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ABSTRACT
The achievement of fine equiaxed β grain with conventional intragranular (α-Ti+β-Ti) microstruc-
ture in additivemanufacturing titanium alloy remains a big challenge. We conquer this challenge by
synergistically controlling β-grains during both solidification and subsequent thermal-cycles of laser
directed energy deposition (DED), and a solution+quenching heat-treatment. Both the strength
andplasticity of heat-treated Ti6Al4V3Ni0.05B are superior to those reported newDED titaniumalloy
and comparable to that of DED Ti6Al4V, because of the fine-equiaxed β-grains with intragranular (α-
Ti+β-Ti) microstructure. These findings provide new insight into the grain structure control and the
composition design of AM titanium alloy.

IMPACT STATEMENT
The synergetic control of β-grain during both solidification and subsequent thermal-cycling is
essential for achieving fully-equiaxed fine β-grains in additively manufactured titanium alloys.
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1. Introduction

Additive manufacturing (AM) is a revolutionary tech-
nology that offers a promising approach for the near-
net shape and flexible design of components [1–4].
Titanium-based alloys are one of the most mature alloys
for the application in AM processing [5–8]. However,
the intrinsic high cooling rates and high thermal gradi-
ents in AM often produce coarse columnar β-grains and
continuous grain-boundary α-phases up to several cen-
timeters long, along the deposition direction in titanium
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alloy, resulting in a pronounced anisotropy in mechani-
cal properties [9,10] and poor low-cycle fatigue proper-
ties [11–15]. Therefore, the achievement of equiaxed fine
β-grains is imperative for fabricating high-quality AM
titanium alloy parts.

Generally, it is believed that the equiaxed fine β-grains
in AM titanium alloy are more easily obtained under
large constitutional-supercooling (CS) because it can
not only facilitate the columnar to equiaxed transition
(CET), but restrict the grain-growth during solidification
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[16–18]. In addition, the development rate of a CS zone
is proportional to the value of growth restriction factor
Q (=Qn∗c0) [19,20]. Thus, the elements with a large
normalized growth restriction factor (Qn) in Ti, such
as B [21–23] and Si [24], were preferentially selected
as the alloying elements in AM Ti or titanium alloy.
Researches have showed that these elements are highly-
effective in refining the β-grains by restricting the grain-
growth during solidification, but they fail to produce
fully-equiaxed β-grains due to the limited maximum-
solubility c0−max in Ti does not provide sufficient CS
to promote nucleation. To solve this problem, the fast-
eutectoid element Cu and Ni, with a large c0−max and
medium Qn were added to Ti and Ti6Al4V, and the
fully-equiaxed fine β-grains were achieved under rela-
tive low deposition efficiency (<2 g/min) fabricated by
laser directed energy deposition (DED) [6,25]. Never-
theless, the eutectoid phase is harmful to the ductility of
Ti alloys, thus, the addition amount of the fast-eutectoid
element must be deliberated. Apparently, achieving the
equiaxed fine grains with (α+β) two-phase microstruc-
ture under traditional deposition efficiency (6–12 g/min)
in AM titanium alloys is still challenging.

In fact, the final β-grain structure in the as-built AM
titanium alloy depends not only on the grain nucleation
and growth during solidification but also on the grain-
coarsening during subsequent thermal-cycles. Regret-
tably, most studies have focused on the former to control
β-grains, while very little attention has been paid to the
latter. Recently, our research [26] has proved that the
β-grains can be coarsened by 3–9 times under single
instantaneous high-temperature thermal-cycles (<1 s)
during DED titanium alloy. Undisputedly, such coarsen-
ing also must be inhibited for refining β-grains. There-
fore, a synergetic control of grain structure during both
solidification and subsequent thermal-cycling is essen-
tial for achieving equiaxed fine β-grains in AM titanium
alloy.

To this end, alloy-composition modification probably
is an effective solution. The fast-eutectoid element Ni and
Bwere selected as the alloying elements, based on the fol-
lowing facts: (i) Ni has a large c0−max in Ti and a larger
Qn than Cu [27]; (ii) B has the second-largest Qn in Ti;
and (iii) B can inhibit the grain-boundary migration in
titanium alloys during conventional heat-treatment. On
the one hand, the co-addition of Ni and B in titanium
alloy can reduce the amount of Ni addition alone for con-
trolling β-grains during solidification; on the other hand,
B could also probably limit the grain-coarsening during
subsequent thermal-cycles of DED.

Thereby, the low-content Ni and trace B were cho-
sen as the alloying elements in DED Ti6Al4V to syn-
ergistically control the β-grain structure during both

Table 1. Processing parameters for DED.

Laser power (kW)

Scanning
velocity
(mm/min)

Powder
feed rate
(kg/h)

Nominal
increment
(mm)

Spot
diameter
(mm)

2 900 0.5 0.15 5

solidification and subsequent thermal-cycles. The mor-
phology and size of the β-grains in DED Ti6Al4VxNiyB
after solidification and subsequent thermal-cycling were
respectively investigated by combining experimental
observations with finite element thermal simulation.
Also, the tensile properties and their anisotropy were
analyzed.

2. Experimental details

The pre-alloyed Ti6Al4V, Ni spherical-powder (diame-
ter: 80∼150 μm) and B powder (diameter: 1 μm) were
mixed with the nominal compositions of Ti6Al4V3Ni
and Ti6Al4V3Ni0.05B (wt%) by a planetary ball milling.
A series of single-walls (110× 6× 110mm3) were
deposited on the forged Ti6Al4V substrates using a recip-
rocating scanning strategy.

Details of the DED equipment was described in [21].
The processing parameters are shown in Table 1.

The β-reconstructed electron-backscattered-
diffraction maps (area: 800× 600 μm2, step size: 1.4 μm,
acceleration voltage: 20KV, working distances:21mm)
and optical microscope maps were used to measure the
β-grain size at the top andmiddle of the deposits, respec-
tively.

Details about obtaining the β-grain coarsening
parameters in Ti6Al4V3Ni-xB and the thermal simula-
tion were described in Supplementary Materials.

The heat treatment for Ti6Al4V3Ni0.05B deposit is
990°C for 15min followed by water quenching.

Two types of room-temperature tensile samples par-
allel (longitudinal) and perpendicular (transverse) to
the deposition direction with a gage dimension of
24× 6× 2mm3 were machined from the middle of
each single-wall deposit and were tested with a con-
stant crosshead displacement rate of 1mm/min using an
Instron-3382 machine.

3. Results and discussion

The last-layer at the top of the deposit exhibits the
solidification microstructure without experiencing any
thermal-cycling. The β-grains at the top of the Ti6Al4V
xNiyB deposits and the schematic diagrams of their
formation mechanism are shown in Figure 1. In the
last layer, the as-built microstructure in Ti6Al4V con-
sists of the columnar and equiaxed β-grains, while
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Table 2. The Q,�T0,ml , k and Qi .

Alloy Q �T0 (K) Element ml (K/wt%) k Qi

Ti6Al4V 5.1 5.4 Al 5.64 1.15 5.08
V 0.42 1.01 0.02

Ti6Al4V3Ni 34.02 111.8 Al 6.26 1.09 3.38
V 0.66 1.0 0
Ni −13.80 0.26 30.64

Ti6Al4V3Ni0.05B 39.05 188.7 Al 6.28 1.10 3.77
V 0.68 0.99 −0.03
Ni −13.94 0.26 30.95
B −88.70 0.016 4.36

the microstructures are fully-equiaxed β-grains in both
Ti6Al4V3Ni and Ti6Al4V3Ni0.05B. The thickness of the
top equiaxed fine-grain zone in three samples is 0.43, 1.31
and 1.61mm, respectively. Compared with Ti6Al4V, the
average size d0 of the equiaxed fine-grains in the last-
layer in Ti6Al4V3Ni and Ti6Al4V3Ni0.05B is decreased
by 48% and 69% down to 111 and 65 μm, respectively.
Compared with Ti6Al4V3Ni, Ti6Al4V3Ni0.05B obtains
a larger zone containing finer equiaxed-grains.

The formation criterion of CS ahead of the solid–
liquid interface is given by Equation (1) [21]. A large
degree of CS (�Tcs) can be obtained from a large value
of the right side of Equation (1).

G/V < (mlc0/D) × [(1 − k)/k] = −Q/(Dk) = �T0/D
(1)

where G is the temperature gradient, V is the solidifica-
tion rate, Q = mlc0(k − 1), ml is the liquidus slop, c0 is
the normal solute concentration in wt%, k is the solute
partition coefficient, �T0 is the equilibrium solidifica-
tion temperature range and D is the liquid solute diffu-
sivity. The Q and �T0 represent the developing rate and
degree of CS, respectively. For multi-component alloys,
Q = ∑i=n

i=1 mici(ki − 1). Table 2 shows Q and �T0 for
three alloys, and the values ofml, k and Qi of Al, V, Ni, B
elements in each alloy, calculated using the Thermo-Calc
software with TTTI titanium alloy database.

Referring to Ti6Al4V,Q in Ti6Al4V3Ni and Ti6Al4V3
Ni0.05B increases by approximately 5.8 and 6.8 times,
while�T0 increases by about 19.7 and 33.9 times, respec-
tively. Compared with Ti6Al4V3Ni, the synergy of Ni
and B in Ti6Al4V3Ni0.05B prominently increases Q and
�T0, resulting in a more rapid buildup of a larger �Tcs
ahead of the solid–liquid interface.

During the initial solidification process of the last layer
of the Ti6Al4VxNiyB deposits, the prior β-grains at the
molten-pool bottom grow epitaxially from the previous
layer (�Tn ≈ 0°C) and, at the same time, the parti-
tioned solute is discharged into the liquid, triggering a CS
zone ahead of the solid–liquid interface (Figure 1(d–f)).
Compared with Al and V, Ni has a larger partitioning in
the liquid during the solidification of titanium alloy. The

largerQ and�T0 in Ti6Al4V3Ni allow the rapid achieve-
ment of the larger �Tcs and, thus, plenty of new grains
can nucleate only after a slight extent of epitaxial growth
of prior β-grains due to �Tcs>�Tn, and the equiaxed-
grains form at the molten-pool bottom. Consequently,
the fully-equiaxed-grains are obtained in Ti6Al4V3Ni.
Similar process also happens inTi6Al4V3Ni0.05B, except
that the synergy of Ni and B can more rapidly produce
a larger �Tcs, leading to a larger zone containing finer
equiaxed-grains.

It is conventionally believed that the size of the grains
directly obtained from the solidification is inversely
proportional to Q of titanium alloy. However, in this
study the synergy of Ni and B pronouncedly reduces
the d0 value in Ti6Al4V3Ni0.05B to nearly 50% that
in Ti6Al4V3Ni, leading to a much finer grain than the
one predicted by the linear relationship of 1/Q previ-
ously reported (Figure 1(g)) [19,24,28]. Dramatically,
an enhanced synergetic effect on grain refinement is
achieved, similarly to previous report in aluminum sys-
tems [29]. Notably, the Q value calculated by the sim-
ple summation of Qi for each single-element probably
cannot account for this synergistic mechanism during
solidification and, thus, it must be further studied.

Different from the last-layer in the deposit top, the pre-
viously deposited layers experience a series of thermal-
cycling responsible for the final microstructures, as
shown in Figure 2(a,b). Note that the microstructures
in the middle of the Ti6Al4V3Ni and Ti6Al4V3Ni0.05B
deposits are fully-equiaxed β-grains. Correspondingly,
the average size d of β-grains is 624 and 207 μm, respec-
tively; the β-grain coarsening degree m (m = d/d0) is
5.6 and 3.2, respectively, referring to the β-grain size in
the last-layer. Notably, only 0.05wt% B indeed reducesm
of Ti6Al4V3Ni0.05B to nearly half that of Ti6Al4V3Ni,
resulting in a prominent reduction of d (by 67%) in
Ti6Al4V3Ni0.05B.

According to the classic grain-coarsening model [30],
a modified model suitable for the instantaneous temper-
ature T during DED is given as:

dn − d0n = k0M (2)

M =
i=n∑
i=1

∫ tci (Tβ)

thi (Tβ)

e−
q

RT(ti) dt (3)

where n is the grain-coarsening exponent, k0 is a con-
stant, M is an integral value related with temperature
T(t) and time t, th(Tβ) and tc(Tβ) are the time when
the heating and cooling temperature reaches the β-
transus (Tβ = 887.3°C for Ti6Al4V3NiyB), respectively;
q is the grain-coarsening activation energy and R is
the gas constant (8.314 J/(mol·K)). Only the thermal-
cycles with a peak-temperature Tp satisfying Tβ<Tp<Ts



MATER. RES. LETT. 63

Figure 1. The β-grains at the top of Ti6Al4VxNiyB and the initial solidification mechanism of the last layer. (a), (d) Ti6Al4V; (b), (e)
Ti6Al4V3Ni; (c), (f ) Ti6Al4V3Ni0.05B; (g) grain size d0 plotted against the inverse Q. (The dashed white lines in a-c separate the equiaxed
grains obtained only by solidification from the ones subjected to subsequent thermal-cycling. TE is the equilibrium liquidus temperature
and�Tn is the critical undercooling for nucleation).

(alloy melting-temperature) can induce grain coarsen-
ing. The grain-coarsening parameters for Ti6Al4V3Ni
and Ti6Al4V3Ni0.05B are: n = 2.45, k0 = 11.36 m2.45/s,
q = 319.9 KJ/mol; and n = 2.56, k0 = 229.5 m2.56/s,
q = 390 KJ/mol, respectively. Thereby, the grain coars-
ening at the middle of the Ti6Al4V3NiyB deposits can
be predicted through Equations (2) and (3) once the
corresponding temperature field is known.

According to the calculated temperature field (Figure
2(e,f)), the predicted values of m with respect to differ-
ent d0 for Ti6Al4V3Ni and Ti6Al4V3Ni0.05B are shown
in Figure 2(d). The predicted and measured results show

a better agreement. In addition, the smaller the d0, the
larger the m for the same alloy. Here, the measured d0
in the Ti6Al4V3Ni0.05B (65 μm) is about half of that
in the Ti6Al4V3Ni (111 μm). However, the m value of
the coarsened-grain at the middle of Ti6Al4V3Ni0.05B
deposit (3.2) is much smaller than that of Ti6Al4V3Ni
(5.6). This is because that trace B can significantly curb
the β-grain coarsening during multiple instantaneous
high-temperature thermal-cycles (<1 s for each load-
ing) by increasing q and n as shown above. Therefore,
Ti6Al4V3Ni0.05B achieves the much finer equiaxed-
grains than Ti6Al4V3Ni. This reveals for the first time
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Figure 2. The β-grains at the middle of the Ti6Al4V3NiyB deposits. (a) Ti6Al4V3Ni, (b) Ti6Al4V3Ni0.05B; (c) β-grain size and coarsening
degree m; (d) the function of the simulatedm with regard to d0, and the symbols represent the experimental value; the simulated δdi ,
d = d0+�δdi , δMi andM = �δMi with regard to the thermal-cycling number (Tβ<Tp<Ts) in (e) Ti6Al4V3Ni and (f ) Ti6Al4V3Ni0.05B.
(Ts and Tβ are calculated using Thermo-Calc.).

that trace B plays an equally important role in refining
β-grains of DED titanium alloy during reheat-cycles and
solidification process.

The final β-grains at the middle of the deposit result
from the coarsening of the initial solidified β-grains
during successive multiple thermal-cycles (Tβ<Tp<Ts).
Figure 2(e,f) shows the contribution of each thermal-
cycling to the size of the coarsened β-grain δdi and to
the corresponding integral area δMi for Ti6Al4V3Ni and
Ti6Al4V3Ni0.05B. For both alloy deposits, the d value of
the nth layer (black curve) firstly rises rapidly with the

thermal-cycling number, and then remains unchanged.
This is because as the number of the deposited layers
increases, the temperature that the nth layer suffers from
each subsequent thermal-cycling gradually decreases,
leading to the reduction of δMi and δdi. Strikingly, the
d value is mainly affected by a few high-temperature
thermal-cycles (<10) when depositing the subsequent
layers adjacent the nth layer. Consequently, only the
adjacent several re-heating high-temperature thermal-
cycles (Tβ<Tp<Ts) are mainly responsible for the grain-
coarsening of the nth layer in DED titanium alloy.
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Figure 3. The microstructures at the middle of the Ti6Al4VxNiyB deposits. As-built: (a) Ti6Al4V, (b) Ti6Al4V3Ni, and (c) Ti6Al4V3Ni0.05B,
(d) heat-treated Ti6Al4V3Ni0.05B.

Figure 4. Mechanical properties of Ti6Al4VxNiyB alloys. (a) Representative engineering stress–strain curves; the error bars (UTS and EL)
represent one standard deviation. (b) Tensile properties for heat-treated Ti6Al4V3Ni0.05B are comparable with Ti-Cu [6] and Ti6Al4V [10]
by DED and the ASTM standard for Ti6Al4V [32]. (c) Anisotropy (the calculation method is shown in [21]).
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Figure 5. Fracture surfaces of longitudinal specimens: (a) (c) as-built Ti6Al4V, (b) (d) as-built Ti6Al4V3Ni, Ti6Al4V3Ni0.05B (e) (f ) as-built
and (g) (h) heat-treated.

As shown in Figure 3, compared with Ti6Al4V, the
addition of Ni causes the formation of Ti2Ni (139 nm)
and reduces the aspect ratio of the α-laths (1.6 μm in
width) in Ti6Al4V3Ni. Besides a lot of Ti2Ni between
the α-laths, some TiB phase is also formed, and the α-
laths (1 μm in width) are refined in Ti6Al4V3Ni0.05B.
For the heat-treated Ti6Al4V3Ni0.05B, Ni is almost com-
pletely dissolved into the β-matrix, forming (α-Ti+β-
Ti) intragranular-microstructure with a little amount of
residual Ti2Ni (<0.01 vol.%), and the width of α-laths is
significantly reduced to 0.219 μm.

As shown in Figure 4(a), compared with Ti6Al4V,
both the yield strength (YS) and the ultimate ten-
sile strength (UTS) are increased, while the fracture
elongation (EL) is decreased for as-built Ti6Al4V3Ni
and Ti6Al4V3Ni0.05B. This should be attributed to the
strengthening and embrittlement effect of Ti2Ni. Com-
pared with Ti6Al4V3Ni, all YS, UTS and EL in as-
built Ti6Al4V3Ni0.05B are improved, especially the lon-
gitudinal EL is increased by ∼3.4 times (2.1%). This
may be attributed to the weakened detrimental-effect
of the relatively dispersed Ti2Ni caused by the finer
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equiaxed-grains and α-laths. After the heat-treatment
for Ti6Al4V3Ni0.05B, a significantly increased EL with
slightly higher UTS (transverse: 6.87%, 1231Mpa; longi-
tudinal: 6.97%, 1230Mpa) without mechanical
anisotropy are both achieved (Figure 4 (a,c)). The sig-
nificant enhancement of EL is attributed to the near-
complete disappearance of Ti2Ni, which favors themove-
ment of dislocations and deformation compatibility of
different phases. The improvement of UTS is due to the
strengthen of refiner α-laths and solid-solution strength-
ening of Ni [31].

As shown in Figure 4(b), compared with Ti–Cu alloys
manufactured by DED [6], the mechanical properties
of the heat-treated Ti6Al4V3Ni0.05B exhibit a much
higher strength with comparable plasticity. Compared
with DED Ti6Al4V [10], the YS of the heat-treated
Ti6Al4V3Ni0.05B is significantly higher, and the EL is
between the transverse and longitudinal EL of Ti6Al4V.
Also, the comprehensive tensile properties of the heat-
treated Ti6Al4V3Ni0.05B are comparable to that of
ASTM standard for cast and wrought Ti6Al4V [32].

As shown in Figure 5, the fracture surface of Ti6Al4V
is a ductile-fracture with dimples. While an obvious
intergranular brittle-fracture is presented inTi6Al4V3Ni.
The as-built Ti6Al4V3Ni0.05B shows a mixed ductile-
brittle fracture because of its finer equiaxed-grains and
the grain-boundary strengthening by B [23]. The heat-
treated Ti6Al4V3Ni0.05B exhibits ductile fracture with
small dimples, which is consistent with its improved duc-
tility (Figure 4).

4. Conclusions

In summary, an alloy design method for achieving
fully-equiaxed fine β-grains with good comprehensive
tensile properties in AM titanium alloy is demon-
strated, by synergistically controlling the β-grains dur-
ing both solidification and subsequent thermal-cycle,
and a solution+ quenching heat-treatment. The fully-
equiaxed β-grains are obtained in both Ti6Al4V3Ni
and Ti6Al4V3Ni0.05B due to the significantly increased
constitutional supercooling by Ni. Compared with
Ti6Al4V3Ni, the grain size of Ti6Al4V3Ni0.05B is firstly
reduced by ∼50% during the initial solidification owing
to the larger Q caused by the synergy of Ni and B, and
then the grain-coarsening degree during thermal-cycles
is further reduced by ∼50% because of the increased
grain-coarsening exponent and activation energy by
trace B. This reveals for the first time that a 1+ 1 > 2
grain-refinement effect can be achieved in solidified
equiaxed-grains by co-addition of Ni and B, and trace
B plays an equally important role in refining β-grains
during reheat-cycles and solidification process. Both the

strength and plasticity of heat-treated Ti6Al4V3Ni0.05B
are improved and comparable to that of DED Ti6Al4V,
due to the fine fully-equiaxed β-grains with intragran-
ular (α-Ti+β-Ti) microstructure. These findings pro-
vide new insight into the grain structure control and the
composition design of AM titanium alloy.
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