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Abstract: Titanium and titanium alloys exhibit low density, high strength and excellent
corrosion resistance, and have become workhorses in modern aerospace and chemical
processing industries. Recently, Ti-6Al-4V alloy has been manufactured through metal
injection molding (MIM). MIM is widely utilized in various manufacturing industries
due to the near-net-forming process, especially in the preparation of difficult-to-deform
high-temperature alloys. Sintering temperature is vital to ensuring good tensile mechanical
properties. In this work, Ti-6Al-4V alloy was sintered under various sintering temperatures,
from 1150 to 1250 ◦C. The effect of sintering temperature on the mechanical properties was
evaluated. The tensile test results exhibited that a yield strength of 896.35 MPa, an ultimate
tensile strength of 980.83 MPa and plastic elongation of 9.61% were produced at 1150 ◦C for
4 h; a yield strength of 877.23 MPa, an ultimate tensile strength of 981.92 MPa and plastic
elongation of 7.74% were produced at 1200 ◦C for 4 h; and a yield strength of 923.33 MPa,
an ultimate tensile strength of 1002.24 MPa and plastic elongation of 6.57% were produced
at 1250 ◦C for 4 h.

Keywords: metal injection molding (MIM); Ti-6Al-4V alloy; sintering temperatures; ten-
sile properties

1. Introduction
Titanium and titanium alloys are widely used in the manufacturing of some key com-

ponents in the aerospace, weaponry and marine fields, and in the chemical industry and
medical treatment, due to their high specific strength, low density, unrivaled corrosion
resistance and good oxidation resistance at relatively high temperatures, which can effec-
tively improve the safety and reliability of engineering equipment [1–5]. Titanium and
titanium alloys are relatively expensive materials, and their traditional processing, such as
machining and casting, greatly increases their cost [6]. In addition, owing to poor workabil-
ity, it is difficult to use them to produce parts with complicated shapes. Therefore, in the
processing of titanium and titanium alloys, near-net-shape technology has played an im-
portant role [7,8]. Metal injection molding (MIM) is suitable for the large-scale production
of small and complex-shaped titanium and titanium alloy parts [9–13], as it combines the
versatility and high productivity of plastic injection molding with the sintered powder met-
allurgy technique [14,15]. This method with low production costs has attracted widespread
attention in the metal industry due to its near-net-shape technology and high material
utilization. [16–18]. In recent years, MIM has become an advanced processing method
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for the low-cost production of complex-shaped titanium and titanium alloy parts [19,20].
During this process, the feedstock is obtained by mixing titanium powder with suitable
binders. After mixing, the feedstock is injected into a mold through an injection molding
machine. Then, the binders are extracted from the molded parts during the debinding
process. Finally, the debound part is sintered at an appropriate temperature, for a suitable
duration and in an appropriate atmosphere to obtain parts with acceptable mechanical
and physical properties [21]. In high-performance structural applications, titanium alloys
composed of α and β structures are usually suitable. The most commonly used alloy in this
category is Ti-6Al-4V, accounting for 50% of the total usage of titanium alloys. This alloy is
highly favored due to its outstanding workability and overall mechanical properties.

As mentioned earlier, a typical MIM process consists of four processing steps: feed-
stock formulation (formulating binders), injection molding, debinding and sintering [22].
Nowadays, some researchers focus mainly on formulating binders through metal injection
molding. Choosing the appropriate binder system is crucial for the success of MIM tech-
nology. This is because the performance of the binder can affect the distribution of metal
particles, the forming process and the final performance of the sintered parts [18]. Ferri
et al. selected a wax-based binder composed of 60 wt.% paraffin, 35 wt.% ethyl acetate
and 5 wt.% stearic acid to prepare Ti-6Al-4V alloy with a tensile strength of 800 MPa and
an elongation of 15% [23]. Guo et al. utilized a binder composed of 63 wt.% paraffin wax,
12 wt.% polyethylene glycol, 14 wt.% polyethylene, 10 wt.% polypropylene and 1 wt.%
stearic acid homogenized with Ti-6Al-4V alloy powder for injection molding [24]. A critical
loading of 72 vol.% was obtained by the feedstock based on the binder. However, sintering
temperature is the most influential on the properties of MIMed titanium alloys [25]. Ergül
and Özkan sintered Ti-6Al-4V alloy under vacuum at different temperatures and for differ-
ent durations [12]. The maximum ultimate tensile strength was obtained at 1275 ◦C for 10 h.
Mohamad Nor et al. optimized the sintering parameter to prepare Ti-6Al-4V alloy [26].
They found that a tensile strength of 934.33 MPa could be attained when Ti-6Al-4V was
sintered at 1200 ◦C for 1 h, but no information on elongation was given. Obasi et al. found
that the maximum temperature is important in terms of the tensile strength of Ti-6Al-4V
alloy [27]. They prepared Ti-6Al-4V alloy with yield strength of more than 750 MPa, UTS of
more than 860 MPa and plastic elongation of about 14.3% when the maximum temperature
was 1350 ◦C. Wang and Shi used a wax-based binder composed of 1 wt.% stearic acid,
35 wt.% low-density polyethylene and 60 wt.% paraffin wax homogenized with Ti-6Al-4V
alloy powder for injection molding [28]. The authors found that the viscosity of the raw ma-
terial decreased with the extension of mixing time but increased with an increase in powder
loading when studying its rheological properties. However, only a few people studied
the effect of sintering temperatures on the mechanical properties and microstructure of
injection-molded Ti-6Al-4V alloy.

Therefore, in the present study, the effect of sintering temperature on the relative
sintered density, microstructure characteristics and mechanical properties of Ti-6Al-4V
alloy prepared through MIM was systematically investigated. Three sintering temperatures
of 1150 ◦C, 1200 ◦C and 1250 ◦C were employed.

2. Materials and Methods
Pre-alloyed Ti-6Al-4V powders with a spherical morphology (Figure 1), purchased

from Jiangsu Jinwu New Material Co., Ltd. (Taizhou, China), were used as usable raw
material for MIM manufacturing in this study. The particle size and the distribution pattern
of the powder were studied using a particle size analyzer in a dispersion medium used at
36 ◦C and 49% ethylene glycol. Table 1 shows the distribution of particle size. The powder
had an average size of 24.26 µm. The initial impurity content provided by the supplier (as
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shown in Table 2) was relatively low in the Ti-6Al-4V alloys. The binder system consisted of
4 wt.% of polypropylene (PP), 85 wt.% polyoxymethylene (POM), 6 wt.% of polyethylene
(PE), 1.5 wt.% paraffin wax (PW), 3 wt.% ethylene vinyl acetate copolymer (EVA) and
0.5 wt.% stearic acid (SA). These ingredients were used as the main carriers, surfactants,
thickeners and shrinking agents. We mixed the powder binder in a Z-shaped blade mixer
at a temperature of 175 ◦C for one hour to produce feedstock of 65 vol.% powder loading
of titanium powders. Successively, we lowered the temperature and removed the mixture
and cut it into a small granular size of around 3–4 mm. Thermal gravimetric analysis (TGA)
was performed on an SDT Q600 thermogravimetric analyzer (TA Instruments, New Castle,
DE, USA) at a heating rate of 2 ◦C/min under an flow rate of 100 mL/min in an argon
atmosphere to evaluate the thermal debinding behavior of the polymers for the Ti-MIM
process. The temperature range was 27 ◦C to 630 ◦C. Figure 2 shows a DSC-TGA curve
for the feedstock prepared from Ti-6Al-4V powders. There were two clear endothermic
processes. The first-stage interval was 153.6 ◦C–170.5 ◦C with the peak at 161.3 ◦C. The
second-stage interval was 317.6–363.1 ◦C with the peak at 319.1 ◦C. There were two distinct
stages of mass changes in the TGA curve. The first stage ranged from 249.2 ◦C to 396.6 ◦C.
About 80 wt.% of the binder was decomposed in this temperature range. The second stage
ranged from 396.6 ◦C to 449.6 ◦C, and about 94 wt.% of the binder was decomposed in this
temperature range, leaving pristine Ti-6Al-4V powders and a small amount of binder. The
decomposition and volatilization of the binder were the main causes of heat absorption.
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Figure 1. Morphology of Ti-6Al-4V powders shown by SEM.

Table 1. Distribution of particle size.

Property Distribution of Particle Size (µm)

Powder D10 D50 D90 D97
Ti-6Al-4V 11.27 24.26 41.56 50.09
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Table 2. Impurity contents (wt.%) of Ti-6Al-4V alloys.

Mo Fe Y C H N O Ti

0.010 0.158 0.001 0.013 0.0031 0.010 0.090 0.001

The granular material was injected using a Battenfeld BA 250 CDC injection mold-
ing machine. The injection molding parameters were as follows: the injection pressure
was 80 MPa, the holding pressure was 65 MPa, the injection speed was 50 mm/s and
the injection temperature and mold temperature were 180 ◦C and 90 ◦C, respectively.
The debinding stage can be divided into two steps, namely the first debinding step for
removing low-molecular-weight polymer and the second debinding step for removing
high-molecular-weight polymer [15]. In the first debinding step, the low-molecular-weight
polymer is removed, and interconnected pore pathways are formed to facilitate the removal
of the high-molecular-weight polymer in the second debinding step. In this study, the
debinding stage was divided into catalytic and thermal debinding. Oxalic acid was used to
remove the majority of the binders for 4.5 h at 130 ◦C. Then, drying took place in a 50 ◦C
oven for 6 h. The final removal of the remaining binder and subsequent sintering were
carried out in a single-step heat treatment run (Table 3). Sintering was performed in a
vacuum of 10−5 mbar at 1150 ◦C, 1200 ◦C and 1250 ◦C, respectively, with a holding time of
4 h with 5 ◦C/min heating and cooling rates.

The C, N and O impurity contents of the sintered samples were determined with a
conventional LECO analyzer (St. Joseph, MI, USA). The density of the as-sintered specimens
was measured using the Archimedes method (average of five specimens). The relative
sintered density can be calculated using Equation (1).

Table 3. The sintering profile of the Ti-6Al-4V structures.

Step Temperature (◦C) Heating Rate (◦C/min) Holding Time (min)

1 250 5 0
2 375 2 30
3 450 2 60
4 600 5 30
5 Maximum temperature 5 240
6 Room temperature 5 N/A
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Relative sintered density =
ρ

ρ0
(1)

where ρ and ρ0 are the apparent density of the specimen and the theoretical density of
the MIM Ti-6Al-4V specimen, respectively. The theoretical density ρ0 of MIM Ti-6Al-4V
alloy was determined to be 4.42 g/cm3 after measuring a sample exposed to hot isostatic
pressing (HIP) treatment [29]. The specimens for microstructural investigation were taken
from the cross-section of tensile specimens at the fracture area. The samples were polished
and etched using Kroll’s reagent (2.5 vol.% HNO3 + 1.5 vol.% HCl + 1 vol.% HF + 95 vol.%
H2O) after grinding. The microstructures of the specimens were examined using a scanning
electron microscope (SEM, Merlin, Zeiss, Jena, Germany) equipped with energy-dispersive
spectroscopy (EDS, Octane Pro) detectors (Merlin, Zeiss, Jena, Germany). The tensile
properties of the as-sintered specimens were determined in air at ambient temperature
using an AGI-250KN testing machine (Shimadzu Instrument (Suzhou) Co., Ltd., Suzhou,
China) with a traverse speed of 0.5 mm/min. The yield strength (YS), ultimate tensile
strength (UTS) and elongation were calculated as the average values of five specimens
under each sintering condition. All errors are reported as one standard deviation of the
average tensile properties. The tensile test specimens were in the shape of a dog bone,
manufactured by MIM, with a diameter of 5 mm and a gauge length of 65 mm.

3. Results and Discussion
3.1. Relative Densities and Impurity Levels

Figure 3 shows the parts in the green and sintered stages. The green part showed
significant shrinkage during the debinding and sintering process. The shrinkage after
sintering was primarily due to the removal of a large amount of binder used in the injection
of the samples and the densification of the part during the sintering process. The nominal
length of the sintered compacts was between 80 and 80.5 mm with a typical thickness of
about 5 mm.
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Table 4 presents the apparent and relative sintered densities for specimens sintered at
1150 ◦C, 1200 ◦C and 1250 ◦C, calculated following Equation (1). The results show that the
relative density of the sample increases with increasing sintering temperature [30].

Table 4. Relative density of sintered specimen.

Sample Temperature (◦C) Apparent Density (g/cm3) Relative Density (%)

1 1150 4.316 97.647
2 1200 4.326 97.873
3 1250 4.328 97.919
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Table 5 presents the impurity contents of the atomized powder, and the specimens after
sintering at 1150 ◦C, 1200 ◦C and 1250 ◦C. The impurity contents are related to different
parameters, such as starting powders, binder, specimens and processing parameters. After
sintering at 1150 ◦C, 1200 ◦C and 1250 ◦C, compared with atomized powder, the N content
of the specimens can be ignored, but the C and O contents increase significantly. The
oxygen content for the specimens after sintering at 1150 ◦C, 1200 ◦C and 1250 ◦C are
0.287 wt.%, 0.288 wt.% and 0.323 wt.%, respectively. There are Increases in the oxygen
content of about 1470 ppm, 1480 ppm and 1830 ppm, respectively, compared to the atomized
powder. The carbon contents for the specimens after sintering at 1150 ◦C, 1200 ◦C and
1250 ◦C are 0.151 wt.%, 0.152 wt.% and 0.154 wt.%, respectively. There are increases in the
carbon content of about 1370 ppm, 1380 ppm and 1400 ppm, respectively, compared to the
atomized powder. The reason is that there is a reaction between the high-activity Ti alloy
powder and the decomposed product of binders during the debinding and sintering. At
higher sintering temperatures, the oxidation rate increases, resulting in higher O content
in the specimens sintered at 1250 ◦C. The main influence of the impurity contents is on
the mechanical properties of the sintering sample. High impurity contents result in higher
strength, but lead to lower plastic elongation of the titanium component [31].

Table 5. Impurity levels of the atomized powder and debound and sintered specimen.

Impurity Atomized Powder (wt.%)
Sintered Specimen (wt.%)

1150 ◦C 1200 ◦C 1250 ◦C

C 0.014 0.151 0.152 0.154
O 0.140 0.287 0.288 0.323
N 0.013 0.016 0.016 0.017

3.2. Microstructure and Porosity

Figure 4 shows SEM images of cross-sections of the tensile test specimens of Ti-6Al-
4V sintered at 1150 ◦C, 1200 ◦C and 1250 ◦C, respectively. All the samples exhibit the
typical microstructure of Ti-6Al-4V alloy irrespective of the sintering temperature. The
microstructure consists of lamellar α/β colonies. The α-lamellae appear dark gray, while
the β-phase between the α-lamellae is visible in a light gray color [31]. Moreover, the
pores are visible as black dots. The existence of points in the microstructure of sintering
may be related to incomplete debinding and removal of residual adhesives during the
sintering process. However, it has been reported that points in the microstructure of Ti MIM
components can lead to a decrease in tensile properties [32]. The shape of the pores sintered
at 1150 ◦C (Figure 4a,b) is mainly rectangular, with a maximum size of 2 µm × 12 µm. At
1200 ◦C and 1250 ◦C, the shape of the pores is mainly circular, with a maximum diameter of
10 µm. However, the number of pores decreases with an increase in sintering temperature.
This observation agrees with the relative density. The colony size was measured as 95 µm,
105 µm and 130 µm on average when the sintering temperature is 1150 ◦C, 1200 ◦C and
1250 ◦C, respectively.
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3.3. Tensile Test Properties

Figure 5 shows the statistical results of the room-temperature tensile properties of
specimens at different sintering temperatures. The results of the tensile tests are also sum-
marized in Table 6. The MIM-processed specimens sintered at 1150 ◦C show a yield strength
(YS) of 896.35 MPa, an ultimate tensile strength (UTS) of 980.83 MPa and plastic elongation
of 9.61%, which are similar values to the specimens sintered at 1200 ◦C (a yield strength of
877.23 MPa, an ultimate tensile strength of 981.92 MPa and plastic elongation of 7.74%).
When the sintering temperature is 1250 ◦C, it leads to a significantly higher yield strength of
923.33 MPa, an ultimate tensile strength of 1002.24 MPa and low plastic elongation of 6.57%.
The tensile properties of Titanium alloys produced by powder technology are determined
by the alloying elements and their contents, impurity contents, relative sintered density
and microstructure [33]. The yield and ultimate tensile strengths generally increase with
an increase in relative sintered density (decreasing porosity) and with an increase in the
impurity content [33]. The lower the porosity in MIM, the better the yield strength and
ultimate tensile strength [34], which was the case in this work. On the other hand, Bian
et al. obtained higher yield stress and ultimate tensile stress due to a high content of O [27].
In their work, Ti-6Al-V alloy samples with 4000 ppm oxygen were fabricated through metal
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injection molding, and a significantly higher yield strength of 905 ± 10 MPa and ultimate
tensile strength of 960 ± 20 MPa were obtained. In this work, the higher density of the
specimen and impurity contents are the main reasons for the better mechanical properties
of the sintered specimen [35]. However, in this work, it is suggested that sintering at a lower
temperature on MIM-processed Ti-6Al-4V can obtain better comprehensive mechanical
properties, which is in accordance with the investigations of other scholars [27]. The reason
is that the microstructure became coarse because of sintering at higher temperatures, which
might have deteriorated the plastic elongation.

Table 6. Average tensile properties of sintered specimens at different temperatures.

Sample Temperature (◦C) UTS (MPa) YS (MPa) Elongation (%)

1 1150 980.83 ± 2 896.35 ± 5 9.61 ± 0.2
2 1200 981.92 ± 2 877.23 ± 5 7.74 ± 0.2
3 1250 1002.24 ± 2 923.33 ± 5 6.57 ± 0.2
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Figure 6 shows the fractography of the specimens after sintering at 1150 ◦C, 1200 ◦C
and 1250 ◦C. At the sintering temperature of 1150 ◦C, there are larger dimples on
the tensile fracture surface, which indicates ductile fracture with improved plasticity
(Figure 6a). When the sintering temperature is 1200 ◦C, there are a few dimples, indicating
localized plastic deformation during the tensile test, which corresponds to a quasi-cleavage
fracture with relatively poor plasticity, consistent with its mechanical properties (Figure 6b).
When the sintering temperature is 1250 ◦C, the fracture surface of the specimen reveals
a smooth, wave-like structure, indicating the characteristic of brittle fracture behavior
(Figure 6c) [8]. Figure 6 also shows voids on the fracture surfaces, regardless of the sintering
temperature. However, as the sintering temperature increases, the pores in the specimens
decrease markedly.
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4. Conclusions
Herein, the influences of sintering temperatures on the microstructure and mechani-

cal properties of Ti-6Al-4V alloy fabricated through MIM were investigated at sintering
temperatures of 1150 ◦C, 1200 ◦C and 1250 ◦C. The conclusions were as follows:

1. The relative density of MIM-processed Ti-6Al-4V alloys increases with an increase
in sintering temperature, and a maximum relative density of 97.919% is achieved
at 1250 ◦C.

2. The oxygen contents of the specimens after sintering at 1150 ◦C, 1200 ◦C and 1250 ◦C
are 0.287 wt.%, 0.288 wt.% and 0.323 wt.%, respectively.

3. The microstructure consists of lamellar α/β colonies and black dots, and the number
of pores decreases with an increase in sintering temperature. The colony size increases
with increasing sintering temperature.

When the sintering temperature is 1250 ◦C, it leads to a significantly higher yield
strength of 923.33 MPa, an ultimate tensile strength of 1002.24 MPa and low plastic elonga-
tion of 6.57%. However, when the sintering temperature is 1150 ◦C, the MIM-processed
specimen exhibits better comprehensive mechanical properties for Ti-6Al-4V alloy, with
a 896.35 MPa yield strength, a 980.83 MPa ultimate tensile strength and 9.61% plastic
elongation. The reason is that the microstructure of Ti-6Al-4V alloy is finer and the oxygen
content is lower.
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