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Metal injection molding (MIM) is a production technique to produce small and complex titanium part.
During debinding, the elements of binder may react with titanium powders, form the interstitial elements
and influence the mechanical properties of sintered part. Accordingly, the chemical composition and
hardness properties of commercially pure titanium, which produced by metal injection molding process,
were investigated and compared with wrought commercially pure titanium. Carbon and oxygen from
binder were diffused into the titanium powder during the process of debinding, i.e., the contents of carbon
and oxygen and the nanoindentation hardness at the edge of powder are higher than at center of powder.
After sintering, the interstitial elements formed around the pores of sintered part, which caused the higher
nanoindentation hardness than that of the matrix. The yield strength and the ultimate tensile strength of
sintered part were also improved because of the interstitial elements. The findings can be applied for the
production, usage and development of MIM titanium.
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1. Introduction

Metal injection molding (MIM) is an effective production
technique that combines powder metallurgy with plastic
injection molding technology. MIM can produce a near-net
shape of small and complex metallic parts with low production
cost (Ref 1, 2). Since titanium and its alloys have light weight,
high strength and high fatigue resistance; they have been used
in various applications, e.g., automotive, aviation, medical and
dental devices (Ref 2-5).

After the injection of feedstock (i.e., a mixture between
metal powder and polymer binder) into a mold, the injected
parts go through the debinding process to remove the binder
from the injected parts. Two main debinding processes are
generally available, i.e., thermal debinding and solvent debind-
ing. Thermal debinding is performed under a temperature-
controlled environment, while the solvent debinding is per-
formed in solvent. For MIM process of titanium and its alloys,
the thermal debinding is recommended (Ref 6) because it is an
environmental-friendly process, and the sintering process can
be consecutively performed using a single heating profile in the
same furnace. The temperature and duration of debinding are
usually more than 400 �C and more than 1h dwell time,
depending on the geometry of component. Under the condition

of debinding, it is possible that some elements of binder (e.g.,
carbon and oxygen) may react with the Ti powders to form the
interstitial elements and influence the mechanical properties of
MIM titanium parts (Ref 7).

Debinding mechanisms and kinetics/chemical reactions of
MIM titanium were investigated by Sidambe et al. (Ref 8). It is
found that leaching metal injection molded CP Ti (i.e.,
commercially pure titanium) in 55 �C water did not increase
oxygen levels, and the titanium surfaces did not interact
significantly with binder or water. Wang et al. (Ref 9)
investigated the effects of solvent-thermal debinding and
vacuum sintering on microstructure of MIM titanium. A hard
surface layer consisting of a-Ti, TiC and TiO2 phases was
found on MIM part. Einhorn et al. (Ref 10) studied the use of
binders with a water-soluble component for MIM titanium. The
results showed that those binders increased the oxygen content
in the sintered parts due to the incomplete removal of binders
and hence adversely affected the mechanical properties. Thian
et al. (Ref 11) evaluated the effects of gas flow rate and heating
rate during thermal debinding on the quality of the powder
injection molded Ti-6Al-4V/HA composite parts. The defect-
free parts with minimal carbon level were obtained by using a
slow heating rate (i.e., 20 �C/h) and a higher gas flow rate (i.e.,
250 cm3/min) at the beginning of the debinding process.

Although research works related to MIM titanium and its
alloys are available (e.g., Ref 7-12); none of them have been
focused on the relationship between the chemical composition
and the localized mechanical properties of debinded powder
and sintered part. Accordingly, the understanding of the effect
of debinding on chemical composition and mechanical prop-
erties of MIM titanium is far from completed. In the present
work, the metal injection molded titanium (MIM-Ti) was
produced from the commercially pure titanium (CP Ti) powder.
The chemical compositions as well as their influence on the
hardness properties of debinded powders and sintered parts
were separately investigated. The nanoindentation testing with
a nanoscale penetration depth (Ref 13, 14) was applied to
investigate the localized hardnesses of debinded powders and
sintered parts. The tensile properties of MIM-Ti and wrought Ti
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were compared, and the difference was discussed. The findings
can be applied for the production, usage and development of
MIM-Ti parts.

2. Materials and Methods

2.1 Materials

Gas-atomized CP Ti grade 2 powders (Osaka Titanium
Technologies Co., Ltd., Japan) were used in the present work. It
has a spherical shape with the mean diameter of 26.5 lm, as
shown in Fig. 1(a). While the chemical composition is listed in
Table 1, the chemical composition of powder corresponds to
that of ASTM F67 (Ref 15). The as-received CP Ti powder was
designated as AR powder.

CP Ti feedstock was a mixture between 65.6 vol.% of CP Ti
powder and 34.4 vol.% of polyacetal-based thermoplastic

binder (i.e., C, O, N and H are the main elements of binder)
(Ref 6). The preparation of CP Ti feedstock was performed
using a kneader (Moriyama: DS1-5MHB) at 160 �C for
30 min. CP Ti feedstock was injected (i.e., 50-MPa injection
pressure and 165 �C injection temperature) into a mold to
produce an injected part (i.e., a rectangular tensile test specimen
with a gage section of 3.5 9 6.1 mm). The injected part was
debinded and continuously sintered in a controlled-atmosphere
furnace (Shimadzu: VHLgr20/20/23). Under argon atmosphere,
the injected part was heated very slowly to 450 �C, held for 1 h
and cooled down to room temperature for a debinded part. The
debinded powder was separated from the middle of gage
section of a debinded part and designated as DB powder. To
characterize the microstructures of AR and DB powders, the
powders were cold mounted, polished, etched with a solution of
2 ml HF, 4 ml HNO3 and 100 ml H2O and observed under an
optical microscope (Olympus: STM-7). Because the tempera-
ture and time during debinding are not sufficient to cause the

Fig. 1 Illustrations of: (a) CP Ti powder, (b) DB powder after etching, (c) sintered specimen (units are in mm), (d) MIM-Ti before etching, (e)
MIM-Ti after etching and (f) w-Ti after etching
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significant change in microstructure, the microstructural differ-
ence between AR and DB powders could not be identified. As
an example, the microstructure of DB powder is shown in
Fig. 1(b).

Sintering was occurred continuously in a single thermal
cycle after the debinding without cooling down to room
temperature. The debinded part was sintered under high
vacuum environment (i.e., < 10�4 Pa) at 1150 �C for 2 h to
produce a sintered part (Fig. 1c). To obtain a specimen for the
evaluation of composition and hardness, the sintered part was
cut from the gage section using a wire-cut electrical discharge
machining (EDM). The sintered part was designated as MIM-
Ti. To evaluate the density and porosity, MIM-Ti was observed
before etching (Fig. 1d) and measured using the water immer-
sion method (Ref 16). The density, porosity and mean pore size
are 4.21 g/cm3, 6.3% and 9.9 lm, respectively. To characterize
the microstructure, the MIM-Ti was grounded, polished, etched
and observed under an optical microscope (Keyence: VHX-
6000). The grain boundaries of MIM-Ti after etching are shown
in Fig. 1(e). Based on ASTM E112 (Ref 17), the mean grain
size of MIM-Ti is 81 lm.

Wrought CP Ti plate (Prolog Titanium Corporation Co.,
Ltd., Thailand) with a thickness of 10 mm was used as a
reference metal. It was annealed under vacuum environment at
650 �C for 2 h followed by furnace cooling to minimize the
work hardening history of CP Ti (Ref 18). The annealed CP Ti
was designated as w-Ti. Microstructure of w-Ti is shown in
Fig. 1(f), i.e., 76-lm mean grain size. To obtain a specimen for
the evaluation of hardness, w-Ti was cut from the annealed CP
Ti plate using a wire-cut electrical discharge machining (EDM).

2.2 Chemical Composition

To investigate the effect of debinding on chemical compo-
sition of powder, a scanning electron microscope with energy-
dispersive spectrometer, i.e., SEM/EDS, was applied at the
center and at the surface of AR powder and DB powder. It is
known that SEM/EDS is not an accurate quantitative elemental
analysis method, which may include some errors from, e.g., (1)
misidentification of constituent peaks, especially for minor
constituents, (2) insufficient accuracy of standard analysis and
(3) complex topography (Ref 19). However, SEM/EDS can be
applied on a small sample (e.g., the present powder with a mean
diameter of 26.5 lm), while the more accurate quantitative
elemental analysis methods are required a lager sample to
perform. Therefore, the operating condition of SEM/EDS was
stickily controlled for each analysis before the results of AR
and DB powders were used for comparative analysis.

Illustrations showing the SEM/EDS analysis of powders are
shown in Fig. 2. To analyze the chemical compositions at the
centers of AR and DB powders, the powders were cold
mounted and polished to disclose the cross section. The mean
roughness (Ra) of polished surface is approximately 0.01 lm.
Subsequently, the chemical composition was evaluated using
SEM/EDS (Hitachi: S-3400 N), i.e., the electron beam was
applied at the center of cross-sectioned powder (Fig. 2a). On
the other hand, to analyze the chemical compositions at the
surfaces of AR and DB powders, the spherical powders were
attached on the conductive carbon adhesive tapes. Subse-
quently, the electron beam was applied at the surface of powder
(Fig. 2b). SEM/EDS was performed on a small area of 4 9 6
lm using an accelerating voltage of 20 keV. The evaluations of
chemical composition at the center and at the surface were
performed on 5 AR powders and 5 DB powders, and the
average results were calculated.

Because a large sample can be obtained from the sintered
part (i.e., approximately 3.1 9 5.4 mm), the more accurate
quantitative elemental analysis methods can be applied for
MIM-Ti and w-Ti. The bulk chemical compositions of MIM-Ti
and w-Ti were evaluated using various techniques, i.e., the
infrared absorption carbon–sulfur analyzer (Leco: CS600) for
carbon, the nitrogen–hydrogen–oxygen analyzer (Leco:
TCH600) for nitrogen and oxygen, and the inductive coupled
plasma—optical emission spectroscopy (Horiba: Activa) for
iron.

Under the influences of carbon and oxygen from binder, the
compound phases may occur within MIM-Ti. Therefore, the
formation of compound phases within MIM-Ti (i.e., around
pore and at matrix) was evaluated using a soft x-ray emission
spectroscopy (JEOL: JSM 7800F). At each location, the
analyses were performed at 3 different points. The analysis
was operated using 5 kV and 50 nA for 12.5 min. The analysis
area is approximately 25 lm2.

Table 1 Chemical compositions (wt.%)

Materials C(i) O(ii) N(ii) Fe(iii) Ti

As-received Ti powder 0.005 0.113 0.009 0.033 Bal.
MIM-Ti 0.12 0.28 0.017 0.013 Bal.
w-Ti 0.008 0.13 0.016 0.024 Bal.
ASTM F67 (CP Ti grade 2) < 0.10 < 0.25 < 0.03 < 0.30 Bal.
(i)Infrared absorption carbon–sulfur analyzer (Leco: CS600)
(ii)Nitrogen–hydrogen–oxygen analyzer (Leco: TCH600)
(iii)Inductive coupled plasma—optical emission spectroscopy (Horiba: Activa)

Fig. 2 Illustrations of SEM/EDS analysis: (a) at the center of cross-
sectioned powder, and (b) at the surface of powder
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2.3 Hardness Tests

Before nanoindentation test, the powder was cold mounted
and polished to disclose the cross section. The mean roughness
(Ra) of polished surface is approximately 0.01 lm. The
hardnesses at the center and near the edge of AR powder and
DB powder were analyzed and compared. According to ISO
14577-1 (Ref 20), the nanoindentation test was performed
using the dynamic ultra-microhardness tester (Shimadzu: DUH-
211). The indenter of nanoindentation test has a triangular-
pyramid shape with 115� tip angle. All nanoindentation tests
were performed under temperature of 25 ± 2 �C, and relative
humidity of 60 ± 5%.

During nanoindentation test, the load and displacement were
recorded to create the load–displacement curve (F-h curve), as
shown in Fig. 3. On the F-h curve, hmax is the maximum depth
at the maximum load (Fmax), while hp is the final depth of the
residual hardness impression. Based on an analysis method
proposed by Oliver and Pharr (Ref 13), the indentation
hardness (Hit) and indentation modulus (Eit) can be determined
from the F-h curve and the projected contact area (Ap) of
indentation (Ref 13, 20).

Hit ¼
Fmax

Ap
ðEq 1Þ

For shallow indentation (depth < 6 lm), the area function
of the indentation cannot be assumed to be that of theoretical
shape. Therefore, the Oliver�s function (Ref 13) was applied for
the calculation of Ap,

Ap ¼ a1 h2c
� �

þ C1 hcð Þ þ C2 h1=2c

� �
þ C3 h1=4c

� �
þ C4 h1=8c

� �

þ C5 h1=16c

� �
þ C6 h1=32c

� �
þ C7 h1=64c

� �
þ C8 h1=128c

� �

ðEq 2Þ

hc ¼ hmax � a2 hmax � hrð Þ ðEq 3Þ

where hc is the contact depth, and hr is the intercept of the
tangent of F-h curve with the displacement axis during
unloading. On the other hand, a1 is 23.96, a2 is 0.75, and
C1-C8 are the constants, which were determined by curve fitting
of sample of BK7 (glass) standard material.

Indentation modulus (Eit) can be obtained from the slope of
F-h curve at initial unloading (S), and mechanical properties of
sample and indenter, as follows,

S ¼ dF
dh

¼ 2
ffiffiffi
p

p Er

ffiffiffiffiffi
Ap

p
ðEq 4Þ

1
Er

¼ 1� vð Þ
Eit

þ
1þ v2i
� �

Ei
ðEq 5Þ

where Er is the reduced modulus of indentation contact (i.e., the
elastic deformation occurs in both the sample and the indenter
during load-unload experiment), Ei is the modulus of indenter
(1.14 9 106 MPa), mi is the Poisson�s ratio of the indenter
(mi = 0.07), and m is the Poisson�s ratio of sample (m = 0.33 (Ref
18)), respectively.

Because the indentation hardness depends on the maximum
load (Fmax) (Ref 20); the various maximum loads were applied
on AR powder as well as w-Ti. Then, the suitable maximum
load for the investigation of the effect of debinding on the
localized hardness properties of DB powder and sintered part
was selected. The nanoindentation tests were performed on 4
AR powders and 6 DB powders. For each powder, the
nanoindentation tests were performed at the center (6 different
points) and at the edge (8 different points), and the average
results were calculated. The nanoindentation technique was
also used to evaluate the hardness around pore and at matrix of
MIM-Ti, and compare with that of w-Ti. The sample prepa-
ration and the procedure of nanoindentation test of MIM-Ti and
w-Ti were similar to those of powders. The nanoindentation
tests of MIM-Ti were performed at 4 regions. At each region,
the nanoindentation tests were performed around pore (6
different points) and at matrix (6 different points), and the
average results were calculated.

Rockwell scale B macrohardness test of MIM-Ti and w-Ti
was performed at 980-N applied load and 10-s holding time
(Ref 21) using a Rockwell hardness test machine (Affri:
206RT). While the microhardness test of MIM-Ti and w-Ti was
performed at 2-N applied load and 11-s holding time (Ref 22)
using a microhardness machine (Future tech: FM-800). Both
hardnesses were taken from 5 different points on each sample,
and the average value was calculated.

Fig. 3 Illustrations of: (a) nanoindentation mark, and (b) load–
displacement curve from nanoindentation test
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2.4 Tensile Test

In accordance with ASTM E8M (Ref 23), the tensile tests of
MIM-Ti and w-Ti were performed using an universal testing
machine (Instron: 5969). The tensile testing specimen (Fig. 1c)
was loaded under constant deformation rate of 10 mm/min,
temperature of 25 ± 2 �C and relative humidity of 60 ± 5%.
The deformation was measured using an extensometer attached
on the specimen�s gage length, while the tensile force was
measured using a 50-kN load cell. Subsequently, ultimate
tensile strength (UTS), yield strength (YS) at 0.2% strain offset,
Young�s modulus and elongation were calculated.

3. Results and Discussion

3.1 Chemical Composition

3.1.1 As-Received and Debinded Titanium Pow-
ders. To perform an SEM/EDS comparative analysis, the
carbon content of AR powder was used as the reference; then
the ratios between the carbon content of DB powder and the
carbon content of AR powder were determined, i.e., the ratio of
carbon content. Similar comparative analysis was applied for
the content of oxygen, i.e., the ratio of oxygen content. At the
centers of powders, the ratios of carbon content and oxygen
content of AR powder and DB powder are similar (Fig. 4a). On
the other hand, at the surface of powders, the ratios of carbon
content and oxygen content of DB powder are significantly
higher than those of AR powder, as shown in Fig. 4(b). During
the debinding, the diffusions of carbon and oxygen from the
binder to the center of powder are unlikely. However, it is
speculated that the debinding temperature and time are high and
long enough to cause the diffusions of carbon and oxygen from
the binder to the near-surface region of powder.

There is also another possibility that causes the increase in
carbon and oxygen contents at near-surface region of DB
powder, such as the contaminations of the furnace and/or the
vacuum pump system. To investigate this possibility, the AR
powders were subjected to the debinding cycle. Then, SEM/
EDS was applied at the center and at the surface of the powder.
The contents of carbon and oxygen of these powders are similar
to those of AR powders. It is indicated that the contaminations
of the furnace and/or the vacuum pump system are unlikely to
be the source of the increase in carbon and oxygen contents at
near-surface region of DB powder.

3.1.2 Wrought and Metal Injection Molded Tita-
nium. Bulk chemical compositions of MIM-Ti and w-Ti
were evaluated and compared, as shown in Table 1. The
carbon, oxygen, nitrogen and iron contents of w-Ti correspond
to those of ASTM F67 (Ref 15). However, the nitrogen and
iron contents of MIM-Ti satisfy ASTM F67 (Ref 15), but the
carbon and oxygen contents of MIM-Ti are higher. The carbon
content of MIM-Ti is 20% higher, while the oxygen content of
MIM-Ti is 12% higher. Because the sintering was performed
under high vacuum environment, i.e., < 10�4 Pa; carbon and
oxygen from environment are minimized and should not be the
main contribution of carbon and oxygen pickups during
sintering. It is likely that the higher carbon and oxygen
contents of MIM-Ti come from the binder, which diffuse into
the powder during debinding.

With the carbon and oxygen contents near the surface of DB
powder, the interstitial solid solution and/or compound phases
may form after sintering, especially around pores of MIM-Ti
(i.e., the incomplete bonding at the junction of DB powders).
Based on Ti-C and Ti-O phase diagrams (Ref 24), the sintering
temperature, and the carbon and oxygen contents, the formation
of compound phases is unlikely, and only the a-titanium with
small content of interstitial solid solution is expected around
pores. The speculation is confirmed by the soft x-ray emission
spectroscopy results (Fig. 5), which show no peaks of TiC,
Ti2O3, Ti6O11 around pore and at matrix of MIM-Ti.

3.2 Hardness

3.2.1 Influence of Applied Load on Indentation Hard-
ness. Indentation hardnesses at the center of AR powder and
at surface of w-Ti under various maximum loads are shown in
Fig. 6(a) and (b), respectively. The indentation hardness
decreases with the increase in the maximum load and
eventually becomes stable without the influence of the max-
imum load (i.e., > 20 mN for AR powder and > 400 mN for
w-Ti). Thus, the maximum load beyond the stable indentation
hardness should be used to obtain the actual indentation
hardness, which represents the localized mechanical properties.
The indentation hardnesses (Hit) are approximately 1.9 GPa and
2.4 GPa for AR powder and w-Ti, respectively. Hit of w-Ti is
slightly lower than that of Fizanne-Michel et al. (Ref 25) (i.e.,
2.9 ± 0.4 GPa), where the recrystallization treatment was
performed on CP Ti to obtain the small grain sizes of a few tens
micrometers. Because the indentation depth from the load–
displacement curve (F-h curve) is required for the determina-

Fig. 4 Ratios of carbon and oxygen contents of AR powder and DB powder: (a) at the center, and (b) at the surface
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tion of Hit; the mount displacement of a very small sample (i.e.,
AR powder) may be a significant fraction of the measured
displacement. Therefore, Hit of AR powder is slightly lower
than that of w-Ti.

To investigate the effect of debinding on the localized
hardness properties of DB powder, the indentation hardnesses
were intended to compare between at the center and near the
edge of DB powder using a small sample (i.e., a sectioned
powder with the mean diameter of 26.5 lm). The application of
20 mN on a powder produced a large indentation mark of
approximately 4 lm, which is too large and not suitable to
investigate the localized hardnesses near the edge of DB
powder and around pore of MIM-Ti. Thus, the maximum load
of 5 mN with the loading/unloading rate of 0.3 mN/s (i.e., an
indentation mark with approximately 1.2-lm width and 0.27-
lm depth) was used for the localized hardnesses of AR powder,
DB powder, MIM-Ti and w-Ti. The indentation marks at the
center and near the edge of powder are shown in Fig. 7. The

minimum indent spacing (i.e., approximately 3 lm) corre-
sponds to that recommended by Sudharshan Phani and Oliver
(Ref 26), in which a minimum indent spacing should be 10
times greater than the indentation depth to obtain the accurate
results for a Berkovich indenter. To evaluate the hardnesses
around pore and at matrix of MIM-Ti (i.e., > 15 lm further
away from pore), the nanoindentation technique was also
performed and compared with that of w-Ti. The indentation
marks on the region around pore and at the matrix of MIM-Ti
are also shown in Fig. 7. Because the indentation hardness with
5 mN is not represented the actual hardness of materials, it
intends to be used only for comparative analysis.

3.2.2 As-Received and Debinded Titanium Pow-
ders. Load–displacement curves of nanoindentation tests of
AR and DB powders are shown in Fig. 8(a) and (b),
respectively. At the centers of AR and DB powders, the
load–displacement curves are almost identical, except the
magnitudes of hp are slightly different. On the other hand, near
the edges of AR and DB powders, the load–displacement
curves are significantly different. The finding corresponds to
the speculation that the diffusions of carbon and oxygen from
the binder to the near-surface region of powder may occur
during debinding (Fig. 4b), which consequently cause the
change in localized hardnesses.

Indentation moduli (Eit) at the center and near the edge of
AR and DB powders are shown in Fig. 9(a). All Eit are similar.
The modulus involves the electrostatic force that governs
atomic bonding in solid; however, the small content of
interstitial elements may not significantly alter the atomic
bonding and modulus. Accordingly, the diffusions of carbon

Fig. 5 Soft x-ray emission spectroscopy of MIM-Ti

Fig. 6 Indentation hardnesses as a function of the maximum loads:
(a) at the center of AR powder, and (b) at the surface of w-Ti
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and oxygen from the binder to the near-surface region of
powder has no impact on the modulus of DB powder.

Indentation hardnesses (Hit) of AR powder and DB powder
at the center and near the edge are shown in Fig. 9b. Hit at
center of AR powder and DB powder are similar. Meanwhile,
Hit near the edge of DB powder is higher than that of AR
powder. Because the a-titanium with small content of intersti-
tial solid solution occurs in the near-surface region of DB
powder, the interstitial solid solution can impede the dislocation
motion (Ref 27) and result in an increase in hardness near the
surface of powder.

3.2.3 Wrought and Metal Injection Molded Tita-
nium. Load–displacement curves of nanoindentation tests of
MIM-Ti and w-Ti are shown in Fig. 10. The load–displacement
curve at the matrix of MIM-Ti is almost identical to that of w-
Ti. However, around the pore of MIM-Ti, the load–displace-
ment curves are significantly different from that at the matrix of
MIM-Ti. The difference may relate to the deformation of pores
in the vicinity of indentation mark and/or the contents of carbon
and oxygen around pores of MIM-Ti (i.e., the remaining of
carbon and oxygen pickups near the surface of DB powder).

Indentation moduli (Eit) around pore and at matrix of MIM-
Ti and w-Ti are shown in Fig. 11(a). The effect of pore
deformation on indentation modulus is marginal; thus, the
moduli around pore and at matrix of MIM-Ti are similar, and
also in good agreement with those of the present w-Ti and the
fully dense CP Ti from previous works, i.e., 130 ± 7 GPa (Ref
25) and 128 ± 7 GPa (Ref 28). Accordingly, the deformation
of pores in the vicinity of indentation mark is unlikely the cause
of the difference in the load–displacement curves between
around the pore and at matrix of MIM-Ti (Fig. 10).

Fig. 7 Nanoindentation marks on DB powder and MIM-Ti

Fig. 8 Load–displacement curves of nanoindentation tests: (a)
center of powder and (b) edge of powder
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Indentation hardnesses (Hit) around pore and at matrix of
MIM-Ti and w-Ti are shown in Fig. 11(b). Hit at matrix of
MIM-Ti and w-Ti are similar. On the other hand, Hit around
pore is 22.6% higher than that at matrix. With the diffusions of
carbon and oxygen from the binder to the near-surface of DB
powder, the interstitial solid solution forms after sintering,
especially around pores of MIM-Ti. This interstitial solid
solution results in the higher hardness around pore than that at
matrix of MIM-Ti.

Macrohardnesses of MIM-Ti and w-Ti are similar (i.e.,
80.6 ± 1 HRB and 80.5 ± 0.3 HRB, respectively) and are in
good agreement with that of Ti grade 2 given in ASM
Handbook, i.e., 80.6 HRB (Ref 29). The microhardnesses of

MIM-Ti and w-Ti are also similar (i.e., 176 ± 14 Hv and
175 ± 7 Hv, respectively), and in accordance with the Ti grade
2 given in ASM Handbook, i.e., > 145 Hv (Ref 29). Unlike
the nanoindentation test of MIM-Ti, the indentation sizes of
macrohardness and microhardness (i.e., approximately 800 and
50 lm, respectively) are significantly larger than the pore size.
Thus, the pore densification is expected and overcomes the
positive effect of interstitial solid solution of carbon and
oxygen. Therefore, the macrohardnesses and microhardnesses
of MIM-Ti are nearly similar to those of w-Ti.

3.3 Tensile Properties

Tensile properties are summarized in Table 2. It is noted
that the nominal cross-sectional area of tensile testing specimen
was used to determine the stress. The nominal cross-sectional
area at the gage part of MIM-Ti tensile testing specimen is

slightly larger than its net-solid cross-sectional area, which
excludes the area of pores. Thus, the stress from the tensile test
of MIM-Ti becomes lower than the actual values. Without
pores, the net-solid cross-sectional area and the nominal cross-
sectional area at the gage part of w-Ti tensile testing specimen
are identical. Because the stress is used for the determination of
modulus; MIM-Ti tensile testing specimen gives slightly lower
modulus than that of w-Ti tensile testing specimen.

For porous material, the high stress (i.e., the stress
concentration) is expected around pores; then the yield strength
and the ultimate tensile strength of porous material should be
lower than those of fully dense material (Ref 30, 31). However,
the mean pore size of MIM-Ti is 9.9 lm, which is significantly

Fig. 9 AR and DB powders: (a) indentation moduli and (b) indentation hardnesses

Fig. 10 Load–displacement curves of nanoindentation tests of
MIM-Ti and w-Ti

Fig. 11 MIM-Ti and w-Ti: (a) indentation moduli, (b) indentation hardnesses
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smaller than the mean gain size of 81 lm. It is likely that these
pores are too small to generate the significantly high stress
concentration. On the other hand, the carbon and oxygen
contents within MIM-Ti are significantly higher than those of
w-Ti (Table 1), which can reduce the dislocation mobility and
enhance the yield strength and the ultimate tensile strength of
MIM-Ti. Therefore, the yield strength and the ultimate tensile
strength of MIM-Ti are higher than those of w-Ti.

For a fully dense ductile material, the reduction in load
bearing area (i.e., the necking) occurs at the gage part of tensile
testing specimen after the ultimate tensile stress. For MIM-Ti,
the dislocation density after the ultimate tensile stress is
expected to be significantly high, especially around pores.
Thus, the strengthening mechanism (i.e., the reduction in
dislocation mobility due to the interstitial solid solution) are no
longer the dominated mechanism. Therefore, the complete
fracture of MIM-Ti can occur earlier than that of w-Ti, i.e., the
elongation of MIM-Ti is lower than that of w-Ti.

4. Conclusions

MIM-Ti was produced from CP Ti powder. The formation
of interstitial elements as well as their influence on the hardness
properties of debinded part and sintered part were investigated.
The debinding under 450 �C for 1 h was enough to cause the
diffusions of carbon and oxygen from the binder to the near-
surface region of debinded powder, i.e., the carbon and oxygen
contents at the near-surface region were higher than those at the
center region. The interstitial elements at near-surface region of
debinded powder caused a higher nanoindentation hardness
than that at the center region. After sintering at 1150 �C for 2 h,
it was found that the bulk carbon and oxygen contents of MIM-
Ti are significantly higher than those of w-Ti. Because the
interstitial elements formed around the pores of MIM-Ti, the
nanoindentation hardness around the pores became higher than
that at the matrix. The high carbon and oxygen contents within
MIM-Ti enhanced the yield strength and the ultimate tensile
strength, while the severe dislocation around pores after the
ultimate tensile stress causes the reduction in elongation of
MIM-Ti.
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