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Abstract
It is well-known that grain refiners can tailor the microstructure and enhance the mechanical
properties of titanium alloys fabricated by additive manufacturing (AM). However, the intrinsic
mechanisms of Ni addition on AM-built Ti–6Al–4V alloy is not well established. This limits its
industrial applications. This work systematically investigated the influence of Ni additive on
Ti–6Al–4V alloy fabricated by laser aided additive manufacturing (LAAM). The results showed
that Ni addition yields three key effects on the microstructural evolution of LAAM-built
Ti–6Al–4V alloy. (a) Ni additive remarkably refines the prior-β grains, which is due to the
widened solidification range. As the Ni addition increased from 0 to 2.5 wt. %, the major-axis
length and aspect ratio of the prior-β grains reduced from over 1500 µm and 7 to 97.7 µm and
1.46, respectively. (b) Ni additive can discernibly induce the formation of globular α phase,
which is attributed to the enhanced concentration gradient between the β and α phases. This is
the driving force of globularization according to the termination mass transfer theory. The
aspect ratio of the α laths decreased from 4.14 to 2.79 as the Ni addition increased from 0 to
2.5 wt. %. (c) Ni as a well-known β-stabilizer and it can remarkably increase the volume
fraction of β phase. Room-temperature tensile results demonstrated an increase in mechanical
strength and an almost linearly decreasing elongation with increasing Ni addition. A modified
mathematical model was used to quantitatively analyze the strengthening mechanism. It was
evident from the results that the α lath phase and the solid solutes contribute the most to the
overall yield strength of the LAAM-built Ti–6Al–4V–xNi alloys in this work. Furthermore, the
decrease in elongation with increasing Ni addition is due to the deterioration in deformability of
the β phase caused by a large amount of solid-solution Ni atoms. These findings can accelerate
the development of additively manufactured titanium alloys.
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1. Introduction

Ti–6Al–4V alloy is one of the most commonly utilized engin-
eering materials due to its high specific strength and excel-
lent corrosion resistance [1–3]. Thus, additive manufacturing
(AM) of Ti–6Al–4V alloy has continued to attract more atten-
tion from both the industry sectors and academic community.

The typical microstructure of AM-built Ti–6Al–4V alloy
is characterized by columnar grains [4–6] for two main reas-
ons. The first reason is that Ti–6Al–4V has almost negligible
ability to generate constitutional undercooling [7]. Specific-
ally, Al and V contribute little to the enhancement of con-
stitutional undercooling [7, 8], resulting in a lack of effect-
ive nucleation sites ahead of the solid–liquid (S–L) interface,
which causes the formation of columnar grains. The second
is that the prevailing solidification conditions (e.g. solidific-
ation velocity and temperature gradient) during the AM pro-
cess are beneficial for epitaxial growth of initial grains. The
formation of columnar grains brings about strong <001> ori-
entation along the building direction and intensive α texture
in AM-built Ti–6Al–4V alloy, leading to anisotropy and even
degradation in mechanical properties [9]. An effective way to
address this issue is to induce fine equiaxed grain formation.

Manymethods have been proposed to promote grain refine-
ment in titanium alloys, which can be summarized into
three approaches. The first approach is to use an auxiliary
energy field. Todaro et al applied high-intensity ultrasound
to the process of laser-based directed energy deposition of
Ti–6Al–4V alloy. They found that the grain size decreased
from 500 ± 354 µm without ultrasound to 117 ± 61 µm with
ultrasound [6]. The grain refinement enhanced yield strength
from 980 ± 13 MPa to 1094 ± 18 MPa. The same grain
refinement effect by an ultrasonic source was also reported
in the laser and wire AM of Ti–6Al–4V alloy by Yuan et al
[10]. However, this method requires integrating a second-
ary energy source in the AM system, especially when it is
necessary to ensure uniformity in the microstructure in the
entire parts with complex structures. The second approach is to
adjust the process parameters. Zhang et al achieved the fabric-
ation of equiaxed grains by increasing the powder feeding rate
of Ti–6Al–2Sn–2Zr–3Mo–1.5Cr–2Nb and Ti–5Al–2Sn–2Zr–
4Mo–4Cr alloys, which was attributed to the increased hetero-
geneous nucleation sites caused by partially melted powders
[8, 11, 12]. The same approach proved effective during laser
metal deposition of Ti–6.5Al–3.5Mo–1.5Zr–0.3Si alloy [13].
However, this method is only applicable to titanium alloys
with high growth restriction factor or wide solidification range.
Zhu et al fabricated five kinds of titanium alloys with differ-
ent growth restriction factors by using the same process para-
meters. Their results indicated that the formation of equiaxed
grain is a combined outcome of constitutional undercooling

and partially melted powders [14]. With higher growth restric-
tion factor, it is much easier to generate constitutional under-
cooling, and, thus, to obtain equiaxed grains. Compared to the
above two approaches, a more economical and effective way
to fabricate equiaxed grains is to use grain refiners, such as B
[15, 16] and Fe [16]. Niu et al developed a Ti–2Fe–0.1B alloy
with more effective grain nucleation [16]. They indicated that
this new titanium alloy fabricated by laser metal deposition
exhibited a fully equiaxed grain microstructure with an excel-
lent combination of ultimate tensile strength (779 MPa) and
elongation (18%). Zhang et al reported an AM-built Ti–8.5Cu
alloy with ultrafine grains [17]. They also pointed out that by
increasing the Cu content from 3.5 to 8.5 wt. %, the grain
size decreased from 69.8 to 9.6 µm, and the yield strength
increased from 747 to 1023 MPa. Bermingham et al systemat-
ically investigated the effect of B [18], La2O3 [7], and Si [19]
on the grain refinement, and proved that they are all effect-
ive grain refiners for titanium alloys. Xue et al indicated that
a high B content of 0.25 wt. % induced TiB formation in
laser directed energy deposited Ti–6Al–4V alloy, and, thus,
deteriorated its elongation [20]. Furthermore, the B addition
led to an insignificant increase in yield strength. Recently,
Xiong et al demonstrated that Ni addition played a vital role in
refining grains in titanium alloys, and significantly increased
the yield strength of pure titanium by selective laser melt-
ing [21]. Specifically, the Ni addition of 3 wt. % decreased
the grain size from ∼100 to ∼2 µm, and the trace Ni addi-
tion of 0.4 wt. % enhanced the yield strength from 670 to
1020 MPa. It means that amongst all these grain refiners, Ni
additive demonstrates a huge potential to remarkably improve
microstructures and enhance mechanical properties. Our pre-
vious work also verified that 0.9 wt. % Ni addition in the AM-
built Ti–6Al–V alloy remarkably improved the yield strength
to 1309 MPa without undesirable secondary phase forma-
tion [22]. However, high content of Ni addition (higher than
1.6 wt. % in [21, 22]) always leads to cracking, which lim-
its our understanding of the underlying mechanisms of Ni
additive on titanium alloys and their ability to realize their
full potentials.

In this work, dense Ti–6Al–4V alloys with high Ni addi-
tion (up to 2.5 wt. %) were successfully fabricated by powder-
blown laser aided additive manufacturing (LAAM). The effect
of different Ni contents on the microstructure evolution and
room-temperature tensile properties of LAAM-built Ti–6Al–
4V–xNi (x= 0, 1.1, 1.7, 2.5 wt. %) was investigated. Through
the mathematical calculation and quantitative analysis of
experimental results, the grain refinement and strengthening
mechanism of Ni additive on Ti–6Al–4V alloy were revealed.
This work establishes an in-depth understanding of the optimal
Ni addition in titanium alloy and accelerates the innovative
development of additively deposited titanium alloys.
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2. Experimental details

Ti–6Al–4V blocks with different Ni contents were fabricated
using LAAM technology, as shown in figure 1(a). Two powder
hoppers were utilized in this process, hopper 1 contained Ti–
6Al–4V powders with a size range of 20–45 µm, and hop-
per 2 contained mixed Ti–6Al–4V and Ni powders with a
weight ratio of 19:1. It should be noted that the total powder
feeding rates (hopper 1 and hopper 2) for fabricating the four
different titanium samples blocks were kept consistent. The
detailed process parameters are shown in table 1. The LAAM
process was performed in the atmosphere. Additionally, these
LAAM-built titanium blocks were named based on the actual
Ni content obtained by energy dispersive spectroscopy (EDS)
measurement (table 1). In order to eliminate cracking, small-
scale blocks were manufactured to alleviate residual stress
during the LAAM process. The dimensions of the block were
20 × 20 × 50 (length × width × height, mm), as shown
in figure 1(b). Furthermore, forged Ti–6Al–4V plates with
dimensions of 100 × 50 × 20 (length × width × height, mm)
were used as the substrates in the experiments.

The samples for microstructure observation were cut from
the middle region of the blocks, as shown in figure 1(b),
and were ground using SiC papers and etched using Kroll’s
reagent. The prior-β grains andα laths were observed using an
OLYMPUS MX51 optical microscopy (OM) and Zeiss Ultra
Plus field emission scanning electron microscopy (SEM). The
Image-J software was employed for quantitative statistics. The
prior-β grains and α laths were considered to be elliptical
and their sizes were estimated through the defined ‘major-
axis length’ (MAL) and ‘minor-axis length’ (MIL). At least
200 prior-β grains and 300 α laths were measured to ensure
the accuracy of the results. The measurement of the volume
fraction (VF) was realized based on the Cavalieri–Hacquert
relation [23]. Furthermore, the chemical compositions of the
β and α phases in different samples were tested by EDS.
Room-temperature tensile tests were performed at a constant
displacement rate of 1 mm min−1 using the Instron 5982
test machine. The size of the tensile coupons are shown in
figure 1(c). Phase compositions were detected by x-ray dif-
fraction (XRD) in a Bruker D8 Discover diffractometer sys-
tem. The testing parameters were as follows: Cu Kα radiation
(0.15418 nm), accelerating voltage of 40 kV, accelerating cur-
rent of 40mA, step size of 0.02◦. Transmission electronmicro-
scopy (TEM) was used to detect the secondary phases in the
LAAM-built Ti–6Al–4V–xNi alloys (x = 1.1, 2.5 wt. %).

3. Results

3.1. Microstructure characteristics

The columnar grains usually span multiple layers and pre-
dominate the microstructure in LAAM-processed Ti–6Al–4V
alloy, as shown in figure 2(a). This typical grain morphology
for the LAAM-processed Ti–6Al–4V alloy is ascribed to its
inability to enable constitutional undercooling and the prevail-
ing solidification conditions that are suitable for epitaxial grain

growth. These grains cannot be fully displayed in the figures
and the actual MAL and aspect ratio of the grains are larger
than the statistic values, as indicated by the orange arrows in
figure 2(a). The grains are refined significantly after adding
1.1 wt. % Ni, as shown in figure 2(b). However, a few colum-
nar grains with major-axes longer than 1 mm or an aspect ratio
higher than 5 can still be observed. The log-normal equation
[24], as shown below, was used to fit the statistic results

f(x) = f0 +
A√

2π ·w · x
exp

−
(
ln x

xc

)2
2 ·w2

 (1)

where, w and xc represent the standard and median deviation
in a weighted distribution, respectively. The mean value x̄
of a certain microstructural characteristic can be expressed
as [24, 25]

x̄= xc · exp
(
1
2
w2

)
. (2)

According to equations (1) and (2), the mean MAL, MIL, and
aspect ratio of the prior-β grains in the LAAM-processed Ti–
6Al–4V–1.1Ni are 324 µm, 143.5 µm and 2.1, respectively
(figures 2(b) and 4(a)). With increasing Ni addition to 1.7 wt.
%, the larger columnar grains with major-axes longer than
1 mm disappear, as depicted in figure 2(c). The grain sizes
in the entire sample become more uniform. The mean MAL,
MIL, and aspect ratio of the prior-β grains in the LAAM-
processed Ti–6Al–4V–1.7Ni are 143.6 µm, 93 µm, and 1.72,
respectively (figure 2(c)). As the Ni addition increased to
2.5 wt. %,the prior-β grains are further refined, as shown in
figure 4(a). The statistical results demonstrate that the mean
MAL, MIL, and aspect ratio of the prior-β grains in the
LAAM-processed Ti–6Al–4V–2.5Ni are 97.7 µm, 75.3 µm
and 1.46, respectively (figure 2(d)).

Figure 3 illustrates the α laths in the LAAM-built samples
with different Ni additions. As shown in figure 3(a), theα laths
in the LAAM-built Ti–6Al–4V sample are relatively coarse.
There are numerous existing α laths with major-axis longer
than 8 µm and aspect ratio higher than 6. The log-normal fit-
ting results show that the mean MAL, MIL and aspect ratio of
theα phases in the LAAM-processed Ti–6Al–4V are 2.52 µm,
0.71 µm, and 4.14, respectively. The addition of 1.1 wt. % Ni
significantly refines the α laths and induces the formation of
globularα phases, as shown in figure 3(b). ThemeanMAL and
MIL of the α laths in the LAAM-processed Ti–6Al–4V–1.1Ni
sample reduces to 1.61 and 0.68 µm (figure 3(b)), respect-
ively. However, some α laths with aspect ratios higher than
5 can still be observed in the microstructure. As the Ni addi-
tion increases to 1.7 wt. %, the α laths are further refined. The
mean MAL and MIL of the α phases in the LAAM-processed
Ti–6Al–4V–1.7Ni sample are 1.24 and 0.54 µm (figure 3(c)),
respectively. Compared to the LAAM-processed Ti–6Al–4V–
1.1Ni sample (mean aspect ratio of 2.53), the mean aspect
ratio of the α laths in the LAAM-processed Ti–6Al–4V–1.7Ni
sample (approximately 2.87) increases slightly, as shown in
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Figure 1. Experimental details. (a) Schematic of LAAM process of Ti–6Al–4V–xNi alloys (x = 0, 1.1, 1.7, 2.5 wt. %); (b) dimensions of
the LAAM-built block; (c) schematic of the tensile coupon.

Table 1. Detailed parameters in the LAAM process of fabricating Ti–6Al–4V–xNi alloys (x = 0, 1.1, 1.7, 2.5 wt. %).

Block 1
(Ti–6Al–4V)

Block 2
(Ti–6Al–4V–1.1Ni)

Block 3
(Ti–6Al–4V–1.7Ni)

Block 4
(Ti–6Al–4V–2.5Ni)

Laser power (fiber laser) (W) ∼700
Scanning velocity (mm min−1) 1200
Powder feeding rate of hopper 1 (g min−1) 2.16 1.8 1.44 1.1
Powder feeding rate of hopper 2 (g min−1) — 0.36 0.72 1.06
Shielding gas flow rate (Ar gas) (l min−1) 15
Carrier gas flow rate (Ar gas) (l min−1) 6
Overlap distance (mm) 0.9
Layer thickness (mm) ∼0.35

figure 4(b). Further increasing the Ni addition to 2.5 wt. %,
the size of the α laths becomes more uniform since no α laths
with major-axes longer than 4 µm can be observed, as shown
in figure 3(d). The mean MAL and MIL of the α laths in
the LAAM-processed Ti–6Al–4V–2.5Ni sample are 1.09 and
0.44 µm (figure 3(d)), respectively. The detailed log-normal
fitted parameters are displayed in the supplementary material
(available online at stacks.iop.org/IJEM/4/035102/mmedia).

The VF of the β and α phases can be measured by follow-
ing the Cavalieri–Hacquert relation. The results show that the
LAAM-built Ti–6Al–4V alloy contains 9.7 vol. % of the β
phase and 90.3 vol. % of the α phase. The VF of the β phase
increases, while that of the α phase decreases as the Ni addi-
tion increases, as shown in figure 4(c). Specifically, the addi-
tion of 1.1 wt. % Ni yields about 10.5 vol. % of the β phase
and 89.5 vol. % of the α phase. When the Ni addition further
increases to 1.7 wt. %, the VFs of the β and α phases change
to 14.9 vol. % and 85.1 vol. %, respectively. Furthermore, the
VF of the β phase further increases to 20.3 vol. %, while that
of the α phase decreases to 79.7 vol. %, as the Ni content rises
to 2.5 wt. %. The variation in VFs of the β and α phases is
due to Ni being a β-stabilizing element, which can retain the
β phase during cooling process.

3.2. XRD phase analysis

The XRD test results of the LAAM-built samples with differ-
ent Ni additions are shown in figure 5. It is clear that onlyα and
β phases are detected in the LAAM-processed Ti–6Al–4V–
xNi (x= 0, 1.1, 1.7, 2.5) samples, as depicted in figure 5(a). No
secondary phases are detected throughXRD,whichmeans that
secondary phase formation does not occur during the LAAM
process, or that the content of precipitated (one or more) sec-
ondary phase particles are so small that the XRD test cannot
detect their existence. Further observation illustrates that the
Ni addition causes a significant rightward shift of the β peak as
indicated by the black arrow in figure 5(b), while having little
effect on the α phase peak. As Ni is a well-known β-stabilizer,
it is easy to become enriched in the β phase. Considering that
the radius of the Ni atom is smaller than that of the Ti atom,
the lattice constant of the β phase with Ni addition becomes
smaller. According to Bragg’s law, the decrease in the lattice
constant shifts the diffraction peak representing the β phase
towards the right. However, the α phase contains fewer solid-
solution Ni atoms, which will not cause discernible variation
in the lattice constant. Therefore, the diffraction peaks repres-
enting the α phase remain unchanged.
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Figure 2. OM observation of prior-β grains and quantitative statistic results. (a) Ti–6Al–4V; (b) Ti–6Al–4V–1.1Ni; (c) Ti–6Al–4V–1.7Ni;
and (d) Ti–6Al–4V–2.5Ni.

3.3. TEM results

TEM tests are used to detect the secondary phases in the
LAAM-processed Ti–6Al–4V–xNi alloys (x= 1.1, 2.5 wt. %).
It is evident that blocky nanoparticles formed in the LAAM-
processed Ti–6Al–4V–1.1Ni and Ti–6Al–4V–2.5Ni alloys.
Selected area electron diffraction and EDSmeasurements con-
firm that the blocky nanoparticles are Ti2Ni phase, as shown
in figures 6(a) and (b). The VF of Ti2Ni nanoparticles in all
the samples should be very considering no secondary phases
were observed by SEM or detected by XRD, small.

3.4. Room-temperature tensile properties

The room-temperature tensile properties of the LAAM-
processed Ti–6Al–4V–xNi (x = 0, 1.1, 1.7, 2.5) alloys are
shown in figure 7. It can be seen that the LAAM-processed Ti–
6Al–4V alloy demonstrates the lowest strength (yield strength:
939.2MPa, ultimate tensile strength: 1053.8MPa) and highest
elongation (17.6%) among these alloys (figure 7(a)). Increases

in the amount of Ni addition enhances the strength and reduces
the elongation. When adding 2.5 wt. % of Ni content, the
yield strength reaches the maximum of 1154.9 MPa, while the
elongation reduces to the minimum of only 4.4%. The vari-
ation in the strength and elongation with Ni addition shows an
obvious linear relationship, as shown in figure 7(b). The fitted
equations are shown below:

Yield strength= 88.14Ni+ 926.3 R2 = 0.9663 (3)

Ultimate tensile strength

= 73.02Ni+ 1036.4 R2 = 0.9013 (4)

Elongation=−5.18Ni+ 16.76 R2 = 0.9551. (5)

Severely deformed α laths can be observed in the region close
to the fracture of the LAAM-processed Ti–6Al–4V alloy as
indicated by light-blue arrows in figure 8(a). Furthermore,
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Figure 3. SEM observation of α laths and quantitative statistic results. (a) Ti–6Al–4V; (b) Ti–6Al–4V–1.1Ni; (c) Ti–6Al–4V–1.7Ni;
and (d) Ti–6Al–4V–2.5Ni.

Figure 4. Quantitative statistic results of prior-β grains and α laths. (a) Variation of prior-β grain size with Ni addition; (b) variation of α
laths with Ni addition; (c) variation of volume fraction of β and α phases with Ni addition.

a large number of dimples (green arrows) exist in the frac-
ture surface, indicating a ductile failure mode for the LAAM-
processed Ti–6Al–4V alloy (figure 8(b)). Adding 1.1 wt. %
of Ni minimizes the extent of α laths deformation, while
some curved α laths (light-blue arrows) can still be seen
in figure 8(c). However, no deformed α laths are observed

in the LAAM-processed Ti–6Al–4V–1.7Ni and Ti–6Al–4V–
2.5Ni alloys, as demonstrated in figures 8(e) and (h). Besides,
obvious α lath features are observed in the fractured sur-
faces of these two alloys, as indicated by orange arrows in
figures 8(g) and (j). Both cleavage planes and dimples appear
in the fractured surfaces with Ni addition, which implies that

6
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Figure 5. XRD detected results of LAAM-built Ti–6Al–4V–xNi (x = 0, 1.1, 1.7, 2.5 wt. %) alloys. (a) Diffraction spectra of LAAM-built
Ti–6Al–4V–xNi (x = 0, 1.1, 1.7, 2.5 wt. %) alloys. (b) Magnified spectrum to show diffraction peaks shifting.

Figure 6. TEM detected results of LAAM-built Ti–6Al–4V–xNi (x = 1.1, 2.5 wt. %) alloys. (a) Ti2Ni nanoparticle in the
Ti–6Al–4V–1.1Ni alloy. (b) Ti2Ni nanoparticle in the Ti–6Al–4V–2.5Ni alloy.

Figure 7. Room-temperature tensile properties of LAAM-built Ti–6Al–4V–xNi (x = 0, 1.1, 1.7, 2.5 wt. %) alloys. (a) Engineering
stress–strain curves; (b) variation of strength and elongation with Ni addition.
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Figure 8. Fractography analysis of LAAM-built Ti–6Al–4V–xNi (x = 0, 1.1, 1.7, 2.5 wt. %) alloys. (a), (b) Ti–6Al–4V; (c), (d)
Ti–6Al–4V–1.1Ni; (e)–(g) Ti–6Al–4V–1.7Ni; and (h)–(j) Ti–6Al–4V–2.5Ni. (The coordinate system in this figure is consistent with
that in figure 1.).

the failure changed to a mixed ductile and brittle mode in the
LAAM-processed Ti–6Al–4V–xNi alloy (x= 1.1, 1.7, 2.5), as
shown in figures 8(d), (f) and (i). Fractography analysis illus-
trates that the deformability of the α lath phase deteriorates
with increasing Ni addition, resulting in the ‘debonding’ of α
laths from the matrix (illustrated by the α lath features on the
fracture surface, as illustrated in figures 8(g) and (j)), and leads
to the decrease in elongation.

4. Discussion

4.1. Effect of Ni addition on prior-β grain refinement

Generally, additives have two effects on the equiaxed grain
formation in titanium alloys, i.e. enhancing constitutional
undercooling and providing potential nucleation sites. It is
well known that the presence of undercooling is essential for
the formation of equiaxed grains. Among all types of under-
cooling, such as thermal undercooling and curvature under-
cooling, constitutional undercooling contributes the most such
that the effects of other types of undercooling are negli-
gible. According to the constitutional undercooling criterion,
as shown below (equation (6)), increasing the solidification
range enhances the constitutional undercooling under the same

solidification conditions (solidification velocity R and temper-
ature gradient G), and then equiaxed grain can be more read-
ily obtained. Therefore, the effect of additive on constitutional
undercooling is reflected in its influence on the solidification
range∆T. Similar to some of the reported effective additives,
such as B [18, 20], Si [19], Cu [17], Ni additive can widen the
solidification range and enhance the constitutional undercool-
ing more effectively

G
R

<
mC0 (1− k0)

DLk0
=

∆T
DL

(6)

where,m is the liquidus slope,C0 is the initial element content,
k0 is the partition coefficient, and DL is the diffusion coeffi-
cient in liquid.

Bermingham et al indicated that a potential nucleation site
should meet two requirements [7]. The first consideration is
that the crystallographic orientation of the potential nucleation
site should be close to that of the growing solid phase. For
instance, the orientational relationship between La2O3 and β-
Ti makes the former a favorable nucleation substrate for the
growth of the latter during solidification [7]. Similar observa-
tions were found in a study that used B additive to promote
equiaxed grain formation, in which TiB served as an effect-
ive nucleation substrate due to its orientational relationship
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with β-Ti [20]. The second consideration is that the size of
the particles, which provide potential nucleation sites, should
be large. Smaller particles tend to have large nucleant particle
potency ∆TN, and, in this case, it is difficult for the degree
of undercooling to exceed∆TN. Therefore, the potential nuc-
leant particles cannot form stable grains. Bermingham et al
found that particles less than 1 µm were generally ineffective
due to the large ∆TN, especially considering latent heat and
recoalescence [7]. In this work, only α and β phases can be
observed and detected through high-magnification SEM and
XRD, which means that even if nano-sized particles, such as
Ti2Ni, exist their sizes will be very small, and the contents will
also be very low. Therefore, they cannot serve as an effective
nucleation substrate, and only spontaneous nucleation should
be considered here.

An inter-dependence model has been developed by StJohn
et al to predict the grain size [26]. Recently, Bermingham et al
[7] and Zhang et al [11] successfully used this model to inter-
pret the grain morphology evolution during solidification of
Ti–3Al–8V–6Cr–4Mo–4Zr + La2O3 and Ti–5Al–2Sn–2Zr–
4Mo–4Cr, respectively. In this inter-dependence model, as
shown in equation (7), three important factors were considered
to determine grain size, including alloy chemistry, nucleant
particle potency, and particle spacing

dgs =
Dl ·∆TN
R ·Q

+
4.6 ·Dl

R
·
(

C∗
l −C0

C∗
l (1− k)

)
+XSD

= XCS +XDL +XSD (7)

where, Dl is the diffusion coefficient in the metal liquid,∆TN
represents the critical nucleation undercooling of the most
potential particles, R is the growth velocity, Q is the growth
restriction factor, C∗

l is the composition of the metal liquid at
the S–L interface, C0 is the alloy composition, k is the par-
tition coefficient, XCS represents the distance that an original
grain needs to grow to generate sufficient constitutional under-
cooling∆TCS to nucleate a new grain, XDL represents the dis-
tance from the S–L interface to where the ∆TCS is enough to
nucleate a new grain, and XSD represents the distance from
XDL to the nearest potential nucleation particle. According to
the classical nucleation theory, for grain growth to occur, the
requirement that its size exceeds the critical size has to be met.
Assuming that the Ni addition has a negligible effect on the
nucleation site density, ∆TN in equation (7) is set as the nuc-
leation undercooling corresponding to this critical size, which
is a fixed value.

Figure 9 shows the grain morphology evolution in
LAAM-built Ti–6Al–4V alloys with different Ni additions
in accordance with the inter-dependence model. Two poten-
tial nucleation sites in the front of the S–L interface are
defined for further elaboration and analysis. Under the cir-
cumstance of low Ni content (such as 1.1 wt. %), as shown
in figure 9(a), the temperature gradient G1 at the first nucle-
ation site is steep, resulting in low constitutional undercooling
that is unable to satisfy the critical nucleation undercooling,
i.e.∆TCS1 <∆TN. Consequently, the first potential nucleation
site cannot continue to grow sufficiently to become a new

grain. As the solidification progresses, the temperature gradi-
ent in front of the S–L interface gradually decreases. When
the second potential nucleation site is reached, the constitu-
tional undercooling exceeds the critical nucleation undercool-
ing, i.e.∆TCS1 ⩾∆TN, and a new grain will be formed in this
case. Furthermore, the growth of new grains interrupts the epi-
taxial growth of the initial grains, which means that the ini-
tial grain size is determined by X ′

CS1 (initial)+X ′
DL1. Sub-

sequently, the process described above is repeated until the
solidification process ends, which means that the sizes of all
the grains can be determined by the value of XCS +XDL. At
first, low constitutional undercooling and high G value leads
to large X ′

CS1 (initial), and results in large initial grain size, as
depicted in figure 2(b). Bermingham et al indicated that the
XCS for the subsequent nucleation is much smaller after the
first nucleation, which promotes smaller equiaxed grain form-
ation [7]. Therefore, the final microstructure of the LAAM-
built Ti–6Al–4V–1.1Ni alloys consists of both large columnar
grains and small equiaxed grains.

As the Ni content increases, the solidification range
increases, and the constitutional undercooling is enhanced. At
the first nucleation site the constitutional undercooling can
still exceed the critical undercooling even if the temperature
gradientG is high, as shown in figure 9(b), i.e.∆TCS2 ⩾∆TN,
such that the first nucleation site continues to grow progress-
ively to form a new grain. In this situation, X ′

CS2 (initial)+
X ′

DL2 < X ′
CS1 (initial)+X ′

DL1, so the sizes and the length
to width ratios of the initial grains decrease with increasing
Ni content (1.7 wt. % and 2.5 wt. %), as demonstrated in
figures 2(c) and (d).

In addition, two other aspects should also be considered
here. The first one is that the spontaneous nucleation cannot
generate sufficient nucleation sites. In figure 9, it is assumed
that the potential particle 1 does not exist and the potential
particle 2 is the nearest nucleation site. Then, in the case of
high Ni content, even if the constitutional undercooling∆TCS
exceeds the critical nucleation undercooling∆TN, new grains
cannot form due to the lack of nucleation sites. The initial
grains continue to grow until the potential particle 2 is reached.
This means that titanium alloys with either low or high Ni
content may have similar grain sizes, due to the lack of suffi-
cient nucleation sites. Secondly, the nucleation rate and growth
rate R show a trend of first increasing and then decreasing
with the increase in undercooling [27]. Therefore, according
to equation (2), high Ni content may lead to a decrease in nuc-
leation rate and growth rate, thereby increasing the final grain
size. As shown in figure 10, when the Ni addition increases to
3.6 wt. % and 5.6 wt. %, the size of the prior-β grains increases
slightly, which verifies the analysis given above.

4.2. Effect of Ni addition on the globularization of α phase

The lamellar α phase is a common microstructure in titanium
alloys, which demonstrates good high-temperature creep prop-
erties and crack growth resistance, while globular α leads
to better ductility and low-cycle fatigue properties [28]. It is
generally accepted that the interfacial energy of lamellar α
is low and the interface structure is stable, which makes it
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Figure 9. Schematic of effect of Ni content on grain refinement. (a) Low Ni content; (b) high Ni content.

difficult to globularize the lamellar α, merely by using post
heat treatment. Many researchers have carried out investig-
ations on the globularization mechanism of lamellar α in
titanium alloys [28–30].

Rayleigh et al believe that rod or lamellar microstruc-
tures are unstable due to capillarity-induced perturbation [31].

Under the action of surface tension, the flat interface changes
to a sinusoidal interface with a certain wavelength. When
the perturbation wavelength exceeds a critical wavelength,
the rod or lamellar microstructure will spontaneously break
into a series of globular particles. However, Mullins et al
indicated that a flat interface has low energy and is stable
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Figure 10. Prior-β grain observation and quantitative statistic results of LAAM-built Ti–6Al–4V–3.6Ni (a), (b) and Ti–6Al–4V–5.6Ni
alloys (c), (d).

Figure 11. High-magnification SEM figures of LAAM-built Ti–6Al–4V–1.7Ni (a) and Ti–6Al–4V–2.5Ni alloys (b), and TEM figure of
LAAM-built Ti–6Al–4V–1.1Ni (c).

[32]. Any perturbation caused by surface tension on a flat
interface will gradually decay with time, which means that
Rayleigh’s perturbation theory cannot completely explain the
globularization of rod or lamellar microstructures. To address
this issue, they proposed a modified theory. They pointed
out that there are concentration gradients between the cen-
ter and edge of a rod or lath phase, which cause diffu-
sion flux from the center to the edge, promoting detachment
of the edge and gradually breaking into globular particles
under the interface perturbation. In the two processes men-
tioned above, the globularization of the α phase initiates
from the edge, which is inconsistent with the experimental
observation in this work. As indicated by orange arrows in
figure 11, the initiation of globularization starts from the frac-
ture of the α lath in the middle-region, which illustrates that

the theory above [31] may not always be predominant in
this work.

The thermal groove and boundary splitting theory is
another mechanism for globularization. This theory emphas-
izes the role of internal sub-boundaries/deformation bands,
which may be introduced by deformation or dislocation re-
arrangement during subsequent high-temperature annealing
process. Such a sub-boundary/deformation band will accel-
erate the diffusion of atoms and promote the formation of a
groove at the interface. The β phase penetrates the lamellar
α along the grooves, resulting in ‘pinch off’ and completing
the separation of the lamellar α phase. Zhao et al achieved
the formation of globular α phase in LAAM-built extra low
interstitial Ti–6Al–4V (Ti–6Al–4VELI) alloy for the first time
and verified this theory [28]. They indicated that dislocations
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Figure 12. Chemical compositions (wt. %) of the β and α phases in the top (a) and middle regions (b).

were generated inside the as-built sample due to the rapid cyc-
lic heating and cooling process. During the subsequent heat
treatment process, these dislocations were easy to slip, climb,
or re-arrange—which was attributed to the ELI contents—to
form subgrain boundaries and penetrate the α lath phase. With
prolonged heat treatment duration, these subgrain boundaries
gradually separate the α laths to form globular α. For the Ti–
6Al–4V alloy, the high interstitial atom contents hinder dis-
location movement. Thus, it is difficult to promote α glob-
ularization through simple heat treatment schedules as Zhao
et al did. To overcome this difficulty, Sabban et al developed
an innovative cyclic heat treatment schedule to realize the α
phase globularization through continuous heating and cool-
ing processes [30]. They also pointed out that the formation
of sub-grain boundaries played a vital role in the initial glob-
ularization stage. In this experiment, both the grooves on the
α boundaries and β phase penetrating into the α laths can be
observed, as indicated by orange arrows in figures 11(a) and
(b), which means that this theory plays a role in the globulariz-
ation of α phases. Furthermore, the TEM figure of the LAAM-
built Ti–6Al–4V–1.1Ni demonstrates that the re-alignment of
tangled dislocations splits the original α lath and promote the
formation of globular α phase, as indicated by blue arrows in
figure 11(c), which further verifies the effect of this theory.
However, considering that the same process parameters were
utilized, the theory still cannot fully explain why Ni addition
promotes the globularization of α phases.

The third theory is called the termination mass migration.
The content of the solid solution elements in theα phase is dif-
ferent from that in the β phase, which inevitably creates a con-
centration gradient between them. The concentration gradient
also appears between the end (curved surface) and the middle
(flat surface) of the sameα lath. Therefore, this theory involves
the mass transfer between α and β phases, and from curved

surfaces towards flat surfaces on the same α lath [29, 31]. The
diffusion of elements gives rise to interfacial movement, such
that the lamellar α gradually changes into globular α. The
concentration gradient is the driving force of this process. As
shown in figure 12, at the top of the LAAM-built Ti–6Al–4V–
2.5Ni sample, the Al and V contents in the α phase are 6.3
and 4.2 wt. %, respectively, which are similar to those in the
β phase (Al: 5.8 wt. %; V: 5.1 wt. %). However, at the middle
region, the Al and V contents in the α phase become 6.6 and
3.2 wt. %, respectively. These contents are quite different from
those in the β phase (Al: 5.4 wt. %; V: 6.8 wt. %). Further-
more, the difference in Ni content between the α and β phases
becomes greater in the middle region (α: 1.0 wt. %; β: 7.4 wt.
%) compared with the top region (α: 2.0 wt. %; β: 3.4 wt. %).
This means that the thermal heating caused by the subsequent
building processes re-distributes elements between theα and β
phases, which further increases the concentration gradient and,
thus, promotes the globularization of the α phase. It should be
noted that different Ni additions result in different concentra-
tion gradient.With higher Ni addition, the concentration gradi-
ent should be higher and the globularization of the α phase is
more likely to occur. Therefore, the termination mass migra-
tion theory is expected to be the dominant driving force in this
experiment. These results revealed that the in-situ formation of
the globular α phase in the LAAM process can be achieved by
adding Ni.

Based on the analysis above, the effect of Ni addition on the
globularization of the α phase is summarized in figure 13. In
the initial stage, there is a small discrepancy in the elemental
content between the α and β phases due to the high cool-
ing rate in the LAAM process. In this situation, the effect
of mass transfer is small. However, the rapid melting and
solidification process results in the formation of dislocations.
The dislocation movement creates sub-grain boundaries and
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Figure 13. Schematic of element redistribution (a) and α lath variation (b) in the LAAM process.

Table 2. Required parameters for quantitatively calculating the yield strength of LAAM-built Ti–6Al–4V–xNi (x = 0, 1.1, 1.7, 2.5 wt. %)
alloys [33, 37–39].

Parameter Value Parameter Value Parameter Value

Bα,Al (MPa/at.%) 40 Bα,Ni (MPa/at.%) 27 Bα,V (MPa/at.%) 27
Bβ,Al (MPa/at2/3) 285 Bβ,Ni (MPa/at2/3) 2090 Bβ,V (MPa/at2/3) 879
Xβ,Ti64,V 5.6 at.% Xβ,Ti64,Al 10.0 at.% nα 1
Xα,Ti64,V 3.2 at.% Xα,Ti64,Al 10.6 at.% nβ 3/2
Xβ,Ti64−1.1Ni,Ni 1.4 at.% Xβ,Ti64−1.1Ni,V 4.9 at.% Xβ,Ti64−1.1Ni,Al 10.1 at.%
Xα,Ti64−1.1Ni,Ni 0.7 at.% Xα,Ti64−1.1Ni,V 3.4 at.% Xα,Ti64−1.1Ni,Al 10.8 at.%
Xβ,Ti64−1.7Ni,Ni 2.7 at.% Xβ,Ti64−1.7Ni,V 4.6 at.% Xβ,Ti64−1.7Ni,Al 10.4 at.%
Xα,Ti64−1.7Ni,Ni 1.0 at.% Xα,Ti64−1.7Ni,V 3.6 at.% Xα,Ti64−1.7Ni,Al 10.9 at.%
Xβ,Ti64−2.5Ni,Ni 5.9 at.% Xβ,Ti64−2.5Ni,V 6.4 at.% Xβ,Ti64−2.5Ni,Al 9.2 at.%
Xα,Ti64−2.5Ni,Ni 0.8 at.% Xα,Ti64−2.5Ni,V 2.9 at.% Xα,Ti64−2.5Ni,Al 11.2 at.%
kβ 191.7 MPa µm−2 kα 330 MPa µm−2

induces the appearance of grooves, which means that the
thermal groove and boundary splitting theory predominates
at this stage. Nevertheless, considering the hindering effect of
the interstitial atoms on the dislocation movement, the glob-
ularization phenomenon at this stage is not very significant.
In the subsequent building process, the thermal effect causes
the elements to redistribute between the α and β phases. Al
is enriched in the α phase, while Ni and V are enriched in
the β phase. The difference in elemental content, especially
for Ni, gradually increases, which accelerates the formation
of the globularized α phase. Under this circumstance, the ter-
mination mass migration theory predominates.

4.3. Strengthening mechanism

The Ni addition can modify the formation and VF of prior-β
grains, α laths, and solid solutes, and induce the formation of
the Ti2Ni nanoparticles, as elaborated in section 3. This section
provides a quantitative discussion of the strengthening effect
caused by these three aspects.

The yield strength increments caused by the prior-β grains
(∆σGB) andα laths (∆σα) can be computed by using the Hall–
Petch relation [33–37] as follows:

∆σGB = kβd
−1/2 (8)

∆σα = kαw
−1/2 (9)

where, kβ and kα are theHall–Petch coefficients for the prior-β
grain and α lath, respectively, d is the grain size (correspond-
ing to the MIL in this work) and w is the width of the α lath.

Solid solution strengthening (SSS) effect in a mul-
ticomponent system can be formulated by the following
equation [38]:

∆σSSS =

(∑
i

Bni Xi

)1/n

(10)

where, Bi is the SSS coefficient for solid solute i, Xi is the atom
concentration of solid solute i, and n is a constant. The value
of Bi is closely related to the value of n. For Ti–6Al–4V alloy
containing two phases, considering that the same solid solute
has different SSS effect on different phases, then equation (10)
can be expressed as:

∆σSSS = fβ

(∑
i

Bnββ,iXβ,i

)1/nβ

+ fα

(∑
i

Bnαα,iXα,i

)1/nα

(11)

where, fα and fβ represent the VFs of the α and β phases,
respectively. The differences in yield strength between the
LAAM-built Ti–6Al–4V–xNi (x = 1.1, 1.7, 2.5 wt. %) and
Ti–6Al–4V alloys can be calculated by using the above modi-
fied strengthening model. The required calculation paramet-
ers are shown in table 2. It should be noted that the value
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Figure 14. Quantitative analysis of the strengthening mechanism of Ni addition on LAAM-built Ti–6Al–4V alloy. (a) Comparison between
calculated results and experimental values for yield strength difference; (b) comparison of calculated results and experimental values for
overall yield strength; (c) variation of strengthening ratio with Ni addition; (d) relationship between yield strength and α lath width.

of Bα,Ni cannot be found in the literature. However, Sasano
et al indicated that the Bα,Ni is linearly related to the atomic
size misfit [39]. The radius of the Ni atom (empirical value
of 135 pm) is the same as that of the V atom (empirical
value of 135 pm). Thus, it is reasonable to use the following
relation Bα,Ni = Bα,V.

It is noteworthy that the yield strength increments caused
by the prior-β grains and the α laths cannot be added since
they both reflect Hall–Petch contribution. For the α + β type
Ti alloys, numerous investigations had indicated that the α
lath was the main contributor and the strengthening effect of
the prior-β grains was ignored [34, 36]. In this work, it is

also found that the strengthening effect of the α laths was
remarkably higher than that of the prior-β grains (table S4
in supplementary materials). Therefore, the total increment in
yield strength should be calculated using contribution from the
refined α laths and the solid solutes. This modified model has
also been used in our previous work [22].

As depicted in figure 14(a), there is a certain deviation
between the calculation results and the experimental values,
which is ascribed to the omitting of precipitate strengthening
effect (PSE) caused by the Ti2Ni nanoparticles. According to
the analysis in microstructural characteristics in section 3, it is
difficult to obtain the accurate VF of the Ti2Ni nanoparticles,
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which makes it impossible to compute the actual PSE. How-
ever, it is evident from the estimated value in figures 14(a) and
(b) that (a) the PSE increases with the increase of Ni addition,
and (b) the contribution of the PSE to the yield strength is very
low. These are consistent with the microstructural observa-
tion that the VF of Ti2Ni nanoparticles increases with increas-
ing Ni additive, although SEM and XRD are unable to detect
their presence. The above analysis indicates that the modified
strengthening model in this work is reasonable.

In order to clarify the strengthening effect of various
factors, the strengthening ratio δ is defined as follows:

δx,i =
∆σy,Ti64−xNi,i

∆σy,Ti64−xNi
(x= 0,1.1,1.7,2.5 wt.%) . (12)

As shown in figure 14(c), with the increase in Ni addi-
tion, the δα lath first decreases from 45% in Ti–6Al–4V to
43.3% in Ti–6Al–4V–1.1Ni and then increases to 44.8% in Ti–
6Al–4V–1.7Ni, and 46.3% in Ti–6Al–4V–2.5Ni. However,
the δSolid solute decreases gradually from 54.8% in Ti–6Al–4V
to 48% in Ti–6Al–4V–2.5Ni. In addition, the δPSE slightly
increases with increasing Ni addition. The maximum value
of δPSE is only 5%, which means that although the contribu-
tion towards the yield strength increment with increasing Ni
content is evident, as shown in figure 14(a), the strengthen-
ing ratio of the secondary phases with respect to the over-
all yield strength is less significant, as shown in figure 14(b).
According to the aforementioned analysis, it is obvious that
the strengthening effects of both the refined α lath and solid
solutes predominate in all the samples. Furthermore, as shown
in figure 14(d), the yield strength variation with Ni addition
can be directly estimated by the width of the α lath.

4.4. Effect of Ni addition on decrease in elongation

As the two main phases in titanium alloys, both the α phase
and the β phase affect the final elongation. As shown in
figure 15 and table S5, the SSS effect caused by the α phase
increases by approximately 30 MPa when the Ni addition is
1.1 wt. %. However, further increase in the Ni addition is
unable to further improve the SSS effect caused by theα phase,
which means that the content of the Ni atoms in the α phase
has reached saturation when Ni addition is 1.1 wt. %. It is evid-
ent from figure 8(c) that the α phase in the Ti–6Al–4V–1.1Ni
can undergo plastic deformation. Therefore, it is reasonable
to deduce that the α phase in Ti–6Al–4V–1.7Ni and Ti–6Al–
4V–2.4Ni alloys can also undergo plastic deformation. Thus,
the poor elongation of the LAAM-built Ti–6Al–4V–1.7Ni and
Ti–6Al–4V–2.4Ni alloys cannot be attributed to the α phase.

The reason for the decrease in ductility with increasing Ni
addition lies in the β phase. It is observed from figure 15 and
table S5 that the SSS effect caused by the β phase is continu-
ously enhanced with increasing Ni addition. The large amount
of solid-solution Ni atoms in the β phase increase its strength
significantly while reducing the material deformability. Con-
sidering that the α and β phases alternate in titanium alloys,
the deterioration of the deformability of the β phase limits the
deformation of the α phase. Therefore, obvious α lath features

Figure 15. Solid solution effects caused by the α and β phases in
the LAAM-built Ti–6Al–4V–xNi alloys (x = 0, 1.1, 1.7, 2.5 wt. %).

are observed in the fractured surfaces of the Ti–6Al–4V–1.7Ni
and Ti–6Al–4V–2.5Ni alloys as shown in figures 8(g) and (j).

In addition, it should also be noted that the Ti2Ni phase
forms in the LAAM-built Ti–6Al–4V–xNi alloys. However,
the VF of the Ti2Ni phase is very small since it cannot be
observed by SEM or detected by XRD. Furthermore, the yield
strength increment caused by Ti2Ni phase is very small (table
S4 in the supplementary materials) which verifies the low VF
of the Ti2Ni phase. Therefore, the formation of the Ti2Ni phase
does not have significantly effect on the decrease in elongation.

5. Conclusion

In this work, the Ti–6Al–4V–xNi alloys (x = 0, 1.1, 1.7,
2.5 wt.%) were successfully fabricated using LAAM techno-
logy. The effects of Ni additive on the microstructural char-
acteristics and mechanical properties of the deposited alloys
were investigated. The main conclusions can be drawn as
follows:

(a) Ni addition can significantly refine the prior-β grains and
promote the formation of equiaxed grains. The refinement
effect becomesmore pronouncedwith the addition ofmore
Ni. The MAL and aspect ratio reduce from over 1500 µm
and 7 in the LAAM-built Ti–6Al–4V to 97.7 µm and
1.46 in the LAAM-built Ti–6Al–4V–2.5Ni. The refine-
ment mechanism of Ni addition is caused by the enhanced
ability to generate constitutional undercooling, which is
due to the wider solidification range.

(b) Ni addition can also refine the α laths and induce the form-
ation of the globular α phase. As the Ni addition increases
from 0 to 2.5 wt. %, the MIL and aspect ratio of the α
laths decrease from 0.71 µm and 4.14 to 0.44 µm and
2.79, respectively. The globularization mechanism of Ni
addition is ascribed to the enhanced concentration gradient
caused by element redistribution in the LAAM process.

(c) The VF of the β phase increases with increasing Ni addi-
tion. The LAAM-built Ti–6Al–4V–2.5Ni alloy contains
20.3 vol.% of β phase, which is far higher than the LAAM-
built Ti–6Al–4V (9.7 vol.%). In addition, TEM results
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confirm that Ti2Ni precipitates are present in the LAAM-
built Ti–6Al–4V–xNi (x = 1.1, 1.7, 2.5 wt. %) alloys,
although it cannot be observed by SEM or detected by
XRD, indicating its low VF.

(d) Room-temperature tensile results show that the LAAM-
built Ti–6Al–4V alloy exhibits the lowest strength
(yield strength: 939.2 MPa, ultimate tensile strength:
1053.8 MPa) and highest elongation (17.6%), while
the LAAM-built Ti–6Al–4V–2.5Ni alloy demonstrates
the highest strength (yield strength: 1154.9 MPa, ulti-
mate tensile strength: 1227.6 MPa) and lowest elongation
(4.4%). A linear relationship between strength improve-
ment and elongation reduction with increasing Ni addition
is observed in this study.

(e) A modified strengthening model was applied to quantitat-
ively compute the yield strength. Four contributing factors,
including prior-β grains, refined α lath, solid solutes, and
Ti2Ni nanoparticles, were considered. Quantitative ana-
lysis demonstrates that the strengthening effects of both
the refinedα lath phase and solid solutes dominate the con-
tribution to overall yield strength of the LAAM-built Ti–
6Al–4V–xNi (x= 0, 1.1, 1.7, 2.5 wt.%) alloys. In addition,
a large amount of solid-solution Ni atoms in the β phase
deteriorate its deformability, resulting in the decrease of
the final elongation.
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