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Two material powder injection molding (PIM) is a recently developed method to
manufacture functionally graded components. This paper describes an experimental
technique to determine the suitability of two materials to be combined via PIM. This is
accomplished by comparing the individual shrinkage versus temperature behavior of the
candidate systems. The concepts are validated by two material PIM, sintering, and
subsequent microstructural observation. Two materials are compatible for two material
powder injection molding provided they form a metallurgical bond and the sintering
response of one material mimics the other. An extensive difference in sintering shrinkage,
especially during the initial stage of sintering, results in defects such as cracks and
delamination. Success of these concepts is elucidated by two material PIM of tool steel and
boron doped austenitic stainless steel. C© 2003 Kluwer Academic Publishers

1. Introduction
Functional grading of components requires the design
and fabrication of two or more material systems whose
combination endows unique properties, specific to the
desired application. An example is the production of
wear resistant tool steel with a low alloy steel or stain-
less steel, where the low alloy steel or stainless steel can
impart toughness, corrosion resistance, and an econom-
ical advantage as compared to a component that is fab-
ricated of 100% tool steel [1]. Particulate materials pro-
cessing offers attractive manufacturing routes such as
injection molding, isostatic pressing, and tape casting to
produce functionally graded components with a control
of the microstructure and mechanical properties.

The powder injection molding route has two
variants—over-molding and co-injection molding. In
the over-molding variant, a molding machine equipped
with two injection units is used to inject two differ-
ent polymer-powder mixtures into the desired shape, as
shown in Fig. 1. The method involves molding one part
in a cavity and then rotating the tooling to form another
cavity and molding around the previously molded part.
When ejected from the mold, the component is com-
posed of two interlocked materials. The molded part is
then thermally processed to remove the polymer and
sintered to produce a single, integrated component.

In co-injection molding, a functionally graded struc-
ture is produced using the flow behavior of the ma-
terials, through the same runner system, to produce a
structured component that has a core and skin of two
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different materials. This is a well-established technol-
ogy for plastics and has been experimentally examined
for two metal and ceramic powders [1–3]. Fig. 2 il-
lustrates the cross-sectional differences between over-
molding and co-injection molding.

The barriers for the production of functionally graded
components from particulate materials are similar irre-
spective of the production method or materials systems.
It is widely recognized that the two material systems
must have similar thermal expansion, similar densifi-
cation behavior, and exhibit good interfacial bonding
characteristics [4–9]. Further, a difference in sintering
behavior during the early stage of sintering leads to de-
fect formation since the compact is the weakest during
this stage [6–9].

Pest et al. [4, 5] were among the first to apply the
knowledge derived from dilatometry to demonstrate
that a composite of M4 tool steel and Fe-2Ni (all com-
positions are in wt% unless otherwise specified) can
be over-molded and thermally processed. Matching of
the densification behavior of the powders was realized
by altering the particle characteristics and alloy chem-
istry. In this case, the M4 powder was milled to promote
solid state sintering at low temperatures and boron was
admixed with the Fe-2Ni to form a liquid phase dur-
ing sintering temperature. In general, their technique
proved a moderate success; however, small cracks at
the interface could not be avoided. Formation of defects
despite modification of the shrinkage behavior was not
successfully addressed in their study.
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Figure 1 Schematic of the two material injection molding process. In
the first step, the core material is molded, followed by mold rotation to
mold the second material.

Figure 2 Schematic cross-section of an over molded and co-injection
molded two material components.

Starting from tape-cast green sheets, Cai et al.
[6] studied the co-sintering of alumina and zirconia.
Sintering resulted in channel cracking defects in the
layer under tension, delamination in the layer under
compression, and debonding at the interface. These de-
fects were attributed to a mismatch in both the sin-
tering kinetics and thermal expansion. Modifications
to the sintering profile and altering the particle chem-
istry by adding alumina to the zirconia eliminated the
defects. However, neither the extent of mismatch stress
nor sintering kinetics was successfully correlated to the
formation or elimination of the defects during sintering.

In this paper, dilatometry is used as an experimental
method to determine the compatibility of two metal-
lic alloys for two material powder injection molding.

T ABL E I Chemical composition of the powders

Powder Fe Cr Co Mo V W Mn Si Ni C S O N

M2 Bal 3.9 – 4.7 1.8 6.1 0.29 0.37 – 0.961 0.017 0.049 0.005
D2 Bal 11.5 0.03 0.99 0.65 – 0.22 0.31 – 1.49 0.002 0.07 0.013
T15 Bal 4.2 4.8 0.32 4.6 12.0 0.19 0.21 – 1.53 0.11 0.06 –
4340 Bal 0.90 – 0.25 – – 0.62 0.21 1.90 0.406 0.005 0.048 0.011
Fe Bal – – – – – – 0.12 – 0.30 – 0.4 0.6
316L Bal 17.1 – 2.2 – – 1.4 0.49 10.6 0.03 0.008 0.038 0.186
Cr 0.1 99.6 <0.01 <0.01 <0.01 – <0.01 <0.10 <0.01 – – – –
Ni 0.1 – <0.01 <0.01 – <0.01 <0.10 99.8 – – – –

T ABL E I I Powder characteristics

Powder T15 M2 D2 4340 316L Fe Cr Ni

Vendor UFP UFP UFP UFP UFP ISP F. W. winter Inco
Theoretical density (g/cm3) 8.00 8.05 8.00 7.86 7.9 7.78 7.23 8.96
Tap density (g/cm3) 5.01 4.50 4.35 3.55 4.20 3.90 2.60 3.26
Apparent density (g/cm3) 4.14 3.68 3.55 3.02 3.40 2.20 2.10 2.30
Particle size (µm)

D10 4.5 4.7 4.6 4.8 4.5 2.2 1.1 3.0
D50 11.3 11.8 11.7 12.3 10.0 3.5 3.9 5.0
D90 21.6 21.5 21.4 21.6 19.9 5.4 7.9 7.0

Based on shrinkage behavior, two material systems ex-
hibiting diverse characteristics are selected to identify
and isolate the co-sintering behavior. A two material
system was produced via injection molding by main-
taining one material’s densification characteristics (tool
steel) and altering the sintering shrinkage characteris-
tics of the other material by modifying its alloy chem-
istry. These results were subsequently used to develop
a predictive model to determine the stress state during
sintering and its effect on defect formation in Part II.

2. Experimental
The objective of this experimental study was to assess
suitable material systems for co-sintering with tool steel
without altering the metallurgical or functional charac-
teristics of the tool steel powders. Furthermore, candi-
date systems were validated by two material powder
injection molding. Multiple tool steel grades and mul-
tiple steel grades were examined for their shrinkage
behavior during thermal processing. Dilatometry was
used to select the systems with the most similar thermal
shrinkage rate, thus most likely to give favorable inter-
facial integrity after injection molding and co-sintering.

The compositions of the different powders used in
this study are given in Table I. The powder characteris-
tics are detailed in Table II.The majority of the powders
were gas atomized, except for the chromium powder
and the carbonyl iron powder. Boron powder (amor-
phous, −325 mesh, 99.99% purity, Alfa Aesar) was
admixed in the desired composition with the elemental
or alloyed powders and homogenized by blending in
a Turbula mixer (Glenn Mills Inc, Maywood, NJ) for
30 min.

3. Dilatometry study
The densification and expansion of the alloys were ex-
amined and compared to predict compatibility during
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sintering using dilatometry. Powders were admixed
with 2 wt% paraffin wax and pressed into 12.7 mm
diameter and 10 mm long cylindrical compacts us-
ing a hand press (Carver Press, Wabash, IN) at
a pressure of 100–150 MPa. The pressed cylindri-
cal compacts were thermally debound at 575◦C for
30 min in a flowing hydrogen atmosphere in a re-
tort furnace. A vertical pushrod dilatometer (Anter,
Pittsburgh, PA) was used to evaluate the dimensional
changes of the presintered compacts during sintering at
10◦C/min to 1400◦C in an argon/hydrogen (95/5 vol%)
atmosphere.

4. Two material powder injection molding
Based on the findings from the dilatometer study, boron
(0.5 wt%) admixed 316L stainless steel and boron
(0.5 wt%) admixed with Fe-10Cr steel made from ele-
mental powders were each over-molded with M2 tool
steel, to as two contrasting systems. Powders were
mixed with a 50 wt% wax - 50 wt% polyethylene binder
system at a powder loading of 63 vol% for powder injec-
tion molding. A two-step injection molding process was
employed to make a cylindrical green compact whose
geometry is shown in Fig. 3. Initially, Material 1 was
injection molded and followed by the overmolding of
Material 2 in a 30 ton Arburg injection molding ma-
chine with a screw diameter of 25 mm. Samples were
molded at a maximum injection pressure of 2500 bar, a
maximum clamping force of 800 kN, a maximum volu-
metric rate of 90 cm3/s, and a maximum injection stroke
of 120 cm. Melt and mold temperature were 170◦C and
35◦C.

The as-molded compacts were debound by a two-step
process. First, a solvent debinding process was used to
remove the wax from the compacts using 65◦C heptane
for 5 h. The compacts were air dried and thermally
debound between 300 and 450◦C and presintered at
850◦C under flowing hydrogen gas in a retort furnace.
Final sintering was performed at 1235◦C in a 0.13 MPa
(10−3 torr) vacuum for 30 min.

After processing, the compacts were evaluated for in-
terfacial integrity using visual and microstructural eval-
uation. The selected compacts were mounted in Bake-
lite, ground with 320, 500 and 800 grit SiC paper and
polished using 6 and 1 µm diamond paste for optical
microscopy. Microhardness across the interface was
determined using a Knoop indentor (Leco M-400-H,
St. Joseph, MI) with 300 gram load.

Figure 3 Cross-sectional geometry of the injection molded component
used in this study.

Figure 4 Dilatometer plot of sintering shrinkage versus temperature
of tool steels sintered in argon-5% hydrogen atmosphere at a rate of
10◦C/min to 1400◦C for one hour. The density of the presintered com-
pacts is approximately 60% of theoretical density.

Figure 5 Dilatometer plot of sintering shrinkage versus temperature of
candidate systems sintered in argon-5% hydrogen atmosphere at a rate
of 10◦C/min to 1400◦C for one hour. The density of the presintered
compacts is approximately 60% of theoretical density.

5. Results and discussion
The shrinkage behavior versus temperature, as deter-
mined by dilatometry, is given in Figs 4 and 5 for
the tool steels and potential compatible materials, re-
spectively. The relevant comparative dilatometry data
is summarized in Table III. Fig. 4 indicates that all Au:

Changed
Table IV as
to Table III
ok?

tool steel compositions have a similar sintering re-
sponse with no observable shrinkage due to densifi-
cation up to 1200◦C and rapid shrinkage between 1200
and 1250◦C. Further, Table III shows that the tempera-
ture at which maximum sintering shrinkage occurs for
the D2 and M2 is within 6◦C. Tool steels do not exhibit

TABLE I I I Dilatometry data for steel sample sintered in Ar/H2

Temperature Temperature Temperature at
at 0.1% at 0.1%/min peak shrinkage
shrinkage (◦C) shrinkage rate (◦C) rate (◦C)

T15 1217 1192 1270
M2 1210 1195 1252
D2 1178 1159 1246
4340-0.5B 1044 1115 1145
316L-0.5B 1184 1177 1241
Fe-10Cr-0.5B 681 769 1239
Fe-2Ni-0.5B 618 557 829
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any significant solid-state sintering and densification
is due to supersolidus liquid phase sintering (SLPS)
[10, 11]. The liquid phase forms due to the carbon con-
tent, present in the form of carbides. An increase in the
carbon content increases the amount of liquid phase and
decreases the sintering temperature of the tool steels
[12, 13].

The potential compatible material’s dilatometer data
in Fig. 5 shows distinctly different sintering behaviors
for these materials. A common feature in all these al-
loy systems is the formation of liquid phase due to
the addition of boron. The 316L stainless steel ad-
mixed with boron exhibits very little solid-state sin-
tering, similar to the tool steels. Densification is pro-
moted via SLPS, with borides precipitating at the grain
boundaries and forming a liquid phase with iron. The
amount of boron influences the sintering window [14],
the amount of liquid phase at the sintering temperature,
the ensuing microstructure and mechanical properties
[14–16]. The alloy 4340 admixed with boron shows lit-
tle solid-state densification between 650 and 800◦C.
Rapid sintering shrinkage occurs between 1115 and
1170◦C due to the formation of Fe-FeB2 liquid phase
leading to full densification. The rapid and full densi-
fication of the Fe-10Cr-0.5B alloy is observed at about
the same temperature as the 316L-B alloy due to the for-
mation of Fe-(Fe,Cr) boride liquid phase; however, it
shows significant solid state sintering densification be-
tween 600◦C and 825◦C—contributed by the carbonyl
iron powder [17]. With an increase in temperature, the
α → γ phase transformation retards further solid state
sintering. Fe-2Ni-B also exhibits significant solid state
sintering between 450 and 900◦C. Subsequent shrink-
age, leading to full densification is due to Fe-(Fe,Ni)
boride liquid phase formation [18].

Figs 6 to 9 compare the difference in shrinkage be-
havior with temperature of M2 tool steel with 4340
Steel-0.5B, 316L-0.5B, Fe-10Cr-0.5B, and Fe-2Ni-
0.5B compacts, respectively. It is evident from Fig. 6
that the sintering behavior of 4340 Steel-0.5B is very
different than the M2 tool steel due to the greater
than 15% difference in shrinkage during sintering. The
316L-0.5B stainless steel exhibits a sintering response
very similar and compatible to that of M2 tool steel
compositions up to 1200◦C with a difference in shrink-

Figure 6 Difference in sintering shrinkage of 4340-0.5B steel with re-
spect to M2 tool steel versus temperature.

Figure 7 Difference in sintering shrinkage of 316L-0.5B stainless steel
with respect to M2 tool steel versus temperature.

Figure 8 Difference in sintering shrinkage of Fe-10Cr-0.5B steel with
respect to M2 tool steel versus temperature.

Figure 9 Difference in sintering shrinkage of Fe-2Ni-0.5B steel with
respect to M2 tool steel versus temperature.

age of less that 1%, as evident from Fig. 7. The Fe-
10Cr-0.5B composition produced a fairly interesting
result. Examination of Fig. 8 shows that the Fe-10Cr-
0.5B composition has a distinctly different shrinkage
behavior below 1200◦C as compared to M2 tool steel;
however, the shrinkage behavior of Fe-10Cr-0.5B is
similar to M2 tool steel above 1200◦C. Fig. 9 shows
that there is a considerable difference in the sintering
shrinkage behavior of Fe-2Ni-0.5B and M2, with Fe-
2Ni-0.5B undergoing solid state densification and full
densification via a liquid phase approximately 40◦C be-
fore the onset of densification in tool steels. Based on
these observations, the M2 tool steel was selected for
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Figure 10 Picture showing the sintered two material PIM components.
The M2/316L-0.5B combination sintered without defects while interface
decohesion is evident in other material combinations.

two material powder injection molding with both the
316L-0.5B stainless steel and the Fe-10Cr-0.5B alloy.

Choice of atmosphere plays an important role during
the sintering of tool steels and boron admixed steels.
Tool steels can be sintered in a slightly reducing atmo-
sphere containing nitrogen or in vacuum. The presence
of nitrogen results in coarsening resistant MX type car-
bonitride precipitates leading to a refined microstruc-
ture [19]. Boron admixed steels on the other hand can-
not be sintered in an atmosphere containing nitrogen
as boron reacts with nitrogen to form BN, which re-
duces the amount of boron to form a liquid phase.
Boron admixed steels can be sintered in hydrogen, a
mixture of hydrogen and argon or vacuum. Based on
the above constraints, the debound and presintered in-
jection molded samples were sintered at 1235◦C in 10−3

torr vacuum for 30 min.
The sintered samples produced at each condition are

shown in Fig. 10. All compacts that contained Fe-10Cr-
0.5B showed cracking at the interface between the two
alloys after presintering at 850◦C. As mentioned earlier,
dilatometry data of the Fe-10Cr-0.5B alloy, as shown in
Fig. 5, indicates that the compact undergoes significant
solid-state sintering (up to 5% linear shrinkage) below

Figure 11 Scanning electron micrograph of M2 tool steel co-sintered at 1235◦C with 316L-0.5B stainless steel. The M2 is on the upper left and the
316L-0.5B is on the lower right. The micrograph of the interface shows a good metallurgical bond at the interface.

temperature of 850◦C. This solid state sintering is a
characteristic of the carbonyl powder that was used as
the ferrous component of the alloy. The large difference
in shrinkage behavior induced cracks at the interface of
the two alloys. This effect is particularly exaggerated
for the co-sintered boron admixed 316L stainless steel
and the Fe-10Cr-0.5B alloy. While the difference in
sintering shrinkage above 1200◦C is as high as 5%, the
M2 tool steel and boron admixed 316L stainless steel
system showed excellent results with no decohesion
and a good diffusion bond. The difference in sintering
shrinkage is observed at temperatures where the SLPS
has initiated in the 316L-0.5B compact. Under such
conditions, it is reasonable to assume that the compact
is highly viscous and hence resistant to deformations
as high as 5%.

The co-sintered 316L-0.5B and M2 tool steel sample
was sectioned through the center along the length of the
cylinder and polished to examine the microstructure.
Fig. 11 shows the scanning electron micrographs of
the interface of the co-sintered compact. The interface
exhibited a good metallurgical bond. The M2 tool steel
composition is identified by the blocky morphology of
the precipitates (carbides) along the grain boundaries
and distribution of the precipitates within the particles.
The microstructure of the 316L-0.5B is identified by
precipitation (of borides) along the grain boundaries.
Hardness of the sample was measured on either sides
of the interface. The reported value is an average of
three measurements. The M2 had the highest hardness
of 651 HK, 316L-0.5B stainless steel had a hardness of
257 HK, and the interface had hardness of 550 HK.

6. Conclusions
Sintering is a major barrier in producing a defect-free
functionally graded component via PIM. Successful
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sintering of two material PIM components require one
material to mimic the densification behavior of the other
material. In addition, the net shrinkage of the compacts
after sintering should be equal. A prime choice for two
material powder injection molding with the tool steels
are austenitic stainless steels admixed with boron—
both the materials have similar thermal expansion and
sintering characteristics. Mismatch in the sintering be-
havior, especially in the initial stage of sintering in-
creases the susceptibility to form defects. For example,
Fe-10Cr-0.5B exhibits significant shrinkage compared
to M2 during the initial solid state sintering resulting in
cracking at the interface between the two materials. On
the other hand, for the M2 and 316L-0.5B combination
with a shrinkage mismatch of less than 0.2% during the
initial stage sintering, difference in shrinkage as high
as 5% after the initiation of liquid phase formation had
no adverse effect on the integrity of the interfaces.
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