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Abstract In the present study, a metal injection mold-

ing (MIM) process was applied to the fabrication of bulk

parts of TiAl intermetallics, and effects of sintering

parameters on densification of fabricated parts were

investigated. The specimens sintered at 1350 �C showed

about the same densification as the ones sintered at

1400 �C, while grains and pores were finer, and thus

1350 �C was chosen as the sintering temperature. In the

sintered specimens after debinded in an H2 atmosphere,

Al2O3 precipitates were observed around pores. The

densification decreased with increasing heating rate up

to the sintering temperature. It was also found that the

sintering time increased the densification without grain

coarsening. The optimal heating rate was found to be

3 �C/min, and the densification reached a near-full level

of 98.8% when sintered at 1350 �C for 30 h. These

findings suggested a useful idea to successfully fabricate

TiAl intermetallic parts by the MIM process.

Introduction

Advanced structural materials used for ultrasonic

airplanes or spaceships, high-efficiency gas turbines,

and wall structures of nuclear power plants have

increasingly required resistance to heat, impact, and

environment, specific strength, and specific stiffness.

To meet these properties, many new structural mate-

rials such as Ti aluminides are under research and

development [1, 2]. Particularly, Ti aluminides based

on TiAl have been applied to structural and engine

parts of airplanes as well as to automobile engine parts

because they have low density (~4.5 g/cm3), excellent

high-temperature strength and oxidation resistance [3].

However, they have shortcomings such as poor form-

ability because of poor room-temperature ductility and

fracture toughness [4, 5].

Recently, a metal injection molding (MIM) process

in which net-shape parts are directly fabricated has

been developed in order to avoid poor formability of

Ti aluminides [6]. In this MIM process, metal

powders are mixed with organic binders composed

of poly ethylene-ran-vinyl acetate (EVA), paraffin

wax, stearic acid, etc., and the mixture undergoes

injection molding, debinding, and sintering processes.

Since the MIM process can fabricate directly compli-

cated parts of three-dimensional shape in mass

production, it may reduce the production cost [7, 8].

However, the size of parts and their continuous

production are quite limited because the sintering

process should be used in the MIM to minimize pores

formed during debinding and to densify them [9–12].

In order to overcome these constraints, studies are

highly demanded to delicately control the fabrication

process [13–15].

Y. C. Kim � S. Ahn
New Materials & Components Research Center/New
Metals Research Team, Research Institute of Industrial
Science & Technology, Pohang 790-600, Korea

S. Lee (&) � N. J. Kim
Center for Advanced Aerospace Materials,
Pohang University of Science and Technology, Pohang
790-784, Korea
e-mail: shlee@postech.ac.kr

J Mater Sci (2007) 42:2048–2053

DOI 10.1007/s10853-006-1442-4

123



In the present study, the MIM process was newly

applied to the fabrication of Ti aluminide parts, and

optimal injection molding process variables were

obtained. Several injection-molded specimens having

different densification were fabricated by varying

process parameters, particularly sintering parameters.

Pores and phases formed in the MIM process were

identified by analyzing microstructures, and their

formation mechanisms were investigated.

Experimental

Powders used for the MIM in this study were Ti–48Al

alloy powders fabricated by Sejong Co., Ltd., using

self-propagating high-temperature synthesis (SHS)

reaction of Ti and Al powders. Impurities of

1.19 wt.% O and 0.05 wt.% C were contained in these

powders.

One of important variables in the MIM is to select

appropriate binders since they make the mixing and

injection molding easier. When they are completely

debinded after injection molding, materials having

desired properties can be fabricated. Being appropriate

binders mean that they should work for homogeneous

liquid-phase mixing with metallic powders during the

heated mixing process, they should have a good

flowability to fill into a mold space with mixed powders

during injection molding, and should be readily

removed from the molded specimens after injection

molding. Since formability and elimination of binders

are important considerations, various kinds of wax are

widely used as binders. When used alone, waxes are

vulnerable to serious expansion and contraction

depending on temperature. In this study, poly ethyl-

ene-ran-vinyl acetate was mixed with paraffin wax for

easier mixing and less volume expansion and with

stearic acid for improving the separation from the

mold. After dry mixing TiAl powders with binders at

150 �C for 1 h, the mixture was cut into small pieces of

1–5 mm in size, and these powder mixture pieces were

loaded in a metal injection machine of 27 ton capacity

and then injected into a metallic mold at 120 �C under

a pressure of 450 bar.

The process to remove binders from injection

molded specimens without causing cracks or defects

is called debinding. In the case of TiAl, the debinding

process is complicated and takes quite a long time since

Al readily forms oxides such as Al2O3 in reaction with

oxygen. In the present study, the debinding process was

conducted using both the solvent immersion and the

thermal debinding methods. As for the solvent, hep-

tane (normal: CH3(CH2)CH3) was used. The 200-mesh

sieve, on which the injection molded specimens were

placed, was immersed in the solvent, and a stirrer was

revolved at 45 �C for 10 h at a speed of 100–150 rpm so

that binders were eliminated. When the molded

specimens retracted from the solvent were sufficiently

dried for 24 h, more than 90% of the binders was

removed. To completely eliminate the remaining

binders, the specimens were inserted into a tube

furnace, kept in an Ar or H2 atmosphere at 300 �C

for 1 h, and then at 450 �C for 1 h.

To minimize deformation in the injection molded

specimens and to minimize the formation of pores in

places where binders were removed due to diffusion,

preliminary sintering (pre-sintering) is necessary be-

fore sintering. The debinded specimens were inserted

into a quartz tube and preliminarily sintered at 1000 �C

for 3 h using a tube furnace under a high vacuum of 10–

5 torr. After pre-sintering, the specimens were sintered

at 1400 and at 1350 �C, above and below the a/(a + c)

transus temperature of the Ti–48Al alloy, respectively.

Since the shape and contraction rate of the specimens

vary with the heating rate in the tube furnace, the

heating rate was varied at 3, 6, and 10 �C/min. The

sintering time was also varied in 1, 3, 10, and 30 h in

order to investigate the microstructural modification

according to sintering time.

Sintered specimens were etched by a Kroll solution

(98.5 mL H2O, 1 mL HNO3, 0.5 mL HF), and were

observed using an optical microscope and a scanning

electron microscope (SEM). Volume fraction of pores

present in specimens, i.e., porosity, was measured using

an image analyzer. Densification of injection-molded

specimens was calculated as 1-porosity. Phases present

in Ti–48Al alloy powders and sintered specimens were

analyzed by X-ray diffraction (XRD) and energy

dispersive spectroscopy (EDS) methods.

Results and Discussion

An SEM micrograph of TiAl powders is presented in

Fig. 1, and shows an irregular shape of TiAl powders

sized about 8.7 lm. Density measured using a picnom-

eter is 3.67 g/cm3. Figure 2 is an X-ray diffraction

pattern of TiAl powders. A small amount of a2-Ti3Al

phase as well as c-TiAl phase is present, together with

Ti and Al formed from incomplete SHS reaction.

Figure 3a and b are optical micrographs of the

specimens sintered at 1350 and 1400�C for 3 h in a high

vacuum without pre-sintering. Densification measured

from them is listed in Table 1. The specimen sintered

at 1350 �C below the a/(a + c) transus temperature,

which is a temperature range where the volume
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fraction of a and c is about the same, shows a duplex

structure having grains sized about 22 lm (Fig. 3a).

The specimen sintered at 1400 �C, above the transus

temperature, shows a fully lamellar structure having

coarse grains sized about 130 lm (Fig. 3b). In both of

the specimens, a considerable amount of pores is

observed. Densifications of the specimens sintered at

1350 and 1400 �C are 91.7 and 91.5%, respectively.

This indicates that the sintering temperature at around

the a/(a + c) transus temperature hardly affects the

densification. The sintering at high temperatures is

more advantageous in general to raise the densification

[16–18], but can deteriorate properties since the high-

temperature sintering coarsens grains and enlarges

pores [19, 20]. Consequently, 1350 �C was selected as

the sintering temperature in this study because grains

and pores are finer at 1350 �C than at 1400 �C, while

the densification is about the same as at 1400 �C.

Figure 4 is an optical micrograph of the specimen

sintered at 1350 �C for 3 h after pre-sintering at

1000 �C for 3 h. It shows increased densification

(93.4%) over the specimen of Fig. 3a which was not

pre-sintered. This indicates that the pre-sintering is

effective to minimize the formation of pores. This

specimen was debinded in an Ar atmosphere, which

calls for a comparative study with the specimen

debinded in an H2 atmosphere to investigate the effect

of debinding atmosphere.

An optical micrograph of the specimen pre-sintered

at 1000 �C for 3 h and then sintered at 1350 �C for 3 h

after being debinded in an H2 atmosphere is shown in

Fig. 5a. Here, pores become smaller, and densification

significantly rises to 97%. However, unlike in the case

of debinding in an Ar atmosphere, fine precipitates

sized about 1 lm are observed at grain boundaries as

indicated by arrows. These precipitates were analyzed

by EDS mapping, and the results are presented in

Fig. 5b and c. Since Al and O are detected in the

precipitates, they are identified as Al2O3. This implies

that oxides such as Al2O3 are formed when oxygen in

the air is in reaction with Al of TiAl because the

specimen is not completely protected from outside air

when debinded in the H2 atmosphere, whereas oxides

are not formed in the case of debinding in the Ar

atmosphere because the protection is complete. Al2O3

particles are mainly formed around pores where

binders are removed during debinding, and are not

eliminated after sintering. During sintering, pores are

contracted, and their volume fraction is reduced. Al2O3

particles formed around the pores remain after sinter-

ing, and fill in the pores, thereby playing a role to

increase the densification. Although Al2O3 works as an

inhibitor to prevent the grain growth during sintering

Fig. 2 X-ray diffraction pattern of TiAl powders, showing peaks
of c-TiAl, together with small peaks of a2-Ti3Al, Ti, and Al

Fig. 3 Optical micrographs of
the specimens sintered at (a)
135 �C and (b) 1400 �C for 3
h, showing a duplex structure
and a fully lamellar structure,
respectively. Kroll etched

Fig. 1 SEM micrograph of TiAl powders
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[21, 22], it might be a critical factor seriously deteri-

orating ductility and fracture toughness because cracks

can readily be formed at Al2O3 and propagated along

grain boundaries due to the brittleness of Al2O3 when

a load is applied from outside [23–25]. Therefore,

despite increased densification, debinding in an H2

atmosphere is not desirable because of its negative

effect on mechanical properties from precipitation of

Al2O3 particles [26, 27].

The heating rate up to the sintering temperature

also works as an important variable affecting the shape

and volume fraction of pores. Figure 6a–c are SEM

micrographs of the specimens sintered at the heating

rates of 3, 6, and 10 �C/min. The faster heating rate is

accompanied with much higher volume fraction of

pores formed at grain boundaries and with larger

pores. Table 1 provides the densification of these

specimens. At the heating rate of 10 �C/min, the

densification is the lowest at 88.4%. This is because,

Table 1 Quantitative results of densification measured according to the process conditions

Debinding atmosphere Pre-sintering condition Heating rate (�C/min) Sintering condition Densification* (%)

Ar – 3 1400 �C, 3 h 91.5
Ar – 3 1350 �C, 3 h 91.7
Ar 1000 �C, 3 h 3 1350 �C, 3 h 93.4
H2 1000 �C, 3 h 3 1350 �C, 3 h 97.0
Ar 1000 �C, 3 h 6 1350 �C, 3 h 89.7
Ar 1000 �C, 3 h 10 1350 �C, 3 h 88.4
Ar 1000 �C, 3 h 3 1350 �C, 1 h 91.7
Ar 1000 �C, 3 h 3 1350 �C, 10 h 96.0
Ar 1000 �C, 3 h 3 1350 �C, 30 h 98.8

*Densification = 1 – porosity

Fig. 4 Optical micrograph of the specimens sintered at 1350 �C
for 3 h after pre-sintering at 1000 �C for 3 h. Not etched

Fig. 5 (a) Optical micrograph
of the specimens sintered at
1350 �C for 3 h after
debinding at an H2

atmosphere and pre-sintering
at 1000 �C for 3 h, showing
precipitates at grain
boundaries. (b) and (c) are
EDS mapping data of Al and
O, respectively, indicating
that the grain-boundary
precipitates are Al2O3. Not
etched
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at a fast heating rate, the gas generated from remaining

binders during sintering or the air inside pores are

stuck inside pores due to the lack of time to escape out,

and thus pores are not sufficiently contracted. There-

fore, the slower heating rates during sintering would be

more desirable, but 3 �C /min is more appropriate in

consideration of the time consumed for sintering.

Figure 7a and b are optical micrographs of the

specimens sintered at 1350 �C for 10 and 30 h after

pre-sintering. In comparison with the specimen sin-

tered for 3 h under same conditions (Fig. 4), grains are

not coarsened under longer hours of sintering, while

the densification is greatly improved, up to 96% in 10-h

sintering and further up to 98.8% in 30-h sintering.

Particularly, the 30-h sintering, under which the den-

sification is considerably improved without grain

coarsening, is the most appropriate condition to obtain

highly dense injection molded specimens. It is thus

learned that the densification requirement of injection-

molded parts can be sufficiently met by controlling the

sintering time.

Having newly applied the MIM process in fabricat-

ing TiAl parts, this study provides useful data for better

understanding of the fabrication process of injection

molded TiAl specimens and the mechanism involved in

pore formation occurring throughout the injection

molding, debinding, and sintering processes. Further-

more, the possibility to fabricate TiAl parts by the

MIM process is confirmed in this study. In order to

enhance properties of TiAl parts fabricated by the

MIM, it is required to select and develop new binders

and to investigate the optimal conditions for debinding,

pre-sintering, and sintering processes in which densifi-

cation can be achieved more readily.

Conclusions

In the present study, concerned with the fabrication of TiAl

intermetallic parts using the MIM process, the densifica-

tion of specimens was studied in terms of the processing

variables in injection molding, debinding, and sintering.

Fig. 7 SEM micrographs of
the specimens sintered at
1350 �C for (a) 10 and (b) 30 h
after pre-sintering at 1000 �C
for 3 h. Not etched

Fig. 6 SEM micrographs of
the specimens sintered with
heating rates of (a) 3, (b) 6,
and (c) 10 �C /min at 1350 �C
for 3 h after pre-sintering at
1000 �C for 3 h. Not etched
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(1) The specimens sintered at 1350 �C without pre-

sintering showed about the same densification as

the ones sintered at 1400 �C, while grains and

pores were finer, and thus 1350 �C was chosen as

the appropriate sintering temperature in this

study. The pre-sintering at 1000 �C for 3 h was

effective to minimize the formation of pores.

(2) In the sintered specimens after debinded in an H2

atmosphere, fine Al2O3 precipitates were ob-

served around pores at grain boundaries. They

played a role to fill in the pores and thus increased

the densification.

(3) The densification was reduced with increasing

heating rate up to the sintering temperature. This

was because of the lack of sufficient time for the

gas or air generated from remaining binders to

escape during sintering. It was also found that

longer sintering time was accompanied with

higher densification, but without grain coarsening.

The optimal heating rate was found to be 3 �C/

min, and the densification reached a near-full

level of 98.8% when sintered at 1350 �C for 30 h.
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