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Abstract: The feedstock based on the binder 65% PW-30% EV A-5% SA has the best general rheological properties for
the 17-4PH stainless steel powder. The 17-4PH stainless steel compacts sintered at 1 380 C for 90 min have the best me-

chanical properties and the good microstructure with homogeneously distributed pore structure and the moderate sized

grains. Whereas the compacts sintered for 60 min and 120 min show an inadequate and an over sintered microstructure re-
spectively. The compacts sintered at 1380 C for 90 min have the density of 7. 70 g/ cm®, the strength of 1 275 MPa, the
elongation of 5%, and hardness of HRC36. With the increase of sintering temperature, the density, strength and hard-

ness increase, while the elongation decreases. The 17-4PH stainless steel has good corrosion resistance, showing an activa-

tiorr passivation polarization curve. But the passivation potential range is narrow and the spot corrosion potential is low, in-

dicating a low antrspot corrosive properties.
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1 INTRODUCTION

Stainless steels may be defined as alloy steels
containing at least 10% chromium with or without
other elements. Stainless steels are more resistant to
rusting and staining than plain carbon and low-alloy
steels. They have superior corrosion resistance, supe-
rior resistance to oxidation and sulfidation, high
strength and ductility, and good surface finish. But
stainless steels are hard to machine, many intricate
stainless steel parts are produced by investment cast-
ing. The stainless steel parts made by investment
casting have the defects such as low dimensional toler-
ance, rough surface finish, element segregation.
Stainless steel parts can also be made by traditional
press/ sinter technology. But the large porosity due to
the low density leads to lower mechanical properties,
inferior corrosion resistance and rough surface finish.
At the same time, the traditional press/sinter tech-
nology can only produce the parts with simple shape.
M etal injection molding (MIM) has been paid more
and more attention because the complex-shaped parts
with high performances can be cheaply manufactured
["8]  MIM has the particular ad-

vantage of fabricating complicated-shaped parts with

by this technology

the homogeneous microstructure and superior me

chanical properties. MIM stainless steel parts have

been used for orthodontic brackets, electric switchbox
and vending machine coin locks, read/ write latch arm
for hard disk drive, spacer assembly, endoscopic sur-
gical scissors, shower valve, pump body and cavity
plates, helical gear, endoscopic surgical stapler, and
foldable paper hole punch etc. In recent years, the
worldwide MIM sales increase by 20% to 30% per
year, most of which is owing to the growth of MIM

91 Nowadays, 316L austenitic

stainless steel parts
stainless steel parts occupy most of MIM stainless
steel parts. Austenitic stainless steels have relatively
lower strength and hardness, and are not applicable
for the parts requiring both higher mechanical proper-
ties and superior corrosion resistance. Whereas 17-
4PH stainless steel is a kind of precipitation-hardening
stainless steel with higher strength and hardness simr
lar to common tool steels. The injection molding pro-
cess of 17-4PH stainless steel, the rheological proper
ties, the mechanical properties, the microstructure,

and the corrosion resistance are investigated in present

paper.
2 EXPERIMENTAL

2.1 Materials
The metal powder used in this study was gas at-

omized spherical 17-4 PH stainless steel powder with
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the pycnoemeter density of 7. 89 g/ cm®. The chemi
cal composition and the powder morphology are
shown in Table 1 and Fig. 1 respectively. The parti
cle size distribution was as follows: dip= 5 Hm, dso
= 12 Bm, dgo= 22 Hm. The apparent and tap densi-
ty of the powder was 3. 92 and 4. 70 g/ cm” respectiv-
ely. Four kinds of binder systems based on paraffin
wax were prepared and used in this study. The minor
components were poly [ ethylene vinyl acetate
(EVA)], high-density polyethylene (HDPE), low-
density polyethylene ( LDPE),

(PP). Stearic acid ( SA) was included as a surface ac

and polypropylene

tive agent. The characteristics of the binder compo-
nents and the binder compositions are shown in T able
2 and Table 3 respectively.

Table 1 Chemical composition of 17-4PH

stainless steel powder( mass fraction, %)

Element Fe Ni Cr C
Minimum 69. 98 3.00 15. 50 0
M aximum 78.35 5.00 17.50 0.07

Element Cu Nb+ Ta Mn Si
Minimum 3.00 0.15 0 0
M aximum 5.00 0.45 1. 00 1. 00

Table 2 Characteristics of binder components

Component Chemical structure t%/ o ng,.
cm” 7)
PW CnH2n+ 2 58 0.9
HDPE [ —CH, —CH, —, 139 0.95
LDPE [ —CH,—CH, —], - -
[ _CH_‘]:H] n
pp 142 0.9
CH;
[ ?H_CHZ] +— [CHy—CH,], —],
EVA 80 0.96
COCH3;
SA CH;[ CH;] 1,COOH 66  0.96

Table 3 Binder composition ( mass fraction, %)

Feedstock Binder PW HDPE LDPE PP EVA SA
A 1 65 B - - 30 5
B 2 65 30 - = 5
C 3 65 - 15 15 — 5
D 4 65 15 - - 15 5

2.2 Experimental procedure

The mixing of the powder and the binder was car-
ried out on XSM 1/ 20-80 rubber mixer at 175 C to get
the feedstock. The feedstock was injection molded on a
BOYS50T2 molding machine after the extrusion granular

. -4

Fig.1 SEM photograph of 17-4PH

stainless steel powder

tion on a YHLO4 plastic extruder. The viscosity and rhe-
ological properties of the feedstock were determined by an
Instron 3211 rheometer. The standard tensile bars were
prepared for the investigation of the mechanical properties
and the microstructure. A rectangular specimen (43 mm
x8.4 mm X 2. 7 mm) was prepared for the corrosive
properties study. The solvent debinding was carried out in
heptane at 40 ‘C. The thermal debinding and sintering
were carried out in hydrogen atmosphere.

The density, hardness, tensile strength and elonga
tion were tested, and the microstructure was observed.
The corrosion resistance was determined by the mass loss
immersion test and the anodic potentiometry measure-
ment. The apparatus for the mass loss immersion test was
shown in Fig. 2. The 5% hydrochloric acid solution,
which is kept in 50 C water bath, was used in this test.
The samples were immersed in the hydrochloric acid solu-
tion for 88 h. The samples were taken out 5 to 6 times to
measure the rate of corrosion. The corrosion rate can be
calculated by the following equation,

R=m/(A*t) (1
where R is the corrosion rate, m the mass loss (g), A
the sample area (m?), and ¢ the time (h). The samples
for the anodic potentiometry measurement were prepared
by polishing the specimen of the surface area of 10 mm %
10 mm to remove the passivating film for the exposure of
0. 1 cm® area, with the other area mounted in the
polystyrene. Then the samples were immersed into 0. 3%
NaCl solution at the temperature of (30 £1) ‘C. The so-
lution was keeping aerated with the aeration rate of 0. 5
L/ min. The potentiodynamic polarization was carried out
at the potential scan rate of 1 mV/s from the potential of
-0.9V.

3 RESULTS AND DISCUSSION

3.1 Rheological properties of feedstock

The relationship of shear stress and shear rate for the
feedstock A, B, C and D of 64% powder loading at 135
C is shown in Fig. 3. An MIM feedstock is

generally considered to be a pseudoplastic fluid "' .
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Fig. 2 Apparatus for mass loss immersion test

For a pseudoplastic fluid, there is

T= ke V" (2)
where Tis the shear stress, Y the shear rate, £ a con-
stant, n a flow behavior exponent(< 1). The value of n
indicates the degree of shear sensitivity. The lower the
value of n, the more quickly the viscosity of feedstock
changes with shear rate. Injection molding of MIM feed-
stock is conducted under pressure and temperature. It is
desirable that the viscosity of the feedstock should decrease
quickly with increasing shear rate during injection mold-
ing. This high shear sensitivity is especially important in
producing complex and delicate parts, which are leading
products in the MIM industry. Plotting logarithmic shear
stress against logarithmic shear rate at 135 C as in Fig.
3, the values na= 0.25, ng= 0.383, nc= 0. 385 and
np= 0.375 can be determined. The feedstock A has the
lowest value of n. Therefore, it is considered to be the
best in terms of shear sensitivity. The other three kinds of

feedstock have almost the same values of n.
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Fig. 3 Correlation of shear stress and shear
rate for different kinds of feedstock

The dependence of the feedstock viscosity on tem-

perature can be expressed by an Arrhenius equation[ 11,

N= Tyeexp( E/ RT) (3)
where Th is the reference viscosity, E the flow active
tion energy, R the gas constant, and T the temperature.
The value of E expresses the effect of temperature on the
viscosity of the feedstock. If the value of E is low, the
viscosity is mnot so sensitive to temperature variation.
Therefore, any small fluctuation of temperature during in-
jection molding will not result in sudden viscosity change,
which could cause undue stress concentrations in molded

parts, resulting in cracking and distortion. With a shear
rate of 1 413 s™', which falls in the normal range of
shear rates for injection molding of MIM feedstock, by
plotting In viscosity against the reciprocal of temperature
as shown in Fig. 4, the feedstock flow activation energies
could be determined as: E = 18.5 kJ/ mol, Eg= 24.9
kJ/mol, Ec= 32.3 kJ/ mol and Ep= 23.1 kJ/ mol. It is
found that the flow activation energy of feedstock A is the
lowest, indicating that the sensitivity of its viscosity to
temperature is the lowest. This feedstock could thus be
injection molded on a relatively wide temperature range.
The feedstocks B and D have almost the same value of
flow activation energy. The feedstock C has the highest
flow activation energy and is most sensitive to the temper-

ature fluctuation.
5.0
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Fig. 4 Correlation of viscosity and temperature

for different feedstock

The viscosity data indicate the flowability of MIM
feedstock. The lower the value of the viscosity, the easier
it is for a feedstock to flow. It can be seen for Figs. 3 and
4 that the feedstock C has low value of viscosity and good
flowability for filling into the mold. It can be concluded
from the above discussion that a feedstock with low vis-
cosity, low flow behavior exponent, and low flow activa
tion energy has good rheological properties and is suitable
for injection molding. But there is usually a contradiction
among these three requirements. A general rheological in-

Bl Which includes the effect of the viscosity,

dex asry!
the effect of the viscosity sensitivity to shear rate, and the
effect of the viscosity sensitivity to temperature, has been
proposed to evaluate the rheological properties of MIM
feedstock.

Osrv= iL%;—RLL (4)
where  0stv is the general rheological index. The sub-
scripts S, T, and V of asry represent the effects of shear
sensitivity, temperature sensitivity, and viscosity respec
tively. The higher the value of asrv, the better the rheo-
logical properties are. Taking 135 C as a reference tem-

perature and 1 413 s™ ' as a reference shear rate, the gen
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eral rheological indexes were calculated. ( Ogry)a= 9.1 X
107 6, ( aSTV)B: 4.2 x 10" 6, ( G(STV))C: 3.1x10° °
and ( Osty)p= 5.9 % 107 %, The feedstock A has the
highest general rheological index. The feedstock A based
on the binder 1* (65% PW-30% EVA-5% SA) has the
best rheological properties, with the feedstock D based on
the binder 4" (65% PW-15% EVA- 15% HDPE-5% SA)
the second, the feedstock B based on the binder 2* (65%
PW-30%HDPE-5% SA) the middle, and the feedstock C
based on the binder 3" (65% PW- 15% LDPE- 15% PP-
5% SA) the last one.

3.2 Effects of sintering temperature on mechanical
properties and microstructure of injection molded
17-4PH stainless steel

The mechanical properties of compacts after 90 min

sintering at different temperatures of 1 345, 1 360 and 1

380 C are shown in Table 4. It can be found that the

density, the tensile strength, and the hardness increase

with the sintering temperature increasing, and the elonga

tion decrease with the temperature increasing. The 17-

4PH stainless steel has a two-phase microstructure com-

posed of about 10% ferrite and 90% martensite' '* "'

The change of the microstructure of the sintered compacts

is shown in Fig. 5. It can be seen that the low sintering

temperature results in an inadequate sintered microstruc
ture and a higher porosity. When the sintering tempera
ture increases from 1 345 C to 1 380 C, the compact

density increases only by 2%, from 7. 61 g/ cm’ to 7. 70

g/ em’, but the microstructure has a notable change. The

decrease of the porosity leads to the increase of the densr

ty, hardness and strength, but the grain growth with the
sintering temperature increasing results in a small decrease

of the elongation.

Table 4 M echanical properties at different

sintering temperatures( 90 min)

t/ C  P(grem™ ) G/MPa 5 % HRC
1 345 7.61 1 034 10 27
1 360 7.65 1046 8 30
1 380 7.70 1275 5 36

3.3 Effects of sintering time on mechanical properties
and microstructure of injection molded 17-4PH
stainless steel

The mechanical properties of compacts after 1380 C

sintering of 60, 90 and 120 min are shown in Table 5.

When the sintering time is increased from 60 min to

9 0 min , the density , tensile strength , hardness are all

Fig. 5 Compacts microstructures at different

sintering temperatures( 90 min)
(a) —1 345 C; (b) —1 360 C;(c) —1 380 C

increased notably, only the elongation is almost not
changed. The density is increased from 7. 66 g/ cm” to 7.
70 g/ em’, the tensile strength is increased from
1 078 MPa to 1 275 MPa, and the hardness is increased
from HRC28 to HRC36. When the sintering time is pro-
longed from 90 min to 120 min, the density and hardness
have no more variation, whereas the tensile strength is
decreased from 1 275 MPa to 1 034 MPa. The tensile
strength is even lower than that of the compact with 60
min sintering. The elongation also has a little decrease af-
ter 120 min sintering. The change of the sintered mi-
crostructure with the prolongation of sintering time is
shown in Fig. 6. It can be seen that the compact has a
higher porosity and presents an inadequate sintered mi-
crostructure after 60 min sintering. With the prolongation
of sintering time to 90 min, the compact porosity decreas-
es. The compact has a homogeneous pore distribution and
a moderate grain size. With the sintering time prolonging
to 120 min, the small pores merge into large pores despite
the porosity has little variation. The compact presents an
over sintered microstructure with the grain growth.
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Table S Mechanical properties with different
sintering time (1 380 C)

Time/min @/ (g*em™ %) O/MPa §9%  HRC
60 7.66 1078 6 28
90 7.70 1275 5 36
120 7.71 1127 4 34

Fig. 6 Compacts microstructures with

different sintering time( 1 380 C)
(a) —60 min; (b) —90 min; (¢) —120 min

3.4 Corrosion resistance
3.4.1

The results of the mass loss immersion test
are shown in Table 6. It can be found that MIM 17-4

PH stainless steel has good corrosion resistance. The mass

M ass loss immersion test in 5% HCI solution

losses after 24h immersion in 5% HCI solution are only 1.
15 and 0.94 g/ (m**h) for the 1 360 C and 1 380 C
sintered compacts respectively. The highest corrosion rate

occurs after about 50h immersion in the acid solution.

Then the mass loss rate keeps constant till 88 h corrosion.
Concerning the effects of the sintering temperature on the
corrosion resistance of sintered compacts, it can be seen
that the compact sintered at higher temperature has good
corrosion resistance. It indicates that the compact porosity
affects the corrosion resistance. The compact sintered at
higher temperature has lower porosity and better corrosion

resistance.

Table 6 Corrosion rates of compacts sintered
at different temperatures( e*m”™ 2*h™ 1)

Corrosion time/ h 1360 C 1380 C
24 1.15 0.94
40 2.72 2.22,
49 2.93 2.80
71 2.71 2.70
88 2.75 2.32
Average 2.32 2.07
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Fig. 7 Potentiodynamic polarization
curve in 3. 5% NaCl solution

3.4.2 Anodic potentiometry measurement

The potentiodynamic polarization curve for 17-4PH
stainless steel compacts in 3. 5% NaCl solution is shown
in Fig. 7. It can be found that MIM 17-4PH stainless
steel compacts have an activatiorr passivation polarization
curve, with a relatively narrow passivation region. It is
indicated that there is a passivation in NaCl solution, but
the passivation potential range is narrow. The experiment
results are shown in Table 7, in which @€, is the self
corrosion potential, 4, the spot corrosion potential, %, the
critical passivation potential, and J, the critical passivation
current density. T he self corrosion potential has a value of
- 0.30V. The comprehensive corrosion first occurs, fol-
lowed by the passivation. The spot corrosion potential has
a comparatively low value of — 0. 12 V, indicating a low
antrspot corrosive properties.
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Table 7 Potentiadynamic polarization parameters

in 3. 5% NaCl solution
&/ vV %IV

‘Pmrr/ V Jp/ ( l'lA' Cmﬁ 2)

- 0.30 -0.12 -0.21 -4.2

4 CONCLUSIONS

1) The feedstock A based on the binder 1* (65%
PW-30% EVA-5% SA) has the best rheological properties
for 17-4PH stainless steel.

2) The density, tensile strength, and hardness of
the injection molded 17-4PH stainless steel compacts in-
creases with the sintering temperature, and the elongation
The mi

crostructure observation shows a decreased porosity and a

decrease with the increase of temperature.

grain growth with the increase of temperature.

3) The study of the effects of the sintering time
shows that the injection molded 17-4PH compacts sinter-
ing for 90 min have the best mechanical properties, pre-
senting a microstructure of a homogeneous pore distribu-
tion and a moderate grain size. Whereas the compacts sin-
tered for 60 min and 120 min present an inadequate and
an oversintered microstructure respectively. The com-
pacts sintered for 90 min on 1 380 C have the mechanical
properties as P= 7. 70 ¢/ em’, G= 1275 MPa, 8=
5% , and hardness of HRC36.

4) The 17-4PH stainless steel has good anticorrosive
properties and long corrosion period. It has an activatiorr
passivation polarization curve, but the passivation potential
range is narrow. The spot corrosion is relatively easy to
occur.
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