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Abstract: Powder injection molding and liquid phase sintering share common features with respect to the rheological
response of the solid — liquid — pore system. Injection molding of powders dates from the 1930s, and liquid phase
sintering of metallic powders dates from about that same time. Both processes share a strong sensitivity of viscosity to
solid content and temperature, but there are differences. Accordingly,a model is introduced that includes factors as
strain rate,grain size,solid content,and degree of grain bonding. In liquid phase sintering there is solid solubility in
the liquid, which influences the time — dependent viscosity through grain bonding.Similarly, in powder injection
molding the entanglement of long polymers leads to a time — dependent viscosity. Thus, both powder injection
molding and liquid phase sintering show similarities that support a model for the rheological response useful in
computer simulations.
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Fig.1 The concept of self ~ stress indued yielding and the measurement of the yield strength

using video irhaging to follow the deformation of a right circular cylinder. This is an initially
25mm diameter sample of boron — doped stainless steel heated at 10C /min to the indicated

temperatures (picture courtesy of Anand Lal)
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Fig.2 An illustration of the different compact shapes asso-
ciated with liquid phase sintering on Earth (ground — based,
where gravity induces the formation of a solid skeleton with
an exuded upper liquid cap} and microgravity where grain
contacts are not formed so the compact has a lower strength
and distorts more. This wasa 78% W—15.4%Ni—6.6%
Fe tungsten heavy alloy densified by hot isostatic pressing,
machined into cylinders, then reheated to 1500 in the two
gravitational environments (the sample is 10mm in diameter)
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Fig.3 The concept of a bending beam test to extract viscosity 'of a 55mm long bronze powder

transverse rupture bar during sintering,showing the deflection at various temperatures

over the solidus (picture courtesy of Anand Lal)



o BE2H

Randall M. German: #5K I 81 U5 W A 4 B0 22 S0 A0 2 37 149

AHdy/de R BY VIR ; m O B AR R BUR
BEGE® 0.7<m<1); R ASEEH; T H4xE
BENERELE REBRESEERMME4E
MARAL B - W L (B0, A R A YR
MR E ARG U RBEN MG W, ERME
B, MAEREEBRAD, KR 0.01sTRE
N BEBRKXEFBRED, ZRETELEL
10 000s ™!,

B )

-~ Bk (%)

— itk (A%, % ) — FAIRBE (MPa)
100 ’ ’ /7
80
60

0 200 400 600 800 1000 1200
R/ T

B4 BBREREND 260um HASEUEEH
(90Cu—10Sn) , & B 7 X 10T /min fN#E BB E . XK
BUEERBREKLSEFEEANXR (Anand Lal 5 Gre-
gory Shoales 8 4 %18 ) o

Fig.4 Data from a prealloyed bronze powder (90Cu —
10Sn) of 26um particle size,showing in situ strength, densi-
fication, distortion, and liquid percent versus ‘temperature
during heating at 10C /min (data courtesy of Anand La?
and Gregory Shoales)
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Fig.5 Demonstration of how the viscosity changes with

solid: liquid ratio and reaches essentially an infinite viscosity
at the critical solids loading ‘
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Fig. 6 Blisters on liquid phase sintered tungsten heavy
alloy tensile samples showing the formation of large pores
that do not migrate to the compact surface, resulting in blis-
ters (the samples are 70mm long) .
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Fig.7 Microgravity sintering often results in a lower sys-
tem viscosity and considerable pore coalescence,as illustrated
here by the growth of large pores in a 88% W —9.6%
Ni—2.4% Cu heavy alloy sintered at 1500C for 180min in
microgravity (the sample is 10mm across)
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Fig.9 Hllustration of the rheological model as used to predict the final shape profile for 10mm high and 10mm

diameter right circular cylinders after sintering in gravitational environments ranging from Earth to microgravity.
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Fig.8 Outline of the computer simulated three — dimensional
size and shape for a 88% W tungsten heavy alloy inverted T —
shape and comparison of the simulation with the experimental
shape (the base is approximately 25mm by 25mm)
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Plotted here are the axisymmetric profiles after sintering 88% W alloys for 120min at 1 500C in the following

gravity conditions (g=9.8m &)
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