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1. Introduction
Additive manufacturing (AM) as an innovative 

manufacturing method can make parts layer by 
layer and has many advantages over conventional 
manufacturing methods such as casting. This is a 
promising approach to create parts near net shape. 
This process allows the production of complex 
geometric objects with waste minimization and 
minimal time [1]. A faster growth rate (R) of the 
solidification front due to an increased cooling 

rate as well as a higher thermal gradient (G) are 
characteristics of the SLM method compared to 
other powder bed fusion (PBF) processes [2-4]. 
The epitaxial growth of columnar grains from the 
melt pool boundary is a consequence of this effect, 
which is usually a serious problem in relation 
to the microstructures resulting from the SLM 
process. For example, it has been reported that 
the growth of columnar grains in parts made by 
additive manufacturing (AM) methods will create 

Formation of strong texture, columnar grains, and chemical inhomogeneity are some of the serious challenges 
associated with SLM of metallic alloys. This paper deals with in-situ SLM manufacturing of Ti-5Cu (wt.%) samples 
from pure Ti and Cu powders at a constant volumetric energy density (VED) of 50.26 J/mm3. The heat treatment 
of samples was carried out by heating at 1050 °C (above the β-transus temperature) for 3hr followed by furnace 
cooling. Then the effects of Cu addition to pure Ti and heat treatment on β-columnar to equiaxed transition (CET) 
morphology and size of the α phase as well as microhardness of pure Ti and Ti-5Cu samples were investigated. The 
results showed that the β columnar grains with an average equivalent diameter (deq) of 80 μm in SLMed pure Ti 
were effectively converted to equiaxed grains with an average deq of ~15 μm in the SLMed Ti-5Cu samples. The Cu 
addition increased the average microhardness from ~290 HV for pure Ti to ~415 HV for Ti-5Cu samples. This was 
attributed to the formation of equiaxed grains, increased lattice micro-strain resulting from Cu addition and decreased 
size of the lath-like α phase. The applied heat treatment led to the formation of equiaxed β grains with an average 
diameter of ~125 μm, dissolution of unmelted titanium particles and the non-dissolution zones of Cu and Ti, and a 
rather homogeneous structure in Ti-5Cu samples. It also resulted in the decomposition of α´ martensitic structure and 
the formation of different morphologies of Ti2Cu precipitates. Reduction of the average microhardness of the Ti-5Cu 
samples to ~312 HV after heat treatment was also related to the increase in deq of the equiaxed β grains, in addition 
to the increase in the size of the α laths phase and decrease in micro-strain.
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anisotropic mechanical properties [5].
Composition design is a key solution to control 

the final microstructure of AM-fabricated parts. 
The importance of chemical composition is related 
to the influence of alloy elements on the occurrence 
of columnar to equiaxed transition (CET) phe-
nomenon. This is related to the ability of the solute 
elements to develop constitutional supercooling 
(ΔTCS) in front of columnar grains. The effect is 
characterized as a growth restriction factor (Q), i.e. 
Eq. 1, where m is the liquidus slope of the phase 
diagram, C0 is the solute content of the alloy melt 
and k0 is the equilibrium solute partition coefficient 
[2,6-8]. deq= √((4*A)/π)    
                                                                                                                                           (2) 
Q= mC0 (1-k0)                                                                                                                                            (1)                                                   (1)

Titanium-based alloys have been considered 
mainly for the production of orthopedic and den-
tal implants by SLM process due to such features as 
good biocompatibility, acceptable corrosion prop-
erties, and the ability to absorb laser beam [9-12]. 
On the other hand, the conducted investigations 
are mainly focused on preventing the formation 
of columnar grains, and thus anisotropic mechan-
ical properties, in these alloys by adding elements 
such as Cu [13], Mo [14], B [15], Si [16] and W 
[17]. Meanwhile, Cu as an alloying element with a 
high Q factor and unique antibacterial properties 
has a special ability to create the CET phenomenon 
and induces increased biological and antibacterial 
properties in Ti alloys made by AM methods. 

In recent years, in-situ alloying by L-PBF tech-
nology has eliminated the use of pre-alloyed pow-
ders and enabled AM of new alloys with a wide 
composition range and low cost [9, 18-19]. Mosal-
lanejad et al. [20] reported that the reason for the 
formation of equiaxed prior β-grains in Ti-1Cu-
0.1B alloy produced by L-PBF in-situ alloying is the 
effect of Cu and B elements on the development of 
a ΔTCS region and subsequent nucleation of equi-
axed prior β- grains on Ti-B precipitates. In another 
work, with a combination of the inherent capabil-
ities of the electron beam melting (EBM) process, 
i.e. lower G compared to other AM methods, and 
the addition of Cu element, Mosallanejad et al. [3] 
succeeded in creating a fine grained fully equiaxed 
Ti6Al4V–7Cu alloy sample. Increased microhard-
ness of Ti6Al4V alloy by 7 wt%Cu addition has 
also been noted as a result of the formation of prior 
β- grains, solid solution strengthening mechanism, 
and Ti2Cu intermetallic precipitation.

Heat treatment has been used as an effective 
post-processing method after AM processes for 
various purposes, such as releasing the residual 
stress, modifying non-equilibrium microstructures 
to optimize mechanical properties, and homoge-
neity of chemical composition and uniform distri-
bution of the alloying elements [21-23].  However, 
in the case of Ti-Cu based alloys, heat treatment 
has been mostly employed to improve corrosion 
resistance and bactericidal properties. In a study, 
stress relieving and annealing treatments of L-PBF 
Ti6Al4V (ELI)-3Cu improved the bactericidal be-
havior due to the creation of homogenously dis-
tributed β phase and Ti2Cu intermetallic precipi-
tates and as a result of faster release of Cu ions from 
the β phase [23]. Qin et al. [24] presented a close 
relationship between the microstructure, distribu-
tion pattern of Ti2Cu phases, heat treatment, and 
corrosion behavior of SLM-produced Ti-5Cu alloy. 
The quality of the passive TiO2 film covering the Ti-
2Cu phase depends on how Ti2Cu is distributed. As 
a result, for the Ti-5Cu sample heat-treated at 900 
oC and then furnace-cooled, larger and more wide-
ly spaced Ti2Cu phases were formed. In this con-
dition, a thicker passive TiO2 film is formed and, 
therefore, the corrosion resistance is improved.

Manufacturing parts by the SLM process, how-
ever, significantly suppresses the extent of ΔTCS re-
gion due to the small size of the laser-melted region, 
together with the high G, and it poses a challenge 
to achieve a fine grain size in Ti alloys produced by 
SLM process. Therefore, adding large Q elements 
seems necessary to face this challenge. The purpose 
of this work is to investigate the effect of 5wt.%Cu 
addition and heat treatment on the transforma-
tion of the columnar β grains into equiaxed grains 
and on the microstructure and microhardness of 
SLMed pure Ti samples.

2. Materials and methods
In this research, spherical powder of commer-

cially pure Ti powder Grade 1 (≤ 50 μm, LPW, UK), 
and commercially pure spherical Cu powder (≤ 20 
μm, Sandvik Osprey Ltd.) were mixed in a jar mill 
for 16 hr to prepare homogenous mixtures of Ti-
5Cu powders. A Concept Laser Mlab Cusing-R de-
vice equipped with a 100 W fiber laser was used to 
print pure Ti and Ti-5Cu alloy samples. The sam-
ples were made in the form of 1×1×1 cm3 cubes at 
a constant VED of 50.26 J/mm3 according to Table 
1. The effective spot size of the laser beam and the 
thickness of the distributed layer were 50 and 25 
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μm, respectively. The scanning strategy for print-
ing the samples was in the form of a strip with 67° 
rotations and the oxygen content in the building 
chamber was kept below 0.1%.

The samples were separated from the titanium 
substrate by wire electrical discharge machine 
(WEDM) and were then cut along in build direc-
tion with a micro cutter for microstructural anal-
ysis on Y-Z surfaces. Some SLMed Ti-5Cu samples 
were also heat treated for 3 hours at 1050 °C (β 
solid phase region) in a vacuum furnace at 107- bar 
and furnace cooled to room temperature. 

Standard metallographic techniques and Kroll’s 
reagent (1wt.%HF, 4wt.%HNO3 and 95wt.%H2O) 
were used to reveal the microstructures. X-ray Dif-
fraction Analyses (XRD, Asenware -AW-XDM300, 
Cu-Kα radiation), optical microscopy, scanning 
electron microscopy (SEM: Philips XL30) and field 
emission electron microscopy (FESEM: Quanta 
Feg -450) equipped with energy dispersive spec-
troscopy (EDS) device were carried out on the Y-Z 
cross sections. 

Image J software was used to measure grain size 
and its distribution. The average size of the equi-
axed columnar and grains in the samples was ex-
pressed by equivalent diameter (deq, Eq. 2), where 
A (μm2) is the area of the equiaxed grains.

 deq= √((4*A)/π)    
                                                                                                                                           (2) 
Q= mC0 (1-k0)                                                                                                                                            (1) 

                                                   (2)

Pandat software was employed to plot non-equi-

librium diagrams of Scheil, freezing range and cal-
culate the growth restriction factor according to the 
method proposed by Schmidt-Fetzer and Kezlov 
[25]. Vickers micro-hardness test was performed 
using a universal KB250 device and according to 
the ASTM E384 standard at 1 mm spacings with a 
static load of 0.5 kg.

3. Results and discussion 
Optical micrographs of pure Ti sample manu-

factured at VED of 50.26 J/mm3 are shown in Fig 
1(a). Large epitaxially grown β-columnar grains 
with a length of several hundred µm are evident 
in this image. The steep G and the lack of high-Q 
alloying elements are the main reasons for the 
formation of undesirable columnar structures in 
the microstructure of pure Ti parts [26]. Also, the 
formation of acicular-like α› phase and lath-like α 
phase can be seen in the form of colonies not only 
in the prior β grain boundaries but also inside the 
β-columnar grains and in some areas of the micro-
structure in Fig. 1 (a). The formation of the acicu-
lar-like α› phase is a result of the rapid cooling of 
the β phase from β transus temperature, which can 
be clearly seen in Fig. 1 (b) at a higher magnifica-
tion. The average width of the acicular-like α› phase 
and lath-like α phase was measured by the image 
analysis method to be ∼ 0.66∓0.22 and 4.23∓0.92 
µm, respectively. In addition, the α phase is formed 
as irregular or close to equiaxed and elongated α 
grains in some points of the microstructure and 

  
   
  

 
 

Table 1- The SLM process parameter used to build different samples

 
Figure 1. Micrographs of pure titanium sample produced at VED of 50.26 J/mm3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1- Micrographs of pure titanium sample produced at VED of 50.26 J/mm3.
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also as α-grain boundaries (αGB) along some of the 
prior β grain boundaries (Fig. 1 (a)). Due to the 
manufacturing of pure Ti sample at VED of 50.26 
J/mm3, it seems that the Ti powders have not been 
completely melted and distributed in some areas, 
and therefore, the lower cooling rate of these pow-
ders compared to other areas prevented the forma-
tion of acicular-like α› and lath-like α phases. This 
has led to the formation of different morphologies 
of the α phase in the microstructure of pure Ti, 
such as elongated and equiaxed grains. Wysocki et 
al. [27] also investigated the microstructure of pure 
Ti made by the SLM process and reported the for-
mation of irregular or close to equiaxed α grains on 
the prior β grain boundaries. Varying laser scan-
ning speed (V) produces different morphologies of 
α and α› phases in the microstructure of pure Ti 
[28, 29]. For example, increasing V from 0.02 to 0.2 
m/s under a constant laser power (P) of 100 W re-
sulted in the transformation of the coarse lath-like 
α phase into the acicular-like α› phase [29]. This 
was attributed to the different cooling rates in the 
SLM process which is directly affected by G and V 
[28]. 

Fig. 2 shows the optical microstructure of the 
Ti-5Cu sample fabricated at VED of 50.26 J/mm3, 
which clearly shows that columnar β grains in the 

Ti microstructure (Fig. 1(a)) have turned into equi-
axed β grains in some regions of the microstruc-
ture. Also, as shown in Fig. 2(c), in other parts of 
the microstructure, the average width of the colum-
nar grains has decreased to 3 µm. In fact, a larger 
number of narrower columnar grains have been 
formed than those in the microstructure of pure Ti. 
Because pure Ti sample and Ti-5Cu alloy samples 
were produced in the same VED, formation, size 
reduction, and increase in the number of equiaxed 
β grains by adding Cu in the microstructure of Ti-
5Cu samples can be due to the high potency of Cu 
solute atoms to create large ΔTCS zone in front of 
the solidification front. The rate at which a solute 
element can create ΔTCS is predicted by Q [8]. In 
this research, the value of Q for Ti-5Cu alloy was 
calculated by the method proposed by Schmidt-
Fetzer and Kezlov [25] in scheil non-equilibrium 
conditions and using PANDAT software data. In 
this way, Q for Ti-5Cu alloy was obtained as 35 K.

According to the interdependence theory [30], 
the key factors controlling the grain size include the 
critical undercooling for nucleation (ΔTn), ΔTCS, 
and the average spacing between the potent nucle-
ation particles (Xsd). So a small ΔTn, large ΔTCS, and 
small Xsd help the grain refinement, e.g. a larger Q 
causes more nucleation. 

for the as-built Ti-5Cu samples simultaneously with the increase of Q from 0 to 35 K.  

 
Figure 2. Optical microstructure of Ti-5Cu samples at VED of 50.26 J/mm3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2- Optical microstructure of Ti-5Cu samples at VED of 50.26 J/mm3.

Fig. 3- deq and Q of different samples.
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The column chart of Fig. 3 shows the changes in 
the average prior β grain equivalent diameter (deq) 
and Q of the two samples. As can be seen, deq of β 
grains decreases from 79.5 for the pure Ti samples 
to 15.4 μm for the as-built Ti-5Cu samples simulta-
neously with the increase of Q from 0 to 35 K. 

Comparing the colonies and also the different 
morphologies of the α phase in the microstructure 
of pure Ti (Fig. 1) with those of the α phase in the 
microstructure of the as-built Ti-5Cu sample (Fig. 
2(b)), a decrease in the number and size of the α 
colonies in the microstructure of the as-built Ti-
5Cu sample is clear. However, these are limited only 
to small isolated colonies scattered at the border 
of unmelted Ti particles, Ti rich areas, and inside 
small equiaxed prior β grains. 

As shown in the SEM and optical images of the 
as-built Ti-5Cu microstructure (Fig. 4(a) and 2(b)), 
the formation of the lath-like α colonies occurs on 
the boundaries of Ti rich areas. On the other hand, 
the size of lath-like α phase and equiaxed α grains 
in the microstructure of the as-built Ti-5Cu sample 
is greatly reduced compared to the pure Ti sample. 
The average values of length, width, and aspect 
ratio of intragranular and intergranular lath-like 
α phase of pure Ti and the as-built Ti-5Cu sam-
ples were calculated by recording more than 100 

lath-like α phase and by image analysis technique 
(Table 2). The average length and width of α laths 
decreased from 15.94 and 2.83 μm in the in the mi-
crostructure of pure Ti sample to 5.8 and 1.5 μm 
in the microstructure of as-built Ti-5Cu samples, 
respectively. On the other hand, with the average 
reduction of aspect ratio from ∼ 6.4 for the pure Ti 
sample to ∼ 3.2 for the as-built Ti-5Cu sample, it 
is clear that the lath-like α phase tends to be more 
equiaxed.

Previous investigations mentioned several main 
reasons for the reduction in the size of large grain 
boundary and intragranular α colonies in the mi-
crostructure of Ti6Al4V alloy with the addition of 
B element [31- 34]. Reduction of the prior β grain 
size with increasing B content restricts the growth 
space of the intragranular α phase. On the other 
hand, the disintegration of the continuous αGB by 
adding element B increases the number of α phase 
nucleation on the broken αGB. Furthermore, the 
high potent TiB nucleant is mentioned as anoth-
er reason for reducing the size of α colonies. Also, 
these studies consider the reasons for the signifi-
cant decrease in the size of the α laths similar to 
the decrease in the size of α colonies, to be related 
to the reduction of the previous β grains and the 
high potent TiB phase heterogeneous nucleation 

Table 2- Measured values for the length, width and aspect ratio of the lath-like α phase in pure Ti and Ti-5Cu microstructures

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4- a) SEM image with EDS line analysis and b) FESEM image with EDS point analysis from the microstructure of Ti-5Cu sample.
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site [33, 34]. Therefore, according to the previous 
findings, a decrease in the size of the α colonies and 
the α laths can be attributed to the decreased size 
of the previous β grains due to the addition of Cu 
element. 

The chemical homogeneity of the as-built Ti-
5Cu sample was investigated using field emission 
scanning electron microscope (FESEM), SEM, and 
energy dispersive spectroscopy (EDS) techniques. 
The distribution of Ti and Cu elements in different 
points of the microstructure for the as-built Ti-5Cu 
sample was investigated by SEM image and EDS 
line analysis, and the results are reported in Fig. 
4(a). The extreme fluctuations of these elements in 
the as-built Ti-5Cu microstructure have occurred 
due to the lack of complete mixing of different ele-
ments. Fig. 4(b) shows areas of the microstructure 
with non-uniform mixing of Ti and Cu elements as 
well as Ti -rich pools that have not been completely 
melted by the laser beam. Although in the non-dis-
solution zone, the local segregation of Cu has oc-
curred as a vein shape next to the Ti-rich zone. 
Also, the results of the EDS point analysis of this 
area (Fig. 4(b)) showed the Cu content at around 
16 wt%, which reveals the lack of complete disso-
lution of Ti and Cu elements in this area. Complete 
melting of powders is a necessary condition for in 
situ alloying. Even if the powders are completely 
melted, the difference in viscosity and density be-
tween the components in the liquid state during in 
situ alloying may lead to chemical inhomogeneity 
[18, 35].

 Fig. 5 shows the microstructure of the Ti-5Cu 
sample made under VED of 50.26 J/mm3 and 
heat treated at 1050 °C. The microstructure of the 

heat-treated Ti–5Cu sample has undergone many 
microstructural changes compared to the micro-
structure of the as-built sample shown in Fig. 2. 
As shown in Fig. 5 (a), heat treatment above the 
β-transus temperature (1050 °C) results in dissolv-
ing all columnar β grains in the as-built Ti-5Cu 
microstructure (Fig. 2 (c)) and forming a fully 
equiaxed structure of prior-β grains. On the oth-
er hand, the extensive β grains growth compared 
to those in the as-built microstructure occurs, and 
the large prior-β grains are formed with deq equal 
to 125.5 μm. Previous observations reported that 
the dissolution of columnar grains and formation 
of equiaxed grains after heat treatment above the 
β-transus temperature is related to the growth 
rate of α phase [36, 37]. Considering that both α 
and β phases tend to become coarser at higher 
temperatures, they hinder each other’s growth. In 
addition, the presence of the αGB phase at tem-
peratures lower than the β-transus temperature 
prevents the growth of columnar grains and co-
lumnar to equiaxed transition [36, 37]. Therefore, 
heat treatment within the range of β single phase 
causes the growth of β grains without any restric-
tions. Su et al. [21] reported that heat treatment of 
Ti-6Al-4V- SLMed samples at a temperature above 
the β-transus temperature (1100 ℃) resulted in the 
formation of equiaxed β grains instead of columnar 
β grains, while heat treatment at temperatures be-
low the β-transus temperature (850 ℃) preserved 
columnar β grains.

As shown in Fig. 5, a thin layer of αGB is continu-
ously formed along the entire prior β grain bound-
aries. A slow cooling rate, i.e., ∼ 1.5 °C/s above the 
β-transus temperature, causes the nucleation of the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. a) Optical micrographs of Ti-5Cu samples manufacturing at VED of 50.26  J/mm3and  the heat-treated  at 

1050 °C and b)  higher magnification of a) showing Ti2Cu intermetallic phases. 

Fig. 5- a) Optical micrographs of Ti-5Cu samples manufacturing at VED of 50.26  J/mm3 and  the heat-treated  at 1050 °C and b)  higher 
magnification of a) showing Ti2Cu intermetallic phases.
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α phase preferentially at the β grain boundaries and 
because the β grain boundaries act as an effective 
nucleation site, a continuous layer of αGB is formed 
[38]. Heating up to β zone (1050 °C) led to the de-
composition of α´ martensitic phase, destroyed un-
melted/partially melted Ti particles and the areas 
with incomplete dissolution of Cu and Ti, due to 
the increase in diffusion rates of solute atoms and 
reduction in the difference in viscosity and densi-
ty of liquid Cu and liquid Ti. In these conditions, 
a structure with a relatively homogeneous distri-
bution of all elements is formed. The slow cool-
ing process (furnace cooling) allows the eutectoid 
transformation to take place and thus a lamellar 
eutectoid arrangement of α-Ti (light color) and Ti-
2Cu (dark color) from the β phase decomposition 
can be clearly observed in the microstructure of the 
heat-treated Ti–5Cu sample (Fig. 5(b)). 

It can be noticed in the optical micrograph (Fig. 
5(b)) and the SEM image (Fig. 6) that Cu-rich in-
termetallic compound is formed with different 
morphologies including blocky (3-5 μm), submi-
cron-sized (200-500 nm), short lath and lamellar 
or sheaf Ti2Cu precipitates. The EDS line profile in 
Fig. 6(b) shows the element gradient on successive 
Cu-rich intermetallic layers and adjacent α phase, 
and confirms the precipitation of the Ti2Cu inter-
metallic phase. On the other hand, the αGB phase 
and Ti2Cu precipitates can be distinguished by 
evaluating the Cu and Ti EDS maps shown in Fig. 
6(c). Zhao et al. [39] reported a conversion from 
the lamellar α+Ti2Cu structure combined with 
the blocky peritectic Ti2Cu precipitates to short 
laths and blocky Ti2Cu as a result of increasing the 
cooling rate from furnace cooling to water cooling 
in Ti-13Cu-Al alloy. It is considered that the dif-
ferent morphologies of the subsequent eutectoid 

phase originated from different nucleation sites of 
the peritectic Ti2Cu phase which is affected by the 
cooling rate. The sheaves morphology of eutectoid 
structure (α+Ti2Cu) is created in the high cooling 
rate condition and when the eutectoid Ti2Cu nucle-
ates on the blocky Ti2Cu phase which is formed by 
the peritectic reaction from the β/L interface [39]. 

It was shown by Mosallanejad et al. [3] that the 
successive stages of re-melting and refreezing of 
previously solidified layers during the EBM process 
induced heating and cooling cycles of annealing 
and aging. Subsequently, Ti2Cu precipitates were 
formed with different morphologies including 
blocky, irregular, and submicron-sized in the mi-
crostructure of Ti6Al4V-7Cu Alloy. Ti2Cu precip-
itates with different morphologies and sizes were 
also reported by previous studies during annealing 
and solution heat treatment [23, 39, 40]. Anneal-
ing of Ti6Al4V (ELI)-3at.%Cu alloy produced by 
in-situ laser powder bed fusion (L-PBF) method 
for 2 h at 950 oC and slow cooling in a furnace for 
4 hr changed the size and morphology of Ti2Cu in-
termetallic precipitates and turned them into more 
elongated-shape precipitates (from 200 nm to 1.5 
μm) [23].  Previous findings in terms of changing 
the morphology and size of Ti2Cu precipitates by 
different cooling rates are in line with the findings 
of the current report. According to the current re-
sults, the presence of unmelted/partially melted Ti 
particles in the microstructure of the as-built Ti-
5Cu sample (Fig. 2) causes different cooling rates 
during the heat treatment cycle at different points 
of the microstructure, and therefore, varied mor-
phologies of Ti2Cu precipitates appear in the mi-
crostructure of the heat-treated Ti–5Cu sample. 
Also, due to the dissolution of unmelted/partially 
melted Ti particles at 1050oC, laths-like α phase 

Fig. 6- a) a) SEM image of Ti-5Cu samples manufacturing at VED of 50.26 J/mm3 and  the heat-treated  at 1050°c, b) higher 
magnification of a) with the EDS line scan and c) EDS map of Cu and Ti in (b).

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



220

Talebi M, J Ultrafine Grained Nanostruct Mater, 56(2), 2023, 213-223

with an average size of 24.3 μm have been formed 
in the microstructure of the heat- treated Ti-5Cu 
sample (Fig. 5) compared to those in the micro-
structure of the as-built sample (Fig. 2). Fig. 7 (a) 
shows the X-ray diffraction (XRD) patterns of pure 
Ti, the as-built Ti-5Cu, and the heat-treated Ti-5Cu 
samples. Most of the peaks are assigned to the α/α’ 
phase. The β phase (110) peaks are created after Cu 
addition, but due to the overlap of the α/α› phase 
(002) peaks, they cannot be recognized. After the 
heat treatment, peaks of the Ti2Cu phase were iden-
tified in the XRD pattern in Fig. 7 (a). A transition 
to larger diffraction angles related to all the peaks 
of the α/α› phase has occurred with the addition 
of Cu element (Fig. 7 (b)). This transition can be 
explained by considering the fact that the increase 
in atomic radius difference between Ti and Cu and 
elements can create different micro-strains in the 
Ti crystal lattice [3].

Given the fact that the atomic radius of Cu 
(0.128 nm) is about 12% smaller than that of Ti 
(0.147 nm), Cu would dissolve substitutionally in 
the α lattice leading to a reduction of the inter-pla-
nar spacing in Ti crystal structure [3]. By exam-
ining Fig. 7 (b), it can be seen that the transition 
to larger diffraction angles for the α phase of the 

heat-treated Ti-5Cu sample is much less than that 
of the as-built Ti-5Cu sample, resulting in reduced 
lattice microstrain of the heat-treated Ti-5Cu sam-
ple. This can be due to the equilibrium placement 
of Cu atoms in the Ti HCP crystal lattice. This dif-
ference in lattice microstrain by adding Cu element 
to pure Ti, and performing the heat treatment re-
spectively, can be found by comparing the slope of 
the Williamson-Hall plots related to pure Ti, the 
as-built Ti-5Cu and the heat-treated Ti-5Cu sam-
ples. As can be seen by comparing Figure 8 (a), (b), 
and (c), the slope of the Williamson-Hall diagrams 
increased after adding Cu to pure Ti and decreased 
again after heat treatment. The lattice microstrain 
changes for the pure Ti, the as-built Ti-5Cu, and 
the heat-treated Ti-5Cu samples were calculated 
from the slope of the Williamson-Hall plots and are 
shown in Figure 9 (a). 

The average microhardness of the pure Ti, the 
as-built Ti-5Cu, and the heat-treated Ti-5Cu sam-
ples are shown in Fig. 10. The average Vickers hard-
ness for the as-built Ti-5Cu samples is 415±0.61 
HV with the minimum and maximum measured 
values of 385 and 445 HV, respectively. On the oth-
er hand, these values for the Ti sample are 290 ± 
0.54, 263, and 328 HV, respectively. The increase in 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7- (a)  XRD patterns of pure Ti, as-built Ti-5Cu and heat-treated Ti-5Cu samples and (b) enlarged profiles of α (100) and α (110)  
peaks.
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hardness of the as-built Ti-5Cu sample compared 
to pure Ti can be evaluated from several aspects. 
Firstly, the results are consistent with the decrease 
in the grain size of the Ti-5Cu sample. Further-
more, the increase in the hardness resulting from 
the Cu addition is partly due to the solid solution 
strengthening of the β-phase with a larger amount 
of dissolved Cu and the formation of equiaxed 
grains [3, 20]. Also, induced lattice microstrain due 
to the Cu addition limits the slip planes in the HCP 
structure. 

The employed heat treatment has decreased the 
average microhardness to 312±0.45 HV. This can 
be attributed to the simultaneous increase in deq 
of the equiaxed prior β-grains and the lath-like α 
phase by heat treatment. Galaraga [22] presented 
an inverse relationship between lath-like α width 
and microhardness assuming that microstructural 
features act as barriers to dislocation slip and cause 
the dislocation pileup. Therefore, one notable rea-
son for the decrease in the microhardness of the 
heat-treated Ti-5Cu sample is the growth of the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                Figure 8. Williamson-Hall plots for a) CP Ti, b) as-built Ti-5Cu and c) heat-treated Ti-5Cu samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Variation diagrams of (a) α lattice micro-strain and (b) α crystallite size for the pure Ti, the as-

built Ti-5Cu and the heat-treated Ti-5Cu samples. 

 

 

Fig. 9- Variation diagrams of (a) α lattice micro-strain and (b) α crystallite size for the pure Ti, the as-built Ti-5Cu and the heat-treated 
Ti-5Cu samples.

Fig. 8- Williamson-Hall plots for a) CP Ti, b) as-built Ti-5Cu and c) heat-treated Ti-5Cu samples.

 

 

 

 

 

 

 

 
 

Figure 10. Changes in Vickers microhardness for Ti, Ti-5Cu and heat-treated Ti-
5Cu samples. 

 

 

Fig. 10- Changes in Vickers microhardness for Ti, Ti-5Cu and heat-treated Ti-5Cu samples.
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lath-like α phase. Also, the reduction of lattice mi-
crostrain due to heat treatment leads to an increase 
in the slip system in the titanium crystal lattice, and 
as a result, microhardness decreases. The research 
conducted in relation to the Si addition to Ti shows 
that the restriction of slip planes in the hcp struc-
ture due to lattice microstrain increases the hard-
ness of Ti-Si alloy [43].

Conclusions
Ti and in-situ synthesized Ti-5Cu samples were 

printed via the SLM process. Also, the as-built Ti-
5Cu samples were subjected to heat treatment at 
1050 °C for 3 h and furnace cooling to room tem-
perature, and the effects of Cu addition and heat 
treatment on the microstructural and microhard-
ness characteristics of the samples were investigat-
ed. The main results follow;

1- Addition of 5wt%Cu to pure Ti led to the 
transition of columnar β grains in the pure Ti sam-
ple to equiaxed grains with an average equivalent 
diameter of 15.4 μm in the Ti-5Cu samples.

2- The average length, width, and aspect ratio of 
the lath-like α phase decreased from 15.94, 2.83 μm 
and 6.44 in the microstructure of pure Ti to 5.8, 1.5 
μm and 3.25 in the microstructure of the as-built 
Ti-5Cu sample.

3- The number and size of the α colonies in 
the microstructure decreased with the addition of 
5wt%Cu to pure Ti. The Cu addition increased the 
lattice microstrains in the microstructure of the as-
built Ti-5Cu sample.

4- The average microhardness of the pure Ti 
sample was measured as 290 ± 0.54 HV, which in-
creased to 415±0.61 HV for the Ti-5Cu sample due 
to decreased grain size, reduced width of the lath-
like α phase and the columnar to equiaxed β grains 
transition.

5- The employed heat treatment led to the dis-
solution of unmelted Ti particles and the complete 
solubility of the non-dissolution zone of Cu and Ti 
and improved homogeneity of the microstructure.

6- A collection of Ti2Cu precipitates with dif-
ferent morphologies including blocky, submi-
cron-sized, short lath, and lamellar were precipi-
tated after heat treatment in the microstructure of 
heat-treated Ti-5Cu samples.

7- The employed heat treatment led to an in-
crease in the average equivalent diameter of the 
equiaxed β grains, the average size of the lath-like 
α phase, and decreases microhardness resulting in 
a decrease in the average microhardness of the Ti-
5Cu samples to 312±0.45 HV.
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