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We employed a water-soluble binder to form Ti-6Al-4V alloy through metal
injection molding and studied the effects of sintering (under Ar and various
vacuum conditions) on the microstructure and mechanical properties of the
material. The density was measured using the displacement method. The
microstructure and mechanical properties of the alloy were characterized
using optical microscopy, scanning electron microscopy, electron probe
microanalysis, transmission electron microscopy and a universal testing ma-
chine. The results indicate that sintering the Ti-6Al1-4V alloy under vacuum
improved relative density and mechanical properties more than under the Ar
environment. Furthermore, high-vacuum sintering significantly enhanced the
relative density and mechanical properties of the material. At < 1072 Pa
vacuum pressure, the material exhibited optimal relative density (97.6%),
tensile strength (1022.7 MPa) and elongation (6.4%). Also, the impurity con-
tents were 0.071%, 0.25% and 0.012% for carbon, oxygen and nitrogen,
respectively, which met the impurity content requirements of Ti-6A1-4V alloy.

INTRODUCTION

Ti-6Al-4V (also known as Ti64) is a medium-
strength o + f titanium alloy. It is perhaps the most
widely used industrial titanium alloy. It possesses
unique characteristics, such as high specific
strength, excellent ductility, heat resistance, bio-
compatibility and excellent corrosion resistance.'™
It is extensively applied in various fields, including
smart wearables, biomedical applications, trans-
portation and aerospace.*® Titanium’s spring-back
characteristics and relatively low thermal conduc-
tivity make it difficult to engineer and account for
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high processing costs associated with high material
wastage associated with conventional machined and
wrought products. For example, many aerospace
applications involve removing > 90% of the starting
material during processing.® To mitigate these
problems, the near-net-shaping (NNS) process [such
as metal injection molding (MIM)] has been suc-
cessfully used. In recent times, MIM has become an
advanced manufacturing method for low-cost pro-
duction of complex-shaped titanium and titanium
alloy components.”™

Moreover, metal injection molding involves mix-
ing metal powders with binders to form granular
feedstock followed by shaping the feedstock with an
injection molding machine and then obtaining the
desired products through debinding and sinter-

ing.1'"1* Nowadays, most researchers focus mainly
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on formulating binders in metal injection molding.
For instance, Wang et al.'® used a wax-based binder
composed of 60% PW, 35% LDPE, and 5% SA
homogenized with Ti-6Al-4V alloy powder for injec-
tion molding. While investigating its rheological
properties, the authors found that the feedstock
viscosity decreased with mixing time but increased
with higher powder loading. A group of researchers
from the University of Auckland'® developed a novel
ternary blend binder system consisting of 73% PEG,
20% PPC, 5% PMMA and 2% SA. Through capillary
rheometry, thermogravimetry, Fourier-transform
infrared spectroscopy and scanning electron micro-
scopy, among other testing methods, they demon-
strated that PMMA enhances the interaction
between PEG and PPC, providing excellent homo-
geneity and rheological properties to the feedstock.
In turn, a higher green strength of the compacted
parts was maintained. However, there is limited
research on sintering in metal injection molding.
While feedstock characteristics control final pro-
duct quality, sintering crucially determines the
product’s microstructure, mechanical properties
and physicochemical characteristics.'”'® Titanium
metal exhibits high reactivity, making it prone to
carbide, nitride and oxide formations at ~ 400°C.
These impure phases reduce the sintering densitg,
negatively affecting mechanical properties.'®=*
Therefore, titanium alloy sintering becomes crucial.
Ergul et al.?® sintered Ti-6Al1-4V alloy under vac-
uum at various temperatures and durations. They
found that sintering at 1270°C for 10 h resulted in
the highest density (99%), with 704 MPa strength
and 38.6 HRC hardness. Elsewhere, Limaberg
et al.?* studied the influence of the sintering
environment and duration on the tensile properties
and microstructure of Ti45AI5Nb0.2B0.2C alloy.
They found that when sintered under argon atmo-
sphere, the residual porosity of the samples
increased with increasing argon gas pressure, from
0.1% at a vacuum level (10 % Pa) to 1.1% (under
80 KPa argon protection). Likewise, Su et al.?’
investigated the influence of sintering temperature
and subsequent hot isostatic pressing (HIP) on the
microstructure and mechanical properties of Ti-6Al-
4V alloy. The authors reported that vacuum sinter-
ing of the alloy induced many pores in the speci-
mens. However, through subsequent hot isostatic
pressing (HIP), the number of pores decreased.
Among the HIP conditions, the fewest pores were
observed when sintered at 1000°C. Under these
conditions, the Ti-6Al-4V alloy formed a dense layer
(290 um thick), consisting of equiaxed grains with a
16 um average size and 88.9% high-angle grain
boundary fraction. This microstructure exhibited
outstanding mechanical properties, with tensile
strength of 1067 MPa and elongation of 17.5%.
Tieyuan Bian et al.?® prepared a high-oxygen-
content Ti-6Al-4V alloy using a wax-based binder.
The sintered samples contained needle-like o pre-
cipitates that severely reduced their ductility. Then,
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the samples were subjected to a rigorous heating
cycle. The results revealed that heating inhibited
the formation of needle-like o phases, increasing
their elongation from 1.0% to 3.2%. For the sinter-
ing of Ti-6Al-4V alloy, most studies have focused on
investigating the effects of sintering temperature
and different heating regimes on the microstructure
and properties. However, the impact of sintering
environments on the microstructure and mechani-
cal properties of injection-molded Ti-6Al-4V alloy
has been rarely studied.

Therefore, the current research investigated
metal injection molding (MIM) for preparing tita-
nium alloy samples and studied the effects of the
sintering environment on the microstructure and
mechanical properties of Ti-6Al-4V alloy materials.

EXPERIMENTAL SECTION

Shandong Lianhong New Material Technology Co.,
Ltd., supplied the gas-atomized Ti-6Al-4V powder
(D10 = 4.47 um, D50 = 7.92 yum, D90 = 27.7 um)
used in this study. The SEM morphology of Ti-6Al-
4V powder is shown in Fig. 1. The powder contains
0.0083% carbon (C), 0.095% oxygen (O) and 0.0065%
nitrogen (N). We prepared a 90 mm x 5 mm dog
bone-shaped tensile specimen via metal injection
molding, as shown in Fig. 2. The binder was composed
of polyethylene glycol, polymethyl methacrylate,
polyoxymethylene and stearic acid. The powder load-
ing capacity was 65 vol.%, injected using a molding
machine. To debind, the green body was first
immersed in distilled water at 40°C for 18 h. Then, it
was dried in an oven at 50°C for 6 h. Thermal
debinding was carried out at 500°C for 3 h using a
vacuum atmosphere tube furnace (SK-G08163, Zhon-
ghuan, Tianjin). Finally, the sample was heated at a
rate of 10°C/min to 1200°C and held for 2 h, before
cooling at 5°C/min to 700°C, and then allowed to cool to
room temperature in the furnace. The entire sintering
was conducted under Ar atmosphere, high vacuum
(< 102Pa) or ultra-high vacuum (< 1072 Pa)
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environment. Figure 3 shows the titanium alloy
injection molding process, while Fig. 4 represents
the sintering temperature curve for Ti-6Al-4V alloy.
Using the Archimedes method, a density balance
(MDJ-300S, LIHEN) measured the sintered sam-
ples’ density. The middle rod-shaped portion of the
sample was cut. The samples’ elemental impurity
content (such as O, N and C) was quantitated using
the fusion extraction method on Leco ON736 and CS
744 elemental analyzers. Two ends of the sample
were selected for microscopic structural analysis.
The samples were polished and etched using Kroll’s
reagent (2.5 vol.% HNOj3 + 1.5 vol.% HCl + 1 vol.%
HF + 95 vol.% H,0) after grinding. The microstruc-
ture and elemental distribution of the samples were
assessed using an optical microscope (OM,
ECLIPSE MAZ200, Nikon), scanning electron micro-
scope (SEM, VEGA3, TESCAN), transmission elec-
tron microscope (TEM, Tecnai G2 F20, FEI) and
electron probe microanalyzer (EPMA-1720H, SHI-
MADZU). TEM samples were prepared through ion
thinning with 5-kV ion beam voltage and 5° ion
beam incident angle. Selected area electron diffrac-
tion (SAED) in TEM determined the crystal struc-
ture of the chosen phase, and the composition

®Smm

90mm

Fig. 2. Geometry of the green specimen.

information of each phase was obtained through
energy-dispersive X-ray spectroscopy (EDX). Fur-
thermore, tensile tests were performed on the
sintered samples using a universal testing machine
(SHT4305, MTS) at a pulling rate of 1 mm/min. The
data for each set of tensile properties represent the
average of at least three samples.

RESULTS AND DISCUSSION

Elemental Impurity Content and Relative
Density

Table I lists the impurity (C, N, O) concentrations
and the relative densities of the samples under

59C/min to 1200°C
mimto Aold for 2h

*

1200

1000

10°C/min to 1000°C

[ee]

(=]

(=]
T

5°C/min to 500°C
Hold for 3h

k

1°C/min to 500°C

200 |
10°C/min to 250°C

X

0

Temperature (°C)
S [
(=) (=)
o (=)

100 200 300 400 500 600 700 800 900
Time (min)

Fig. 4. Sintering process curve for Ti-6Al-4V alloy.
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Table I. Impurity content and relative density of Ti-6Al-4V after sintering in argon and high vacuum

environments

Sintering Oxygen Nitrogen Carbon Densitay (g/ Relative density
atmosphere (mass%) (mass%) (mass%) cm®) (%)

Ar atmosphere 0.889 + 0.005 0.014 + 0.002 0.088 + 0.003  4.3103 £ 0.0022 97.3 £ 0.05

< 1072 Pa 0.360 + 0.005 0.014 + 0.002 0.068 + 0.003  4.3192 + 0.0022 97.5 + 0.05

< 1073 Pa 0.25 + 0.005 0.012 + 0.002 0.071 £+ 0.003  4.3237 + 0.0022 97.6 £ 0.05

(a)

= 50um f’ 50pm

Fig. 5. Microstructures of Ti-6Al-4V under various sintering environments: (a) Ar atmosphere 100x; (b) high vacuum (< 1072 Pa) 100x; (c) high
vacuum (< 1072 Pa) 100x; (d) Ar atmosphere 500x; (e) high vacuum (< 1072 Pa) 500x; (f) high vacuum (< 1072 Pa) 500x.

three sintering environments. Sintering under a
high vacuum lowered the impurity concentrations
more than under the Ar environment. As the
vacuum level was increased, the O content
decreased. Sintering under the Ar atmosphere
increased the C and O content to 0.088% and
0.889%, respectively. However, sintering under a
high vacuum (< 102 Pa) lowered the C and O
content to 0.071% and 0.25%, respectively. Com-
pared to sintering in the Ar atmosphere, vacuum-
environment sintering reduced the C and O content
by 19.3% and 71.9%, respectively. At the same
sintering temperature, high vacuum sintering
resulted in a higher relative density than in the
Ar environment. Ti-6Al-4V alloy, sintering under
< 1072 Pa achieved a 97.6% relative density,
whereas in Ar it reached 97.3%.

Microstructures

To further investigate the difference in relative
density between sintering in Ar and high vacuum
environments, the microstructure of Ti-6Al-4V alloy
was investigated under three sintering conditions
(Fig. 5). As Fig. 5 shows, all the samples exhibit
typical microstructures of Ti-6Al1-4V  alloy

irrespective of the sintering environment. The
microstructure consists of small amounts of
equiaxed o phase, intergranular § phase and lamel-
lar o phase.?

Moreover, the number of pores increased with Ar
atmosphere sintering than under the vacuum envi-
ronment. This observation agrees with the density
results. It could be attributed to the trapped resid-
ual Ar molecules in the pores during debinding.
These trapped molecules hinder the closure of pores
during sintering, forming numerous small pores. In
contrast, sintering in a vacuum environment can
remove gases within the pores and prevent the
influx of external gases, thereby promoting pore
shrinkage. From Fig. 5a, b, and ¢, we deduced that
the number of pores induced by high vacuum
sintering was significantly the lowest of the three
conditions. However, some pores were still formed.

Figure 6 displays SEM images of the three
sintered samples, showing the pore morphology.
Based on their appearance, the pore can be catego-
rized into irregular pores (the red regions) and
relatively regular pores (the yellow regions) in
Fig. 6.

Forming these pore types is attributed to the heat
distribution during sintering. Irregular pores were
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Fig. 6. SEM images of Ti-6Al-4V alloy under different sintering environments: (a) Ar atmosphere; (b) high vacuum (< 1072 Pa); (c) high vacuum

(< 1072 Pa) (Color figure online).

typically located at the sintering necks. In a densely
packed powder compact, localized contacts occurred
between the powder particles, forming sintering
necks. As the sintering progressed, a minute liquid
phase was generated in this region, rounding the
sintering necks. Due to the mutual diffusion of the
powder particles, some of the gas trapped on the
surface and in the gaps of the powder entered the
liquid phase. Under the influence of surface tension,
pores are formed, and they remain within the
sample during solidification.?® Irregular pores,
which are generally closed pores caused by exoge-
nous gases, cannot be easily eliminated through
deformation during processing. After undergoing
deformation under external forces, the pores were
distorted because of the compression of the sur-
rounding tissue. The inner surfaces of the deformed
pores could have undergone stress concentration,
leading to crack initiation, detrimental to the mate-
rial’s overall performance. This observation con-
firmed that when sintering in an Ar environment,
Ar or other gases trapped on the powder surface are
more likely to enter the liquid phase, ultimately
forming more pores during solidification.

On the other hand, the interior of the regular
pores was usually in a vacuum state. These pores
were primarily distributed in unfilled regions after
material shrinkage, formable at any part of the
sintered body. Since their interior was in a vacuum
state, the pores could be eliminated by deformation
during processing. During deformation, the pore
walls made contact with each other, underwent
mutual diffusion and bonded under external forces.
Their structure was similar to those of dense
materials, so they usually did not significantly
affect the material’s performance. This observation
also indicates that the relative density and mechan-
ical properties of the sintered samples were
improved through hot isostatic pressing, resulting
in denser materials with enhanced mechanical
performance.?®

Figure 7 characterizes the elemental distribution
of Ti-6Al-4V alloy under three sintering environ-
ments using EPMA. Figure 7a, b, and c¢ depicts

similar distributions of Al and V contents in Ti-6Al-
4V alloy after sintering in the three environments.
For the three samples, the sintering temperature
was set at 1200°C, surpassing the f-phase transi-
tion temperature. While slowly cooling the alloy, the
o phase continuously precipitated at the f grain
boundaries. Al and V are stabilizing elements for
the « and f phases, respectively. When the 8 phase
was transformed into the o phase, V was crucial for
the solid-solution strengthening of f-Ti, preventing
the complete transformation of the f phase into «
phase. At the same time, Al helped stabilize the o
phase in the titanium alloys. This observation is
consistent with Al and V content distributions
(Fig. 7a, b, and c) where Al and V were enriched
in the o« and f phases, respectively.

As shown in Fig. 7a, sintering in Ar reveals
enriched O and C within the microstructure, while
N is distributed haphazardly in the structure. In
contrast, sintering under high vacuum (Fig. 7b and
c) resulted in relatively lower C and O contents.
Also, under high vacuum, C exhibited partial
enrichment, but O was nearly absent. To further
investigate the presence and distribution of C and O
in the microstructure, a detailed analysis via TEM
was done.

Figure 8 shows the TEM images of the «-Ti and j-
Ti interfaces. The dark, striped regions in Fig. 8a
represent f(-Ti, while the remaining area corre-
sponds to o-Ti. Fourier transformation and diffrac-
tion spot calibration were performed on the high-
resolution morphology of the «-Ti and f-Ti inter-
faces (Fig. 8c). We observed that the following
orientation relationships existed between o-Ti and
p-Ti:

11 -2 —3Ja—Ti|[1 -1 -1]p
—Ti(-101 — 1)o— Ti[ (-1 —10) f—Ti

Upon observation, we found that the (— 101 — 1)
o-Ti crystal plane was nearly parallel to the (— 1
— 10) -Ti crystal plane. The interplanar spacing in
o-Tionthe (— 101 — 1)crystal plane was 2.091 nm,
while it was 2.263 nm in the -Ti on the (— 1 — 1 0)
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Fig. 7. EPMA images of elemental distribution in Ti-6Al-4V alloy under three sintering environments: (a) Ar atmosphere; (b) high vacuum
(< 1072 Pa); (c) high vacuum (< 1072 Pa).
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Fig. 8. Transmission electron microscope images: (a) distribution of -Ti in «-Ti; (b) «-Ti/$-Ti interface; (c) Fourier transform pattern of «-Ti/f-Ti

interface.

100nm

(-1010)

(-1101)

Fig. 9. Transmission electron microscope images: (a) distribution of TiC particles in «-Ti; (b) TiC/«-Ti interface; (c) Fourier transform pattern of
TiC/a-Ti interface; (d) distribution of TiO, in o-Ti; (e) high-resolution image of TiO, particle; (f) Fourier transform pattern of TiO, particle.

crystal plane. We calculated the mismatch between
these specific orientation relationships as 8.2%,
indicating the presence of a semi-coherent relation-
ship between o-Ti and f-Ti.

The TEM micrographs of the sintered sample in
an argon gas environment are shown in Fig. 9. They
reveal that «-Ti contains spherical particles and
black block-like features, respectively (Fig. 9a and
d). A high-resolution examination of the spherical
particles and black block-like features evidenced a
precipitate phase within the «-Ti matrix (Fig. 9b).
The Fourier transformation and diffraction spot
calibration performed on the high-resolution

morphology of the precipitate phase and its inter-
face with o-Ti (Figure 9c¢) confirmed the precipitate
phase as TiC. Furthermore, a high-resolution exam-
ination, Fourier transformation and diffraction spot
calibration in Fig. 9e identified the black block-like
features as the TiO5 phase (Fig. 9f).

Through TEM analysis, we observed that TiOg
was not present in the high vacuum condition
samples, whereas TiC particles were present in the
< 1073 Pa environment sample. This observation
could be attributed to the fact that in the Ar
atmosphere, some gas within the pores of the
sample could not be fully expelled through the
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flowing Ar, resulting in the residual oxygen in the
sample. The elevated oxygen content (0.889 wt.%)
resulted in a rapid reaction between oxygen and
titanium to generate titanium oxide at temperatures
> 600°C. In contrast, in a vacuum environment, it
is advantageous for eliminating residual gases
within the pores as well as reaction gas by-products,
resulting in a lower oxygen content (0.25 wt.%).
Oxygen reacts with Ti only at the surface (not likely
at the inner layer of the metal), forming a dense
oxide layer.?® Simultaneously, the lower oxygen
partial pressure contributed to reducing oxidation,
and TiO, was not detectable. At elevated tempera-
tures, carbon readily reacts with titanium to pro-
duce TiC. Due to the presence of binders in the
green specimen, organic compounds decompose
during the thermal debinding process, potentially
leaving some residual carbon unremoved in the
pores of the samples. Consequently, as the sintering
temperature rises, the reaction between carbon and

1200

3 Ar atmosphere
-2
1000 —— <107Pa
— <107Pa

800 b /

Tensile stress(MPa)

0 n 1 " 1 " 1 n 1 " 1 " 1 L
0 1 2 3 4 5 6 7

Tensile strain(%)

Fig. 10. Engineering stress-strain curves of Ti-6Al-4V alloy samples
obtained from tensile tests under three sintering environments.
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titanium occurs. However, the residual carbon
content is very low (0.071-0.088 wt.%), and we have
only detected TiC in the sample under a < 102 Pa
environment.

Mechanical Properties

The tensile properties of Ti-6Al-4V alloy under
the three sintering environments are shown in
Fig. 10. As the vacuum level was increased, the
material’s tensile strength and elongation
improved. Under Ar atmosphere, the tensile
strength was 798.5 MPa, with a 4.3% elongation
When the vacuum level reached < 102 Pa, the
material’s tensile strength and elongation were
1022.7 MPa and 6.4%, respectively. Compared to
sintering in Ar, the tensile strength and elongation
increased by 28.1% and 48.8%, respectively.

The inferior mechanical properties of the sintered
samples under the Ar environment could be attrib-
uted to their lower relative density and higher
porosity. When testing for tensile strength, stress
concentration regions were readily formed at the
pore edges, making it prone to crack initiation and
propagation, thereby significantly reducing the
alloy’s strength and fracture elongation.

Figure 11 indicates that the Ti-6Al-4V alloy
samples exhibited ductile fracture surfaces under
the three sintering environments. In the Ar envi-
ronment (Fig. 11a), the fracture surface displays
cleavage steps adjacent to the flat cleavage plane.
There were dimples, indicating localized plastic
deformation during the tensile test, which corre-
sponds to a quasi-cleavage fracture with relatively
poor plasticity, consistent with its mechanical prop-
erties. On the other hand, under high vacuum
conditions, the fracture surfaces of the samples
exhibit larger dimples, indicative of ductile fracture
with improved plasticity (Fig. 11b and c). Figure 11
also reveals voids on the fracture surfaces, regard-
less of the sintering environment, confirming that

4 AR

o

Fig. 11. SEM images of fracture surfaces of Ti-6Al-4V alloy under three sintering environments: (a) Ar atmosphere; (b) high vacuum

(< 1072 Pa); (c) high vacuum (< 1072 Pa).
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the overall relative density of all three samples
remained relatively low.

CONCLUSION

The following conclusions are derived from the
current study:

1. Ti-6Al-4V alloy sintered under various environ-
ments showed the highest relative density and
lowest impurity content under the high vacuum
(1073 Pa) environment, with a relative density
of 97.6% and impurity C and O contents of
0.071% and 0.25%, respectively.

2. By sintering under the Ar environment, TiC and
TiOy were formed in the microstructure, while
in the high vacuum (103 Pa) sintering environ-
ment, only TiC particles were found.

3. Sintering in the high vacuum (1072 Pa) envi-
ronment yielded the best mechanical properties
for Ti-6Al-4V alloy, with a 1022.7 MPa tensile
strength and a 6.4% elongation, whereas in the
Ar atmosphere, the values were only 798.5 MPa
and 4.3%.
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