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Abstract: Tr6AF4V compacts were fabricated by metal injection molding( MIM) . Influence of vacuum sintering time on me-

chanical properties and microstructure of the sintered compacts at 1 260 C were investigated. The experimental results show that

the compacts sintered at 1 260 C for 3 =6 h, which was made from hydrogenatiorr dehydrogenation(HDH) powder( average partr
cles size is 45 Pm), have a relative density of 95. 6% ~ 96. 7% , ultimate tensile strength of 648 ~ 686MPa and 0. 2% yield
strength of 526 ~ 615MPa; but a lower elongation( < 4% ) and that the compacts sintered at 1 260 ‘C for 2 =6 h, which was made
from 90% gas atomized powder( average particles size is 32. 5 Bm) and 10% HDH powder, have higher relative density (>

95% ) , ultimate tensile strength of 800 = 848MPa, 0.2% yield strength of 712 = 762MPa and high elongation (7.4%~9.5%) .

When the sintering time is increased, porosity decreases and microstructure of sintered products changes from equiaxed to typical

Widmanstatten, the average sizes of prior B grains, a colonies and a phase thickness in the B grains increase accordingly. After

HIP treatment, pores obviously become less, microstructure of alloy is refined and mechanical properties are greatly improved.

Key words: metal injection molding; Tr 6AF4V; sintering time; properties; microstructure

CLC number: TG 146.2

Document code: A

1 INTRODUCTION

Titanium and titanium alloys have a low density, rel-
atively high strength, excellent corrosion resistance in
many media and are known to be biocompatible. This
combination of properties makes titanium and its alloys an
excellent choice for applications such as watch parts,
medical devices, dental parts and sports goods'". How-
ever, in the respect of fabricating complicated shaped
parts, low machinability may be a barrier to practical us-
es. Therefore, it is considered to be very available that
metal injection molding(MIM) process is applied to fabri-
cation of titanium alloy parts'> .

Nevertheless, injection molding of titanium and its
alloys presents a real challenge to the processor due to its
reactivity. Titanium not only has a strong affinity to oxy-
gen, but also tends to react readily with carbon, nitrogen
or hydrogen from the furnace atmosphere. Therefore con
tamination by interstitial light elements such as oxygen
and carbon is a serious problem because they have much
influence on the mechanical properties of titanium al-
471 S0 it is necessary that debinding and sintering
conditions are controlled strictly.

In this paper, preparation of Tr6AF4V compacts
was performed by MIM process. To reduce contamination
and obtain better mechanical properties, the debound

loys

compacts were sintered at 1 260 C and high vacuum
(10" *Pa) . On this condition, the mechanical properties
and density of sintered compacts with sintering time were
investigated.

2 EXPERIMENTAL

Two types of Tr6Al-4V prealloy powders made from
HDH prealloy powder( A1) (obtained from Hebei Wuyi
Corporation) and mixed prealloy powder( A2) containing
90% gas- atomized powder( from Shanxi Bangzhen Corpo-
ration) and 10% HDH powder were used in this study.
The chemical composition and mean particle size of both
powders are shown in Table 1. Fig. 1 shows the SEM im-
ages of both powders. From these photographs, it is clar-
fied that the HDH and gas-atomized powders had irregular
and spherical shape respectively.

A new kind of binder system was used in this experi-
ment. It consists of 63% paraffinwax ( PW), 12%
polyethylene glycol-20000s( PEG20000s) , 24% polyethy-
lene( PP) and 1% stearic acid . This binder was mixed
with TF6AlF4V prealloy powder for about 1 h at 140 ~
145 'C by a XSK-160 planetary rotation type kneading ma-
chine. Powder volume loadings of A1 and A2 prealloy
powders were 60% and 70% ( volume fraction) respec
tively. Thefeedstocks obtained were injectiorrmolded
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Table 1 Characteristics of Tr6AF4V prealloy powder

Powder type ~ Mean size/Pm  w(0)/ % w(C)/% w(N)/% Theoretical density/ (g®cm™ ) Powder morphology
Al 45 0.35 0. 057 0.02 4.43 Trregular
A2 25-45 0.18 0. 049 0.02 4.43 Spherical

Fig. 1 SEM images of Tr6AF4V prealloy powder

(a) —HDH Tr 6AF4V powder(Al) ;
(b) —Mixed Tt 6AF4V powder( A2)

into the die of standard tensile test-piece at 150 C using
CJ-ZZ type injection molding machine. First, green parts
were debound in a heptane solvent for 5 h at 50 C. 64%
of this binder could be debound, then thermal debinding
was performed at 750 C in vacuum atmosphere. The de-
binding speed was 1. 5 'C/min between 100 'C and 550
‘C. The binder removal ratios of the specimens of both
powders were about 99% on that condition. They were
sintered in vacuum ( 10" *Pa order) at 1 260 C with a
heating rate of 4 C/min for 1 = 10 h. Vacuunr sintered
specimens were hot isostatically pressed( HIPPed) to re-
duce their porosity and improve their mechanical proper-
ties.

Mechanical tensile testing of the specimens was per-
formed on an INSTRON machine at a speed of 2 mm/
min. Five tensile specimens at each sintering time were
examined and average values of mechanical properties
were determined. Ultimate tensile strength( ), 0. 2%
yield strength ( G 2), elongation ( §) and reduction in

area( RA) were measured. The microstructures and poros-

ity of the specimens after tensile tests were observed using
a scanning electron microscope( SEM) at 15 kV accelera

tion voltage.
3 RESULTS AND DISCUSSION

3.1 Effect of sintering time on relative density

Fig. 2 shows the relationship between relative density
(RD) and sintering time in the specimens of both pow-
ders. The densities were measured by the underwater
gravimetric method. The relative density of A1 powder
specimens was a lower value of 93.2% at 1 260 C for 1
h, then it rapidly increased with sintering time and
reached 96. 9% at 1260 C for 10 h. On the other
hand, mixed A2 powder specimens had comparatively
high relative density at 1 260 C for 1 h such as 94. 4% .
The relative density of A2 powder specimens rapidly in-
creased for 1 “4 h. However, when the sintering time was
over 4 h, the relative density of A2 powder specimens
hardly or evenly increased. This difference is mainly be-
cause A2 powder has 90% spherical particles, finer parti-
cle size and higher powder volume loading. In addition,
the oxide may retard densification. These are attributed to
the explanation that A2 powder specimens had higher den-
sity than A1 powder specimens after sintering.
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Fig. 2 Relationship between
relative density and sintering time

3.2 Effect of sintering time on carbon and oxygen
contents

As mentioned in introduction, it is the problem that
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the specimen is contaminated by oxygen and carbon at
MIM process. The results of chemical analysis of the sin-
tered specimens are shown in Fig. 3. The carbon contents
of A1 and A2 powder specimens were about 0. 15% ~ 0.
19% and 0. 13% ~ 0. 15%, respectively. These values
were a little more than those of the original powder( Al

powder 0. 057% and A2 powder 0. 049%) . Increasing
carbon mainly came from binder, but the new binder pos-
sessed a little residual carbon after debinding. The in-
crease in carbon content hardly had much influence on the

mechanical properties of the sintered specimens.

Fig.3 Carbon and oxygen contents as
a function of sintering time

The oxygen contents in the specimens of both pow-
ders increased substantially from that of the original pow-
der. Specimens with A1 powder had high oxygen content
of 0. 49% ~ 0. 80% , which was increased with sintering
time. Specimens with A2 powder had comparatively lower
oxygen content of 0. 35% ~ 0. 72% . The longer the sinter-
ing time is, the higher the oxygen content is. The original
oxygen content of A2 powder is lower than that of A1 pow-
der. These were used to explain that A2 powder speci-
mens had lower oxygen content than specimens with Al
powder. The higher the oxygen content is, the lower the e
longation is. When the oxygen content is beyond 0. 60% ,
it can change powder specimens properties from ductile to

brittlel® > 8

3.3 Effect of sintering time on mechanical proper
ties

Fig. 4 shows the relationship between tensile proper-
ties in the specimens of both powders at room temperature
and sintering time. The strain rate in tensile test was 2
mm/ min. Tensile strength of A2 powder specimens in-
creased slowly with sintering time. The strength difference
of the compacts sintered at 1260 C for 1 =10 h was 109
MPa. On the other hand, tensile strength of A1 powder
specimens showed rapid increase with sintering time. The
strength difference of the compacts sintered at 1 260 C

for 1 10 h was 178 MPa. These tendencies are consid-
ered to reflect the changes of sintering density in Fig. 2.
When sintering density is higher, sintering specimens
have fewer voids or pores and are difficult to be tensile-
better

fractured, tensile

strength!* ',

therefore  they  show

Fig. 4 Relationship between tensile strength and
sintering time

Fig. 5 shows the relationship between 0. 2% proof
stress of the specimens of both powders at room tempera-
ture and sintering time. Their behavior of 0. 2% proof
stress was similar to that of tensile strength. 0. 2% proof
stress of A2 powder specimens was higher than that of A1
powder specimens at 1 260 C for 1~ 10 h.

Fig. 5 Relationship between 0. 2% yield
strength and sintering time

The behavior of elongation in the specimens of both
powders shows much difference in Fig. 6. A2 powder
specimens showed higher elongation of 7.4%~9.5%
when the compacts were sintered at 1 260 C for 1 =6 h.
However the elongation went

down abruptly to about 4.2% when sintering time
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was more than 6 h. A1 powder specimens had lower elon-
gation of 1. 8% ~ 4. 2% on the same sintering condition
compared with the A2 powder specimens. Al powder
specimens showed poor ductility. The behavior of reduc-
tion in area of both powder specimens in Fig. 7 was simi-
lar to that of elongation. A2 powder specimens showed
higher reduction in area of 12% ~ 16% when sintering
time was less than 6 h, then reduction in area began to
reduce beyond 6 h. Al powder specimens showed lower
reduction in area of 3% ~ 7% . Oxygen and carbon have
much influence on elongation and reduction in area and
even higher oxygen content may change powder specimens
from ductile to brittle!™ . Oxygen can impinge on disloca-
tion, retard dislocation movement and change dislocation

111 Besides, high oxygen content acts to sta-

slip planes
bilize brittle 0o-TiAI'"™ in addition to a by raising the
a/ o+ Band o/ a+ o phase boundaries' > . These
were used to the explanation that A2 powder specimens
with lower oxygen showed better ductility than A1 powder

specimens.

3.4 Morphology of pores for different sintered spec-
imens

Fig. 8 shows morphology of pores of A2 powder spec-
imens under different sintering conditions. As sintering
time was increased, porosity obviously decreased and
pores became smooth and uniformly- distributed from Fig. 8
(a) to Fig. 8(c¢). It is clear from Fig. 8(d) to Fig. 8(f)
that directly-HIPPed products, specimens after 1 200 C
pre- sintering and HIPPed treatment,
1 260 C pre-sintering and HIPing treatment had a poros-
ity of 0. 8%, 0.4% and 0. 2%, respectively. HIPing
treatment  could pores
in the improve mechanr

specimens  after

elimmate  all  closed

compacts and obviously

cal properties.

3.5 Titanium alloy microstructure

Microstructures of A2 specimens for various sintering
time at 1 260 C and their HIPPed microstructures are
shown in Fig. 9. Specimens sintered for 2 h had equiaxed
grains, which diameter was 30 Hm, but possessed more
porosity. Specimens sintered for more than 3 h possessed
51 \hich consisted
of prior B grains, o/ B lamellae. The prior B grains were

typical Widmanstatten microstructure

outlined by the a phase and contained several colonies( 5
to 6) of a/ B lamellae. Each colony had o/ B lamellae
aligned in the same orientation. Prior B grains, a
colonies and a phase thickness in the B grains had much

effect on alloy properties! '

. As sintering time was in-
creased from 3 h to 6 h, the average size of prior B
grains, a colonies and a phase thickness were 120 ~ 350
Pm, 40~ 68 Hm and 3.24 = 10. 35 Pm, respectively. It
is pointed out in the past that pores in the sintered prod-
ucts may act as pinning sites and thus suppress grain
growth of sintered titanium alloys''”. Although driving
force of the formation of a phase was the same in the
same sintering temperature, porosity were decreased and
helped to grain growth as sintering time was increased.
Therefore, tensile strength would be increased and ductil-
ity would be decreased.

Microstructure of products, which are pre- sintered
and HIPPed are shown in Fig. 9(e) and Fig. 9(f). After
HIPing treatment, pores became less, grain was refined
and microstructure became uniformly-distributed. These
changes contributed to the increase of tensile strength and
the improvement of ductility. Their mechanical properties

are shown in Table 2.
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Table 2 Room temperature mechanical properties of MIM titanium alloy
Specimens Tensile strength/ MPa Yield strength/ MPa Elongation/ % Reduction in area/ %
1260 C, 2 h 800 712 8.8 15
1200 C, 2 h+ HIPPed 982 872 14 25
1260 C, 2 h+ HIPPed 1030 910 11 21

Fig. 8 Micrograph of pores under different sintering conditions
(a) —1260 Cfor 2 h; (b) —1260 C for 3 h; (¢) —1260 C for 4 h;
(d) —Directly HIPPed; () —1 200 C for 2 h and HIPPed; (f) —1 260 C for 2 h and HIPPed

4 CONCLUSIONS

1) The A1 powder specimens sintered at 1 260 C for
37 6 h show high density but lower tensile strength and
worse ductility.

2) When mixed prealloy powder ( A2) containing
90% gasatomized powder and 10% HDH powder is
used, the sintered compacts show better comprehensive

properties such as higher density( 95. 8% ~96.9%) , ten
sile strength( 800 ~ 848 MPa), 0.2% proof strength( 712
~ 762 MPa) , elongation(7.4% ~9.5% ) and reduction in
area( 12%~ 16%) at 1260 Cfor 2~ 5 h.

3) Porosity obviously decreases and pores become
smooth and uniformly-distributed as sintering time is in-
creased. After HIPPing treatment, pores obviously be
come less and more uniform.
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Fig. 9 Microstructures of titanium alloys
(a) —1260 Cfor 2 h; (b) —1260 C for 3 h; (¢) —1260 C for 4 h;
(d) =1 260 C for 6 h; (e) —1 200 C for 2 h and HIPPed; (f) —1 260 C for 2 h and HIPPed

4) When sintering time is increased, microstructure

of sintered products change from equiaxed to typical Wid-
manstatten, the average size of prior B grains, a colonies

and a phase thickness in the B grains increase according-

ly. After HIPPing treatment, microstructure of alloy is re-

fined and mechanical properties are greatly improved. The

above-mentioned values of tensile property almost reach
the ASTM!"™ for the PM compacts(RD 298%, 0, 2890
MPa, O» 2827 MPa, 8 212%, RA 220%).

[2]
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