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Abstract. Mold Decomposed injection sculpturing (Mold DIS) process which integrates injection
and sculpturing in layered manufacture is a novel rapid prototyping technique. In this paper a wax
mold is fabricated through DIS process, the 316L stainless steel slurry is then cast into the mold.
After curing and drying, the wax mold is melted and the green part is obtained. The purpose of this
paper is to study the process of sintering and infiltration of the green part especially which have
fine features. Firstly, the solid state sintering was investigated using taguchi experiments. The
result shows that sintering temperature gives more effect on the final density than heating rate
and holding time. However, when high temperature sintering is adopted, complex shape parts
can not be formed without flaws due to the excess shrinkage. Then, copper-infiltration is used to
reduce shrinkage and improve mechanical properties. A new infiltration process, named “short-
time high-temperature” infiltration, is utilized to form the thin-walled structure. It shows that sintered
sample with shrinkage rate of 5.02%, density of 7.56 g/cm3, bend strength of 336.4 MPa and
hardness of HV189 is obtained through “short-time high-temperature” copper-infiltration at 138%
°C in vacuum. Finally, a part whose feature size range from 1.6 mm to 45 mm and a part with
complex internal structure are formed without obvious defects.

1. INTRODUCTION

Mold DIS is a variation of Decomposed Injection
Sculpturing (DIS) process. In Mold DIS a fugitive
wax-mold is built using these techniques and then
used to cast/inject a variety of part materials. After
the wax-mold is completed, part material is cast or
inject into the wax-mold. When the part have cured
or dried completely, the mold is melted, leaving the
molded green part alone [1]. Fig. 1 illustrates an
example of the Mold DIS fabricate sequence for a
simple parts with three layers.

The main advantage of Mold DIS rather than DIS
and other layered processes is that since the final
part is cast monolithically there will be no layer
boundaries in the finished part. This is particularly
advantageous for flaw sensitive materials or for

materials with poor interlayer bonding. Compared
to direct machining of metallic materials, Mold DIS
also minimizes the amount of part machining
required, which is a good solution for materials that
are difficult or time-consume to machine, such as
stainless steel, titanium alloy, ceramic material, etc.

There is a high demand for RP techniques which
could make metal parts. Mold DIS is a potential
candidate for rapid manufacturing intricate metal
parts. Among the various techniques for the
production of powder metallurgical parts, gel casting
of metal powder is most likely to be applicable to
Mold DIS. As demonstrated in the prior investigations
[2], stable 316L stainless steel slurry with viscosity
less than 1 Pa•s and green body with uniform
structure and bending strength of 2.7 MPa have been
prepared using agar as binder for gel casting. But
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sintering is still facing some challenges to form the
real compact metal part.

An important research goal of Mold DIS is to
fabricate complex-shape metal parts rapidly,
especially for thin-walled structure since it is time-
consume and cost-expensive to form using
conventional CNC machine. In recent years, the ultra
high speed cutting technology have greatly improved
machining efficiency of thin-walled structurebut it is
still difficult to form if the height-thickness ratio is
greater than 10. Almost all of the existing rapid
manufacturing processes look the ability to form thin-
walled structure as an all-important standard to
evaluate their research level. However, Rajabi et al.
[3] and Mumtaz and Hopkinson [4] have recently
showed that to those direct laser rapid manufacturing
processes, including selective laser sintering/melting
(SLS/M), initial defects and heat cracking during
sintering or melting are difficult to avoid, especially
while forming thin-walled structure.

Fig. 1. The sequences of Mold DIS process.

Fig. 2. Wax-mold of double-layered impeller. Fig. 3. Green part of double-layered impeller.

According to the principle of Mold DIS, it is ex-
pected to be suitable to form thin-walled structure
because narrow and deep grooves are able to be
shaped in the wax-mold through fine features forming
strategies and the metal slurry is thin enough to fill
these grooves if gel casting process is adopted. The
wax-mold (Fig. 2) and green part (Fig. 3) of double-
layered impeller with thin-walled structure have been
fabricated using Mold DIS process. But the green
part have low density and high porosity since gel
casting process without high pressure like metal
injection molding (MIM) or powder metallurgy (P/
M). Thus, shrinkage in sintering is severe and
strength of sintered part is weak. Infiltration is proved
to be of efficiency to solve these problems, so it is
usually served as post treatment in many indirect
rapid manufacturing processes such as RPBPS [5]
and DMLS [6]. But almost all green parts in these
processes are prepared by SLS or traditional P/M
methods which were different from gel casting used
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Fig. 4. Micro-morphology of 316L SS powder.

Fig. 5. Flow chart of gel casting experimental route.

in Mold DIS [7-9]. So, it was necessary to investi-
gate the sintering and infiltration process of Mold
DIS.

2. EXPERIMENTAL DESIGN

The 316L stainless steel powder which grain size
distribution is 2-30 m and prepared by water
atomization is used (GRIPM Advanced Materials
Co., Ltd, China). The shapes of powder particles
are checked by scanning electron microscopy (Fig.
4). As it can be seen, the particles had irregular
shape respectively, so the metal slurry must have
more friction while mixing the powders into agar
solution. The irregular shape particles is
advantageous to keep shape in drying and de-

binding, but in sintering and infiltration they bring
trouble for rearranging particles and reducing
porosity.

To disperse the metal powder, an anionic poly-
electrolyte dispersant (PVA, XILONG Chemical,
China) is used. The processing route is shown in
Fig. 5. Thermal gelation is promoted by adding a
pure agar as binder which is supplied as powder
with a mean particle size larger than 100 m.
Aqueous suspensions are prepared by ball milling
for 9 hours with alumina jar and balls. The suspension
with solid loading of 55 vol.% have been prepared
through adding 1.0 wt.% PVA (referred to dry solids
powder). These suspension is mixed with 0.7 wt.%
agar (referred to dry solids powder) solution and
shacked in equilibrium at 90 °C. Injection of the
slurries is performed in a manual low-pressure
injection molding machine, controlling the
temperature in the tank and in the mold. Wax-molds
with cavity dimension of 38×12×6 mm are used.
Residence time into the mold cavity of 10-40 s and
pressure of 0.3 MPa are applied. The green parts
are left in air for 12 hours and in vacuum drying
chamber at 5% °C for 6 hours for drying.

Solid state sintering in vacuum is firstly
investigated using taguchi experiments in a tube
furnace (KTF1400, Qianjin furnace industry
equipment Co., Ltd). To achieve high density, the
effects of various sintering factors relating to the
temperature–time profile have to be characterized
and optimized. According to the experimental
conditions, three sintering factors are selected:
sintering temperature, holding time and heating rate.
Each factor is designed with three levels, as shown
in Table 1. As the most important factor, the effect
of sintering temperature on density is investigated
independently. The cross-section morphology and
metallic microstructures of sintered body is checked
by scanning electron microscopy (S-3500N,
Toshiba) and metallographic microscope (GX51F,
Olympus). The density is tested by the immersion
density method.

Then, copper-infiltration is studied. In our
experiments, differed from usual copper-infiltration
of P/M process with three steps (de-binder, sintering
and infiltration), these are able to proceed and
finishied in one step because, on one hand, only
few organic compounds is added during gel casting
to form the green part so that the de-binder step is
not necessary, on the other hand, it was better to
make the green part with great numbers of pores
infiltrated before its large shrinkage occurring during
solid state sintering. Therefore, the one-step
sintering and infiltration process is adopted.
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Moreover, to improve mechanical properties and in-
crease forming efficiency, a new infiltration method,
named “short-time high-temperature” infiltration, is
employed. In the experiments, the green parts have
been “short-time” infiltrated at three “high
temperatures” (135% °C, 1365 °C, 1380 °C). And
their mechanical properties are tested, as well as
microstructures are observed. Table 2 shows the
sintering schedule of “short-time high-temperature”
infiltration experiments.
Finally, the “short-time high-temperature”

infiltration is applied to form complex-shape parts

Level Sintering temperature (°C) Holding time (min) Heating rate (°C /min)

1 1250 5 15
2 1300 10 30
3 1350 15 45

Table 1. Factors and levels of solid state sintering Taguchi experiment.

Duration Temperature Heating rate
(min) (°C (°C /min 

50 RT-250 5
150 250-550 2
30 550 0
43.3 550-1200 15
60 1200 0
10(11,12) 1200-1350 15

(1365,1380)
3(3.3,3.6) 1350(1365, -50

1380)-1200
30 1200 0
300-400 1200-RT furnace cooling

Table 2. Schedule of copper-infiltration experiments.

Experiment no. Experimental value Experiment result
Sintering Holding Heating Average
temperature (°C time (min) rate (°C /min density (g/cm3)

1 1250 15 5 2.9424
2 1250 30 10 2.9517
3 1250 45 15 3.1225
4 1300 15 10 3.1087
5 1300 30 15 3.2759
6 1300 45 5 3.4953
7 1350 15 15 3.6738
8 1350 30 5 3.6171
9 1350 45 10 3.8049
Range 0.693 0.194 0.167

Table 3. Results and range analysis for density of solid state sintered parts.

with thin-walled and cantilevered structure. Smith
et al. [10] and Newkirk et al. [11] have shown that
some support structures must be used since these
delicate structures can not self-support and may
yield from their own weight during infiltration.
Depending on these modified methods, a part with
thin-walled structure and a double-layer impeller with
complex initial structure are fabricated to verify the
whole infiltration procedure.

3. RESULTS AND DISCUSSIONS

3.1. Solid state sintering

Table 3 performs the results and range analysis for
density of solid state sintered parts. The average
densities of every group of the sintered parts are all
very low (less than half of full density). Among the
three factors, sintering temperature is the main factor
which influences the sintered density tremendously,
so a single factor experiment about how temperature
effects on the final density and microstructure of
sintered part is developed later. In Fig. 6, it can be
observed that the density grows with increasing
sintering temperature. When sintering temperature
higher than 1350 °C, the density increases sharply.

Usually, the solid state sintering can be divided
into three stages: bonding stage, sintering neck
growing stage and closed-pore narrowing stage. In
the bonding stage, sintering neck is formed but the
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Fig. 6. Density of sintered parts evolution with
sintering temperature.

(a) (b)

Fig. 7. Microstructure of part sintering at 1380 °C.

Fig. 8. Solid state sintered parts.

Fig. 9. Cross-section micrograph of “short-time high-temperature” infiltrated parts.

shape of particles and the density of parts keeps
almost invariable. Then, in the sintering neck growing
stage, the distance between particles reduces
obviously, and the network consisting of pores
creates rapidly, so the density and strength
increases greatly. Finally, in the closed-pore
narrowing stage, most of pores are isolated and
appears globular shape that leads to slowly
shrinkage of the sintered part. The sharp increase
of density in Fig. 6 illustrates that sintering neck

growing stage have began when sintering tempera-
ture exceeding 1350 °C. This viewpoint is proved by
observing the microstructure of sintered parts at dif-
ferent sintering temperatures. The pores decrease
obviously with increasing sintering temperature.
However, most of these pores are still attached to
the grain boundaries and appear irregular shape even
if sintering at 1380 °C (see Fig. 7). That means the
system energy is too low for the pores occupying
and bursting the grain edge to finish the densifica-
tion process. So, strengths of these sintered parts
are still weak.

The fine feature and complexity of sintered part
through solid state sintering is another problem we
concerned. A simple-shape part is fabricated through
sintering at 1380 °C (see Fig. 8a), and yet flaws
appears on the surface of another complex-shape
part sintering at the same circumstance (see Fig.
8b). In fact, it is hard to form a complex-shape part
without defects using solid state sintering due to
severe shrinkage during densification.

3.2. Copper-infiltration process

Copper-infiltration is an efficient method to balance
geometry accuracy and mechanical properties of
sintered part. In “short-time high-temperature”
infiltration process, de-binding, sintering and
infiltration are fulfilled in one step. Fig. 9 shows the
SEM photos of microstructure of infiltrated parts at
different “high-temperatures”. As temperature
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increasing, the 316L stainless steel particles be-
come rounder and pores become fewer. With infil-
tration temperature at 1380 °C, the space between
steel particles nearly have been full of copper. These
changes improve the mechanical properties of these
parts. As it can be seen in Table 4, each character
of parts is improved through increasing infiltration
temperature. The density and mechanical proper-
ties of part with “short-time” infiltrating at 138% °C
approach the relevant standards of conventional P/
M part.

There are many factors which influence the
copper-infiltration process, such as particle size,
particle shape, trace impurity, green part density,
liquid phase copper content, heating and cooling
rate, temperature, holding time, atmosphere, etc.
Among them, infiltration temperature and liquid
phase copper content are considered as the most

Infiltration Shrinkage Density Bending Hardness
temperature (°C rate (%) (g/cm3) strength (MPa) (HV)

1350 2.64 6.65 242.3 97
1365 4.63 7.18 286.9 152
1380 5.02 7.56 336.4 189

Table 4. Properties of “short-time high-temperature” infiltrated parts.

Fig. 10. Green part with thin-walled structure
supported by alumina powder.

Fig. 11. Infiltrated part with thin-walled structure.

important factors. A basic requirement about infil-
tration temperature is higher than the melt point of
copper (1080 °C). The wetting property and diffu-
sion rate of atom, as well as the dissolvability of Fe
in Cu, are improved through increasing infiltration
temperature. At the same time, the liquid phase
copper content increases and its viscosity de-
creases.

The higher infiltration temperature and shorter
infiltration time improves microstructure during the
densification process in the experiments. On the
one hand, abundant liquid phase copper generates
because of “high-temperature” and influences
copper-infiltration and liquid state sintering deeply.
During the liquid phase generating stage, enough
liquid copper have infiltratedso the full density are
able to be realized only depending on the
rearrangement of particles. During the solid phase
dissolving stage, as abundant liquid copper exists,
the densification process are able to be finished not
only by changing particle shape but also by diffusing
components. During the framework forming stage,
the existence of liquid copper also effects on
microstructure and grain coarsening. On the other
hand, liquid copper can not be excessive because
of “short-time”, so the distortion of part and the
redundant evaporation of copper are avoided.

In addition, heating and cooling rate and sintering
atmosphere are other two factors effecting on
infiltration process. As accelerating heating and
cooling rate, the part become more homogeneous
and tougher. A vacuum furnace is used to avoid the
pollution of gas impurities and meanwhile improve
corrosion resistance of the material.

3.3. Fabricate complex-shape parts

The “short-time high-temperature” infiltration can be
applicable for complex-shape parts since it is a trade-
off between geometry accuracy and mechanical
properties. But for those parts with thin-walled or
cantilever structure, it is necessary to add support
during infiltration process. A material, such as
ceramic, plaster, graphite slurry or other similar
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Fig. 12. Green part of double-layered impeller
supported by alumina shell.

Fig. 13. Infiltrated double-layered impeller.

materials able to withstand the high temperatures
and not wet by liquid copper can act as the support
material.

Fig. 10 shows the part with thin-walled structure
supported by vibrating compact alumina powders.
Fig. 11 shows the sintered part whose feature size
range is from 1.6 mm to 45 mm. Because the height
of the thin-walled structure is 16 mm, the height-
thickness ratio is 1%. There aren’t obviously flaws
or distortion on the surface. However, neither the
dimension accuracy nor the surface quality is very
good, that caused by many factors during
manufacturing process.

For other parts like those with cantilever
structure, another support method is employed to
avoid the collapse of cantilevers during sintering and
infiltration process. Fig. 12 shows the green part of
double-layered impeller with complex initial structure
support by ceramic shell. Alumina slurry is poured
around the green part to provide solid structural
support upon solidification of it. In the case of copper
infiltrating the solid framework from top to bottom, A
and B are two bottlenecks where liquid copper difficult

to flow through. So, a plenty of copper powder is
put at A and B positions before infiltration. Fig. 13
shows the photo of sintered double-layered impeller.
As it can be seen, the complex initial structure
without remarkable defects was exhibited clearly.

4. CONCLUSIONS

Porous green parts produced by gel casing using
agar as binder in Mold DIS process can be sintered
and infiltrated in one step through “short-time high-
temperature” infiltration process. The sintered parts
with shrinkage rate of 5.02%, density of 7.56 g/cm3,
bend strength of 336.4 MPa and hardness of HV189
can be formed using short-time copper-infiltration
at 1380 °C in vacuum. Furthermore, the “short-time
high-temperature” infiltration can be applied to rapid
manufacture complex-shape metallic parts. A part
with thin-walled structure, whose feature size range
is from 1.6 to 45 mm and height-thickness ratio is
10, was fabricated successfully. Another double-
layered impeller with complex initial structure was
also fabricated through adding alumina support and
depositing copper powders at correct positions.
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