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One of the known problems in laser melting deposition (LMD) of alloys is columnar grain morphology and large
grain size. Adding reinforcements is generally suggested as a viable approach to tailor the microstructure and
enhance mechanical properties. However, quantitative relationships between grain morphology and reinforce-
ment content are sparsely available. In this study, TiB, particles with different weight ratios were applied in the

LMD of Ti6Al4V alloy to investigate its impact on grain refinement. It shows that the increasing TiB, content
enhances the equiaxed grain growth from epitaxial growth and reduces the grain size. A linear function between
decreasing grain size and the inverse of the growth restriction factor originating from TiB, content was obtained.
This was attributed to the heterogenous nucleation of in-situ TiB nanowhiskers that promoted the refinement of a
lath and prior p grain. The results shed new light on controlling grain morphology and predicting grain size by
mixing ceramic-metal materials in LMD additive manufacturing.

1. Introduction

Additive manufacturing (AM) has been extensively utilized to
fabricate titanium alloys with dual (a+p) phase because of its superiority
in near net shape process [1-4]. Due to the high flexibility and cus-
tomization of AM technology, it is feasible to fabricate titanium matrix
composites (TMCs), hybrid, and functionally graded materials [5-7].
Among the various categories of AM processes, laser melting deposition
(LMD) is a coaxial printing technology with energy-effective, finely
controlled, and low-cost advantages. However, the solidification con-
ditions of the molten pool during LMD are commonly associated with
ultra-high cooling rates and thermal gradient, leading to the formation
of columnar grain that is detrimental to mechanical properties [8,9].
Therefore, a key challenge in AM titanium-based alloys process is to
promote the transformation from columnar to equiaxed grains.

The columnar grains are generally prior p-grains, precipitating from
the liquid phase and growing epitaxially. It is caused by a lack of
nucleation agents and extreme thermal conditions. Some reports
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attempt to increase heterogeneous nucleation by manipulating the
processing parameters. Zhang et al. [10] reported that the microstruc-
ture of Ti-6Al-2Zr-2Sn-3Mo-1.5Cr-2Nb was dominated by columnar
grains for a large range of parameters via laser additive manufacturing,
and equiaxed grains were only observed under a high feed rate. Wang
etal. [11] obtained Ti6Al4V with columnar and equiaxed grains by LMD
under a high feed rate because it leads to more partially melted powders
as endogenously heterogeneous nucleation sites. Besides, it is an effi-
cient method to control microstructure by altering solidification con-
ditions. Fan et al. [12] found the typical columnar grains of Ti6Al4V
bulks by directed energy deposition with the synchronous induction
heating method, even though the inductive energy apparently reduces
the cooling rate and prolongs diffusion time. Those works indicate that
the columnar to equiaxed transition (CET) for titanium alloys is difficult
to realize by manipulating the printing parameters alone because po-
tential particles and essential constitutional supercooling are not suffi-
cient in the molten pools [13]. Several methods were proposed to
advance the CET, such as adding nucleation agents and increasing

E-mail addresses: thh281@cumt.edu.cn (Y. Wang), chenzheng1218@163.com (Z. Chen), jianying.he@ntnu.no (J. He).

https://doi.org/10.1016/j.jmrt.2023.10.128
Received 16 August 2023; Accepted 12 October 2023
Available online 15 October 2023

2238-7854/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:tbh281@cumt.edu.cn
mailto:chenzheng1218@163.com
mailto:jianying.he@ntnu.no
www.sciencedirect.com/science/journal/22387854
https://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2023.10.128
https://doi.org/10.1016/j.jmrt.2023.10.128
https://doi.org/10.1016/j.jmrt.2023.10.128
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2023.10.128&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K. Fu et al.

Table 1
Specified chemical compositions of Ti6Al4V and TiB,.

Powder Mass fraction (wt.%)
Ti6Al4V Ti Al v Fe C H [¢] N
Bal. 6.12 4 0.3 0.08 0.012 0.18 0.04
TiBy TiBy H (o} C S Al Fe
Bal. 0.02 0.04 0.01 0.02 0.02 0.01

constitutional supercooling [14,15].

Ceramic materials can refine the prior p columnar grain of titanium-
based alloys during the solidification where the size of p grain becomes
one of the most significant structural factors [11,16]. Boride, especially
TiB, is one of the promising reinforcements for titanium alloys to obtain
TMCs with excellent performance. It ascribes that TiB and Ti share
similar densities (4.51 and 4.54 g/cmg), and thermal expansion co-
efficients (8.6 x 107 and 8.6 x 107 K‘l), ensuring thermal stability
and compatibility of reinforcement with Ti matrix [17]. Attar et al. [15]
fabricated Ti-TiB composites and obtained refined grains and enhanced
tensile strength. Niu et al. [18] reported that TiB/(Ti-Fe) composite by
LMD displayed a fully equiaxed grain morphology. Hu et al. [19] found
TiB-Ti composites manufactured by LMD showing a three-dimensional
quasi-continuous network (3DQCN) microstructure that was beneficial
for strengthening and toughening of the composites. However, questions
regarding the grain refinement mechanism and the optimal design of the
TiB; addition remain unanswered.

In this work, the thermal history during LMD was characterized by
finite element analysis under consistent processing parameters with
experiment. TiB,; powder was selected as the reinforcement in titanium
matrix. The effect of in-situ TiB on the grain morphology and micro-
structure evolution was investigated to obtain the relationship between
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the quantity of addition and grain size. The orientation between in-situ
TiB nanowhiskers and titanium matrix was also verified to explain the
heterogenous nucleation mechanism.

2. Materials and methods
2.1. Powder material and preprocessing

The compositions of commercially purchased Ti6Al4V powder
(Hangtian Haiying Inc., Harbin, CN) with a diameter of 50-150 pm and
TiBy powder (Alading Inc., Shanghai, CN) with an individual particle
size of 4-8 pm are presented in Table 1. According to the weight ratio,
four samples were designed with different compositions of x wt.% TiBy/
Ti6Al4V (x = 0, 1, 3, and 5), which are denoted as TMCO, TMC1, TMC2,
and TMC3. The raw materials were dried in a vacuum chamber at 80 °C
for 6 h. Then, Ti6Al4V and TiB, powders were mechanically blended in a
mixer for 6 h to make spherical Ti6Al4V coated by TiB, particles.
Fig. la-b shows the as-received Ti6Al4V powders and TiB, particles.
They were blended into the pre-treated powder for LMD, as shown in
Fig. 1c. During the blending, Ti6Al4V powders keep the spherical shape
for good fluidity.

2.2. Laser melting deposition

The LMD system (Fig. S1) consists of a laser generator, printing
chamber, powder delivery, and shield gas, and computational control, as
schematically shown in Fig. 2a. The oxygen content of the chamber is
controlled below 200 ppm to avoid oxidization of TMCs during LMD.
The as-mixed powder and shield gas were simultaneously ejected and
deposited on the Ti6Al4V substrate. Fig. 2b shows the as-printed bulk

Fig. 1. SEM images of the raw powders (a, b) commercially purchased Ti6Al4V and TiB,, (c) blended powder with TiB, particles coating Ti6Al4V and the

elemental mapping.
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Fig. 3. Temperature distribution of TMCO obtained from FEM (a, c) the 15th layer and (b, d) thel6™ layer (The red dotted arrow referring to the scanning path).

Table 2

LMD process parameters of Ti6Al4V and TMCs.
Laser Scanning Feeding Overlap Laser Beam
power speed (mm/  rate (g/ rate (%) wavelength diameter
w) min) min) (pm) (mm)
1800 360 6 50 1.07 3

with an approximate size of 70 x 12 x 55 mm. Two kinds of S-shaped
scanning paths were used for fabrication, as shown in Fig. 3a-b. The
printing paraments are listed in Table 2.

2.3. Microstructure characterization

For microstructure characterization, the cross-sectional samples
were first polished by 0.05 pm colloidal silica, followed by etching with
Kroll’s reagent (10 % HF, 20 % HNOs, 70 % H30) for 15 s. The micro-
structure of samples was observed by optical microscope (OM, Olympus-
PMG3) and scanning electron microscope (SEM, Hitachi SU8220)
equipped with energy dispersive spectrometry (EDS, Bruker, QUAN-
TAX). The prior p grain size, TiB morphology, and a lath in the OM and
SEM images were counted by software Image-Pro-Plus. The phase was
identified by X-ray diffractometry (XRD, Bruker D8 Advance) with
monochromatic Cu Ka radiation. Transmission electron microscope
(TEM, JEM 2100) was used to characterize specific nanostructure and
the selected area electron diffraction (SAED) patterns were captured at a
200 kV operating voltage. The crystallographic orientation was char-
acterized via electron backscatter diffraction (EBSD).

2.4. Numerical simulation

The thermal analysis of the LMD process was simulated by the finite
element method (FEM) with ABAQUS 2019. The simulation details were
provided in the supplementary. Here, the adjacent 15th and 16th layers
were chosen to show the temperature field and their intrinsic thermal
cycles with a maximum temperature of 2271 °C, as shown in Fig. 3. The
temperature field was divided into four regions, L region (T > 1650 °C,
Tinelr), P <= « transition region (994 °C <T < 1650 °C, Tp), a coarsening
region (747 °C <T <994 °C, T,) and unchanged region (T <747 °C) [12,
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20].
3. Results

3.1. Phase identification

The XRD patterns of the as-built TMCs samples are shown in Fig. 4.
The phases a, p, and TiB are thus identified. The lattice parameter of the
« phase is determined as a = 2.94 A, ¢ = 4.67 A. The lattice parameters of
the p phase and TiB are measured as 3.33 A and 4.56 A, respectively. It
should note that the peaks for TiB, are not identified, indicating that
TiB, has been reacted to form in-situ TiB. Besides, the inset shows that
the main peaks at the angle of 40.5° of TMC1-TMCS3 shift about 0.12° to
the left than that of TMCO. This is attributed to the consumption of ti-
tanium by the in-situ reaction between Ti and TiB,. The diffraction in-
tensity at 40.5° of TMCO is lower than that of the other TMCs. In
addition, o/ martensite has formed in the matrix due to the non-
equilibrium solidification conditions and is further verified by the
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Fig. 5. OM microstructures of four samples with detailed inset of bottom,
center, and top regions. (a) TMCO, (b) TMC1, (c) TMC2, (d) TMC3 (The yellow
arrow refers to deposition direction and the same below.)

subsequent TEM results. However, the lattice parameters of the

orthogonal « (a = 2.9266 A, c=4.6677 A) are quite closed to that of the
o phase.

3.2. Grain refinement and matrix evolution

Morphologies and microstructures of TMCs are characterized in
detail by OM and SEM. In Fig. 5a, the white dotted line describes the
typical coarse columnar p grains that grow epitaxially along the depo-
sition direction (yellow arrow) of TMCO. The internal structure in the
prior B grain shows a basket-weave morphology, as shown in the
magnified images. Fig. 5b-d presents the microstructures of TMCI,
TMC2, and TMC3. The penetrating columnar grains disappear at the
center and top from TMC1-TMC3 samples. The magnified images depict
that the grains are equiaxed, while the bottoms are columnar grains. The
columnar grain region from the substrate is decreased from 2.5 to 1.7
and then to 0.4 mm. The center parts were chosen and counted to
calculate grain area and grain size of equiaxed grains, as shown in
Fig. 6a—f. Their average grain area reduces dramatically from 5780 +
1535 to 1154 + 563 and even 478 + 181 pm?, with average grain size
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decreasing from 105 + 27 to 44 + 13, 23 + 8 pm, summarized in
Fig. 6g-h.

Fig. 7 depicts the detailed SEM images of TMCs. The phase with dark
contrast represents bamboo-like o lath while the region with bright
contrast is the p phase. The microstructure within columnar prior p
grains is delineated by o+f structure with lamellar basket-weave
structure, agreeing with the previous work [21]. For TMC1-TMC3, the
TiB whiskers distribute at the boundary of prior  grains showing
self-joining shapes, hierarchical branches, and cross junctions, forming a
three-dimensional quasi-continuous network (3DQCN) microstructure.
Characteristic 3DQCN microstructure of TMC1 is shown in Figs. Sla-b.
The chemical compositions and elemental mappings in Fig. S2 prove
that the structure consists of the TiB-rich region. The microstructures of
TMC2 and TMCS3 are finer, as shown in Figs. Slc-d. They share similar
elemental distribution pattern as TMC1. Fig. 7e shows the statistics of
the o lath width from TMCs. Compared to the thickness of « laths from
TMCO, the thickness of « laths from TMC1, TMC2, and TMC3 become
thinner, which reduces from 1.4 + 0.12 to 0.95 + 0.15, 0.7 & 0.14 pm,
and 0.68 £+ 0.1 pm. The aspect ratios of length to width for TiB in
TMC1-TMC3 are 8.0 + 2.3, 8.8 + 3.3, and 7.6 + 2.9, respectively, as
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shown in Fig. 7f.

3.3. Orientation between TiB and matrix

To understand the phase constituents and crystallographic orienta-
tion, the EBSD and TEM characterization were performed for the TMC3
sample. Fig. 8 displays the band contrast map, phase map, and inverse
pole figure (IPF) maps. «, p, and TiB phases were identified. Fig. 8b
shows the TiB whiskers are distributed at the grain boundary clearly, but
the signal from the p phase is weak according to its unobvious diffraction
peaks in Fig. 4. The structure tailored by in-situ TiB and refined o lath
with an average size of 1.96 + 0.9 pm is shown in Fig. 8c. The grain
orientation indicates a weak texture due to the surpass of o variant se-
lection during titanium phase transformation [22].

Fig. 9a-b manifest the bright-field TEM images of the titanium ma-
trix that consists of basket-weave a+p and a few o martensites with
slightly dark contrast. a phase shows no dislocation while there is a high
density of tangled dislocations within o martensite [18]. Fig. 9e-g
shows the SAED patterns from the Ti6Al4V matrix in the zone axes
[1101],, [011],, and [1101],, respectively. The transverse section of the

in-situ TiB with the hexagonal shape shows (100), (101), and (101)
planes, and longitudinal TiB grows along the [010] axis in Fig. 9c and
d with [010];; zone axis in Fig. 9h.

Fig. 10a shows the interfacial boundary between transverse section
TiB and f. high resolution TEM shows that the interplanar spacing of
(100)4;; and (110), are 0.46 nm and 0.232 nm, respectively. SAED
patterns indicate the orientation relationship between TiB and p, is
(100)135//(110)5, [010]35//[111]4. Fig. 10b—c shows the interfacial
boundary of TiB/f and TiB/a. The in-situ TiB whisker embedded in the
titanium matrix grows along [010].; and shows stacking faults. SAED
patterns indicate the orientation relationship is [010]5;//(001],,

[010]5//[1120],,.
4. Discussion
4.1. Formation of the in-situ TiB reinforcements
The in-situ TiB whiskers are synthesized by the reaction during the

heating process: Ti + TiB;—2TiB. The negative free energy and enthalpy
of the reaction ensure that TiBy react with titanium matrix and generate
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Fig. 8. EBSD results of TMC3. (a) band contrast (BC) map, (b) phase map, (c) inverse pole figure (IPF) map.

in-situ TiB with an exothermic process [23]. Besides, the raw TiB; par-
ticles show a size distribution of 4-8 pm (Fig. 1b), while in-situ re-
inforcements after the LMD process turn into whisker and needle shape
(Figs. 7 and 10). The simulated maximum temperature during LMD is
2271 °C, which is above the melting temperature of TiB (2200 °C) [24].
Therefore, the blended powders (Fig. 1c¢) can melt and successfully
trigger the in-situ reaction during LMD. The processing parameters for
four samples were kept consistent during the LMD process and hence the
temperature histories are nearly identical due to the similar physical
parameter between TiB and Ti, such as density and coefficient of thermal
expansion.

The length of TiB (along the [010]TiB direction) can be predicted by
equations (1) and (2) [25]:

@
@

where x, k, and t are the TiB length, growth rate, and growth time,
respectively; ko, Qx, R, and T are the constant (17.07 x 107*m s’o‘s),
growth activation energy (190.3 kJ/mol), gas constant (8.314 J/
(mol-K)), and temperature in Kelvin, respectively. The diffusion of the
boron atom and TiB growth occur when temperature is above 830 °C.
The length of TiB whiskers is proportional to growth time. It reported
that the average length of TiB were 40-45 pm at 1300 °C and 10-15 pm
at 1100 °C for 2 h [26]. In this work, the growth time for TiB is not
sufficient during the LMD process. As shown in Fig. 3c and d, the time of
the temperature above 830 °C lasted for approximate 4.6 s in the
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circulating heating curves, which leads to the nanosize scale TiB rods.
The distinction of aspect ratio in TMC1-TMC3 is not obvious with 8.0
2.3, 8.8 £ 3.2, and 7.6 + 2.8, respectively.

4.2. Nucleation mechanism

The nonequilibrium sequence of solidification for TMCs during the
LMD process is expected to be as follows:

Liquid (Ti+ B) — Liquid + TiB — f(Ti) + TiB — a / o (Ti) + B(Ti) + TiB

As shown in Fig. 3, the temperature of p—« transformation starts at
994 °C under the non-equilibrium solidification process [27]. On the one
side, in-situ TiB whiskers precipitate around prior p grain boundaries
below Ty and tailor the coarse columnar into the 3DQCN structure
(Fig. 7). Therefore, the p phase well follows the Burgers orientation
relationship with (100);//(110),, [010],,//[111],//[1120], as shown
in Fig. 10. On the other side, In-situ TiB can also be regarded as the
potential heterogeneous nucleation particles of equiaxed grains. The
lattice misfit (§) between TiB and B is calculated by the following
Turnbull-Vonnegut equations (3) and (4) [28]:

_ ldn =4

o
dy

3

3 ) <d[uvw]: cos 6) - d[uvw]i
3

4

(), / Dy
Sy = x 100%

i=1

where d, and d, are the interatomic/interplanar distance of nucleus
plane and crystallization plane, respectively. (hkl), is a low-index plane
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of the substrate, (uvw), alow-index direction in (hkl),, (hkl), alow—index along [uvw],, and @ is the angle between the (uvw), and [uvw],,. The close-
plane of the nucleated solid, [tvw], a low-index direction in (hkl),, dju), packed plane of TiB with B27 structure is (100),; with interplanar
the interatomic distance along (uvw);, djuw, the interatomic distance distance d(109) = 0.456 nm and that of the prior p is (110), with d(1109) =
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Fig. 11. A schematic diagram of the Independence Model illustrating the refinement of tailored grain at t;-ts intervals for 3DQCN microstructure.

0.232 nm [29]. According to equation (3), the misfit of the orientation
relationship is evaluated to be 1.72 % and 4.8 %, as shown in Fig. 10a
and c. When the misfit is less than 6 %, the heterogeneous particles are
the most effective and compatible nucleus [30]. Hence, the interfaces of
TiB/p and TiB/u is the semi-coherent and the in-situ reaction can
improve the interface bonding.

The heterogeneous nucleation can effectively reduce the interfacial
energy and occurs at much lower undercooling in the perspective of
classical nucleation theory [31]. The presence of large particles in the
melt enables the liquid to wet a larger surface and form a thin hemi-
spherical cap, effectively increasing its radius of curvature and facili-
tating further growth. Geer et al. [28] also found that TiB, particles with
a diameter of 3 pm for aluminum alloy can provide high potency with
maximum undercooling (ATy = 0.2 K), which is responsible for the most
nucleation events. SEM images demonstrate (Fig. 7) that the
morphology of the Ti-B compound changes from irregular shapes for
TiBy to needle-like whiskers for TiB during the LMD process. Thus, the
nucleation events and grain refinement can be attributed to the forma-
tion of in-situ TiB.

4.3. Grain refinement mechanism of 3DQCN microstructure

Some elements, such as B [32] and C [33], are growth restricting
solutes for Ti solvent and play an important role in generating consti-
tutional supercooling (ATc¢s) that is determined by the growth restric-
tion factor [34,35]. The Interdependence Model developed by StJohn
et al. [36] is further used to reveal grain refinement mechanisms and
predict grain size during AM process [13,37,38]. The grain refinement
mechanism can be revealed by predicting grain diameter (dg) according
to equation (6) [36]:

Q=mCo(k—1) (5)
, DzAT, 4.6D ( C, — C,

dyy = Xes + Xy + Xsqg = ) +xs 6

os = Xcs + Xy + Xsa ) ” ( c- k)) Xsa (6)

where Q is the growth restriction factor,

Cy is the alloy composition (wt.%), m is the slope of the liquidus, k is the
solute partition coefficient, D is the diffusion rate in the liquid, x is the
distance and detailed in Fig. 11, v is the growth velocity, zAT, is the
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incremental amount of undercooling required to re-establish AT, min,
and C; is the composition of the liquid at the S/L interface (wt.%). As
illustrated in Fig. 11, the substrate or prior layer can provide the initial
thermal undercooling (AT, = 0 °C) for epitaxial growth at t; when there
is no constitutional supercooling (CS) or solute diffusion ahead of the S/
L interface. x¢s refers to the distance that grain needs to grow to create
sufficient CS to nucleate a grain. As the grains grow epitaxially and so-
lute diffuses into liquid in the front of columnar grain, the temperature
gradient decreases gradually and the amount of CS (AT;) increases from
AT < AT, atty until a necessary threshold of AT, = AT,,_min reached at
t3. X refers to the diffusion distance from the S/L interface to the po-
sition that establishes AT.; = AT,_mi, which can activate potent particles
with random distribution in the liquid. The microstructure changes from
columnar to equiaxed grains until the potent particles are sufficient
nearby. As shown in Fig. 5a, it is obvious that the grains of TMCO
without suitable nucleation particles show the epitaxial growth. Once
the TiB, addition continues to increase, indicating high nucleation po-
tency, the columnar length shortens dramatically, and the grains
become refined (Fig. 5b-d).

At ty (AT > ATy min), it shows the relationship of the average dis-
tance to the activated particles (xsg) with the undercooling (AT,). Once
the nucleation occurs and the grain grows, the subsequent equiaxed
nucleation events are triggered (t;). The SEM inset of TMC3 (Fig. 11)
shows uniform equiaxed grains. It sufficiently proves that in-situ TiB
whiskers adhered to the prior p can be considered as heterogeneous
nucleation particles. Q is a useful parameter in predicting the relative
grain refining effectiveness of various solutes in titanium alloy [39,40].
The theoretical calculation of Q ~66 Cy for boron in titanium is a
reasonable approximation to the true value [32]. High Q value provides
the grain-refining efficiency to establish CS zone and sharply decrease
Xcs and x;ﬂ. The grain size (Fig. 6) shows a linear relationship against
1/Q for TMCs. The constitutional supercooling is caused by the rejection
of boron from the prior p into the liquid ahead. Meanwhile, the potency
particles and TiB whiskers are responsible for the enhanced nucleation
and grain refinement.

5. Conclusion

Ti-6A1-4V component with 0, 1, 3, 5 wt.% additions of TiB, (TMCO,
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TMC1, TMC2, and TMC3) were investigated and the findings are sum-
marized as the following:

(1) The equiaxed growth prevailed instead of the epitaxial columnar

(2)

@3

(€))

with increasing TiB; content. A fully equiaxed grain morphology
with the average grain size of 23 pm was obtained with the
addition of TiBy up to 5 wt.%.

In-situ TiB was generated by reacting with titanium matrix with
nano-size due to the insufficient growth time. The nanowhiskers
distributed at prior § grain boundaries to tailor a three-
dimensional quasi-continuous network microstructure.

In-situ TiB serves as compatible nucleation particles with small
lattice misfits for both a and p phases resulting in the grain and
titanium matrix refinement.

The quantitative relationship between grain size and the inverse
of growth restriction factor was established by the Interdepen-
dence model to predict grain size.

~
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