8:245–251 
https://doi.org/10.1007/s41403-023-00393-z

123

ORIGINAL ARTICLE

Tailoring Anisotropy and Heterogeneity of Selective Laser Melted 
Ti6Al4V Alloys

J. Karimi1,2  · L. Kollo1 · K. G. Prashanth1,3,4

Received: 16 November 2022 / Accepted: 10 February 2023 / Published online: 19 February 2023 
© Indian National Academy of Engineering 2023

Abstract
Selective laser melting (SLM) provides an opportunity to manufacture parts with complex geometry, minimal wastage, and 
no need for special tooling. However, the fabricated parts exhibit heterogeneity and anisotropy in mechanical properties 
and residual stresses, which have been long-term concerns of the SLM of metallic materials. The present study investigates 
the effect of melting sequence and heat treatment on such heterogeneous and anisotropic properties in the SLM Ti6Al4V 
alloys. As a relatively low-cost and effective approach, the application of melting sequence led to the homogenization of 
the microstructure and improvement of mechanical properties, though anisotropy in properties (residual stresses, hardness) 
remained. The application of the heat treatment process not only homogenized the hardness but also reduced the anisotropy. 
These approaches would be considered as the two potential strategies to overcome the shortcoming of the SLM process, 
depending on the required properties, possibility and performance, and the budget.
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Introduction

Additive manufacturing (AM) technologies can be used 
in a wide range of applications in various industries, such 
as automotive, aerospace, transportation, medical, and 
energy. The selective laser melting (SLM) process is con-
sidered to be a superior additive manufacturing process 
that has the capability of producing complex objects with 
high geometrical accuracy, low material waste, and short 
total manufacturing time. Although there are a countless 
number of studies that have clearly stated the advantages 
of SLM (Vrancken et al. 2012; Rahmani et al. 2019, 2020; 
Karimi et al. 2020), there are still some shortcomings in 
obtaining homogeneous phase microstructure and iso-
tropic mechanical properties. Recent reports demonstrate 
that the mechanical properties and microstructure of SLM 
improved by heat treatment (Wang et al. 2016) and pre-
heating of powder bed (Ali et al. 2017). However, there is 
a lack of approach to produce parts by SLM with isotropic 
and homogeneous microstructure and mechanical proper-
ties without external post-treatment processes, which will 
reduce efficiency and increase manufacturing time.

Ti6Al4V alloys, which were introduced in 1954 in 
the USA, are an α + β titanium alloy with high specific 
strength, low density, desirable tribological properties, 
high fracture toughness, excellent corrosion resistance, 
and superior biocompatibility. Ti6Al4V alloys are the 
most popular titanium alloys used in several industries 
and occupy almost half of the market share of titanium 
products used in the world today. Ti6Al4V exhibits an 
alpha–beta phase, depending on the microstructure and, 
subsequently, the thermal processing of the material. In 
the cooling rate (above 410 K/s), the α' martensite phase 
is formed, which shows superior mechanical properties 
as compared with those of the alpha–beta phase. A slow 
cooling rate from above the β transus temperature results 
in the formation of globular α (Karimi et al. 2022). This 
low-density and strong alloy saves weight in highly loaded 
structures; hence, it is extremely suitable for jet engines, 
gas turbines, and many airframe components.

In the SLM process, the material undergoes rapid heat-
ing and solidification, and the high velocity of the melt 
pool front is induced by the laser beam velocity. The 
SLM parts are subject to a complex cyclic thermal his-
tory, including directional heat extraction and repeated 
heating during layer-by-layer manufacturing. The whole 
thermal history between solidification and cooling down 
to room temperature in a very short time leads to hetero-
geneous and anisotropic microstructure and mechanical 
properties of the parts produced using the SLM process 
(Vrancken et al. 2014; Karimi 2022; Zheng et al. 2022). 
Melting sequence (remelting) is a non-additive technique 

that utilizes a laser beam to impart energy to remelt the 
material. This strategy could reduce heterogeneity and 
anisotropy of the additively manufactured parts (Karimi 
2022). Various process parameters, including the number 
of remelting, scanning speed, laser power, and laser speed 
along with the scanning strategy, can be applied during 
the melting sequence strategy. In addition, a partially or 
fully remelting strategy can be used to fabricate SLM parts 
and influence the microstructural and mechanical proper-
ties. Several studies have investigated the effect of partial 
remelting on the SLM components and reported that this 
strategy has a significant impact on surface quality (Pan-
telejev et al. 2016; Karimi et al. 2021b). Yasa and Kruth 
(2011) reported a significant reduction in the surface 
roughness of the SLMed parts with melting sequence 
strategy, from ~ 15 to ~ 2 µm. Many studies have reported 
improving the density of the SLM part with the applica-
tion of melting sequence (Vaithilingam et al. 2016; Shiomi 
et al. 2004; Karimi 2022; Ali et al. 2018). On the other 
hand, little literature gives a comparative analysis of the 
effect of this approach on heterogeneity in microstructure 
and anisotropy in the mechanical properties so far. The 
melting sequence strategy increases production costs and 
time. However, this strategy can be an alternative approach 
to tailor the microstructure and mechanical properties of 
the SLM components. The melting sequence strategy can 
be used during in situ alloying via SLM from elemental 
powders, which could eliminate the inhomogeneous distri-
bution of the mixed elements (Karimi 2022). Nevertheless, 
there is a lack of comparative study of the effect of the heat 
treatment process and the melting sequence strategy on the 
heterogeneity and anisotropy of the SLM parts. Accord-
ingly, the melting sequence was explored as an approach to 
minimize the anisotropy and heterogeneity, and the results 
were compared with the heat treatment approach.

Experimental Methods

A Realizer SLM50 equipped with a 120 W Yb-fiber laser 
with a wavelength of ~ 1.07 µm was applied to fabricate 
Ti6Al4V specimens from gas-atomized powder with a layer 
thickness of 0.025 mm, a hatch distance of 0.06 mm, and a 
scan speed of 1000 mm/s. Each layer of the Ti6Al4V powder 
particles was melted either once or three times using the 
same process parameters to study the influence of the laser 
re-scanning strategy. SLM samples were fabricated with dif-
ferent melting sequences, and the result of single and triple 
melting was reported here, which showed a distinct differ-
ence in the mechanical properties. The structural charac-
terization was analyzed using X-ray diffractometer Rigaku 
SmartLab SE with a D/teX Ultra 250 1D detector equipped 
with Cu-Kα radiation. The measurements were conducted at 
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room temperature (23 °C) from 20 to 120° (2θ) with a 0.04° 
step size. Chemical composition was characterized by trans-
mission electron microscopy (Tecnai G2 F20) coupled with 
energy-dispersive X-ray spectroscopy. In seven angles, resid-
ual stress was measured using an Asenware AW-XDM300 
(HAOYUAN) X-ray diffraction (XRD) in seven angles ϕ 
(0°, 15°, 30°, 45°, -10°, -20°, and -30°). The microstructure 
was examined by scanning electron microscopy (SEM) using 
a Zeiss FEG microscope. The dimensions of the acicular 
α/α' were determined with 150 measurements. The micro-
hardness test was carried out over 100 indents on each sur-
face using a MICROMET 2001 with a force of 200 g and a 
dwell time of 10 s. Compression tests were conducted on a 
servo hydraulic Instron 8516. Particle size distribution was 
measured using HORIBA LA-950. The heat treatment of as-
SLM was conducted in a vacuum furnace above the β transus 

(~ 995 °C) at 1100 °C for 3 h, and cooled inside the furnace. 
Various heat treatment temperatures were examined, and 
those that were heat treated above the β transus temperature. 
It is worth to mention that several works heat-treated AMed 
Ti6Al4V above β transus temperature (Vrancken et al. 2012; 
Fidan et al. 2013; Srinivasan et al. 2022).

Results and Discussion

The XRD pattern of the gas-atomized Ti6Al4V powder is 
shown in Fig. 1a, which exhibits a single-phase hcp α-Ti. 
The inset shows the morphology of powder particles, 
which are spherical in shape, and some satellite particles 
are attached to them. Figure 1b shows the distribution and 
cumulative volume fraction of powder particle sizes. It can 

Fig. 1  a XRD pattern, and b size distribution of the Ti6Al4V powder. The inset shows the SEM micrograph of the powder. XRD patterns of the 
SLM samples: c TCS and d LCS
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be seen that the powder consists of a narrow range of par-
ticle sizes  (D10 ~ 31 and  D90 ~ 63 µm), and the median size 
was observed to be ~ 42 µm. The XRD of the SLM samples, 
including single melting (SM), triple melting (TM), and 
heat-treated (HT) samples, in the transverse cross-section 
(TCS) and longitudinal cross-section (LCS), are illustrated 
in Fig. 1c and Fig. 1d, respectively. The diffractograms of 
the SM and TM samples show the presence of α/α′ phase 
in TCS and LCS. Compared to SM and TM samples, dif-
fractograms of HT sample in both the TSC and LCS indi-
cate the presence of β phase peaks (at 39.5°) because of the 
transformation of α/α' into α + β phases as a result of the 
heat treatment above β transus (995 °C), as also noted by 
Vrancken et al. (2012).

The microstructure of the SM and TM samples in TCS 
and LCS consists of α/α′ phase (Fig. 2a–d), corroborating 
the XRD results. The persistence of the fine needles in the 
fabricated SLM samples is attributed to the rapid solidifica-
tion (~  105 °C/s). Although the acicular α′ shape remains 
the same, its size in TCS and LCS changes with remeltings. 
Accordingly, the average distance between the acicular α′, λ, 
was measured. λ decreases from 1.8 ± 0.7 to 0.8 ± 0.25 µm 
with increasing the melting sequence from SM to TM, 
respectively. On the other hand, the microstructure of the HT 
sample in both the TCS and LCS consists of α + β lamellar, 
in agreement with the XRD pattern (Fig. 2e, f).

Figure 2g illustrates the average Vickers hardness values 
of the samples in the TCS and LCS, where they increase 
from 323 ± 15 and 406 ± 29  Hv for the SM sample to 
338 ± 16 and 440 ± 19  Hv for the TM sample, respectively. 
On the other hand, the average Vickers hardness of the HT 
sample in the TCS and LCS was observed to be 344 ± 8 
and 340 ± 15, respectively. The hardness of the SM and TM 
samples in the LCS is ~ 30% higher than the TCS, which is 
ascribed to the intrinsic anisotropy in mechanical proper-
ties of SLM because of the columnar grain growth along 
the building direction (Wu et al. 2016). However, the heat 
treatment process led to the reduction of such anisotropy. 
In addition, because of the very high-temperature gradients 
and rapid solidification, the residual stresses remain in the 
SLM parts, which may affect the mechanical and tribologi-
cal properties. In our previous work (Karimi et al. 2021b), 
the effect of melting sequence on the inhomogeneity in the 
microstructure and the mechanical properties (fatigue and 
impact behaviors) of SLM Ti6Al4V alloys was investigated. 
The change in the number of melting steps could affect the 
microstructure of the fabricated parts. Remelting influenced 
the size of the acicular α′ martensite dimensions, which sub-
sequently led to the differences in the hardness.

The residual stresses of the TCS and LCS increased from 
348 and 722 MPa for the SM sample to 466 and 842 MPa 
for the TM sample (Fig. 2h), respectively. Higher residual 

Fig. 2  SEM images of microstructure in TCS and LCS: SM a–b; TM c–d; and HT e–f. g Average hardness values and their distribution of the 
samples. h Residual stress values of the SLM and heat-treated samples in TCS and LCS
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stress in the remelted SLM samples can be attributed to 
the significantly higher thermal conductivity of the bulk 
samples compared to the loose powder, in which this dif-
ference could be one order of magnitude (Casavola et al. 
2008, Yılmaz and Kayacan 2021). Consequently, the cool-
ing rate in the remelted SLM samples is higher than in as-
built SLM samples. It can be seen that the residual stresses 
were considerably higher in the LCS than in TSC because 
of a higher temperature gradient and the formation of non-
uniform anisotropic stress distribution. On the other hand, 
the HT sample showed a significant reduction in residual 
stresses in the TCS and LCS. Fang et al. (2020) reviewed 
the residual stress in the SLM components of different alloys 
and reported that residual stresses could be reduced by opti-
mizing the SLM process parameters, pre-heating the powder 
particles and platform, post-processing (shot peening, laser 
finishing, etc.).

The compressive tests were carried out to evaluate the 
effect of the defects (like pores) in the SLM samples on 
the mechanical properties. The compressive properties 
are shown in Table 1, where it can be seen that the melt-
ing sequence improves the ultimate compressive strength 
(UCS) and yield compressive strength (YCS). Although the 
heat treatment process causes a decrease in the compressive 
strength, the fracture strain increases by 50%. Nevertheless, 
the compression strength of all the samples is higher than 
the values observed for the cast Ti6Al4V counterpart, as 
reported by Agrawal and Karthikeyan (2015). Our previous 
work described that the ultimate tensile strength and yield 
strength of the Ti6Al4V parts fabricated using the SLM pro-
cess increased from the SM to the TM (Karimi et al. 2021a). 
In another work (Karimi 2022), we evaluated the effect of 
intrinsic defects (such as porosity) on the mechanical prop-
erties and observed an asymmetry in the strength behavior 
under tensile and compressive stress (strength differential 
effect). Furthermore, the chemical composition of the SLM 
and heat-treated samples were analyzed, indicating that 
there was no significant difference among the specimens, 
as shown in Table 1.

Hardness mapping of the additively manufactured 
parts was used as a tool to assess the inhomogeneity of 

the hardness and understand the material behavior. The 
hardness distribution was quantified over the TCS and 
LCS surfaces of the SLM and heat-treated samples, as 
shown in Fig. 3a–c. The hardness distribution maps of 
the SM showed significant heterogeneity across the sam-
ple, where hardness ranges from ~ 200 to ~ 360  Hv for TCS 
and ~ 200 to ~ 480  Hv for LCS. However, the hardness 
maps of the TM sample showed a reduction in the hetero-
geneous distribution in the TCS and LCS. As observed in 
Fig. 2a–d, the morphology of the acicular α′ changed, and 
λ decreased with the remelting scan strategy, which subse-
quently led to an increase in the hardness values and com-
pressive strength, and homogenization of the TM sample. 
In addition, after the heat treatment process, the samples 
indicated a reduction of inhomogeneity and anisotropy in 
the hardness values.

The present results suggested that the remelting scan 
strategy mitigated the heterogeneity in the mechanical 
properties, enhanced the hardness value, and increased 
the compressive strength (UCS and YCS). The remelting 
scan strategy would be considered as a relatively low-
cost and effective approach to overcome the SLM process 
shortcomings (such as heterogeneity in the mechanical 
properties) and improve productivity (like cutting the 
post-processing procedure). However, anisotropy in the 
mechanical properties remained in the SLM specimens, 
and the residual stresses increased by ∼25% from the SM 
sample to the TM sample. The heat treatment process not 
only homogenized the hardness but also reduced the ani-
sotropy in the mechanical properties and residual stresses. 
However, the heat treatment process decreased the UCS 
and YCS and increased the costs and time of the produc-
tion process. Both approaches have their own pros and 
cons, and they can be applied depending on the required 
properties, possibility and performance, and the budget. 
Overall, it can be concluded that the remelting scan strat-
egy and heat treatment process would be considered as 
the two potential approaches to overcome the shortcom-
ing of the SLM process, where they will homogenize and 
refine the microstructure, and subsequently improve the 
mechanical properties of the SLM processed materials.

Table 1  Room-temperature 
compressive properties and 
chemical composition of the 
SLM and heat-treated samples

Sample

SM TM HT

Compressive property UCS, (MPa) 1404 ± 47 1526 ± 58 1314 ± 34
YCS, (MPa) 1162 ± 181 1179 ± 47 933 ± 83
Strain, (%) 22 ± 1 11 ± 2 24 ± 3

Chemical composition, (wt%) Al 6.9 6.7 6.0
V 2.7 4.0 4.0
Fe 0.2 0.3 0.2
Ti Balance Balance Balance
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Summary

In the present study, the effect of the melting sequence 
and heat treatment approaches on the heterogeneity and 
anisotropy in microstructure and mechanical properties 
of the parts fabricated using the SLM process was studied 
and compared. The present results provided a considerable 
advance in the understanding of the effect of the melting 
sequence and heat treatment. The melting sequence strat-
egy improved and homogenized the microstructure of the 
AM parts, though the anisotropy in mechanical properties 
remained, and residual stresses increased. However, the 
mechanical properties, including hardness and compres-
sive strength (UCS and YCS), increased with the applica-
tion of the melting sequence. On the other hand, heat treat-
ment not only homogenized the hardness but also reduced 
the anisotropy and the residual stresses of the SLM sam-
ples. The present results open the door for overcoming 
the limitation of the SLM process with these approaches 
depending on the required properties, possibility and per-
formance, and the budget.
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