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a b s t r a c t

Due to the intrinsically ultrahigh cooling rate and thermal gradient during laser melting

deposition (LMD), columnar-to-equiaxed transition (CET) of grains has been a significant

challenge in titanium-based alloys. In this study, two strategies, including the optimization

of processing parameters and the addition of ceramics particles, were utilized to promote

the CET of Ti6Al4V. The optimal processing parameters of Ti6Al4V were confirmed by

response surface methodology (RSM). The width of prior b grains effectively decreases

under the minimum dilution of single track. Besides, different contents of TiB2 and La2O3

were added to Ti6Al4V powder and the in situ (TiB þ La2O3)/Ti6Al4V composites were

manufactured using the identified optimal processing parameters. In situ TiB whiskers

segregating at the grain boundaries tailor the coarse columnar to equiaxed grains with

La2O3 particles dispersed in the composites. With increasing formation of the re-

inforcements, equiaxed grain size decreases from 23.3 to 11.9 mm. The ultimate tensile

strength of the components was improved by 19.6% and 26.4% compared to that of Ti6Al4V.

This work provides systematic solutions to suppress the coarse columnar grains and refine

the microstructure for titanium-based alloys.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Laser melting deposition (LMD) is one of additive

manufacturing (AM) processes, in which components are built

laser-by-laser via coaxial laser scanning and powder feeding

[1,2]. This process is characterized by high flexibility, accu-

racy, and near-net shape, suitable for the fabrication of

titanium-based alloys. However, metallicmaterials, especially
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titanium-based alloys, manufactured by AM technologies

generally suffer from undesirable coarse columnar grains that

result in anisotropic mechanical properties [3e5]. There are

two dominant grain growth behaviors during the solidification

of LMD, including the heterogenous nucleation for equiaxed

grains and epitaxial growth for columnar grains [6]. Attempts

to optimize the processing parameters of LMD and introduce

ceramics as nucleating agents have been made to promote

columnar to equiaxed transition (CET) [7e10].
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During LMD, the single laser track of the multiple-layer

depositions is controlled by three main processing parame-

ters including laser power (P), feed rate (f), and scanning speed

(v). The various combinations of the parameters determine

the geometry and quality of the track. However, the printing

parameters are generally designed by empirical choice. Dilu-

tion is a significant factor for the deposited layer, representing

the extent of mixing between the clad material and the base

material, which can figure out an appropriate range of the

parameter [11]. It reported that the dilution of a clad layer is

defined as the ratio of cladding depth to the sum of its height

and depth [12]. To avoid the excessive melting of the prior

track during AM process, the ratio should be moderately

small. Large dilution generally leads to high melt super-

heating, large penetration re-melting, and epitaxial growth.

The equiaxed grains were finally obtained under a superhigh

feed rate [13]. Therefore, choosing suitable processing pa-

rameters is of vital importance during LMD.

Besides optimizing the processing parameter, the addition

of ceramics is also an effective approach for titanium alloy to

achieve equiaxed grains and improve mechanical perfor-

mance. Huang et al. [14] reported that the addition can be

divided into ex-situ and in-situ techniques depending on the

different forms of reinforcement. For the ex-situ method, the

added reinforcement powders or tiny particles are unable to

react with the titanium matrix and exhibit a homogeneous

discrete distribution, such asTiB, TiC, TiN [15], andTi5Si3 [16]. In

contrast, in-situ reinforcements are attributed to the reaction

between the titanium matrix and added compound, such as

TiB2 [17], B4C [8], and SiC [18]. In-situ reinforcements are ex-

pected to exhibit chemical stability and compatibility with the

matrix. Pouzet et al. [19] blended B4C and Ti6Al4V powders to

manufacture (TiB þ TiC)/Ti6Al4V alloys by direct metal depo-

sition due to the in-situ chemical reaction 5Ti þ B4-

C/4TiB þ TiC. Hu et al. [20] reported that TiB2 reinforcements

were added to obtain TiB/Ti composites using the in-situ laser
Fig. 1 e (a) Raw Ti6Al4V powder with the nearly spherical shape;

powder enclosed by TiB2 and La2O3 with EDS mapping for feed
deposition process according to in-situ reaction TiB2þTi/2TiB.

The yield strength of the TiB/Ti was enhanced with the

increased aspect ratio of TiB and decreased TiB whisker size.

Among the reinforcements, the in-situ TiBwhisker is one of the

most suitable reinforcements for the titanium alloys. Tjong

et al. [21] proposed three advantages of in-situ reaction

compared to the ex-situ process. In-situ TiB is thermodynam-

ically stable at the matrix with no intermediate between TiB

and titanium. The in-situ process is beneficial to obtain a clean

interface that results in a strongmetallurgical bonding. Finally,

TiB and Ti share similar densities (4.51 and 4.54 g/cm3,

respectively) and a small thermal expansion coefficient differ-

ence [22]. The distribution of TiB in thematrix ismore uniform,

yielding better mechanical properties. Besides, Bermingham

et al. [23] used La2O3 as nucleation particles to refine titanium

alloys by wire and arc additive manufacturing (WAAM) and

equiaxed grain formation is achieved due to b-Ti nucleation on

La2O3.

In the study, TiB2 and La2O3 were chosen as coupling agents

for Ti6Al4V to promote theCET by in-situ synthesis of LMD. The

geometry data of single tracks were collected to determine the

optimal processing parameters with the aim of minimum

dilution. The influence of the in-situ reinforcements on the

microstructure and phase evolution of Ti6Al4V was also

revealed. The orientation of in-situ TiB and La2O3 between ti-

tanium matrix was investigated to explain the grain refining

effect. The mechanical properties of in-situ (TiB þ La2O3)/

Ti6Al4V composites were tested for comparison with Ti6Al4V.
2. Materials and methods

2.1. Optimization of processing parameter

The raw material of Ti6Al4V powder was purchased from

Hangtian Haiying Co Ltd. Fig. 1a shows the nearly spherical
(b) TiB2 particles; (c) La2O3 particles; (d) the blended Ti6Al4V

ing during LMD process.
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Table 1 e Independent parameters and responses of CCD RSM process. (Std. Order: Standard order.)

Std.
order

Run
order

Parameters Response

P (W) v (mm/min) f (g/min) w (mm) h (mm) d (mm) Dilution

3 1 1200 480 3.6 2.830 0.121 0.408 0.771

18 2 1200 600 3.6 2.684 0.133 0.400 0.750

10 3 1500 480 3.6 3.469 0.233 0.502 0.683

7 4 1200 360 4.8 3.025 0.251 0.489 0.661

19 5 1800 480 3.6 3.843 0.209 0.609 0.745

5 6 1800 480 4.8 4.046 0.182 0.500 0.733

6 7 1800 600 4.8 3.646 0.232 0.543 0.700

14 8 1200 360 6 3.009 0.370 0.560 0.602

2 9 1800 600 6 4.231 0.159 0.462 0.744

8 10 1200 480 4.8 2.934 0.154 0.473 0.736

17 11 1200 360 3.6 3.018 0.177 0.430 0.708

9 12 1500 360 4.8 3.651 0.383 0.648 0.628

12 13 1500 600 6 3.263 0.177 0.456 0.720

16 14 1500 360 3.6 3.750 0.209 0.527 0.716

4 15 1500 480 4.8 3.451 0.185 0.422 0.695

20 16 1800 480 6 3.860 0.390 0.724 0.676

15 17 1500 600 3.6 3.251 0.179 0.428 0.705

13 18 1800 360 3.6 4.345 0.200 0.663 0.768

1 19 1500 600 4.8 3.217 0.246 0.524 0.681

11 20 1200 600 6 2.800 0.141 0.401 0.740
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shape Ti6Al4V powder with the diameter of 50e150 mm. The

powders were kept in vacuum at 80 �C, 6 h for drying. The LMD

machine was equipped with the ytterbium fiber laser (wave-

length of 1.07 mm, beam diameter of 3 mm), powder and shield

gas delivery, printing chamber, and computational control

systems. To prevent oxidization, the oxygen content was kept

under 200 ppm during the fabrication. Ti6Al4V powder was

deposited on the substrate (Ti6Al4V) to obtain 20 single tracks

under the different combinations of processing parameters.

The ranges of parameters for laser power (P), scanning speed

(v), and feed rate (f) were 1200e1800 W, 360e480 mm/min, and

3.6e6.0 g/min. Different combinations of parameters are

shown in Table 1.

The cross-section geometries with width (w), height (h),

and depth (d) were observed in Fig. 2, and the dilution was

calculated as dilution ¼ d/(d þ h) [11,12]. The experimental

data of the tracks were analyzed by the central composite

design (CCD) of response surface methodology (RSM). The

optimal parameters were obtained by Minitab software and

applied to the subsequent fabrication of Ti6Al4V during LMD.

2.2. Addition of ceramic to Ti6Al4V for feeding

TiB2 and La2O3 powders purchased from Aladdin Industrial

Corporation were chosen as nucleating agents. Fig. 1b shows

the added TiB2 with the fine irregular polygon shape in size

range 4e8 mm. Fig. 1c shows La2O3 particles with the size of

2e5 mm. Three samples with pure Ti6Al4V, (3 wt% TiB2þ0.5 wt

% La2O3)/Ti6Al4V, and (5 wt% TiB2þ0.5 wt% La2O3)/Ti6Al4V

were denoted as TMC0, TMC1, and TMC2. Before the LMD

process, all the raw powders were also kept in vacuum at

80 �C, 6 h for drying. Ti6Al4V and two ceramic powders were

mechanically mixed in a blender for 6 h to make Ti6Al4V

spheres homogeneously covered by TiB2 and La2O3. Fig. 1d and

EDS mapping indicate that the pre-treated powder remains
spherical and well-enclosed for feeding during the LMD pro-

cess. The processing parameters were chosen from the opti-

mization of single tracks. Two kinds of S-shaped scanning

paths were used and the scanning directions between the

successive paths were vertical.

2.3. Materials characterization

The cross-section samples along the building direction were

first polished by 0.05 mm colloidal silica and etched by Kroll's
reagent (10% HF, 20% HNO3, 70% H2O) 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 spectrom-

etry (EDS, Bruker, QUANTAX). The lattice structures were

identified by X-ray diffractometry (XRD, Bruker D8 Advance).

Transmission electron microscopy (TEM, JEM 2100 Micro-

scope) with the selected area electron diffraction (SAED) pat-

terns were operated at a 200 kV operating voltage to

characterize titanium and reinforcements.

As-printed samples with a dog-bone shape from TMC0,

TMC1, and TMC2 were prepared through cutting, grinding,

and polishing. The tensile testing was performed by the uni-

versal tensile tester (INSTRON 3382) at a strain rate of 10�3 s�1.
3. 3. confirmation of the optimal parameter
combination

3.1. RSM for single tracks

Fig. 2 shows the geometries of 20 single tracks with different

processing parameters and the data are collected in Table 1.

The corresponding dilution is calculated and listed in Table 1.

The parameters of P, v, and f are used as interdependent

https://doi.org/10.1016/j.jmrt.2023.05.058
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Fig. 2 e Cross-section geometries of 20 single tracks under different deposited parameters. The geometries of h, d, andw are

displayed in first single track.

Table 2 e Analysis of variance (ANOVA) for track dilution.
(DF: Degree of freedom;Adj SS: Adjusted sums of squares;
Adj MS: Adjusted mean squares; S: Standard deviation of
the distance between the data values and the fitted
values; R2: the percentage of variation in the response.)

Source DF Adj SS Adj MS F-value P-Value

Model 9 0.034291 0.003810 15.22 0.000

Linear 3 0.008841 0.002947 11.77 0.001

P 1 0.003386 0.003386 13.52 0.004

v 1 0.000808 0.000808 3.23 0.103

f 1 0.003548 0.003548 14.17 0.004

Square 3 0.007895 0.002632 10.51 0.002

P*P 1 0.004629 0.004629 18.49 0.002

v * v 1 0.001816 0.001816 7.25 0.023

f* f 1 0.000216 0.000216 0.86 0.375

2-way interaction 3 0.011941 0.003980 15.90 0.000

P* v 1 0.000923 0.000923 3.69 0.084

P* f 1 0.000032 0.000032 0.13 0.729

v* f 1 0.009712 0.009712 38.79 0.000

Error 10 0.002504 0.000250

Total 19 0.036795

S R2 R2 (adj) R2 (pre)

0.0158234 93.20% 87.07% 59.23%

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 4 : 8 0 8 6e8 0 9 7 8089
responses, and dilution as dependent responses, to obtain the

optimal parameters. RSM is used to build the relationship

between the processing parameters and the dilution.

The second-order regression is shown in a polynomial

equation, as reported by Chelladurai et al. [24]:

S ¼ a0 þ
Xk

i¼1

aixj þ
Xk

i¼1

aiix
2
i þ

Xk

i;j¼1;jsi

aijxixj þ ε (1)

where S is the predicted response, a0 is a constant, ai, aii, and

aij are the response coefficient. xi and xj are the independent

variables, and ε is the associated error. Theminimum dilution

indicates the least penetration for prior tracks or substrate.

CCD RSM is operated to minimize the dilution.

Hence, the dilution of the actual values for the three pro-

cessing parameters is predicted by the following model:

dilution¼1:697� 0:000975Pþ 0:001v� 0:2104f þ0:00001P*P

� 0:000002v*vþ0:00518f*f �0:00000P*v

þ 0:000006P*f þ 0:000261v*f

(2)

The analysis of the reduced quadratic model in terms of

dilution is shown in Table 2, which shows standard deviation

to ensure the reliability of the mathematical model. The F-

value is the test statistic used to determine whether the term

is associated with the response. P-value is a probability that

measures statistical significance. The F-value of the model is

15.22 and the P-value of the model is less than 0.05, which

indicates the model terms are significant. The model terms of

f, the second order f*f, and the interactive v*f are all significant

in the model. Among others, the coefficient of f is 0.2104,

which indicates that the feed rate has the largest effect on the

response dilution. The statistics R2 is 0.932, suggesting a good

fitting between the predictors and response variable. Fig. 3

shows the model adequacy of the residual plots for dilution.

Normal probability plot of the residuals is used to verify the
assumption that the residuals are normally distributed. The

normal probability plot of the residuals in Fig. 3a approxi-

mately follows a straight line with no point deviating the line.

The residual against the fitted value in Fig. 3b shows a random

distribution with no obvious dispersion pattern. Both

demonstrate good adequacy of dilution model [25]. The

parametric contributions of first order P, v, and f to the track

dilution are 38.3%, 9.1%, and 40.1%, which suggests the main

dependence on the f and P.

Fig. 4 shows the contour and surface plots of dilution at

constant ; v, or f , respectively. At a constant of P of 1500W, the

darkest blue region in Fig. 4a represents the minimum

https://doi.org/10.1016/j.jmrt.2023.05.058
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Fig. 3 e Residual plots for dilution. (a) Normal probability plot and (b) residual vs fitted value plot.
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dilution, corresponding to the lowest value in Fig. 4d. The

lightest green regions in Fig. 4b and c also indicate the mini-

mum dilution. Fig. 4e shows that a higher f within a certain

range of P is beneficial to obtain a smaller value at a constant v

of 360 mm/min. As shown in Fig. 4f, minimum dilution is

achieved at a lower v at a constant f of 6 g/min.

3.2. Determination of optimal processing parameters

Therefore, the optimal LMD processing parametric combina-

tion can be achieved with the aim of minimum dilution by

RSM and the most desirable operation equation can be given:

Desirability ¼
"YN

i¼1

di
ri

#1=
P

ri

(3)

where N is the number of responses, di and ri represent the

importance and partial desirability function for a specific

response, respectively. The desirability function would satisfy

all responses with a high or low limit of requirement [12]. The

optimal processing parameters can be determined under the

aim of minimum dilution. Fig. 5 suggests that the optimal

laser power is 1442Wwith the scanning speed of 360mm/min

and a feed rate of 6 g/min. Owing to that the laser power is

slightly increased in compensation for the ceramic addition,
Fig. 4 e Contour and surface plots of dilution vs (a, d) v and f w

constant f.
the optimal parameters (1500W, 360 mm/min, 6 g/min) are

used for the subsequent fabrication of the composites.
4. Result and discussion

4.1. Microstructure of TMCs

Fig. 6 shows the microstructures of TMCs samples with

different processing parameters and compositions. The mi-

crostructures of TMC0 with inferior parameters (1800 W,

360 mm/min, and 4.8 g/min) and optimal parameters (1500W,

360 mm/min, 6 g/min) are observed in Fig. 6aeb. The two

optical images show similarmorphology of columnar b grains,

growing along the building direction due to large melting

dilution to the underlying layer. For titanium-based alloys, the

length of columnar grains generally depends on single track

while the width is subject to solidification conditions. The

columnarwidth is regarded as the evaluation factor of the b-Ti

of the LMD process [26]. Here, the average columnar width

reduces from 425 to 286 mm as the parameters change, indi-

cating that parameter optimization plays an important role in

grain refinement. Wang et al. [13] studied the effect of mass

deposition rate on the microstructure of TC11 alloy and they

found that it was effective to control the microstructure
ith constant P; (b, e) P and f at constant v; (c, f) P and v at
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Fig. 5 e Optimizing processing parameters of P, v and f with minimum dilution.
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morphology by adjusting the processing parameters. Howev-

er, it is difficult to obtain fully equiaxed grains by solely opti-

mizing processing parameters to alter the high cooling rate

and temperature gradient ahead of the solid-liquid interface.

With the addition of TiB2 and La2O3, the microstructure of

TMC1 and TMC2 become obviously refined with the transition

from columnar to equiaxed grains in Fig. 6dec. According to
Fig. 6 e Optical images of (a)TMC0 fabricated by inferior proces

(b) TMC0, (c) TMC1 and (d) TMC2 fabricated by optimal paramete

are obtained on TMCs fabricated by the optimal parameters. Th
the in-situ reaction of Tiþ TiB2/2TiB, the formation of in-situ

TiB for TMC1 and TMC2 can be calculated with the theoretical

volume fraction of 5.04 and 8.33 vol% respectively. As shown

in Fig. 6c, the structure of TMC1 is tailored by the discontin-

uous grain boundaries, referring to a three-dimension quasi-

continuous network structure (3DQCN) [22]. For TMC2, the

grain boundaries aremore continuous and apparent than that
sing parameter (1800 W, 360 mm/min, and 4.8 g/min);

rs (1500W, 360 mm/min, 6 g/min). All the following results

e white arrow represents the building direction.
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Fig. 7 e XRD patterns of TMC0, TMC1, and TMC2.
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of TMC1. The grain size effectively decreases to 23.3 and

further 11.9 mm for TMC1 and TMC2, implying that the grain

refinement is closely related to the manipulation of both

processing parameters and the addition of reinforcements.

4.2. Phase characterization

In-situ reinforcements are significant for microstructure

evolution and mechanical performance. The phase formation

analysis is measured for the TMCs after deposition. Fig. 7

shows the XRD patterns of TMC0, TMC1, and TMC2. The

profile of TMC0 reveals the typical phases of a (a ¼ 2.9406 �A,

c ¼ 4.67 �A) and b (c ¼ 3.32 �A). There is a weak (110) peak of bcc

phase at 39.4�, indicating a small amount of retained b phase.

The diffraction peaks of TiB with B27 space group (lattice

parameter of a¼ 6.12�A, b¼ 3.06�A, and c¼ 4.56�A) are exhibited

in XRD profiles of TMC1 and TMC2, demonstrating that the in-

situ reaction between TiB2 and Ti occurs and TiB is
Fig. 8 e TEM characterizations of TMC2. (a, b) Longitudinal and c

of b-Ti/TiB boundary; (e, f, and g) La2O3 in the titanium matrix;
synthesized in themelting pools. Furthermore, the diffraction

peaks of La2O3 reinforcements also appear compared to that

of TMC0. Themorphology andmicrostructure of TiB and La2O3

are identified by further TEM results.

Fig. 8aeb exhibits the longitudinal nano-TiB rod growing

along [010] direction and the TiB cross sectionwith (100) plane.

It is also verified by SAED patterns with the zone axis of [010]

in Fig. 8c. The interplanar spacing of (110)b and (200)TiB are 2.33

and 3.1 �A that reveals the [010]TiB//[�111]b orientation rela-

tionship between b and TiB in Fig. 8d. Fig. 8eeg presents the

nearly spherical nanoparticles of La2O3, precipitating in the

matrix and the diameter approximately ranges from 125 to

355 nm. Compared with the irregular shapes of raw material

in Fig. 1c, La2O3 particles becomes spherical after deposition

and the size also decreases from micron to nanometer scale.

Fig. 8h also verifies the orientation relationship between La2O3

and b phase of ð1011ÞLa2O3//(100)b. The lattice mismatch is

calculated to be 5%, which meets a semi-coherent relation-

ship. Besides, La2O3 particles can be thermodynamically sta-

ble in the titanium melt which is the key requirement for

heterogenous nucleation. It reported that the rare earth metal

oxides (RE2O3) have lower free energies than titanium dioxide

[27,28], and is thermodynamically stable not only at titanium

freezing temperature, but also under appropriate thermal

conditions. Wang et al. [29] studied the mechanism of hier-

archical grain refinement of Ti6Al4V by the addition of Y2O3

during AM. They found that the primary and secondary Y2O3

particles can effectively refine the microstructure during

solidification.

4.3. Microstructure evolutions of titanium matrix

The detailed SEM images imply the microstructure evolution

with the different reinforcement addition. Fig. 9a shows that

the duplex phase microstructure of TMC0 consists of the

uniform and fine basket-weave aþb matrix. The a laths are

bright field and thin layer b phases are dark region as shown in
ross section of TiB; (c) SAED pattern of TiB; (d) HRTEM image

(h) SAED pattern of La2O3/b-Ti.

https://doi.org/10.1016/j.jmrt.2023.05.058
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Fig. 9 e SEM images of (a)TMC0 with TEM inset of the Ti6Al4V matrix (aþb phases); (b) TMC1; (c) TMC2. (d) Average a lath

width and frequency percent of different samples; (e) average TiB length and frequency percent of TMC1 and TMC2.

Fig. 10 e Stress-strain curve of TMC0, TMC1, and TMC2
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TEM inset, which attributes to that Al preferentially partitions

to a phase for stabilization while more V enters b phase [4]. V

atoms solidly dissolve into Ti matrix and segregated at the

interface can slow down the growth of TiB whiskers, as re-

ported by Yang et al. [30]. The growth rate of orthorhombic TiB

along the [010] direction is faster than those directions

perpendicular to (100), (101), and (001) planes due to the rela-

tively higher density of BeB chains along the [010] direction,

leading to needle-like whiskers TiB in the matrix [31,32].

Fig. 9b suggests the in-situ TiB whiskers at grain boundaries

that tailor coarse columnar to 3DQCN structure in Fig. 6ced, as

the similar result reported by Huang et al. [14]. The residual a0

phase is observed in the titanium matrix. During the LMD

solidification process with cooling rates in a range of

103e105 �C/s, martensitic a0 forms (b/a0) when themartensite

start temperature is 800 �C and critical cooling rate exceeds

410 �C/s [4]. a0 phase can decompose into a and b phases at a

temperature of 650 �C [33]. It also shows the pores caused by

deflects of raw Ti6Al4V powder or an insufficient melting

around the interface between in-fill hatch and contour. With

the generation of more in-situ TiB whiskers, Fig. 9d shows the

finer grain size of TMC2. The influence of reinforcement

addition on Ti matrix microstructures is shown in Fig. 9dee.

The average a lathwidth decreases from 1.4 to 0.58 mmand the

average TiB length increases from 3.8 to 4.3 mm. The increase

of TiB length is not significant with increasing volume fraction

of TiB.

Hill et al. [34] reported that TiB is the potent heterogenous

nucleation site and facilitates a phase nucleation. The equi-

axed a grains nucleate and grow from the TiB precipitates at
lower cooling rate while the a phase precipitates form the

Widmanst€atten lath-like morphology under a faster cooling

rate. Cui et al. [28] also reported that the cooling rate of

Ti6242Se1B fabricated by AM mainly ranges between 104 and

106 �C/s, and it is inclined to form a finer a phase. Here 8.33 vol

% TiB whiskers in TMC2 may provide more sites for nucle-

ation, leading to the reduction of a lath width. La2O3 particles

also play an important role in microstructure evolution. Yang

et al. [35] studied the effects of La2B6 on the microstructure

and mechanical properties prepared by powder metallurgy.

They found that La2O3 particles dispersed throughout the

matrix and the average length and aspect ratio decreasedwith
with tensile sample after fracture of TMC2.

https://doi.org/10.1016/j.jmrt.2023.05.058
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Table 3 e Stress-strain behavior of TMCs.

Samples Ultimate tensile
strength (MPa)

Yield strength
(MPa)

Elongation
(%)

TMC0 938 820 3.4

TMC1 1122 1098 1.2

TMC2 1186 1161 1.1

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 4 : 8 0 8 6e8 0 9 78094
significant microstructural refinement. It can conclude that

under extreme solidification conditions pinning of TiB and

La2O3 lead to refinement in the titanium matrix.

4.4. Grain and microstructure refinement mechanism

Grain morphology is closely associated with the thermal

conditions during the layer-by-layer deposition process.

Improper processing parameters may induce large dilution,

large melting penetration to the underlying layer, and high

temperature gradient ahead of the liquid/solid interface. Fan

et al. [36] studied the microstructural control of Ti6Al4V

manufactured by AM integrated with synchronous induction

heating. They proposed that the width of b grain and a lath
Fig. 11 e Optical images of crack propagation and SEM images of

TMC0; (def) TMC1; (hej) TMC2.
can be in-situ controlled by optimizing the laser induction

parameters. However, the optimization of parameters plays

a limited effect on the solidification of a small melting pool.

Secondly, in-situ TiB and La2O3 have a semi-coherent inter-

face and small mismatch with the Ti matrix, as shown in

Fig. 8. According to the TieB binary phase diagram [37], the

liquid transforms to b and TiB at 1540 �C and transformation

of b to a occurs at 884 �C. The precipitated TiB whisker can

pin on the boundaries of prior b grains and form 3DQCN

structure, which facilitates heterogenous nucleation and

grain refinement. Thirdly, constitutional supercooling,

controlled by the inherent nature of solute and titanium, is

essential for equiaxed grains. The alloy solute plays an

important role in the generation of constitutional super-

cooling which is determined by the growth restriction factor

(Q). When new grains coarse into the liquid metal, Q is a

measure of the growth restricting effect of solute elements

on the growth of the solid-liquid interface of the grains [38].

The solutes with higher Q value are easier to generate larger

constitutional supercooling and effectively realize grain

refinement. Al and V have negligible Q in Ti [39], indicating it

hardly obtains refine microstructure in AM process. While
fracture surfaces with low and highmagnifications for (aec)

https://doi.org/10.1016/j.jmrt.2023.05.058
https://doi.org/10.1016/j.jmrt.2023.05.058
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the calculated Q for B and La elements in Ti are 66 c0 and 3.3 c0
(c0 is defined as initial concentration in wt.%), respectively

[40]. Therefore, the coupling (TiB þ La2O3) reinforcements

can act as potent nucleation agents to promote heteroge-

neous nucleation and provide constitutional undercooling to

promote the CET.

4.5. Mechanical performance and strengthening
mechanism

Fig. 10 displays the stress-strain curves and the fractured

tensile sample of TMC2. The ultimate tensile strengths (UTS),

yield strength (YS), and elongations are listed in Table 3. YS of

TMCs increases from 820 to 1161 MPa with the loss of elon-

gation. The UTS of TMC1 and TMC2 increased by 19.6% and

26.4% compared to TMC0 due to the strengthening effect of

coupling reinforcements.

As shown in Fig. 11aec, the tensile sample of TMC0 de-

picts the transgranular fracture with cracks propagating

across the coarse columnar grains (highlighted bywhite dash

lines). The fracture surface is characterized with ductile

dimples, indicating better ductility and lower tensile

strength than TMC1 and TMC2. The optical microstructure of

TMC1 exhibits intergranular fracture along the TiB-rich grain

boundary. The fractured TiB whiskers and rough bulges are

observed in Fig. 11e. Fig. 11f also displays small dimples in

which there are La2O3 particles in the Ti6Al4V matrix

because insufficient TiB whiskers is unable to enclose refined

grains. TMC2 also shows the intergranular fracture, as

shown in Fig. 11iej.

The increase of yield strength is caused by existence of TiB

whiskers, grain refinement, and the presence of La2O3. The

increment of yield strength by TiB can be given as [41]:

DsTiB ¼ 0:5smatrixVTiB

�
lTiB
dTiB

�
C0 (4)

where smatrix is the yield strength of Ti6Al4V,VTiB is the volume

fraction of TiB, lTiB is the average length of TiB, dTiB is the

average diameter of TiB, and C0 is the orientation factor and

equal to 0.125 due to the random array model. It shows that

the increment of yield strength increases with the larger vol-

ume faction of TiB. The increment of grain refinement and

Orowan strengthening can be given as [42,43]:

Dshall�petch ¼ kyðdmÞ�0:5 � kyðdrÞ�0:5 (5)

DsOrowan ¼ 0:13Gmb

dLa2O3

�
1
2V

�
1
3
� dLa2O3

ln

�
dLa2O3

2b

�
(6)

where ky is the strengthening constant, dm is the a thickness

of in Ti6Al4V composite and dr is the a thickness in Ti6Al4V

composite with reinforcements. Gm is the shearmodulus, b is

the Burgers vector, dLa2O3 is the particle size and V is the

volume fraction of La2O3. The thickness of a lath in Fig. 9d

decreases from 1.4 to 0.58 mm, indicating the increasing yield

strength of the composites. The superior strengthening ef-

fect is mainly attributed to the increased reinforcement

connectivity in the network boundary and the strong
interfacial bonding between the reinforcement and matrix,

as shown in Fig. 8.
5. Conclusion

In this study, the optimal processing parameters were deter-

mined based on the central composite design (CCD) of

response surface methodology (RSM) experimental data of

single tracks. In-situ (TiB þ La2O3)/Ti6Al4V composites were

built by feeding the Ti6Al4V powder covered by TiB2 and La2O3

powder. The microstructure evolution, phase constitution,

and mechanical properties of the components were studied.

The main conclusions were obtained as follows.

(1) The optimized processing parameter set ensures the

minimum dilution through RSM CCD analysis. The

parameter optimization effectively reduces the width of

prior b grains.

(2) The microstructure of pure Ti6Al4V is the epitaxial

grain growth with coarse columnar grains. With the

addition of TiB2 and La2O3, the equiaxed grains were

obtained with the grain sizes decreasing dramatically.

(3) In-situ TiB and La2O3 are potent heterogenous nucleation

particles with specific orientation relationships for tita-

nium. Besides, B and La elements provide large constitu-

tional supercooling that is essential for equiaxed grains.

(4) The ultimate tensile strength of (3 wt% TiB2þ0.5 wt%

La2O3)/Ti6Al4V and (5 wt% TiB2þ0.5 wt% La2O3)/Ti6Al4V

increased by 19.6% and 26.4% compared to that of

Ti6Al4V. The reinforcements acting as grain boundaries

can blunt and deflect cracks, slow crack propagation,

and bear the strain.
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