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ABSTRACT

The present work aims to explore the influence of Si addition on the microstructure of a novel Ti-5Cu alloy produced
by the Laser Powder Bed Fusion (L-PBF) technique, under an in-situ alloying strategy. For this purpose, Ti-5Cu and
Ti-5Cu—1Si samples were manufactured under the same volumetric energy density (VED), i.e., 50.26 J/mm3. The
findings revealed that incorporating 1 wt% Si into the Ti-5Cu alloy converted the prior B columnar and equiaxed
grains with an average size of 41 um and 22 um, respectively, to finer equiaxed prior B grains within the Ti-5Cu-1Si
microstructure, which featured with an average size of about 8 um. Greater tendency for columnar to equiaxed
transition and a notable grain refinement with Si addition were linked to a greater constitutional supercooling zone
created by the rejection of Si solute atoms in front of the solidification front. Comparison of the solidification ranges
for Ti-5wt%Cu and Ti-1wt%Si alloys plotted by PANDAT software revealed that Si has a more severe impact on the
solidification range than Cu, making it a potentially better option for inducing columnar to equiaxed transition.
Incorporating 1% Si to the Ti-5Cu alloy increased the growth restriction factor from 35 to 60 K, resulting in an almost
3-fold reduction in grain size. Addition of Si to the Ti-5Cu alloy also significantly refined the average length of a lath
from about 4 um to about 1.7 um in the microstructure of Ti—Cu-Si alloys.

Keywords: Additive Manufacturing, Laser Powder Bed Fusion, Ti-5Cu-1Si alloy, Columnar to Equiaxed Transition, Growth Restriction
Factor.

1. Introduction

Additive manufacturing (AM), often known
as three-dimensional (3D) printing, is a novel
manufacturing technology that involves making
items layer by layer utilizing a computer model
and a methodology capable of constructing
components with near-net shape [1-4]. This
technology challenges the supremacy of traditional
manufacturing processes, such as subtractive
procedures, by producing extremely complex
metallic or metallic matrix composites/nano-
composites products with minimal material waste
[3,4]. Fusion-based AM of metallic objects can be

accomplished using directed energy deposition
(DED) [5] or powder bed fusion (PBF) techniques
[3]. In PBF processes, selective melting of a thin layer
of metal powder previously spread on a platform
can be accomplished by a focused heat source such
as a laser or an electron beam. Laser powder bed
fusion (L-PBF) and electron beam powder bed
fusion (EB-PBF) are the two main technologies of
PBF group, which are generally quite different in
terms of their heating source, power density, and
energy/material transfer principles [6-8].

In recent years, much of the research into metal
AM technologies has focused on preventing the
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formation of columnar grains, particularly in Ti-
based alloys, which result in anisotropic mechanical
properties and are, therefore, perceived to be
undesirable and present challenges in component
design [6,9-13]. The steep thermal gradient,
combined with a scarcity of nucleation events ahead
of the solid/liquid (S/L) interface, favors epitaxial
growth of B grains, which is typically the governing
growth mechanism during L-PBF processing of
Ti alloys [9,6,14]. Multiple strategies have been
proposed to tackle this challenge by creating a high
constitutional supercooling (AT_) zone, which
aims to overcome this steep thermal gradient and,
hence, regulate the final microstructure [6,12,14].
One of them entails adjusting process parameters
such as laser power and scanning speed to establish
a judicious control of the heat input, which in
turn will optimize thermal gradient (G) and
solidification rate (R) of the solidification front,
facilitating the columnar to equiaxed transition
(CET) phenomenon [2,8].

In addition to process parameters, the influence
of introducing elements that can generate a large
AT, region in front of the solidification front
is regarded as a key solution from the aspect
of inducing the CET phenomenon [6,9-13].
According to Talebi et al. [6], the CET phenomena
in L-PBFed Ti-5Cu alloy is primarily caused by the
uniform distribution of Cu, reduced G owing to
increased volumetric energy density (VED), and
high AT capacity of Cu. Mosallanejad et al. [12]
achieved a fine-grained fully equiaxed structure
in EBM processing of Ti6Al4V-7Cu alloy due to
rather low G of the EBM process combined with
the high capacity of Cu in inducing AT in front of
the columnar prior - grains.

AM in-situ alloying of Ti-based alloys alleviates
concerns regarding the powder-based AM
methods by reducing the restrictions of using
pre-alloyed powders, such as narrow composition
range, limited availability, and cost [15]. However,
achieving a dense and homogeneous material
necessitates meticulous selection of elemental
powder sizes and process parameters, informed by
their physical and thermo-physical characteristics
[15-19]. A previous study [16] demonstrated
that the feasibility of in situ Ti-5 wt.% Cu alloys
produced via the L-PBF process is contingent
upon utilizing a powder blend of Ti and Cu with
the average particle diameter of approximately 30
pum and 7 pm, respectively, and under a high VED
(77.55 J/mm?®). In fact, the larger size of Ti particles
than the Cu particles is in accordance with lower
laser absorption coefficient (0.1 [20]) and higher
thermal conductivity of Cu (330 W/m.k [21]) than
those of Ti (0.56, 31 W/m.k [20,21]), as well as the
higher melting point of Ti (1940K) with regard to
Cu (1357K).
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In-situ alloying of the Ti-Cu-based alloys
by L-PBF are mainly developed for biomedical
applications  [17-19,  22-24].  Nonetheless,
undesirable phases such as columnar prior  grains
and non-equilibrium acicular o phase are still
reported in the microstructure of L-PBFed Ti-5Cu
alloy because of the high intrinsic cooling rates
(10%-10% K/s) and G (~10>-° K/m) associated with
the L-PBF process [6, 25,26]. On the other hand,
considering the difference in physical and thermo
physical properties of Cu and Ti elements, in-situ
alloying of LPBFed Ti-Cu-based alloys under non-
optimized process parameters will often result in
inhomogeneous microstructures [15-19]. These
occurrences can result in degraded mechanical
and corrosion properties, making it challenging
for LPBFed Ti-Cu-based alloys to meet application
requirements.

Therefore, through post-processing operations,
some efforts have been made to eliminate
undesirable  microstructures and  chemical
inhomogeneity of L-PBFed Ti-Cu-based alloys
[23,25, 27-28]. Talebi et al. [28] found that heating
in-situ L-PBFed Ti-5Cu alloy to 1050 °C resulted
in the dissolution of all columnar P grains, full
solubility of the non-dissolution zone of Cu and
Ti, and elimination of the acicular o phase in
the as-built microstructure. This was followed by
the development of fully equiaxed prior-P grains,
enhanced homogeneity, and the production of the
equilibrium lath-like a phase in the microstructure
of the heat-treated Ti-5Cu alloy. However,
post-processing operations are costly and time-
consuming, and in certain circumstances, create
unwanted microstructures that deteriorates the
properties.

The main objective of this study is to investigate
the impact of Si addition on the solidification
microstructure, explicitly focusing on the CET
phenomenon in the microstructure of LPBFed
Ti-5Cu alloy. Additionally, it assesses the feasibility
of in-situ alloying of LPBFed Ti-5Cu-1Si from the
perspective of microstructural homogeneity.

2. Experiments
2.1 Materials and manufacturing method

The powders wused for manufacturing
L-PBFed Ti-5Cu and L-PBFed Ti-5Cu-1Si samples
include commercially pure Ti (grade 1, <50 um,
LPW, UK), commercially pure Cu powder (<20
um, Sandvik Osprey Ltd.) and commercially pure Si
(=1 um). L-PBFed samples were built by a Concept
Laser Mlab Cusing-R machine equipped with a 100
W fiber laser and a spot size of around 50 pm. As
shown in Fig. la, cubic 1x1x1 cm® L-PBFed Ti-
5Cu and L-PBFed Ti-5Cu-1Si samples were printed
on a Ti substrate under VEDs of 50.26 J/mm?®.
Fig. la shows the moment of printing samples
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on the L-PBF-machine platform. The scanning
strategy was striping form with 67° rotations, and
a distributed layer thickness of 25 um was used to
print all the samples. After printing, the samples
were removed from the Ti substrate and halved
along the build direction using a micro cutter for
microstructural analyses on Y-Z surfaces (Fig. 1b).

The microstructural evaluation was carried out
by the standard metallographic techniques and
using Kroll's reagent (1wt. % HE 4wt. % HNO,
and 95wt. % H,0). Optical microscopy (OM,
Olympus-BX-51M), scanning electron microscopy
(SEM, Philips XL30) and field emission electron
microscopy (FE-SEM, Quanta Feg 450) equipped
with energy dispersive spectroscopy (EDS)
instrument were carried out on the resulting
Y-Z surfaces (Fig. 1b). Phase analysis was
conducted using X-ray Diffraction analyses (XRD,
Asenware -AW-XDM300, and Cu-Ka radiation),
incorporating a step time of 1s and step size of 0.1°.
PANalytical X’Pert, HighScore Plus software was
employed for phase detection and profile fitting
related to XRD patterns of L-PBFed Ti-5Cu-1Si
sample. Pandat software was employed to plot
non-equilibrium Scheil diagrams of the freezing
ranges and to calculate the corresponding growth
restriction factors (Q). Columnar and equiaxed
prior B- grains size were measured by the linear
intercept technique.

3. Results and discussions
3.1 Effect of Si addition on L-PBFed Ti-5Cu
microstructure

Unlike the microstructure of L-PBFed CP-
Ti samples characterized by columnar grains
in previous literature [6, 28], the optical
microstructure of L-PBFed Ti-5Cu alloy featured
22 um average-sized equiaxed prior [-grains
(Fig. 2a). This columnar-to-equiaxed transition
stems from the high potency of Cu solute atoms
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in developing the AT zone in front of columnar
prior B-grains and the subsequent nucleation of
equiaxed grains [6, 9,10,12,29]. Eq. (1) defines the
growth restriction factor (Q) as the rate at which a
solute element induces AT, in binary alloy systems

2].
Q = mGo (1 — ko) (1)

Where m is the slope of the liquidus line, C;
is the solute content in the alloy melt, and k; is
the corresponding equilibrium solute partition
coeflicient.

The Q values fluctuated based on the Schmidt-
Fetzer and Kezlov method [30], revealing a Q factor
of approximately 35 K for the Ti-5Cu alloy. As
illustrated in Fig. 2a, large columnar prior - grains
still exist in the microstructure of the L-PBFed Ti-
5Cu alloy sample, which have not been entirely
mitigated by a pile-up of Cu atoms or partially
transformed into equiaxed prior B-grains.

Compared to the L-PBFed Ti-5Cu alloy, the
microstructure of the L-PBFed Ti-5Cu-1Si alloy
revealed a fascinating array of smaller, equiaxed
prior B-grains. The L-PBFed Ti-5Cu-1Si sample, is
featured with 7.6 um sized equiaxed prior B-grains
(Fig. 2b). Conversely, as seen in Fig. 2c, the
incorporation of Si has successfully inhibited the
formation of the large columnar prior B-grains in
the microstructure of the L-PBFed Ti-5Cu-1Si alloy
sample, leading to thinner and shorter columnar
prior B-grains. This results from the high potential
of Siin generating ATCs in front of columnar grains,
which facilitates an effective CET phenomena in
the microstructure of the L-PBFed Ti-5Cu-1Si alloy
[31]. The incorporation of Si into the L-PBFed Ti-
5Cu alloy results in a substantial Q of around 60
K, which is thought to significantly influence the
grain refinement of the L-PBFed Ti-5Cu-1Si alloy.

Fig. 3 illustrates a direct correlation between
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Fig. 1- a) lllustration of L-PBF-machine platform on which various samples are being printed and b) macrograph of a printed
cube sample along with the cut direction in this work.
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Fig. 2- OM micrographs from a) L-PBFed Ti-5Cu sample, b,c) L-PBFed Ti-5Cu-1Si sample and d) SEM micrograph of L-PBFed
Ti-5Cu-1Si sample.
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Fig. 3- Grain size evolutions depending on Growth restriction factor (Q) for the L-PBFed Ti-5Cu, and the L-PBFed
Ti-5Cu-Si samples.
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variations in Q and grain size across all samples,
indicating that an increase in the Q value from 35
to 60 K corresponds to a reduction in average grain
size of around 15 pm.

3.2 Effect of Cu and Si addition on freezing range

Welk et al. [32] employed a simple but effective
approach to evaluate the influence of several alloying
elements on the freezing range to determine the
efficiency of each of these components in increasing
the likelihood to induce CET in pure titanium.
After analyzing various outcomes, it appears that
employing CALPHAD-predicted phase diagrams
for Ti-Ni, Ti-Fe, and Ti-Mo alloys is a beneficial
method to assess whether the expansion of freezing
ranges due to the inclusion of these elements
is directly linked to the initiation of CET [32].
The influence of Si and Cu on the solidification
range was examined using a CALPHAD method.
Fig. 4a and 4b display the CALPHAD forecasts
regarding alterations in the solidification range for
Ti-5wt%Cu and Ti-1wt%Si alloys. Incorporating
any of these elements expands the solidification
range. Therefore, these elements can be viewed as
promising contenders for enhancing the tendency
for CET. When comparing the alterations in the
solidification range between Ti-5wt%Cu and
Ti-1wt%Si alloys, as shown in Fig. 4, it becomes
evident that Si notably expands the solidification
range. Therefore, Si can exert a more substantial
influence on the CET compared to Cu.

3.3 Effect of Si on dimensions of lath-like a phase

As shown in Fig. 3a, Cu significantly alters the
size of lath-like a phase in the L-PBFed Ti-5Cu
microstructureand their sizeislimited to theinterior
space of the equiaxed prior 3- grains (Fig. 3a). Prior
studies have indicated that incorporating alloying
elements like Cu can effectively decrease the size
and quantity of a colonies in the microstructure of

1700

L-PBFed CP-Ti. This results in the growth of only
a few small colonies at the boundaries of partially
melted Ti particles and within the equiaxed prior
B grains, as shown in Fig. 3a [6, 28]. By observing
Fig. 3b, it is clearly seen that by adding Si to the
L-PBFed Ti-5Cu alloy, the length of the a-laths are
dramatically reduced. Upon closer examination
using a scanning electron microscope (SEM), it
is evident from the micrograph in Fig. 3d that
certain portions of the lath-shaped a phase have
transformed into submicron-sized equiaxed a
phase. Si has greatly refined the equiaxed prior
B- grains, which in turn severely limit the growth
of the lath-like a phase, as illustrated in Fig. 3
d.The distribution histograms and average values
of length and width of the lath-like a phase in
the microstructure of the L-PBFed Ti-5Cu and
the L-PBFed Ti-5Cu-Si samples are given in
Fig. 5. It is observed that the average length of a
lath has decreased from about 4+0.94 um in the
microstructure of the L-PBFed Ti-5Cu sample (Fig.
5a) to about 1.7+0.6 pm in the microstructure of
the L-PBFed Ti-5Cu-Si samples (Fig. 5 b). On the
other hand, the histograms illustrating the average
length of a-laths show that when Si is introduced
to the L-PBFed Ti-5Cu sample, the distribution of
average lengths is concentrated within a narrower
range and at shorter lengths, as depicted in Fig. 5b.
Also, as shown in Fig. 5c and Fig. 5d the average
width of the a-laths changed from about 1.1+0.14
pm for the L-PBFed Ti-5Cu sample to about
0.7240.16 pm for the L-PBFed Ti-5Cu-Si sample.

Prior research has indicated that the primary
factors contributing to the reduction in the size
of the lath-like a phase and a colonies in the
microstructure of Ti6Al4V-xB alloys following
boron addition are the growth restriction of refined
prior B grains and the enhancement of nucleation
rate caused by the discontinuous a_, and TiB
phases [33,34].
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Fig. 4- Low solute content side of the phase diagram of a) Ti-Cu and b) Ti -Si alloy systems calculated using Pandat software.
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Fig. 5- Distribution histograms and the average value of a,b) length and c,d) width of the a-laths related to the L-PBFed
Ti-5Cu and the L-PBFed Ti-5Cu-Si samples, respectively.

3.4 Microstructural homogeneity
3.4.1 Distribution of Cu and Si in L-PBFed Ti-
5Cu-1Si microstructure

SEM, FESEM, and EDX methods were
utilized to conduct more in-depth analyses on
the microstructural homogeneity of Cu and Si
distribution in the L-PBFed Ti-5Cu-1Si bulk.
Cu tends to segregate at the bottom of fusion
layer boundaries, as evidenced by the chemical
inhomogeneity observed in the SEM micrograph
shown in Fig. 6a. Dark regions, visible as some Ti-
enriched areas, have been formed alongside Cu-rich
areas without undergoing any dissolution. When
selecting materials for in-situ alloying through
L-PBE if they have significantly different properties
such as melting points, laser absorption coefficients,
powder particle sizes, thermal conductivity, and
various other thermo-physical variances, they
often result in the presence of numerous unmelted
particles within the microstructure. [15-17].
Yadroitsev et al. [17] reported that due to the
lower melting point and smaller particle size of Cu
compared to those of Ti, Cu powder particles were
fused first during the in-situ alloying of Ti6Al4V-
1.38%Cu using L-PBF, and unmelted Ti particles
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remained. Mosallanejad et al. [16] pointed out
that the shallow melt pool formed when a laser
interacts with Cu powder particles, as opposed
to Ti, is primarily due to copper’s high thermal
conductivity and low laser absorption coefficient
in comparison to Ti. Apart from the complete
melting of particles, processes in the molten
pool, convection, Marangoni flows, density and
viscosity gradients are key factors in determining
the homogeneity of an alloy in the in situ alloying
approach [15,17].

In fact, Ti and Cu are featured with completely
different viscosities and densities. Hence, if in-situ
alloying of Ti-Cu-based alloys is conducted with
inadequate VED and low heat input the disparity
in viscosity between the Cu and Ti molten metals,
along with the absence of mass transfer through
diffusion, will cause the distribution of Cu -rich
regions within a viscous liquid Ti [17,18]. Cu has
a higher density compared to Ti. This leads to
Cu sinking to the bottom of the molten pool and
clustering near the boundaries due to the lack of
mass transfer caused by mixing in the viscous Ti
alloy melt [17,18]. A new set of manufacturing
parameters, such as a higher VED generating a
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bigger molten pool, would possibly guarantee a
more homogeneous Ti-Cu-based alloy [16-19].
Higher temperatures and longer existence times of
a big molten pool than those of a small one, cause
mass transfer by diffusional processes and mixing
can dissolve more Cu in the Ti matrix. When the
melt pool is larger, the cooling rates are lower, and
the temperatures are higher. This creates extended
periods for Cu to diffuse into the Ti lattice.
Additionally, it decreases the viscosity gap between
Cu and Ti, promoting increased mass transfer
through diffusion and mixing [16-19]. FESEM
micrographs with a higher magnification in Fig.
6b shows the formation of Cu and Si-rich regions
around partially melted Ti particles. The EDX
mapping in Fig. 6¢ shows the segregation of Cu
and Si elements around the Ti-rich regions in the
L-PBFed Ti-5Cu-Si microstructure. Partial melting
of Ti and its lack of complete dissolution with Cu
and Si elements has caused micro segregation of Cu
and Si adjacent to Ti -rich areas.

3.4.2 Effect of Cu micro segregation on Ti,Cu
formation

The FESEM image in Fig. 7a and a high
magnification micrograph of Fig. 7a (Fig. 7b)
shows the formation of a dendritic phase adjacent
to an unmelted Ti particle. The EDX point and line
analyses conducted on the dendritic phase in Fig.
7c and Fig. 7d revealed that this dendritic phase is
rich in Cu with a content of about 38.54 wt.%.

To examine and verify the presence of Cu-rich
precipitates near the unmelted Ti particles more
thoroughly, we utilized PANDAT software to plot
non-equilibrium solidification curves for two
alloys: Ti-5 wt% Cu and Ti-14 wt% Cu. The results
are shown in Fig. 8a and b. These curves clearly
show that the final phase under the rapid cooling
conditions of the L-PBF process is the Ti,Cu phase.
Also, XRD measurements were performed to
identify the phase formation in the microstructure
of the L-PBFed Ti-5Cu-1Si sample. The existence
of the low-intensity Ti,Cu peaks in the L-PBFed
Ti-5Cu-1Si XRD pattern (Fig. 9) definitively
confirmed the presence of a low content of this

phase in the microstructure.

The presence of Ti,Cu intermetallic precipitates
has been reported in pure Ti and Ti alloys by
conventional manufacturing methods, namely
casting with the addition of Cu between 1-10 wt. %
Cu [35,36]. However, according to recent studies,
Ti,Cu precipitates were found to be unavoidable
regardless of the cooling rate applied, even in the
L-BPF process. Ti,Cu intermetallic precipitates
may appear as a result of repeated thermal cycling
during the AM processes, where the material is
subjected to multiple heating and cooling cycles
with the manufacturing of new layers [10,12]. On
the other hand, due to micro segregations and
inhomogeneous microstructure within Ti-Cu-
based alloys, regions with high Cu content could
bring the composition to the eutectoid point
presented in the Ti-Cu phase diagram [19]. Also,
the authors revealed that the thermal history of
L-BPF accumulated heat during the deposition
of successive layers, which in turn reduced the
cooling rate and B > a+ Ti,Cu completed before
the martensite transformation was reached [10,12].

4. Conclusions

This article presents the results of an investigation
on the influence of in-situ alloying with Si on the
microstructure of a Ti-5Cu alloy synthesized via
L-PBF process. The conclusions are briefly outlined:
- Columnar B grains in the as-built Ti-5Cu
microstructure were successfully converted into
equiaxed prior B grains in the as-built Ti-5Cu-1Si
sample.
- Si addition induced fine equiaxed prior  grains
with an average size of 7.6 ym in the as-built Ti-
5Cu-1Si microstructure.
- The columnar to equiaxed transition phenomena
and formation of finer-sized-equiaxed prior B
grains in the microstructures of as- as-built Ti-5Cu-
1Si samples were attributed to the significant effect
of Si addition on the formation of a constitutional
supercooling zone ahead of the columnar p grains
solidification front.
- Si addition reduced the length and width of lath-
like o phase in as-built Ti-5Cu-1Si microstructure.

Fig. 6- a) SEM and b) FESEM micrographs of the L-PBFed Ti-5Cu-Si sample along with c) EDX map of Cu, Si and Tiin (b).
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Fig. 8- XRD pattern for L-PBFed Ti-5Cu-1Si sample.
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