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Abstract

The sintering process of HK30 stainless steel (SS) prepared by metal injection molding (MIM)
was studied. The effects of the sintering temperatures (1270, 1280, and 1300 °C) and holding
times (1, 3, 5, 7, and 9 h) on the densification, microstructure, and mechanical properties were
investigated. To achieve a stable high performance, the sintering process should be carried
out at 1280 °C for 7 h. The obtained density, micro-hardness, tensile strength, and elongation
are 7.61 g/cm?®, 187 HV, , 570 MPa, and 31%, respectively, attaining the standard of forged
HK30 SS. The average grain size of the samples is 64 um. In addition to the grain growth, the
higher sintering temperature of 1300 °C led to over-heating or over-burning, which reduced the
bonding strength between grain boundaries. As a result, the density and mechanical properties

decreased.
Keywords
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Introduction a metal powder is used, the process is called met-

al injection molding (MIM) [3-5]. MIM has been
successfully applied in the production of low-alloy
steel, stainless steel, super alloys, and other alloy
systems.

Powder injection Molding (PIM) is a powder
metallurgy (PM) near-net-shape-forming process
that has been rapidly developing in recent years
[1,2]. It involves four steps: (i) Feedstock prepara-
tion by mixing powders (metals or ceramics) and HK30 SS is a widely used heat-resistant auste-
binders; (ii) Injection of the feedstock; (iii) De-bind-  nitic stainless steel. It is a type of alloy with a high
ing of the injected parts (green parts), and (iv) Sin-  strength, oxidation resistance, and corrosion re-
tering of the de-bound parts (brown parts). When sistance at 600-1000 °C, and is commonly used for
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Table 1: Chemical composition of SS powder.

Cr Ni Nb C O Si
25.1 20 1.31/0.32 0.13 0.93

Mn
0.98

Fe
Bal.

Element
Mass ratio (%)

Figure 1: Morphologies of HK30 SS powders.

turbocharger vanes [6-11]. However, in the PM
process, sintering is difficult because a relatively
low temperature (< 1300 °C) and a long holding
time (4-8 h) are employed, compared with the sin-
tering temperature of approximately 1350 °C and
holding time of 2-3 h for 316 L SS. Furthermore, the
obtained density is only 92-95% of the theoretical
density, which is lower than the > 97% for 316 L. A
higher temperature leads to over-burning and sig-
nificant grain growth.

As a result, specific attention has been paid to
the sintering of MIM HK30 [12-16]. Wang, et al.
studied all the MIM process steps of HK30 SS, in-
cluding feedstock preparation, injection molding,
de-binding, and sintering [17]. Shen, et al. studied
the surface over-burning phenomenon of the sin-
tered HK30 sample [18]. Li, et al. suggested that
adding Ti to MIM HK30 can accelerate the densi-
fication rate and decrease the sintering activation
energy but is harmful to the austenite hardness
[19]. Zhang, et al. studied the effect of carbon con-
tent on the sintering properties of MIM HK30 and
recommended a carbon content of 0.18 [20]. The
effects of powder size and sintering atmosphere
on the mechanical properties of MIM HK30 were
studied by Kearns, et al. [6]. However, few research
studies focused on the HK30 sintering window, and
hence, there is a lack of a systematic study on the
combined influence of the sintering temperature
and holding time.

In this study, sintering of MIM HK30 was carried

26 mm

8 mm

\
/

3mm/

Figure 2: Sketch of the tensile sample.

out at different temperatures and holding times.
The effects of the sintering conditions on the sin-
tering properties and mechanical properties were
analyzed. The optimum sintering process for MIM
HK30 is suggested. This is of practical significance
to guide the actual production of MIM HK30 prod-
ucts.

Experimental Procedures

The tested gas-atomized HK30 SS powders were
provided by Sandvik Osprey Ltd. The particle mor-
phologies of the powder are shown in Table 1 and
Figure 1. The particle size distribution is as follows:
d,=41pm,d, =123 um, and d, = 26.7 um. The
main components of the binder are paraffin wax
(PW), stearic acid (SA), polypropylene (PE), and
vegetable oil; this was mixed with the SS powder,
and the powder loading was 58 vol%. The tensile
samples were prepared by injection molding, af-
ter mixing and pelletizing. The size of the tensile
sample is shown in Figure 2. The solvent de-bind-
ing was performed by immersing the compacts in
methylene chloride at 36 °C for 6 h. Then, thermal
de-binding was carried out under argon atmo-
sphere with a flux of 5 L/min at 800 °C, maintained
for 1 h. Sintering was performed at 1270, 1280, or
1300 °C with different holding times under argon
atmosphere.

The density of the sample was measured by
the Archimedes method, and the microstructure
of the material was observed using a Polyvar Met
metalloscopical microscope. The grain size was
measured according to the ASTM E112-2013 stan-
dard [21]. The average number of grains per mm
was determined by counting the number of grains
intercepted on a 1 mm- long line. The average val-
ue was determined using 10 measured values in
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Figure 3: Thermo-Calc simulation picture of HK30 SS.

the observed field. The hardness was tested using
a MicroMet-5140 micro-hardness instrument, and
the average value of each sample was calculated
from at least 10 points. The tensile strength and
elongation of the material were measured using an
Instron universal tester, and the tensile speed was
2.0 mm/min. The tensile fracture morphology was
observed using a JSM-6360 scanning electron mi-
croscope.

Results and Discussion

Simulation of sintering densification process
of HK30 using Thermo-Calc

To identify the phase transformation that will
take place during the sintering process, the phases
and their mole ratios at different temperatures of
HK30 were simulated using the Thermo-Calc soft-
ware, as shown in Figure 3. This shows that the lig-
uid phase appears at about 1553 K (1280 °C), during
the sintering process of HK30. Therefore, the sin-
tering temperature should be set near 1280 °C to
obtain a supersolidus liquid sintering effect. Super-
solid phase sintering is the heating of a complete-
ly pre-alloyed powder to a temperature between
the solid and liquid phase line of the alloy phase
diagram, resulting in the promotion of particle re-
arrangement and solid phase re-dissolution. Thus,
the sintered part is densified rapidly and shows a
much higher density than that of the solidus-sin-
tered part [22].

Densification

The effect of sintering time on the sintered den-
sities of the samples sintered at 1270, 1280, and
1300 °C are shown in Figure 4. This shows that un-
der the same holding time, the density increases
with an increase in the temperature. At 1270 °C,
the maximum density is 7.39 g/cm?3for 5 h, and fur-
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Figure 4: Sintered-density curves obtained by sinter-
ing at three temperatures and holding times.

ther holding does not improve the density. When
the temperature increases to 1280 and 1300 °C,
the density increases obviously to above 7.6 g/cm?,
which is attributable to the liquid phase appearing
at this temperature range. For 1280 °C, the highest
density is achieved when the holding time is 7 h,
and further holding leads to a slightly lower density,
indicating the possibility of over-heating. Further-
more, the best holding time for 1300 °C is only 5
h. A higher temperature creates more liquid phase
but accelerates the grain growth and over-heating.
These harmful effects are more significant when
the holding time is longer.

Microstructure

The microstructures of the samples sintered at
1280 °Cfor 5, 7, and 9 h are shown in Figure 5, and
the average grain sizes of the samples are 45, 64,
and 76 um, respectively. This shows that with the
increase in the holding time, the number of spher-
ical pores gradually decreases; the pores become
smaller, and the grains grow. For the 9 h sample,
the pores are more likely to be found inside the
grain. The grain boundary coarsening took place at
9 h when the sintered density decreased. Sintering
at 1300 °C led to local over-heating or over-burn-
ing, as shown in Figure 6. Significant grain growth
was observed. Additionally, the grain boundary
was coarsened by the excess liquid phase. Such a
structure weakens the bonding strength among
grains. If the intergranular gap is big enough, the
density decreases slightly.

Mechanical properties and fracture surface

Figure 7 shows the micro-hardness, tensile

Hu Y, Li Y, Lou J, He H, Zhang X (2018) Effects of Sintering Temperature and Holding Time on Densification and Mechanical

Properties of MIM HK30 Stainless Steel. Int J Metall Met Phys 3:022




Hu et al. Int J Metall Met Phys 2018, 3:022

ISSN: 2631-5076 | e Page 4 of 7

S50pum T
l‘ KA 250 roki i 3

Figure 5: Microstructures of SS samples sintered at 1280 °C for a) 5 h; b) 7 h; and c) 9 h.
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Figure 6: Microstructure of SS samples sintered at 1300 °C for 7 h: a) Over-heated microstructure with coarse
grain boundary; and b) Over-burned microstructure with a melting zone in the grain boundary.

strength, and elongation of the samples sintered
at 1280 and 1300 °C with different holding times.
The best properties are achieved upon sintering at
1300 °C for 5 h or 1280 °C for 7 h, and the change
trends of the micro-hardness, tensile strength, and
elongation are consistent with that of the sintering
density when prolonging the holding time. Initially,
a higher density leads to a lower porosity and an
enhanced bonding strength between the powder
particles. Then, the properties are degraded be-
cause of grain growth and a weaker grain bound-
ary.

The samples sintered at 1300 °C for 5 h show a
higher density, strength, and hardness than those
sintered at 1280 °C for 7 h, but the elongation is
slightly lower. However, this sintering was carried
out in a lab sintering furnace with a small chamber.
When sintering is carried out in an industrial fur-
nace with a bigger chamber, a larger temperature
gradient is expected and the risks of over-burning
and over-heating increase. In addition, the samples
sintered at a lower temperature show more stable
mechanical properties, as shown in Figure 7. There-
fore, a lower temperature is recommended.

The fracture morphologies of the samples sin-
tered for different holding times are shown in Fig-
ure 8. All the samples are dimple fractured, which

indicates that all the samples belong to the ductile
fracture-type. A dimple is the microvoid produced
by the plastic deformation of material in the range
of a microzone, which could be used as a proxy of
the ductility. The sample sintered for 5 h shows re-
sidual pores, which degrade the ductility. As shown
in Figure 8b, the sample sintered for 7 h has coars-
er but deeper dimples; therefore, its ductility is the
best. Alonger holding time of 9 h leads to lesser and
shallower dimples; hence, the ductility decreases
obviously. Crack propagation is easier in a structure
with weak grain bonding. Therefore, although the
sample sintered at 9 h is almost equivalent to that
sintered at 7 h, the elongation is much lower.

Conclusions

1. The optimum sintering conditions for MIM HK30
SS are 1280 °C and a holding time of 7 h. At this
temperature, a supersolidus liquid sintering ef-
fect is achieved, which promotes sintering. A
higher sintering temperature or longer sintering
time may decrease the density.

2. The average grain sizes of the samples are 45,
64, and 76 um after sintering at 1280 °C for 5,
7, and 9 h, respectively. With an increase in
the sintering temperature, the grains grow and
the grain boundaries coarsen; over-heating or
over-burning takes place.
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3. Using the optimum sintering process, the densi- tion is 31%, attaining the performance index of
ty is 7.61 g/cm3, the micro-hardness is 187 HV. ., forged material.
the tensile strength is 570 MPa, and the elonga-
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Figure 7: Mechanical properties of SS samples sintered at 1280 or 1300 °C with different holding times: a) Mi-
cro-hardness; b) Tensile strength; and c) Elongation.
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Figure 8: Fracture morphology of SS samples sintered at 1280 °C with a holding time of a) 5 h; b) 7 h; and c) 9 h.
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