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Effects of various sintering methods on microstructure and
mechanical properties of CP-Ti powder consolidations
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Abstract: Effects of various sintering methods such as spark plasma sintering (SPS), hot pressing (HP) and electric resistance
sintering (ERS) on the microstructure and mechanical properties of commercial pure titanium (CP-Ti) powder consolidations with
particle size of <147 um, <74 um and <43 um were studied. The smaller particle powders are densified to proceed at a higher rate.
Dense titanium with relative density up to 99% is found to take place at 850 °C under 30 MPa of SPS and HP condition. However, in
case of ERS, CP-Ti powders were densified almost at 950 °C under 30 MPa. The microstructure of sintered titanium is composed of
equiaxed grains at 850—950 °C. The yield strength of sintered body composed of <43 um powder is 858 MPa by using SPS at 850 °C
under 30 MPa. When there is a higher content of small particle, the higher yield strength value is obtained both by using SPS and HP.
However, when ERS is introduced, the highest yield strength is 441 MPa at 950 °C under 30 MPa, which shows much lower values
than those by SPS and HP methods. ERS method takes much less sintering time compared with SPS and HP. Nevertheless, higher
sintering temperature results in lower strength and elongation because of brittle fracture.
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Kroll, Hunter, Armstrong and Cambridge processes
1 Introduction have been employed to extract titanium from its ores and

to convert it into a sponge-like metal, which is finally re-
Titanium, the fourth most abundant metal on the

Earth, has been widely researched over the past 50 years,
and has become an important material with extensive
commercial applications. This is due to its excellent
specific strength, corrosion resistance and
biocompatibility; such properties make titanium a
popular material for a wide variety of applications in
aerospace, military defense, chemical, petrochemical and

dissolved to produce bulk titanium [7]. In general, bulk
titanium production involves complex processes such as
refining, distillation and dissolution performed using
specific devices in a vacuum environment. This is due to
its high melting point (1668 °C) and high solid solubility
in the gas phase (such as O, N, and H,). The
requirement of such specific processing conditions

marine industries, with constantly increasing production
and consumption quantities [1—6]. The demand for
titanium is increasing accordingly, and the interest in its
production by molding processes such as plate rolling
and precision casting is gradually growing. This increase
in demand is fulfilled by increased production of
titanium ingots.

boosts the titanium material prices, as a result, titanium
has not been widely used despite its superior properties
[8,9]. Therefore, the production of titanium plates by the
plate rolling method would enable continuous large-scale
titanium production at the industrial level, and would
widen its range of applications.

According to a study on the sintering of titanium
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powders, production of sintered materials exhibiting full
densification is possible only at high temperatures
ranging from 1100 to 1400 °C in a vacuum environment
[10,11]. A phase transformation from a-Ti (HCP) to p-Ti
(BCC) occurs at 882 °C, and this induces an abnormal
diffusion behavior due to a- and f-phases manifesting
different crystal structures [12]. Additionally, the oxide
film that is always present on the surface of pure
titanitum powder inhibits diffusion, making the
densification of pure titanium difficult [13,14].

On the other hand, spark plasma sintering (SPS) has
the advantage of rapidly achieving perfect sintering at
low temperatures, which is unlike conventional sintering
techniques through quick temperature control over a
broad range from low temperatures up to over 2000 °C,
as well as through thermal and electronic effects due to
spark plasma generation. SPS is a technique applicable to
a wide variety of materials such as oxides, non-oxides,
metals and composites [15—20]. Hot-pressing (HP) is a
representative conventional pressure sintering method
that involves loading powder into a graphite mold as in
SPS, followed by the application of mechanical pressure
(pm) With heating to accelerate densification. HP involves
indirectly heating the pressurized powder in the mold via
resistive heating units outside the graphite mold while
uniaxially pressurizing the powder within the graphite
mold. Therefore, the main sintering reaction is thermal
diffusion plastic deformation. In contrast, SPS is a direct-
heat sintering technology capable of ultra-fast
densification; since it involves simultaneous application
of spark impact pressure (p;), external mechanical
pressure and heat generated by passing a high energy
pulse current through pulverized particles, its main
sintering reaction is a combination of ion diffusion in an
electric field and thermal diffusion plastic deformation
[17]. Both SPS and HP are known to generate superior
mechanical properties because uniform and fine
crystalline particles are formed. Electrical resistance
sintering (ERS) is a sintering method that is most
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Fig. 1 Assisted effects of sintering for pressure sintering: (a) Internal heating type of spark plasma sintering; (b) External heating type

frequently used in industry to produce diamond-tool tips.
It also uses a direct heating method similar to SPS, but
the main sintering reaction is thermal diffusion plastic
deformation. Schematic diagrams of the three sintering
methods are shown in Fig. 1.

To overcome the poor sintering ability of titanium,
which usually requires complex and uneconomical
preparation, various sintering methods have been used to
apply powder metallurgy to the preparation of bulk
titanium by sintering commercial pure titanium (CP-Ti)
powder. Among the three sintering methods, SPS is
believed to be the most effective method for sintering
crystalline pure titanium, because the pressurized impact
of the plasma from the high energy pulse of current
locally melts and removes the oxidized layer on the
contacted surface of the particles [15, 20—22].

The temperature-dependent sintering properties of
CP-Ti powder using SPS with a low pressing force [19]
and the pressing-force-dependent sintering properties of
CP-Ti using SPS at low temperature [23] were
previously reported. In the present study, the properties
of the sintered body prepared by applying various
sintering methods to three kinds of CP-Ti powders with
different particle sizes and particle size distributions are
investigated to determine the effect of the sintering
method on the microstructure and mechanical properties.

2 Experimental

2.1 Materials

CP-Ti powders with different mean particle sizes
and particle size distributions obtained by passing the
powder through 100-mesh, 200-mesh, and 325-mesh
sieves (Sejong Materials Co., LTD. Korea) were used to
investigate the effects of the particle size distribution on
the sintering properties. As shown in Fig. 2, the particles
were irregular polyhedrons and the powders were at least
99.5% pure with trace amounts of Fe, Ni, Cr, Mn, and C.

Carbon die
Carbon
die
7 I;Eﬁ?c"n% Electrical
- resistance
heating

of hot pressing; (c) Internal heating type of electrical resistance sintering
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The particle sizes and particle size distributions of the
three CP-Ti powders are listed in Table 1. There is a
substantial difference in the mean particle size and
particle size distribution. Each CP-Ti powder was loaded
in a graphite die with an inner diameter of 20 mm, and 3
to 5 mm thick titanium specimens were prepared using
each sintering method.

2.2 Sintering methods
The properties of the sintered bodies generated

Fig. 2 SEM micrographs of CP-Ti powders with different sizes:
(a) <147 um; (b)<74 um; (c) <43 pm

Table 1 Particle size characters of <147 pm, <74 pm and
<43 um CP-Ti powders

Particle  Volume weighted ~ Particle size distribution
size/pm mean size/um  pio /um D50/pum  D90/um
<147 94.24 2898  86.368  171.01
<74 40.56 12.16 32.67 81.49
<43 28.71 11.08 25.68 50.98

using the various sintering methods (SPS, HP and ERS)
were assessed. Sintering was performed with different
temperatures and pressures for SPS, with different
temperatures and times for HP, and with different
temperatures for ERS. Since the exposure of Ti powder
to oxygen results in the formation of an oxide layer
which interferes with sintering, SPS was performed
under an Ar+H, gas atmosphere, which is the most
effective for de-oxidation [24], while HP and ERS were
conducted under vacuum. The experimental conditions
for each sintering method are summarized in Table 2.

Table 2 Experimental conditions for each sintering method

Sintering

method Temperature/°C  Pressure/MPa Time/min
SPS 650—1100 10-80 10
HP 800—900 30 30—-60
ERS 850-950 30 3

2.3 Analysis and measurement

To determine the particle sizes of the raw material
powders, the particle size distribution was measured via
a wet process using a Mastersizer 2000 (Marvern Inc.).
The produced titanium sinters were assessed by
measuring their bulk density using the Archimedes’
principle and comparing it with the theoretical density
(4.507 g/em’) to deduce their sinterability. Moreover, the
sinters were phase analyzed by X-ray diffraction
(AXSD5005, Bruker, Germany) under the conditions of
Co K, with 26 range of 20°-100°. The fine structure of
the sinters was examined by polishing them with 1 pm
diamond paste, corroding them in a 5 mL KOH (40%) +
5 mL H,0, + 20 mL H,O solution at 60 °C for 30 min,
and observing the crystal grain sizes and shapes under a
field-emission scanning electron microscope (FE-SEM,
JEOL, 6500F, Japan). The hardness of the sinters was
calculated using a Vickers microhardness tester
(AVK-CO, Akashi, Japan) by indenting the polished
specimen surface with a 9.8 N load and measuring the
diagonal length of the indent. A small jig was fabricated
to accommodate the specimen, and the measurements
were conducted using a universal testing machine
(Model 4468, Instron Corporation, USA). A disc-shaped
specimen with a width of 20 mm was polished down to a
thickness of 1.5-2.0 mm, and a tensile test was
conducted with a load speed of 0.5 mm/min using a
universal testing machine (Model 4468, Instron
Corporation, USA) with the small jig, as shown in Fig. 3.

3 Results and discussion

3.1 Sintered density
To determine the sintering conditions that result in
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Fig. 3 Photo (a) and dimensions (b) of specimen for tensile test

the best sintered density for each sintering method, a
sintered body was prepared using the <147 um powder,
which has the largest mean particle size among the three
CP-Ti powders. The sintered densities of the <147 pm
CP-Ti powder with respect to sintering method and
conditions are outlined in Fig. 4.
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Fig. 4 Changes of relative density from <147 pm CP-Ti
powders by various sintering methods

Using SPS, the sintered body has a relative density
of about 97% when pressed under 30 MPa at 800 °C and
at least 99% when the pressing force is increased to
60 MPa. Using HP, a relative density of about 97% is
achieved after 30 MPa pressure for 30 min at 850 °C,
while a relative density of 98% is obtained after
treatment at 800 °C for 60 min, and 99% or greater
density, i.e., complete densification, is obtained from
treatment at 850 °C. ERS is a commercial sintering
method widely used in industry because it can yield

multiple sintered bodies at a time and requires only a
short sintering time. In order to compare ERS with other
sintering methods, the pressing force was fixed at 30
MPa for 3 min at 850 °C and 950 °C, respectively. A
sintered density of about 85% is obtained at 850 °C. To
obtain 99% densification, the sintering temperature is
required to be higher than 950 °C.

For SPS and HP, complete densification of at least
99% is achieved under pressure of 30 MPa at 850 °C,
whereas, for ERS, complete densification of at least 99%
occurs under pressure of 30 MPa at 950 °C due to the
differences in the sintering process. Diminished
mechanical properties are expected, as a prior study
reported coarsening of the fine structures (epitaxial
growth) at higher temperatures [19].

In general, the powder sintering of titanium is
performed in vacuum or an inert atmosphere due to its
high reactivity. When sintered in vacuum at 1100—
1350 °C for 100—200 min, titanium sintered with full
densification can be obtained [10, 11]. However, in
current research titanium powders were densified by SPS
under 10 MPa at 950 °C, thus reducing the sintering
temperature by about 200 °C [19]. Furthermore, in SPS
performed under a targeted pressure effect by applying
60 MPa pressure, the full densification of titanium was
achieved at 700 °C, lowering the sintering temperature
by 250 °C [23].

MUNIR et al [20] outlined the effect of applied
pressure on the densification obtained by SPS. They
categorized the effect of pressure on sintering into
intrinsic and extrinsic effects. The former is associated
with an increase in the chemical potential as

Hi :/uio_o-ngl (1)

where g is the chemical potential on a particle interface
under stress; g is the standard chemical potential; o, is
the vertical stress on the interface and €; is the atomic
volume of diffusing chemical species.

The intrinsic effect of pressure
diffusion-related material transport, viscosity flow,
plasticity transformation, and creep process. However,
the extrinsic effect of pressure is particle rearrangement
and collapse of particle agglomerates. In particular, the
collapse of particle agglomerates has a crucial effect on
nanoparticle sintering.

Pulse-current-activated  sintering, a  sintering
technique in which pulse current and pressure are
simultaneously applied, has many similarities with SPS.
In this technique, sintering is reportedly facilitated at low
temperatures owing to the rapid atomic diffusion
accelerated by high Joule heat generated at powder
contact points due to induced current, as well as
accelerated by the applied electric field [25-27].

In the present study, concerning the sintering of Ti,

involves
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SPS results in faster densification than HP because of the
heat generated at the contact points of the powders due to
the simultaneous application of current and pressure,
increased chemical potential due to activation of the
surface of the Ti particles, accelerated movement of the
external materials relative to the inside, increased plastic
deformation, and accelerated rearrangement of the
pressurized powders. ERS requires a higher temperature
to achieve densification because the sintering time is
short.

3.2 Microstructure

Figure 5 shows the XRD patterns of the specimens
sintered via SPS and HP with a pressing force of 30 MPa
at 850 °C using the <147 pm, <74 um, and <43 pm
CP-Ti raw material powders. The crystalline phase of the
raw material powder is a-Ti, and only a-Ti phase is
observed in the sintered body that is completely
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Fig. 5 XRD patterns of sintered titanium at 850 °C and
30 MPa

densified at 850 °C, which confirms that it does not
undergo a phase change.

Figure 6 shows the microstructure of each titanium
specimen prepared by SPS and HP at 30 MPa and 850 °C
from the three particle size CP-Ti powders. A grain of the
sintered titanium specimen comprises a polyhedron of
about 10-20 pm, and densification occurrs without
significant growth of the grain as the initial size and
shape of the CP-Ti powder are maintained. In addition,
the specimen sintered at high temperature and high
pressure shows a microstructure in which equiaxed
grains grow longitudinally with a certain orientation to
form elongated grains; in contrast, specimens sintered at
850 °C and 30 MPa have an equiaxed grain structure
with a uniform microstructure where no grain growth or
elongated grain is observed.

A study reported that a comparison between the
general densification method involving vacuum or high-
pressure sintering and SPS at temperatures lower by
300400 °C revealed that low-temperature (SPS)
sintering is more effective than high-temperature
(vacuum) sintering. Moreover, in SPS, high pressure is
more effective in grain growth suppression [28].

3. 3 Mechanical properties

Figure 7 shows the hardness of the completely
densified sintered bodies obtained from the three kinds
of CP-Ti powders using each sintering method. The
Vickers hardness is the highest for the <43 um powder
due to its small mean particle size, and the <147 pm and
<74 pm powders follow the corresponding trend. With
respect to the sintering method, the sintered body
prepared by ERS, which requires the highest sintering
temperature, shows a high hardness value of at least

Fig. 6 SEM microstructures of specimens sintered at 850 °C under 30 MPa with different sized titanium powder by different methods:
(a) <147 pm, via SPS; (b) <74 um, via SPS; (c¢) <43 um, via SPS; (d) <147 um, via HP specimens; (¢) <74 um; (f) <43 pm, via HP
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Fig. 7 Hardness of CP-Ti powders with different particle sizes

by various sintering methods

HV 300 and results in the highest hardness value of
HV 380 for the <43 um powder. It is believed that the
hardness value increases with decreasing mean particle
size because the specific surface area is large and the
sintering temperature is high, which leads to a higher
content of dissolved interstitial elements even with the
short treatment time. The hardness values of the sintered
bodies prepared by SPS and HP show a similar tendency,
although the bodies sintered by HP have slightly lower
hardness values. This is likely because the decrease in
hardness due to grain growth during the relatively long
sintering time in HP is larger than the increase achieved
by the higher content of interstitial elements at the same
sintering temperature.

CP-Ti (Grade 3) prepared by the melting has a
hardness of HV 180—220 [26]. In contrast, the hardness
of the specimens sintered in the present study is higher
by about HV 50 to HV 150. The initial powder is
comminuted by planetary mill and subjected to SPS
sintering under 80 MPa at 700 °C resulting in Ti with a
hardness value of about HV 250 [18]. The CP-Ti powder
sintered in SPS under 10 MPa at 1100 °C results in Ti
with a hardness value of about HV 280 [19]. This
increase is attributed to the formation of uniform and fine
grains due to the fast densification achieved using SPS
[14]. For comparison, CP-Ti powders sintered via SPS at
10 MPa and 1100 °C have hardness of HV 276 and HV
288 [19]. Further, Vickers hardness testing via
indentation is known to be affected by the density,
porosity, and distribution of the sintered body. In
addition, CHOE et al [29] reported that the hardness of
the sintered body increases as the oxygen content
increases.

In the present study, there are not significant
differences in the overall density, porosity, and
distribution of the sintered bodies; however, the oxygen
content of the raw material varies between 2.93x10 for

the <147 pm powder and 4.3x107° for the <43 pm
powder. Thus, it is believed that the oxygen content also
affects the hardness.

Figure 8 shows the tensile strength and elongation
of a titanium body sintered by SPS and HP at a pressure
of 30 MPa at 850 °C. It is difficult to obtain an exact
value to compare with a standard-sized tensile specimen
because the specimen is small, i.e., 20 mm long overall
with a gage length less than 5 mm, but the result is
sufficient and thus the measured values are compared.
The tensile strength of CP-Ti (Grade 3) is known to be
between 380 and 550 MPa [11]; however, the present
specimen has a tensile strength of almost twice that value.
This is likely due to the increase of tensile strength with
size, the formation of uniform and fine grains by fast
densification with SPS and HP sintering, and increased
content of interstitial solids upon sintering. Comparison
of the tensile properties of the sintered bodies obtained
via different sintering methods reveals that the tensile
strength, yield strength, and elongation show very similar
tendencies for SPS and HP. The strength and elongation
of the sintered body prepared by SPS are slightly higher
than those of the specimen prepared by HP; this is
ascribed to the fact that sintering is achieved in a shorter
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Fig. 8 Changes in strength and elongation of a titanium body
sintered by SPS (a) and HP (b) at 850 °C and 30 MPa
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time period via SPS resulting in increased contents of
interstitial elements and a finer microstructure, which
improves the strength and elongation. In both SPS and
HP methods, the elongation is about 5% for the <147 pm
powder and about 1% for the <43 pm powder. This is
explained by the experimental results of WANHILL [30]
that, with increased oxygen content, twinning
deformation is suppressed, which decreases the ductility,
and when the oxygen content exceeds a certain level, the
fracture of the specimen changes from a ductile fracture
to a brittle fracture.

In Fig. 9, the increased content of interstitial
elements and oxygen content in the raw material powder
and sintered body are shown with respect to the sintering
temperature during SPS. The change of amount of the
interstitial elements, after accounting for the increased
carbon due to the use of a graphite mold, is not large
with respect to changing pressure, but drastically
increases with increasing temperature. Accordingly, in
order to decrease the content of interstitial elements, it is

advantageous to sinter at the lowest possible temperature.

The comparison of the oxygen contents of the raw
material powder and sintered body reveals that an
increased amount of oxygen in the sintered body is
caused by an increase of the specific surface area;
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Fig. 9 Contents of interstitial elements after sintering (a) and
oxygen content (b) in raw material powder and sintered body

accordingly, smaller mean particle sizes lead to increased
oxygen content after sintering, and the larger specific
surface areas of the raw material powder lead to higher
oxygen content after sintering. CHOE et al [29]
explained the fracture transitions from ductile to brittle
when the oxygen content of the sintered body is between
3x107 and 5.5x107° [29]. The oxygen content of the
CP-Ti powder that is used as the raw material powder is
between 2.93x107 and 4.3x10° and the oxygen content
of the final sintered body is between 3.6x10~° and
6.5x107°, which is in the range of the ductilebrittle
transition.

Using ERS, it is impossible to compare the tensile
properties with those of other sintering methods as the
fractures are generally brittle fractures due to the higher
content of interstitial elements and increased grain
coarsening under the high-temperature sintering
conditions.

Figure 10 shows the breaking strength and the
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Fig. 10 Breaking strength (a) and elongation (b) of titanium
sintered body prepared by ERS under 30 MPa at 850 °C and
950 °C
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elongation of the titanium sintered body prepared by
ERS under 30 MPa at 850 °C and 950 °C. For ERS,
850 °C is a non-sintering temperature, and at a high
sintering temperature of 950 °C, the fracture occurs
mostly in the elastic region due to an increased content
of interstitial elements and increased grain coarsening.
However, these results are compared to a sandwich panel
structure (s/w type) in order to see the property changes
with respect to the increased carbon content due to the
graphite mold upon sintering (<147 um and <43 um, s/w
type). A higher breaking strength is evident and the
elongation is not affected in the case of the <43 um
powder. However, in the case of the <147 pum powder,
the elongation increases to 3.5%. It is hence confirmed
that the drastic increase in the carbon content in
accordance with the increase in temperature results in
poorer properties. This is evident in the analytical result,
which shows an increased amount of interstitial elements
with increased sintering temperature (Fig. 9).
Accordingly, in the present study, the sintered
bodies are prepared by three kinds of sintering methods
that shorten the sintering time while maintaining the
and purity of the three
commercially available CP-Ti powders, which have

intrinsic  microstructure
different particle size distributions. Further, via SPS and
HP, densification is achieved while suppressing the grain
growth, resulting in titanium consolidation with superior
mechanical properties, such as hardness and strength.

4 Conclusions

1) The hardness values of the sintered bodies
obtained via SPS and HP are similar, while the highest
hardness value is obtained via ERS, which has the
highest sintering temperature. The tensile properties, i.e.,
tensile strength, yield strength, and elongation, of the
sintered bodies obtained via SPS and HP are very similar;
however, it is difficult to compare with those obtained
via ERS, because fracture occurs in the elastic region.

2) The completely densified sintered bodies
obtained via SPS and HP show higher strength values
with smaller particle size due to the formation of uniform
and fine grains by fast densification and an increased
content of interstitial solids. The elongation, however, is
about 5% for the <147 pum powder, about 3% for the
<74 um powder, and negligible for the <43 um powder,
which has the smallest mean particle size. The low
elongation is found to be due to a transition from ductile
to brittle fracture when the oxygen content in titanium
exceeds a certain level. When the mean particles sizes of
the raw material powder are small, the oxygen content is
higher. This results in a higher oxygen content of the
sintered body due to an increase of the oxygen content

during sintering with smaller mean particle size. Thus,
the sintered body is embrittled.

3) As to the increase of the carbon content due to
the use of a graphite mold during sintering, it is
determined that the interstitial elements have a
significant impact on the degradation of the physical
properties. This is shown by the elongation, which
increases to 3.5% for the <147 pm powder as revealed by
comparing the results of sintering to a sandwich-panel
structure.
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