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ARTICLE INFO ABSTRACT

Handling editor: L Murr This study explores the effect of in-situ alloying and volumetric energy density (VED) on the microstructure of
Laser Powder Bed Fusion (L-PBF) fabricated Ti alloys. Pure Ti, Ti-5Cu, and Ti-5Cu-1Si (wt%) samples were
printed using elemental powders with varying VEDs. This study investigates the influence of VED and Cu/Si
additions on the growth restriction factor (Q) and columnar-to-equiaxed transition of the § phase. Pure Ti
samples exhibited coarse, prior columnar f grains with an average diameter of 106 pm, and a grain shape factor
greater than 3.0. In contrast, both Ti—-Cu and Ti-Cu-Si samples displayed a significant fraction of equiaxed prior p
grains with a near-spherical morphology. Additionally, Cu/Si addition refined the prior § columnar grains,
reducing their average diameter to 37 pm and 25 pm in Ti-Cu and Ti-Cu-Si, respectively. Furthermore, the study
reveals a strong dependence of microstructure on VED in the Ti-5Cu-1Si alloy. Higher VED promotes a more
uniform distribution of solute elements and a lower thermal gradient, resulting in finer equiaxed p grains with an
average diameter of 4.9 pm, compared to samples printed at lower VEDs. The addition of Cu and Si also
significantly refined the lath-like a phase and decreased the c/a ratio of the Ti HCP lattice, introducing lattice
microstrains in the Ti-Cu and Ti-Cu-Si alloys. These findings demonstrate the potential of in-situ alloying and
VED optimization for tailoring microstructures in novel Ti alloys fabricated via L-PBF, paving the way for
achieving superior mechanical properties.
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1. Introduction solidification front. These may lead to such problems as strong texture,

residual stress, distortion, and micro-cracks [11-13]. High G leads to

Additive manufacturing (AM) is an innovative manufacturing
method that builds parts incrementally, layer by layer and is a promising
approach to producing parts close to the final shape. It allows the pro-
duction of complex geometric objects from various structural alloys such
as Ni-based superalloys, steels and functional gradient materials (FGMs)
with minimal waste and short lead times [1-6]. Laser powder bed fusion
(L-PBF) and electron beam powder bed Fusion (EB-PBF) methods are the
two main AM technologies for the fabrication of metallic parts, which
are very different in terms of their heat source, power density, and the
basics of energy/material transfer [7-10]. Compared to EB-PBF, L-PBF
induces higher cooling rates and, thus, faster growth rates (R) of the
solidification front as well as higher thermal gradients (G) in front of the
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epitaxial growth of grains from the melt pool boundary, which is usually
the dominant growth mechanism during AM processes. Accordingly,
columnar grains are often observed in AM parts, which induce aniso-
tropic mechanical properties [14]. It has been shown that by carefully
adjusting such process parameters as laser power and scanning speed, it
is possible to create a judicious control of the heat input, which in turn
will optimize G and R to achieve the columnar to equiaxed transition
(CET) phenomenon [11,15-17].

In addition to G and R, the chemical composition of the alloy is
another important factor in obtaining the equiaxed structure. The effect
of chemical composition on the occurrence of CET largely depends on its
effect on the development of constitutional supercooling (AT¢g) in front
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of the solidification front. The effect is described as a growth restriction
factor (Q) as defined by Eq. (1) for binary alloy systems.

Q = mCo(1-ko) (€8]

where m is the slope of the liquidus line, Cy is the solute content in the
alloy melt, and ko is the corresponding equilibrium solute partition co-
efficient [18-20]. Recently, Schmidt-Fetzer and Kezlov [21] proposed a
more accurate method for calculating Q, which will be reviewed in
section 2.

In recent years, in-situ alloying by L-PBF technology has provided a
unique option for the design and synthesis of new alloys [22,23]. In-situ
alloying solves the restrictions of using pre-alloyed powders and pro-
vides a low-cost solution for AM of new alloys with a wide range of
chemical compositions [3]. Mosallanejad et al. [24], for example,
employed in-situ L-PBF melting and alloying of a homogenous mixture
of commercially pure Ti and Cu powders with average particle diameters
of 29.8 and 6.6 pm, respectively, under various volumetric energy
densities (VED) to produce Ti-5wt%Cu alloy. Differences in the physical
and thermo-physical properties of Ti and Cu elements make their in-situ
alloying by L-PBF very challenging [22,24].

It has been found that the formation of equiaxed grains in the
microstructure of Ti-Cu alloy by the addition of Cu element creates
superior and isotropic mechanical properties and controls the strong
texture formed in the AM products [12,25]. Mereddy et al. [26] also
showed that 0.75 wt%Si addition to pure Ti could significantly reduce
the size of f-columnar grains in the microstructure of the components
manufactured by wire arc additive manufacturing (WAAM).

Ti and its alloys have been alloys of choice for AM methods to make
orthopaedic and dental implants due to their good biocompatibility,
high mechanical strength, and ability to absorb laser/electron beam
energy [22,27-29]. However, strong texture formation and the creation
of anisotropic mechanical properties make the fabrication of such im-
plants by AM methods challenging. Therefore, many efforts have been
made to modify the microstructure and properties of AM titanium parts
by adding different alloy elements such as Cu [25], Mo [30], B [31], Si
[26] and W [32]. As an alloying element with a high Q factor in Ti-based
alloys, Cu has a special ability to encourage the CET phenomenon [12,
25]. It also improves the biological and anti-bacterial properties of
Ti-based alloys used for bone replacements [23,29,33].

Based on the findings of previous researchers, it is clear that in order
to achieve a fully equiaxed microstructure through AM, solidification
parameters and chemical composition need to be adjusted simulta-
neously. For example, by using a low G resulting from the directed en-
ergy deposition (DED) process and the high Q factor of Co element, Choi
et al. [34] achieved a microstructure of fully equiaxed prior p-grains
during the deposition of a mixture of Ti6Al4V and Co-Cr-Mo alloy
powders. With a combination of the inherent low G characteristic of the
EB-PBF process and the addition of Cu element, Mosallanejad et al. [12]
succeeded in AM of a fine-grained fully equiaxed Ti6Al4V7Cu alloy as
well.

Mosallanejad et al. [35] also studied the effects of VED as well as Cu
and B addition to pure Ti using the L-PBF method. They reported
simultaneous effects of Cu and B elements on the extension of the AT¢s
region and the subsequent nucleation of equiaxed grains on Ti-B pre-
cipitates as the reason for the formation of equiaxed prior $-grains.

Reviewing existing research shows that no studies have been con-
ducted on achieving fully equiaxed microstructures in Ti—Cu alloys using
the L-PBF method. As a matter of fact, there is a lack of thorough in-
vestigations into how both process factors and alloying elements affect
the modification of p-columnar grains in Ti—Cu alloys produced through
L-PBF. This research seeks to fill this gap by exploring the effects of
factors like VED and the addition of Si on the solidification micro-
structure of in-situ Ti—Cu alloys made with L-PBF. The study also aims to
understand the occurrence of the CET phenomenon in this alloy system.
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2. Materials and methods

In this research, spherical powders of commercially pure Ti (grade 1,
<50 pm, LPW, UK), commercially pure Cu powder (<20 pm, Sandvik
Osprey Ltd.) and commercially pure Si (<1 pm) were mixed in a jar mill
for 16 h to achieve homogeneous powder mixtures (wt%) of Ti-5Cu and
Ti-5Cu-1Si compositions. A Concept Laser Mlab Cusing-R machine
equipped with a 100 W fiber laser was used to print 10 x 10 x 10 mm®
cubic sample (Fig. 1) from pure Ti, Ti-5Cu and Ti-5Cu-1Si powder
mixtures under various VEDs according to Table 1.

The effective spot size of the laser beam was 50 pm, and the thickness
of each layer was 25 pm for all the samples. A striping scanning strategy
with 67° rotations was used to print the specimens, and the oxygen
content in the building chamber was kept below 0.1%. The samples were
then cut from the titanium building platform by a wire electrical
discharge machine (WEDM) and sectioned along the build direction
with a micro-cutter for microstructural analyses on the Y-Z cross-
section.

First, the effects of Cu and Si additions on the microstructure of pure
Ti were investigated using VED of 50.26 J/mm?>. Then, tests were carried
out at three other different VEDs of 55.39, 64.63 and 86.36 J/mm? on
the Ti-5Cu-1Si powder mixture to examine the effect of VED on the
microstructure of the as-built samples.

The microstructures of the samples were revealed following the
standard metallographic techniques and etching with Kroll’s reagent (1
wt% HF, 4 wt% HNO3, and 95 wt% H20). Optical microscopy (OM,
Olympus-BX-51 M), scanning electron microscopy (SEM, Philips XL30)
and field emission electron microscopy (FE-SEM, Quanta Feg 450)
equipped with energy dispersive spectroscopy (EDS) device were used to
investigate and analyze the microstructures. Phase analysis was per-
formed by X-ray Diffractometer (XRD, Asenware -AW-XDM300, Cu-Ka
radiation) using a step time of 1 s. Phase detection and profile fitting
related to XRD patterns of Ti, Ti-5Cu and Ti-5Cu-1Si samples were
carried out by PANalytical X’ Pert, HighScore Plus software. Calculations
related to crystallite size and microstrain of Ti, Ti-5Cu and Ti-5Cu-1Si
samples were performed using the Williamson-Hall method [36].

Image J software was used to measure the average size and shape
factor of the equiaxed or columnar grains and their distribution. More
than 100 grains were registered for each sample. The equivalent diam-
eter (d.q) and the grain shape factor (GSF) of each grain were computed
using Egs. (2) and (3), respectively, where A (umz) was the area of the
grain and d; and d,, for a columnar grain, designate the length and
width of the grain, respectively [37,38]. A large GSF corresponds to a
slender columnar grain. A small d.q designates a fine equiaxed grain or a
narrower columnar grain.

deq = \/ 4 ;A (2)
GSF:d]/d2 3)

The student version of Pandat software was employed to plot non-
equilibrium Scheil diagrams of the freezing ranges and to calculate the
corresponding growth restriction factors (Q) according to the method
proposed by Schmidt-Fetzer and Kezlov [21]. First, the corresponding
solid fraction (f;)-temperature curves for Ti-5Cu and Ti-1Si binary al-
loys were obtained in Scheil non-equilibrium conditions. AT¢s = T-T
was calculated using the liquidus temperature, T;, provided by the
software data. After plotting the AT¢s-f; curves, a second-order parabolic
fit (AT¢s = a + b.f; + f2) to several sampling points in very small f; values
(0 < fs < 0.01) , which are usually in a temperature range of 0 < AT¢s <
1K, were used to measure the initial slope of the curves. Consequently,
the growth restriction factor for Ti-5Cu and Ti-1Si alloys was obtained.
The overall Q is the sum of the Q values for each solute element [30].
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Fig. 1. a) Macrograph of some as-built Ti-5Cu-1Si cubes and b) schematic of the cross-sectioning of the samples in this work.

Table 1

The L-PBF process parameter used to build the samples in this work.
Sample Ti Ti-5Cu  Ti-5Cu-1Si
VED (J/mm®) 50.26 50.26 50.26 55.39 64.63 86.36
Scanning speed (mm/s) 700 700 700 700 600 500
Hatch Spacing (mm) 0.108 0.108 0.108 0.098 0.098 0.088
Laser Power (W) 95 95 95 95 95 95

3. Results and discussions
3.1. Microstructure analysis

Fig. 2(a) shows the optical micrograph of the pure Ti sample pro-
duced by the L-PBF process using VED of 50.26 J/mm?®.This figure shows
large columnar prior f grains epitaxially grown in the build direction.
The thickness of the grains varies between 60 and 90 pm, and their
length reaches a few hundred micrometres. Long columnar structure

formation is believed to be due to the steep G present in the L-PBF
process and the lack of high-Q alloying elements [39]. Acicular-like o
phase formation is also seen as colonies in some areas of the micro-
structure in Fig. 2(b) as a result of rapid cooling of 3 phase from f transus
temperature. The average width of the acicular o' phase was measured to
be about 0.66 + 0.22 pm. Similarly, a lath-like a phase with widths of
2.98-4.23 pm, as shown in Fig. 2(b)-is also formed in the microstructure
of pure Ti. The optical micrograph in Fig. 2)b(reveals that the formation
of lath-like a phase colonies occurred both on the prior -columnar grain
boundaries and inside the prior f-columnar grains. In addition, some
irregular or close to equiaxed and elongated a grains have been formed
in the microstructure, which appears as grain boundary a (agp) in some
areas of the microstructure (Fig. 2(b)).

In a previous study conducted by Wysocki et al. [40], the formation
of lath-like a phase and irregular or close to equiaxed a grains on the
prior B grain boundaries has been reported. Fig. 2(c) shows a more
detailed image of these phases at higher magnification. According to
previous studies, the change in the laser scanning speed (V) leads to the

i s
olonies.
71 '

Acicular-like a’colony

i

3w B - columnar grain boundary 2

Fig. 2. a-c) OM and d) SEM micrographs of pure titanium samples produced at VED of 50.26 J/mm>.
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formation of different morphologies of @ and & phases in the micro-
structure of pure Ti [41,42]. For example, the transformation of coarse
lath-like a phase into acicular-like @' phase has been reported by
increasing V from 0.02 to 0.2 m/s under a constant laser power (P) of
100 W [42]. The underlying mechanism of this phenomenon was
attributed to the different cooling rates in the L-PBF process, which is
directly affected by G and V. Li et al. [41] observed the transformation of
elongated and equiaxed a phase to acicular-like o' phase in the micro-
structure of commercially pure titanium samples fabricated by L-PBF,
which occurs due to the increase of P from 50 to 250 W and also
increasing in V. This means that fabrication with higher P leads to a
higher G, which together with higher V lead to higher cooling rates
during L-PBF process. The SEM micrograph in Fig. 2(d) points to areas
very close to the prior f-columnar grains and the prior f grain bound-
aries where the lath-like « phase is not evident. The optical micrograph
also shows these areas (Fig. 2(a)).

By examining the microstructure of the Ti-5Cu specimen made at
VED of 50.26 J/mm? (Fig. 3(a)), the formation of equiaxed grains in
some areas of the microstructure is evident. Meanwhile, the equiaxed
prior g grains identified in the microstructure of the Ti-5Cu-1Si sample
(Fig. 3(b)) are obviously smaller, and their number is higher in com-
parison to the equiaxed prior f grains of the Ti-5Cu sample (Fig. 3(a)).
Considering that these samples were produced at the same VED as that
of pure Ti (Fig. 2(a)), the formation of equiaxed grains in the micro-
structure of Ti-5Cu-1Si and Ti-5Cu samples can be due to the high
potency of Cu and Si solute atoms to create large constitutional super-
cooling zones in front of the solidification front.

Results of image analyses in terms of the number and size of equiaxed
prior f grains in the microstructure of Ti-5Cu and Ti-5Cu-1Si specimens
as compared to those of the pure Ti sample are shown in the violin di-
agrams of Fig. 4(a). In each violin diagram, the data are divided into
equal quartiles, i.e. Q1 to Q4, where 25% of the data is below Q1, 50% of
the data are below Q2 (also known as the median shown by a small
circle), and 75% of the data are below Q3. The distance between Q3 and
Q1 is known as the interquartile range (IQR) and is shown by a small box
in the middle of each plot. In fact, each box in Fig. 4 indicates where the
main bulk of the data related to the grain size in each alloy is located.
The lines extended from each box capture the range of the remaining
data. If the median point is exactly in the middle of the box, the distance
between Q; and Q3 is equal to Q2 and Qs, and each line extends 1.5 times
the IQR. In this situation, the data distribution is said to be symmetrical.
Furthermore, in each diagram, the width of the diagram at any given
grain size designates the relative number of grains corresponding to that
grain size [43].

The reduction of the median value of the grain size and widening and
shortening of the violin plots of Ti-5Cu and Ti-5Cu-1Si alloys in Fig. 4
(a) clearly indicates the significant grain refinement effects of addition

Journal of Materials Research and Technology 31 (2024) 1430-1442

of Cu and Si to pure Ti. In fact, Fig. 4(a) shows that the microstructure of
the pure Ti sample is packed by columnar grains with grain equivalent
diameters between 64 and 139 pm and a median of 106.3 pm. In the
Ti-5Cu sample, with the addition of Cu, some equiaxed grains are
formed, and the size of most of the grains is in the range of 6.5-55.9 pm
with a median grain size of 21.2 pm. With the further addition of Si, i.e.
in the Ti-5Cu-1Si sample, the number of equiaxed grains is increased,
the median grain size is reduced to 11.4 pm, and the grains have smaller
sizes in the range of 1-21 pm. The corresponding GSF violin diagrams of
the samples are also shown in Fig. 4(b), which show a rapid fall in the
median value of GSF from about 3.0 for pure Ti to about 1.0 and 1.1 for
Ti-5Cu and Ti-5Cu-18i alloys, respectively.

Despite the mentioned CET occurrence in the Ti-5Cu and Ti-5Cu-1Si
alloys, some columnar grains in the microstructure of these alloys were
still observed. The violin plots of the grain equivalent diameter and the
GSF of the prior f-columnar grains in the microstructure of Ti, Ti-5Cu,
and Ti-5Cu-1Si samples are shown in Fig. 4(c and d), respectively.
Based on these figures, the median GSF of Ti, Ti-5Cu, and Ti-5Cu-1Si
samples is 3.0, 3.4, and 4.9, and the median prior f-columnar grains
equivalent diameter of the samples is about 106.3, 37.5 and 25.0 pm,
respectively. These results indicate that while the GFS values of the
limited number of columnar grains formed in the microstructures of
Ti-5Cu and Ti-5Cu-1Si samples are somewhat larger than that of the
pure Ti sample, their size is a few times smaller than those formed in the
pure Ti sample.

3.1.1. Effect of volumetric energy density (VED)

The microstructure of Ti-5Cu-1Si alloy produced using VED of
55.39 J/mm?® is shown in Fig. 5(a). The formation of equiaxed prior 8
grains with different sizes in several points of the microstructure can be
seen. This difference in the grain size can be attributed to the non-
uniform chemical composition and non-uniform distribution of Cu and
Si elements in different areas of the microstructure. In comparison, the
number of equiaxed prior # grains formed in the microstructure of the
sample made at a higher VED is significantly increased (Fig. 5(b)). The
increase in the density of the equiaxed prior § grains can be due to the
more uniform distribution of Cu and Si elements in the microstructure as
well as the lower G. Simultaneous formation of small-sized columnar
grains and equiaxed grains in a single molten pool or separate molten
pools, are also evident in the microstructure of the sample made at VED
of 86.36 J/mm® (Fig. 5(c)).

For this purpose, more in-depth analyses of the chemical homoge-
neity of the samples was carried out using FE-SEM and EDS analyses.
Distribution of Ti, Cu and Si elements in the microstructure of the
Ti-5Cu-1Si samples made using the VEDs of 55.39 and 86.36 J/mm? as
investigated by EDS line analysis are reported in Fig. 6(a and b). The
extreme fluctuations of Ti, Cu and Si elements in the microstructure of

1

i3

., # Equiaxed prior p grains |z

7

e

Fig. 3. Optical microstructure of a) Ti-5Cu and b) Ti-5Cu-1Si samples at VED of 50.26 J/mm®.
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~ Build direction
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Fig. 5. Optical micrographs of Ti-5Cu-1Si sample at VED of a) 55.39 J/mm® b) and c) 86.36 J/mm°®.

the sample printed with the VED of 55.39 J/mm?® (Fig. 6(a)) seems to
have occurred due to incomplete mixing of elements and formation of
some Cu-rich like TiyCu precipitates. The distribution of Ti, Cu and Si
elements in the microstructure formed at VED of 86.36 J/mm?® is rather
uniform (Fig. 6(b)).

As a general rule, higher VED or higher heat input results in the
formation of larger melt pools, slower cooling rates, and lower G [18]. A
lower G creates a larger AT¢s that can encourage more efficient nucle-
ation of new grains [44]. On the other hand, the formation of finer
equiaxed grains in the specimen fabricated at lower VEDs has occurred
due to lower heat input and, as a result, a higher cooling rate, which
provides a unique opportunity to modify the as-built microstructure [17,
20,45]. A higher cooling rate and lower G favours the formation of
equiaxed f grains. In fact, an increased cooling rate results in an
increased growth rate of the solid/liquid interface (R). Increased R
causes more solute segregation in front of the solid/liquid interface,
which accelerates AT¢g escalation [17,20]. On the other hand, at a

1434

higher cooing rate (increased R), more populous but smaller heteroge-
neous substrates which require higher undercooling for nucleation (AT;)
may be activated due to the increased AT¢s [17,45].

In general, for a reasonable investigation of the solidification
microstructure, the effect of not only the cooling rate but also G should
be considered [46]. At a small G and cooling rate, only large heteroge-
neous substrates with small AT,, may be activated due to the small AT¢g
driven by R [17]. In this situation, if G increases at a given cooling rate,
activation of heterogeneous substrates will be more difficult due to the
decrease of AT¢s. However, with an increase in the cooling rate at a
given G, a larger number of substrates with larger AT, are activated. This
is because the thermal undercooling generated under higher cooling rate
conditions facilitates nucleation on the less potent substrates requiring
higher undercoolings [45].

Histograms of the average equivalent diameter (d,q) distribution of
prior f grains of Ti-5Cu-1Si specimens made under various VEDs are
shown in Fig. 7(a—d), respectively. The average d.q at VEDs of 50.26,
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55.39, 64.63 and 86.36 J/mm° was found to be about 11.4, 10.5, 6.1 and
4.9 um, respectively. It is evident that the average d.q for most of the
equiaxed prior 4 grains of the Ti-5Cu—1Si sample at VED of 86.36 J/mm?

is distributed in an interval between 2 and 10 pm, while the average dq
distribution for the Ti-5Cu-1Si specimens produced using VEDs of 50.26
and 55.39 J/mm? lies in a larger interval.
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Furthermore, GSF and d.q of the columnar grains of Ti-5Cu-1Si
samples as a function of VED are shown in Fig. 8. The figure shows that
while GSF increases with VED, d,q experiences a decreasing trend. This
can be confirmed by comparing the shape and size of the columnar
grains in the microstructure of the Ti-5Cu-1Si samples made at different
VEDs (Figs. 5(c) and Fig. 9). This means that as VED increases, condi-
tions for the formation of a large number of narrower and smaller-sized
columnar prior § grains are provided. In fact, contrary to the expecta-
tions, increased VED has resulted in microstructures with finer but
higher numbers of equiaxed prior f grains.

It is well documented that a high cooling rate, i.e. a characteristic
condition at small VEDs, normally favours CET occurrence. In this study,
however, the formation of smaller-sized equiaxed prior § grains in
Ti-5Cu-1Si samples occurred at the higher VED of 86.36 J/mm® as
compared to the samples produced at lower VEDs of 55.39 and 50.26 J/
mm?®. This discrepancy is believed to be due to the more uniform dis-
tribution of Cu and Si elements (Fig. 6(b)), as well as the lower G due to
the higher heat input. A relatively uniform distribution of Cu and Si
elements at VED of 86.36 J/mm® would result in a uniform distribution
of Q in the whole melt. This is thought to compensate for the smaller
cooling rate induced at high heat input conditions, i.e. large VEDs.

For example, Mosallanejad et al. [12] reported a fully equiaxed
structure in EBM processing of Ti6Al4V-7Cu alloy and associated this to
the characteristic relatively small G and good elemental homogeneity of
the process, which leads to a large AT¢s in the melt pool. On the con-
trary, due to lower laser absorbability of Cu compared to Ti [24], as well
as the differences in viscosity and density of liquid Cu and liquid Ti [23,
371, in-situ alloying of Ti6Al4V3Cu, Ti6Al4V1Cu, Ti5Cu, Ti6Al4V1.3Cu
alloy under non-optimal L-PBF process parameters leads to the forma-
tion of local Cu-rich zones and more columnar grains formation in the
as-built microstructure [22-24,47,48].

The outcomes of this work clearly demonstrated that the develop-
ment of new Ti-5Cu-1Si alloy at a high VED through the in-situ alloying
approach would lead to uniform distribution of Ti, Cu and Si elements in
the melt pool due to higher heat input, which, along with the low G,
provides for the formation of larger number of finer equiaxed grains
compared to the samples produced at lower VEDs, e.g. 50.26 J/mm®.

OM micrographs of Ti-5Cu-1Si and Ti samples at VED of 50.26 J/
mm? are shown in Fig. 10. Comparing the figures clearly shows the
reduced number and size of a colonies in the Ti-5Cu-1Si sample
compared to those in the pure Ti sample. In the former, a colonies are
limited only to scattered small, isolated areas at the boundaries of
unmelted or partially melted Ti particles and on the equiaxed prior
grain boundaries. On the other hand, the formation of the a-lath phases
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° 5.4 &
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Fig. 8. Effects of VED on GSF and d.; of the columnar prior f grains of
Ti-5Cu-1Si alloy.
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near the titanium-rich areas is evident in higher magnification SEM
micrographs of the Ti-5Cu-1Si sample, as shown in Fig. 11.

In order to investigate the effects of Cu and Si addition on the di-
mensions of the a-laths phase, the distribution histograms and average
values of length, width and GSF of the intragranular and intergranular
a-laths of the pure Ti and the Ti-5Cu-1Si samples are shown in Fig. 12
(a—f). It can be seen that the length, width and GSF of the a-laths have
dramatically decreased with Cu and Si addition to the pure Ti sample.
For example, the average length and width of the a-lath decreased from
about 18.9 to 3.5 pm in pure Ti sample to about 3.3 and 1.7 pm in the
Ti-5Cu-1Si sample, respectively (Fig. 12). Also, the average GSF of the
a-laths changed from about 7.1 for the pure Ti sample to about 2.1 for
the Ti-5Cu-1Si sample indicating the greater tendency of the latter for
formation of equiaxed grains.

Previous investigations have discussed the decrease in the size of
large grain-boundary and intragranular « colonies in the microstructure
of Ti6Al4V-xB alloys in terms of three different phenomena occurring
due to B addition, i.e. reduced prior f# grain size which restricts the
growth space of intragranular a phase, increased nucleation of a phase
from defragmented agp, and formation of highly potent TiB substrates in
the melt [31,49-51]. Following these findings, in the present work, the
decrease in the size of a colonies and increased nucleation of a phase
from defragmented agp, and the formation of highly potent TiB sub-
strates in a-lath phases by Cu and Si addition to pure Ti can be related to
the decrease in the size of the prior f grains.

3.2. Growth restriction factor (Q)

Maxwell et al. [52] have quantified the effect of constitutional
supercooling of solute elements in binary alloys in terms of the Q factor.
The value of Q is proportional to the rate at which a solute element can
create ATcs [11]. Temp - f; curves for Ti-5Cu and Ti-1Si binary alloys
based on equilibrium and non-equilibrium (Scheil) solidification con-
ditions are shown in Fig. 13. The initial parts of AT¢s-f; curves for Ti-5Cu
and Ti-1Si binary alloys in Scheil non-equilibrium conditions and the
second-order parabolic fit equations are shown in Fig. 14. Consequently,
the growth restriction factor (Que) for Ti-5Cu and Ti-1Si alloys was
obtained as 35 K and 25 K, respectively. Therefore, Q ;oq for Ti-5Cu-1Si
alloy was obtained as about 60 K. According to the interdependence
theory, the key factors that play a major role in grain refinement include
the critical undercooling for nucleation (AT,), AT¢s and the average
spacing between the potent nucleation particles (xsq) [53]. A small ATy,
large AT¢s and small x4 result in the formation of an equiaxed micro-
structure. Larger Q values render more equiaxed grain nucleation.
However, the small size of the laser-melted region, together with the
high thermal gradient, significantly suppresses the extent of AT¢s zone
formed in the L-PBF method and poses a challenge to achieve a fine grain
size in Ti alloys [25]. It is postulated that Cu and Si addition to pure Ti
leads to faster formation of AT¢s zone, which can effectively compensate
for the negative effect of the high thermal gradient.

To signify the effects of Cu and Si on the microstructure and CET
occurrence in Ti alloys, it is noteworthy that Al and V in Ti-6A1-4V alloy
create a Q of only 8K, which is much lower than the AT, during the
solidification. As a result, wide columnar grains with an average width
of 120 pm have been reported in AM Ti-6Al-4V alloy [54]. The addition
of 12 wt% Mo to pure Ti increased the growth restriction factor to about
29 K, which did not significantly affect the formation of columnar
grains, and columnar grains with lengths of 2 mm in the build direction
were reported [31].

3.3. XRD analysis

X-ray diffraction (XRD) patterns of pure Ti, Ti-5Cu and Ti-5Cu-1Si
samples are shown in Fig. 15(a). Most of the peaks are assigned to the
a/a’ phase, but clearly, with the addition of Cu and Si, the  phase (110)
peaks overlapping the o/« phase (002) peaks are also identified. Fig. 15
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Fig. 10. OM micrographs of a) pure Ti sample (Y-Z cross-section), b) pure Ti sample (X-Z cross-section), ¢) Ti-5Cu-1Si sample (Y-Z cross-section) and d) Ti-5Cu-1Si

sample (X-Z cross section) at VED of 50.26 J/mm>.

(b) shows that all the peaks of the a/o/ phase are shifted to larger
diffraction angles by Cu addition. With the introduction of Si, this shift
towards larger angles becomes even more noticeable. This can be
explained by considering the fact that guest atoms can be substituted in
the Ti crystal lattice depending on their atomic size [12,55,56]. The
atomic radius of Cu atoms (0.128 nm) and Si atoms (0.117 nm) are
smaller than that of Ti atoms (0.147 nm) [12,55]. Therefore, by
substituting Cu and Si atoms in the Ti HCP crystal lattice, the interplanar
spacing of the crystal structure decreases, leading to a decrease in the
c/a ratio of the Ti HCP structure. This explains the lattice microstrain
behavior by Cu and Si addition in the Ti crystal lattice [12,55,57]. The
atomic radius of Cu and Si is ~12% and ~20% smaller than that of Ti,
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respectively. Therefore, it is expected that Si can reduce the c/a ratio of
the Ti HCP structure more than Cu and thus create a larger microstrain
in the a lattice.

Fig. 16(a—c) shows Williamson-Hall plots for pure Ti, Ti-5Cu and
Ti-5Cu -1Si samples. As it is evident from the figures, the slope of the
Williamson-Hall diagrams increases from pure Ti to Ti-5Cu and
Ti-5Cu-1Si samples, which represents the increase of lattice microstrain
(Fig. 17(a)) due to the placement of Cu and Si elements in the Ti crystal
lattice.

On the other hand, the lattice microstrain of the a phase is related to
the crystal c/a ratio [24]. It can be seen in Fig. 17(b) that the c/a ratio of
the HCP crystal lattice in the Ti-5Cu-1Si alloy has decreased much more
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Fig. 11.

a) SEM micrographs of Ti-5Cu-1Si sample at VED of 50.26 J/mm? and b) higher magnification of the selected area in (a).
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In the XRD patterns (Fig. 15(a)), a
broadening of the peak corresponding to the Ti-5Cu sample can be seen,
which increases with the Si addition. This trend can be attributed to a
decrease in the crystallite size of the a phase by Cu and Si addition.
Fig. 17(c) shows that the crystallite size of the a phase for the Ti-5Cu

further.
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sample is significantly smaller than that of the pure Ti sample. Si addi-
tion to the former, decreases the crystallite size of the a phase even

XRD spectra of different samples, as shown in Fig. 15(a), indicate a
decrease in the intensity of the peaks from the pure Ti sample to the
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Fig. 16. Williamson-Hall plots for a) pure Ti, b) Ti-5Cu and c) Ti-5Cui -1Si specimens.

Ti-5Cu and the Ti-5Cu-1Si samples. This effect can be due to the
reduction of the a phase by adding Cu and Si elements. By comparing the
optical micrographs of different samples in Fig. 10(a-c), it is evident that
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Cu and Si elements have significantly changed the morphology and size
of all types of a phases. Comparing the length, width and equivalent
diameter of the a-laths in the microstructure of pure Ti with the
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Ti-5Cu-18Si sample (Fig. 12) confirms this reduction in the size of the
a-laths by Cu and Si addition to pure Ti.

3.4. Relationship between growth restriction factor (Q) and
microstructure

SEM micrographs of three microstructural areas of the Ti-5Cu-1Si
sample printed using VED of 86.36 J/mm° and four area EDS analyses of
the microstructure are shown in Fig. 18 to evaluate the relationship
between the local grain size and local composition across the micro-
structure. It is evident that areas 2 and 4 in the microstructures
encompass larger grains, while areas 1 and 3 include finer grains.

Fig. 19 displays the calculated AT¢s - f; curves and the corresponding
second-degree parabolic fit equations for Ti-xSi (x = 2.64, 2.85, 3.22,
4.56 wt%) and Ti-xCu (x = 11.42, 11.62, 11.76, 11.88 wt%) alloys
conforming to the EDS analyses in Fig. 18. As can be seen, the Q

parameter (b in y = ax? + by + ¢ equation) increases significantly as Cu
and Si content increases. Graphs of Q as a function of Si and Cu contents
are shown in Fig. 20, confirming that with increasing the Cu and Si
contents, the grain size continuously decreases as a result of higher Q
values (Fig. 20(c)). Higher Cu and Si contents would create steeper
concentration profiles of Cu and Si in the liquid ahead of the solidifi-
cation front, which yields a higher AT¢s and, therefore, triggers more
nucleation events [58].

4. Conclusions

In the present investigation, the effect of in-situ alloying of Ti with Cu
and Si by employing Laser Powder Bed Fusion (L-PBF) process was
studied and their resultant microstructural evolution was systematically
compared with that of pure titanium samples. This study delved into the
intricate interplay between copper and silicon additions and the
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Fig. 18. SEM micrographs from several microstructural areas of Ti-5Cu-1Si sample at VED of 86.36 J/mm?>, and some related area EDS analyses.
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consequential impact on microstructural characteristics while concur-
rently examining the influence of volumetric energy density. The
ensuing conclusions drawn from the outcomes of this research are
briefly outlined as follows.

F095 Cu addition induced the conversion of columnar f grains in the
as-built pure Ti microstructure to equiaxed f grains in the as-built
Ti-5Cu specimen.

F095 Si addition in Ti-5Cu-1Si samples resulted in an augmented
number of smaller equiaxed g grains, contributing to refined
microstructural characteristics.

F095 The combined influence of Cu and Si addition reduced the size of
lath-like o phase colonies and decreased length, width, and aspect
ratio of lath-like o in the Ti microstructure.

F095 Ti-5Cu-1Si alloy, characterized by an elevated volumetric energy
density ranging from 50.26 to 86.36 J/mm® manifested an
increased prevalence of uniform-sized  equiaxed grains.

F095 The Cu and Si addition decreased c/a ratio of the HCP crystal
lattice in the as-built pure Ti samples, potentially escalating the
lattice microstrain.

F095 A continuous decrease in crystallite size of the a phase was
observed through Cu and Si addition, reflecting a progressive
refinement in crystalline characteristics.

F095 Localized grain size reduction was achieved in the as-built state
due to the segregation of Cu and Si, potentially resulting in a
localized increase in Q.

F095 Localized increase in Q resulted in a continuous decrease in the
grain size due to higher AT¢s formation and triggering of more
nucleation events.
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