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of Ti—12Ni1 alloy fabricated by laser powder bed fusion
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Abstract: The microstructural evolution, mechanical properties, and corrosion behavior of Ti—12Ni (wt.%) specimens
produced by laser powder bed fusion (LPBF) using various volume energy density (VED) processing parameter values
were investigated. The results showed that the alloy prepared at a low VED of 67 J/mm? consisted of near-f grains. At a
VED of 133 J/mm?, the alloy exhibited coarse primary Ti;Ni and fine eutectoid structure. This eutectoid structure
consisted of « laths and two types of nanoscale Ti,Ni, one in the form of short rods and the other with a spherical
morphology. Further increase of the VED to 267 J/mm?® led to coarsening of the eutectoid structure. The dispersed TiNi
nanoparticles exhibited a significant strengthening effect. The alloy produced at a VED of 133 J/mm? showed the
greatest strength with a nanohardness of (7.8+0.1) GPa and a compressive strength of (1777+27) MPa. However, the
presence of Ni segregation and holes produced by the LPBF processing adversely affected the corrosion resistance of
the alloy.

Key words: Ti—12Ni alloy; laser powder bed fusion; microstructural evolution; mechanical properties; corrosion
resistance

fusion (LPBF), an additive manufacturing (AM)
method, has developed rapidly and become quite
mature [5]. It is an advanced manufacturing

1 Introduction

Titanium alloys are good candidates for
applications in the biomedical, aerospace, and
automotive fields due to their high specific
strength, excellent biocompatibility, and corrosion
resistance [1]. Traditional methods for preparing
titanium alloys include casting, forging, and powder
metallurgy, which are time consuming and can only
produce relatively simple structural parts [2.,3].
Unfortunately, the high cost and poor machinability
seriously limit the engineering applications of
titanium alloys [4,5]. Recently, laser powder bed

technology that uses computer-aided methods for
rapid prototyping, which overcomes the limitations
of conventional tools and dies. In LPBF processing,
fluid metal powders are melted and stacked
layer-by-layer to form parts [6]. It can be used to
manufacture products with complex structures, and
stimulate new ways for the development and
manufacture of titanium alloys [7]. Several titanium
alloys have been processed by LPBF, including
Ti—6A1-4V, Ti—24Nb—4Zr—8Sn and Ti—6Al-2V—
1.5Mo—0.5Zr—0.3Si [8—10].
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For AM titanium alloys, the microstructure is
typically composed of coarse columnar dendrites
containing solidification defects and exhibiting
anisotropic mechanical properties [5,11]. Therefore,
the columnar-to-equiaxed transition (CET) is
considered an important problem to be investigated
in such alloys [12]. In recent years, many efforts
have been made to refine the grains of titanium
alloys [13,14]. By adding La,Os particles as grain
refiners to promote heterogeneous nucleation,
CHEN et al [15] achieved significant refinement of
the prior f grains. ZHANG et al [16] used laser
metal deposition (LMD) to make a Ti—Cu alloy
with fully-equiaxed S grains and an ultra-fine
eutectoid structure by mixing it with different
amounts of copper. A large growth restriction factor
0O (=co'On) (co is the solubility in £ titanium; O
is the normalized Q wvalue) and rapid diffusion
in titanium of eutectoid-forming elements are
anticipated to generate a very fine eutectoid
microstructure. Nickel is a typical eutectoid-
forming element in titanium. It has a maximum
solubility of 12.5 wt.% in § titanium, and a value of
On of 143 K, which is higher than that of Cu
(6.5K) [17]. As a result, the maximum growth
limiting factor QOmax=Cmax'On=178.8 K (cmax 1s the
maximum solubility in g titanium). XIONG
et al [18] used LPBF to prepare Ti—Ni alloys with
Ni contents of 3, 1.6, and 0.4 wt.%, and found the
beneficial effect of Ni on the grain refinement and
strengthening of additively manufactured titanium
alloys. Recently, XUE et al [19] added 3 wt.% Ni
for direct energy deposition (DED) of Ti—6Al-4V,
and obtained fine, equiaxed prior-f grains.
NARAYANA et al [20] added 5 wt.% Ni to Ti and
prepared a Ti—5Ni alloy by DED, which had
excellent mechanical properties.

According to the conventional view, the
addition of Ni will result in the formation of the
brittle intermediate phase TiNi, which will likely
have a detrimental effect on the properties of a
titanium alloy [18]. Nevertheless, recent studies
have indicated that Ti.Ni may also exert a beneficial
influence. LI et al [21] reported that a reduction in
TizNi resulted in a decline in the load-bearing
capacity of TiNi-based structural parts. LU et al [22]
found that the precipitation of nano-scale spherical
TizNi could enhance the tensile strength and shape
memory properties of TiNi alloys. Using inter-
metallic phases to achieve the optimum balance of

properties is an issue worth investigating for Ti—Ni
alloys. When the Ni content exceeds 10 wt.%, both
a coarse TiNi phase and a lamellar mixture of a-Ti
and Ti;Ni are present in the Ti—Ni alloy [23]. In
order to investigate the impact of various forms of
TixNi on additive manufacturing of Ti—Ni alloys,
Ti—12Ni (wt.%) was selected for research.

Multiple parameters control LPBF processing
[24,25]. Current best practices use an empirical
metric known as the volumetric energy density
(VED), which is the energy per unit volume
supplied to the powder bed and is closely linked
to process performance. The VED is defined as
follows:

VED=P/(vth) (1)

where P, v, t, and / are the laser power, the
scanning speed, the layer thickness, and the hatch
spacing, respectively [26,27]. Previous studies
showed that the VED significantly impacted the
precipitation behavior of the intermediate phase
in Ti—Ni alloys produced via LPBF. LU et al [28]
observed that a TiNi shape memory alloy produced
by LPBF was more conducive to the precipitation
of nanoscale Ti:Ni at a relatively low energy
density than conventionally produced alloys. GU
et al [29] demonstrated that the NisTi; phase
precipitated from LPBF-produced NiTi-based
composites, resulting in a nanostructure at a
relatively low VED. As the VED increased, the
NisTi3; phase became coarser. Thus, VED is an
effective factor that regulates the morphologies of
Ti—Ni alloys prepared by LPBF.

In this work, Ti—12Ni specimens were
prepared by LPBF at various laser powers and
scanning speeds. The effects of different VEDs
on the formability, phase composition, and
microstructural evolution were investigated. The
relationship between the microstructure and
properties, including the nanoindentation behavior
and corrosion properties of the specimens, was
analyzed and discussed in detail.

2 Experimental

A blended powder mixture of Ti—12Ni was
prepared by mixing high-purity (>99.9%) titanium
and nickel powders at a mass ratio of 88:12 in a
cylindrical tube rotated at 80 r/min for 12 h (see
Figs. 1(a, b)). The particle size distribution is shown
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Fig. 1 (a, b) Secondary electron images showing Ti—12Ni powder morphology and corresponding EDS maps;
(c) Powder particle size distribution; (d) Schematic of LPBF process; () Schematic of scanning strategy

in Fig. 1(c): D«(10)=21.2 um, Dy(50)=36.2 pm, and
Dy(90)=57.4 um. To fabricate specimens, a Farsoon
FS 121 LPBF machine outfitted with a 500 W,
60 um spot fiber laser was used. The 4 and ¢ were
held at 80 and 30 um, respectively. Different
processing parameters were achieved by varying the
v (500—1000 mm/s) and P (160—320 W). Specimens
were produced at VEDs of 67-267 J/mm?. The
oxygen level in the printing chamber was
maintained to be less than 0.01% (mass fraction)
via introducing high-purity argon gas. The scanning
direction was rotated 67° between layers. Figure 1(d)
depicts a schematic of the LPBF process, and
Fig. 1(e) illustrates the scanning strategy employed.

X-ray diffraction (XRD) using Cu K, radiation
was employed to identify the phases present. The
diffraction angle (26) spanned from 20° to 90°, in
steps of 0.02°. The specimens underwent grinding,
polishing, and then etching with Kroll’s reagent
(5 vol.% HF, 15 vol.% HNO; and 80 vol.% H,0)
for 15s. The segregation behavior of the as-built
specimens was characterized using an electron
probe micro-analyzer (EPMA, JXA—8230, JOEL).
The microstructures were observed using an FEI
Quanta FEG250 scanning electron microscope
(SEM) operated at 18 kV, which is equipped with
X-ray energy dispersive spectroscopy (EDS) and
electron backscatter diffraction (EBSD) detectors.
Before conducting EBSD acquisition, ion polishing
was carried out to alleviate stresses and ensure a

polished specimen surface. EBSD examinations
were performed at an operating voltage of 18 kV
and a step size of 0.035 um. The EBSD data were
analyzed using AZtecCrystal software. To obtain
detailed microstructural information, specimens
were extracted from specific regions and analyzed
using an FEI Talos F200X transmission electron
microscope (TEM) operated at 300 kV. Thin slices
were first ground to ~50 pm in thickness and then
twin-jet electropolished using a solution consisting
of 60vol.% methanol, 35vol.% butanol, and
5 vol.% perchloric acid at —20 °C and 30 V.

The Archimedes method was used to evaluate
the density of specimens. A GSM nano-indenter
was used to perform nanoindentation tests with a
maximum indentation load of 30 mN and a duration
of 15 s. Compression tests were conducted using an
Instron—8802 machine at an initial strain rate of
1x1073s7!. Cylindrical specimens with a diameter of
4 mm and a height of 6 mm were cut parallel to the
BD direction. A CS electrochemical workstation
was used for electrochemical measurements, which
had a three-electrode cell consisting of a saturated
glycerol electrode (SCE) as the reference electrode,
test specimens as the working electrode, and a
platinum sheet as the counter electrode. The
measurements were carried out in 3.5 wt.% NaCl
solutions at room temperature. Before testing,
specimens were ground and polished following
standard procedures, then cleaned using deionized
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water and ethanol under ultrasonic conditions, and
finally dried in air. The system was on standby for
30 min before each measurement. The open circuit
potential (OCP) was measured, followed by
potentiodynamic polarization testing. Polarization
curves were collected in the potential range from
—0.5 to 2.5V relative to the OCP (vs SCE) at a
scanning rate of 1 mV/s.

3 Results

3.1 Formability

Figure 2(a) shows the densities of the Ti—12Ni
specimens formed by LPBF under different
processing conditions. In the processing range used,
the density of specimens tended to decrease with
increasing VED. This stands in stark contrast to
other reports of increased density with increasing
laser energy density [26,30,31]. The reason for this
difference is that under a high VED, nickel, which
has a lower melting point than titanium, volatilizes,
resulting in an increase in holes and a decrease in
density. Figures 2(b—d) show secondary electron
images of the Ti—12Ni alloy printed at VEDs of
67, 133, and 267 J/mm?, respectively, which are
indicated by the purplish triangles in Fig. 2(a). It is
evident that several roughly circular holes, whose
diameter can reach about 50 um, are present in the
specimen produced at a VED of 267 J/mm?.

3.2 Phase constitution

Figure 3 presents XRD patterns of LPBF-
produced Ti—12Ni specimens at VEDs from 67 to
267 J/mm?®. The specimen produced at a VED of

3737

67 J/mm? consisted of B-Ti, a-Ti, and Ti;Ni phases,
with the (110) diffraction peak of f-Ti exhibiting a
great intensity. This suggests that a considerable
quantity of f phase was retained at room
temperature under the high cooling rate of LPBF.
The other specimens consisted solely of the a-Ti
and Ti;Ni phases. The (2110) diffraction peak of
o-Ti exhibited the greatest intensity, indicating that
the specimen matrix was o-Ti. As the VED
increased, the diffraction peaks corresponding to
o-Ti and Ti;Ni increased in intensity. This is
probably due to a reduction in dislocation density,
which occurs when the powders are fully melted,
resulting in a large grain size. Three specimens
produced at VEDs of 67, 133, and 267 J/mm? were
selected for further detailed investigations and
denoted S1, S2, and S3, respectively.

3.3 Microstructural characteristics

In order to show the compositional segregation
of the specimens under different VED conditions,
the elemental distribution was analyzed using an
electron probe microanalyzer (EPMA). As shown in
Fig. 4, the elemental distribution became more
homogeneous with increasing VED. Figure 5 shows
the microstructure of Specimen S1. Obvious
elemental segregation existed in the specimen, as
shown in the backscattered electron (BSE) image in
Fig. 5(a). Since the relative atomic mass of Ni is
larger than that of Ti, the bright region indicated by
blue arrows is Ni-rich, and the gray region indicated
by yellow arrows is Ti-rich. Dendritic TiNi was
distributed in the matrix, especially in the Ni-rich
region. Figure 5(b) shows globular Ti;Ni in more

a
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Fig. 2 (a) Density of LPBF-produced Ti—12Ni specimens under different processing parameters; (b—d) Secondary

electron images of specimens produced at VEDs of 67, 133 and 267 J/mm?, respectively
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Fig.3 XRD patterns of LPBF-produced Ti—12Ni
specimens at different VEDs

detail. The EBSD results show that the f phase
content is 93.9%, while the o phase and Ti,Ni
contents are 2% and 4.1%, respectively. This
corresponds to the XRD results described above.
The average grain size of the § phase was 20.4 um.

The microstructure of Specimen S2 consisted
of TiNi dendrites (indicated by blue arrows)
interspersed in the matrix with globular Ti,Ni
(indicated by red arrows) dispersed in the inter-
dendritic region, as shown in Figs. 6(a,b). The
matrix was a lath eutectoid structure (indicated by

VED=67 J/mm?

MR Ni Conc Area/%
b g 24 8-;
18.77 0-
! 1510 08

Fig. 4 EPMA elemental distribution maps of different specimens: (a) S1; (b) S2; (c) S3

VED=133 J/mm?

the yellow arrows), exhibiting a feather-like
distribution, as shown in Fig. 6(b). Compared with
Specimen S1, there was less Ni segregation. The
EBSD imaging results showed that the average
grain size of the o phase was 0.5 pum. The 8 phase
was completely transformed, and the o phase and
Ti:Ni contents were 75.2% and 24.5%, respectively.

TEM was used to further clarify details of the
microstructure. As shown in Figs. 7(a, b), the
pro-eutectoid TixNi precipitated mostly at the prior
S phase grain boundaries with a small amount
inside the f grains (indicated by purple arrows).
The o laths (indicated by yellow arrows) were
staggered with an average spacing of ~250 nm. The
corresponding Ti and Ni EDS maps indicated the
enriched Ni regions. Figure 7(c) shows the
eutectoid structure. Globular Ti;Ni (indicated by red
arrows) was dispersed in the a laths, with an
average size of ~150 nm. In addition, finer, short
rod-like Ti,Ni (indicated by blue arrows) with a
radial size of about 50 nm was mostly located at the
boundaries of the a laths. Figure 7(d) shows the
pro-eutectoid TixNi in detail, and Fig. 7(e) shows
a selected area electron diffraction (SAED)
pattern from the red-circled region in Fig. 7(d). This

VED=267 J/mm?
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Fig. 5 BSE images (a, b), band contrast and phase map (c), and grain size distribution of § phase from EBSD results (d)
for Specimen S1
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Fig. 6 BSE images (a, b), band contrast and phase map (c), and grain size distribution of o phase from EBSD results (d)
for Specimen S2
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Fig. 7 TEM analysis of Specimen S2: (a, b) BF images showing overall morphologies and corresponding EDS maps of

Ti and Ni; (c) BF image showing eutectoid structure; (d) High-magnification BF image showing pro-eutectoid Ti>Ni;

(e) SAED pattern of red-circled region in (d); (f, g, i) High-magnification BF images of two types of TioNi precipitates

and EDS point analysis results; (h) HRTEM image from purple dot in (g)

matches that of the intermetallic compound Ti;Ni
viewed along [011]. The compositional analysis
results of the two types of eutectoid Ti,Ni shown in
Figs. 7(f, g) are summarized in Fig. 7(i). The results
show that there was little Ni in the o matrix (P2 and
P3). Both types of precipitate deviated from the
stoichiometric Ti>Ni composition and appeared to
be Ti-rich. Compared with the globular precipitates
(P1), the short rod-like precipitates (P4, P5, and P6)
had a higher titanium content. The atomic-scale
HRTEM image at the interface between short
rod-like Ti;Ni and the matrix o-Ti is depicted in
Fig. 7(h). Enlarged views of the area enclosed by

the red and yellow boxes are placed on the right. By
measuring the distance between the crystal faces,
the (511) plane of the Ti,Ni and the (1011) plane
of the o-Ti can be distinguished.

Figures 8(a, b) show the microstructure of
Specimen S3. This had a network of pro-eutectoid
Ti;Ni (indicated by blue arrows) along the prior
S phase grain boundaries. In addition, globular
TixNi particles were also present inside the primary
[ phase, as indicated by the red arrow. Several
fine a phase laths were staggered within the region
delineated by pro-eutectoid Ti,Ni, as indicated by
the yellow arrows. This is the result of the eutectoid
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Fig. 8 BSE images (a, b), band contrast and phase map (c), and grain size distribution of a phase from EBSD results (d)

for Specimen S3

transformation fS—oa+Ti,Ni. Figures 8(c, d) show
EBSD results. The phase maps further clarify the
distribution of the phases, which is consistent with
that depicted by the BSE images. The a phase and
TizNi contents were 69.2% and 30.5% respectively.
The average grain size of the @ phase was 2.1 yum.

3.4 Mechanical properties

As noted earlier, the Ti—12Ni alloy produced
by LPBF suffers from elemental segregation,
especially at lower VEDs, which may impact its
mechanical properties. Nanoindentation tests were
performed on the matrix and Ni-rich regions of
Specimens S1, S2, and S3. Figure 9(a) shows
a representative set of nanoindentation load—
displacement curves, and Figs. 9(b, ¢) show images
of the nanoindentation locations for the matrix
and Ni-rich regions. The nanohardness is inversely
related to the depth of the indentation. The
nanohardness (/) and elastic modulus (F) obtained
from the nanoindentation test are presented in
Figs. 9(d, e). Specimen S2 had the highest matrix
nanohardness value among the three specimens,

followed by Specimen S3. The nanohardness values
of the S1, S2 and S3 substrates were (3.2+0.5),
(7.84£0.1), and (3.7+0.5) GPa, respectively. The
nanohardness of the Ni-rich region of Specimen S1
was (6.7+0.4) GPa, which was much higher than
that of the matrix. In contrast, the Ni-rich region in
Specimen S2 had a nanohardness of (5.440.3) GPa,
which was lower than that of the matrix. The
Ni-rich region in Specimen S3 had a nanohardness
of (3.6+£0.1) GPa, which was quite close to that of
the matrix. The elastic modulus corresponding to
each point was consistent with the nanohardness
value. Higher hardness materials typically exhibited
large elastic moduli, which indicated they were
difficult to deform under steady strain.

To assess the impact of the VED on the
mechanical properties of the printed Ti—12Ni alloy,
compression tests were performed. The results are
shown in Fig. 10. Except for the results between 88
and 100 J/mm?®, the alloy’s compression properties
show a trend of improving and then worsening with
increasing VED. The maximum fracture strength of
(1777+27) MPa was obtained at a VED of 133 J/mm?
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Fig. 10 Compressive true stress—strain curves (a) and fracture strengths (b) of LPBF-produced Ti—12Ni specimens at

various VEDs

(Specimen S2). Notably, the specimens produced at
VEDs of 133 and 178 J/mm® showed clear yielding
and work hardening. All other specimens showed
fractures before any plastic flow.

3.5 Potentiodynamic polarization characteristics
The potentiodynamic polarization curves of
the Ti—12Ni specimens fabricated by LPBF in

3.5 wt.% NaCl solution under various VEDs are
shown in Fig. 11. All specimens show typical
polarization curves. As the potential increased in
the first stage following anodic polarization, the
current density rose. The second stage involved the
formation of a protective passive layer on the
surface of the specimens, which demonstrated
stable passive behavior. The passive layer was
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progressively dissolved in the third stage due to
the high potential, and the fresh surface of the
specimens was exposed to the solution again. Thus,
the current density (J) continued to increase. Tafel
slope extrapolation was used to calculate the
corrosion potential (@corr) and corrosion current
density (Jeor) from the polarization curves, as
shown in Table 1. The results show that the
corrosion potentials of Specimens S1, S2, and S3
were (—0.2540.05), (—0.29+0.06), and (—0.30+0.02) V,
respectively, and the corrosion current densities
were (4.55+1.3), (48.3949.7), and (17.54+2.4)
nA/cm?, respectively.

2.5

20F

1.5F

Potential (vs SCE)/V
=

1

=12 -10 -8 -6 -4 -2

lg[J/(A+cm™)]
Fig. 11 Potentiodynamic polarization curves of LPBF-
produced Ti—12Ni specimens in 3.5 wt.% NaCl solution

Table 1 Corrosion parameters obtained from potentio-
dynamic polarization curves

Specimen @corr (vs SCE)/V Jeor/(NA-cm?)
S1 -0.25+0.05 4.55+1.3
S2 -0.29+0.06 48.39+9.7
S3 —0.30+0.02 17.54+£2.4

The lowest corrosion current density occurred
for Specimen S1, indicating that it had the best
corrosion resistance [32]. Figure 12 presents the
surface morphologies and corresponding EDS maps
of the LPBF-produced Ti—12Ni under different
VEDs after potentiodynamic polarization. Obvious
corrosion traces were found in all specimens. Deep
and wide pits appeared on the surface of Specimens
S1 and S2, which were obvious corrosion pits. As
can be seen from the EDS maps, pitting corrosion
mainly occurred in the Ni-rich regions. However,
the corrosion of Specimen S3 occurred in the holes
formed during the LPBF processing.

4 Discussion

4.1 Microstructural evolution

Generally speaking, the quality of the formed
part during LPBF processing depends on whether
the laser is powerful enough to melt the powder
[33]. A liquid molten pool will be produced when
the powder is melted by the laser beam. In the
molten pool, a surface tension gradient known as
the Marango mudflow is caused by a temperature
gradient produced by fast solidification [11]. A
suitable VED increases the molten pool while also
speeding up the diffusion of Ni and Ti due to the
convection in the solution. Ni is not well suited for
high VED printing [26,34]. Under the tremendous
pressure of metal vaporization, the molten pool
collapses, and pores are trapped at the bottom [31].
Although a high VED can prevent elemental
segregation, it can cause pores to develop [35].
Thus, the trade-off between adjusting the VED to
achieve adequate bonding and preventing molding
defects must be considered.

Based on the observed microstructures under
different VED conditions, it appears that the
eutectoid-forming element Ni can refine the
microstructure of LPBF-produced titanium alloys,
which is also in line with the results reported in the
literature [18—20]. Surprisingly, the microstructure
of the Ti—12Ni alloy produced at a low VED
(67 J/mm?) shows a significant difference compared
to that of specimens at higher VED, as evidenced
by its retention of the vast majority of the § phase at
room temperature. It is well known that the micro-
structural evolution behavior during continuous
cooling is controlled by the cooling rate [36]. The
observed microstructures under different VEDs
can be rationalized according to the Ti—Ni binary
phase diagram (Fig. 13(a)) and a schematic of
the continuous cooling transformation (CCT)
(Fig. 13(b)). During LPBF processing, the cooling
rate decreases as the VED increases. Specimens S1,
S2, and S3 correspond to cooling rates of vi, v2, and
v3, respectively, in Fig. 13(b), where vi>v>>vs.
Specimen S1 with a low VED possesses an
ultra-high cooling rate corresponding to v; such
that it does not intersect with the nose of the CCT
diagram. In addition, Ni is a strong f-stabilizing
element, which is capable of significantly lowering
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25 pum

Fig. 12 BSE images showing surface morphologies after polarization testing and corresponding EDS maps of LPBF-

produced Ti—12Ni specimens: (a) S1; (b) S2; (¢) S3

the temperature of the f—a+Ti:Ni transformation
[18]. Therefore, the £ phase is retained too long for
the transformation to occur.

The submicron eutectoid structure of
Specimen S2 is expected. Elements such as Ni, Cu,
Fe, Si, and B are used to refine the structure
of additively-manufactured titanium alloys because
of their high growth limiting factor Q wvalues
[16,17,37]. The high O value indicates that Ni
possesses the potential to refine the prior § grains.
Because Ni diffuses rapidly in titanium, the
eutectoid reaction occurs at the high cooling rate of
the LPBF processing. During continuous cooling,
Specimen S2 first undergoes the pro-eutectoid

transformation of S—f+TixNi, followed by the
rapid eutectoid transformation of f—oa+TioNi, as
represented by v, in Fig. 13(b) [38,39]. The
pro-eutectoid TiNi is mostly generated from the
parent [ grain boundaries, and retains the
morphology of the prior f phases [40]. Some
globular pro-eutectoid Ti;Ni is also deposited
within the f grains. The eutectoid microstructure
consists of a laths and fine Ti>Ni, which fill the
remaining space in the S grains, as shown in
Figs. 7(a, b). Figure 13(c) illustrates the typical
phase transformation process. It has been reported
that the eutectoid structure of Ti—Ni alloys prepared
by casting and powder metallurgy exhibits a mixture
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Fig. 13 (a) Part of Ti—Ni phase diagram indicating composition (12 wt.% Ni) selected for laser powder bed fusion;

(b) Schematic of continuous cooling transformation (CCT) based on microstructures under different VEDs;

(c) Schematic of microstructural evolution at cooling rates of v, and vs

of lamellar a-Ti and Ti;Ni [23]. However, Ti:Ni
generated by the eutectoid reaction in Specimen S2
exhibits a nonlamellar nature. In addition, it is clear
from the TEM—EDS results that the Ni content
of the precipitated phase was significantly lower
than 33 at.%, especially in the short rod-shaped
precipitates (Fig. 7(g)) located at the a Ilath
boundaries. These observations suggest that under
the high cooling rates of LPBF processing, short-
range diffusion still takes place, allowing Ni to
separate from the titanium matrix to form Ti>Ni. As
a result, the composition of Ti;Ni deviates from its
equilibrium condition. Subsequently, the cyclic heat
treatment and even remelting process cause the
short rod-like Ti,Ni to grow and spheroidize, thus
forming globular Ti;Ni (Fig. 7(f)) in a laths. As a
result of adequate diffusion, the Ni content in
globular Ti;Ni is more closely aligned with the
equilibrium state.

The phase transformation path experienced by
Specimen S3 is shown as v; in Fig. 13(b). It is
similar to Specimen S2. The pro-eutectoid product
TioNi decorates the prior f grain boundaries and

connects with each other in a network. At high
VEDs, it has the most time to undergo various
reactions and for elemental partitioning to occur. In
addition, its in-situ heat treatment produces a larger
heat affected zone and higher temperatures. The
eutectoid structure has longer time to grow. Thus,
its eutectoid microstructure is clearly seen in BSE
images [41]. However, the slower cooling rate leads
to an increase in the average grain size compared to
Specimen S2.

4.2 Mechanical properties

As mentioned above, the morphologies of
LPBF-produced Ti—12Ni alloys under different
VEDs are significantly different. The micro-
structures of specimens prepared at the same VED
are also different due to elemental segregation.
Nanoindentation test can be used to measure
micromechanical behavior. Differences in nano-
hardness are caused by different microstructures. In
titanium alloys, the hardness of the a phase is
greater than that of the S phase due to different

crystal structures [42]. Thus, the lowest
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nanohardness was found for the matrix in Specimen
S1. However, the nanohardness of Specimen S2
was higher than that of Specimen S3, which was
due to the coarsening of the microstructure under
the action of the high VED in Specimen S3. For
Specimen S1, the matrix consisted of coarse f
phase grains, while the Ni-rich regions had fine
grains reinforced by Ti:Ni, as shown in Fig. 5(c).
As a result, the Ni-rich region had a higher
nanohardness than the matrix. In contrast, in
Specimen S2, the matrix was a fine eutectoid
structure with nano-sized Ti-rich Ti;Ni grains
diffusely distributed in the a laths. When subjected
to indentation loading, dislocation nucleation and
strain transfer occur near the grain boundaries, and
the dispersed particles tend to resist the dislocation
motion exerted by the indentation, thus producing a
high hardness and a high elastic modulus [43]. The
deformation between the coarse Ti:Ni and the
matrix in the Ni-rich regions was not synchronized.
The resulting stress concentrations led to premature
cracking, thus resulting in a lower nanohardness
[23]. It can be seen that although Ti,Ni, as a hard
intermediate phase, can strengthen titanium alloys,
its morphology and distribution have a crucial
impact.

The compressive properties of LPBF-produced
Ti—12Ni alloy are mainly related to the following
two features. On the one hand, with increasing the
VED, elemental segregation decreases. The coarse
TixNi formed at Ni segregation is susceptible to
generating stress concentrations at the interface
with the matrix during the compression process.
The initiation and rapid propagation of cracks lead
to the premature failure of the specimen. In addition,
the weak links caused by insufficient bonding
are greatly reduced, thus the force transfer and
deformation are enhanced [44]. However, the
porosity formed by a high VED can be a fatal flaw
during mechanical testing. Specimen S2 prepared
under a medium VED possesses a balanced forming
quality. On the other hand, the strength of polycrystals
(om) increases with grain refinement [45]. The
Hall—Petch relationship is as follows [46]:

Om=00tknd ' (2)

where oy is the lattice resistance, km represents the
grain boundary resistance to slip transfer, and d is
the grain size. As mentioned above, Specimen S2
has small grain size and dispersed nanoscale Ti>Ni.

During the compressive deformation process,
dislocations are formed within the o grains and held
in place by grain boundaries and diffused TixNi,
thus improving the strength [28,47]. Furthermore,
the nanoscale Ti;Ni can effectively alleviate stress
concentration, allowing the plastic flow to proceed
[22]. As the stress is further intensified, microcracks
are formed gradually. The dispersion of nano-Ti,Ni
results in the deflection of microcrack propagation,
thereby delaying the failure of the specimen [48].
Combining these effects, it is not surprising that
Specimen S2 possesses the best compressive
performance.

4.3 Corrosion properties

The corrosion properties of titanium alloys
are determined by the phases present and the
microstructure. The segregation of Ni promotes the
local growth in the S phase. Different volume
fractions of the f phase result in different
electrochemical activity [49]. As the oxide film that
forms on the f phase is more stable than that on the
a phase, it has been demonstrated that the § phase
plays a significant role in enhancing the corrosion
resistance of titanium alloys [50]. Specimen S1
possesses the best corrosion resistance since it has a
S phase content of up to 93.9%. The passive coating
on the surface of titanium alloys is attacked by CI,
leading to pitting corrosion [51]. Because titanium
has a greater —AG value than nickel, when Ti—Ni
alloys are corroded, nickel tends to form Ni(OH),
and titanium tends to form dense TiO,. In addition,
the Ti,Ni phase is a high-energy zone with a more
negative electric potential relative to the titanium
matrix. This heterogeneous structure has been
proven to be preferentially corroded [32,52]. The
corrosion mechanism can be explained as the
establishment of a corrosion microcell on the
electrode surface between the TioNi and the
titanium matrix. Therefore, significant corrosion
occurs in the Ni-rich regions. This is consistent with
the EDS maps (Figs. 12(a, b)) of the specimen
surface after corrosion. Furthermore, at a potential
of ~0.6V, two small plateaus occur on the
polarization curves of Specimens S1 and S2, where
the current density increases rapidly, indicating the
occurrence of pitting corrosion. The distribution of
titanium and nickel is also an important factor
affecting the stability of the passive film [11,32]. A
uniform distribution avoids electrical interaction



Kai HUANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3734-3750 3747

and facilitates a high quality TiO oxide film on the
surface of the specimen, thus, producing better
corrosion resistance. Specimen S3 had the most
homogeneous elemental distribution and therefore
produced a passive film with better corrosion
resistance than Specimen S2, which had similar
phases present. However, it had more holes, and the
corrosion mainly occurred in the holes.

5 Conclusions

(1) As the VED was increased from 67 to
267 J/mm?, greater porosity occurred, which led to
a decrease in the density, but the segregation of Ni
elements was reduced. At a low VED (Specimen
S1), a titanium alloy with a nearly f-phase structure
was produced. At higher VEDs (Specimens S2 and
S3), the microstructures were mostly pro-eutectoid
TixNi and a fine eutectoid structure (a+TioNi).

(2) Specimen S2 (133 J/mm?) matrix exhibited
the highest nanohardness and elastic modulus,
which indicated that small, dispersed Ti>Ni particles
in the eutectoid structure strengthened titanium
alloys more greatly than coarse pro-eutectoid TizNi.
Specimen S2 showed the best compressive properties
with a fracture strength of (1777+27) MPa, due to
its easy-forming quality, fine grains and the
strengthening effect of nanoscale Ti>Ni.

(3) Specimen S1 with a near f-phase structure
had the best corrosion resistance, with a corrosion
potential of (—0.25+0.05)V and a corrosion
current density of (4.55+1.3) nA/cm?, respectively.
Specimens S1 and S2 showed corrosion pitting
in their Ni-rich regions, whereas corrosion in
Specimen S3 occurred mainly in the holes formed
during processing.
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