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Abstract: Effects of the debinding atmosphere, powder characteristic, solid loading and heating rate on the compact deformation
were investigated. The compact strength after thermal debinding was measured by bending mode. The experimental results indicate
that the vacuum atmosphere is beneficial to improving the deformation resistance compared with nitrogen atmosphere. Small particle
size, irregular particle shape and high solid loading are suitable for decreasing the deformation defects. Besides, too fast heating rate
may induce deformation defects. It is also indicated that effect of the factors for the deformation defects is different in different
debinding stages. The strength evolution of the compacts during thermal debinding was also discussed.
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1 Introduction

Metal injection molding(MIM) is a competitive
manufacturing technology for producing
complex-shaped compacts with near net shape and high
production capacity[1—2]. In order to provide enough
flowability for the metal powder during molding and to
maintain the desired shapes of the compacts during
debinding, the MIM feedstock always requires a lot of
organic binder as a vehicle[3]. Although the binder is
important and necessary in MIM, it must be removed
completely from the compacts prior to densification by
sintering to prevent degradation of final properties[4].
The debinding process often gives rise to defects that are
impossible to be fixed in the following procedure, so the
debinding process is usually known to be critical in
MIM]5]. Despite a lot of advanced methods (microwave
treatment, supercritical debinding, solvent extraction,
catalytic debinding etc.[6—9]) for binder removal have
been developed, which speed up this process and make it
more effective, thermal debinding is still the most
popular method until now.

The generation of the defects during thermal
debinding has received great interest both experimentally
and theoretically, while most of the investigation focused

on bloating or cracking. In MIM manufacture, the
deformation defect is one of the major problems that
greatly affect the final properties of the MIM products.
Therefore, the deformation defects during thermal
debinding were also investigated by some scholars. As
shown by AMAYA[10], the shrinking of the compacts
during debinding is a common phenomenon, while the
final dimensions of the compacts can be obtained by
controlling the deformation behaviors under different
conditions. KIPPHUT and GERMANTJ11] indicated that
flow by viscous creep during thermal debinding is a
major cause of compact deformation. The ability to
retain compact shape and attain uniform shrinkage
depends on the inherent interpretable friction of the
powder as well as other factors. MIURA and
TAKAMORI[12] pointed out that spherical powders
show much lower resistance to debinding deformation
than irregular powders, and the deformation resistance
improved with the decrease of mean particle size.
MIURA et al[13—14] confirmed that deformation defects
occurred through the release of residual stresses in the
compacts as well as the self-weight of compact by
viscous creep. MIZUNO et al[l15] revealed that the
nonuniform shrinkages were induced by the density
inhomogeneities due to local temperature differences
within the sample, by the gravity effect of the sample and
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by the frictional restraint against free dilatation. YING et
al[16] pointed out that debinding process was controlled
by polymer degradation and mainly affected by liquid
flow. The non-uniform distribution of the binder and the
nonuniform flow of the liquid binder resulted in the
non-uniform shrinkage within the compact, inducing
deformation  defects during debinding. Further
investigation by YING et al[17] revealed that the strain
and stress in the compact were also dominated by the
change of polymer content. The non-uniform distribution
of polymer content during the polymer removal was
attributed to non-uniform flow of the polymer. Therefore,
the deformation defects generated because of the
nonuniform shrinkages and stresses within the compact.
During thermal debinding, most investigations
characterized binder migration as capillary or
diffusion-controlled evaporation processes and there
existed a distinct liquid/gas interface that recedes into the
compact with debinding progress[18]. In the process of
binder migration, particle rearrangement should be an
assignable cause for the deformation defects. In our
previous work[19], the phenomenon of particle
rearrangement during thermal debinding was observed
obviously using scanning electron microscopy (SEM).

It is common accepted that the compact deformation
can be avoided by controlling kinetics of the debinding,
while the deformation defect of the compact is likely
induced by the characteristic of thermal debinding.
Furthermore, the strength evolution of the compacts in
different debinding stage should not be neglected. In
current ~work, debinding atmosphere, powder
characteristic, solid loading and heating rate were
investigated in order to study deformation resistance and
the strength evolution of the compacts during thermal
debinding.

2 Experimental

2.1 Materials and preparation of green compacts

In order to study the effect of powder characteristic
on the deformation resistance of the compacts, four kinds
of powders were selected to prepare the compacts. The
powder characteristics are listed in Table 1.
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molecular mass components such as MW and PW. In
order to study the effect of the solid loading on the
deformation resistance of the compacts, feedstocks with
different solid loading were prepared. Table 3 lists the
binder characteristics of the feedstock.

All of the feedstocks were fed into an injection
molding machine to form rectangular moldings with
dimensions of 5 mm X5 mm X 42 mm. The samples were
thermally debound under different conditions, including
different atmosphere and heating procedure.

Table 1 Characteristics of powders used in current experiment

Sample ., Production Powder Aver.age Tap
Material technolo shape particle density/
24 P size/um (g-em )
A 3l6L VAT peoular 983 354
atomization
B 316L VAT eoular 1783 381
atomization
C  17-4PH 9% Soherical 2049 3.93
atomization
fron — Carbonyl "o\ ool 440 408
powder  process

Table 2 Composition of binder systems (mass fraction, %)
PW MW EVA HDPE
64 16 15 5

2.2 Measurements for deformation resistance of

compacts

The deformation resistance of the compacts depends
on their bending strength. In current work, bending
strength of the compact was measured by bending mode
in order to obtain the deformation resistance. Because of
the low bending strength of the compacts, a particular
method was applied in this work, and Fig.1 shows the
sketch map. Firstly, the compact was fixed by its two
ends, and then a load was put on the centre of the
compact in order to obtain a moment. Therefore, the
compact deformation can be obtained by measuring the
altitude difference between the peak and the lowest point.
It is clear that the moment on the debinding compact can
be expressed by the following equation:

As listed in Table 2, the wax-based binder used was L
. M =—(G, +G,) ey
composed of HDPE and EVA as well as low relative 2
Table 3 Characteristics of feedstock
A
Characteristic B C D
A-1 A-2 A-3 A-4
w(Binder)/% 8.5 9.0 10.0 11.0 9.0 5.0 7.4
o(Solid loading)/% 56 54 52 50 55 70 60
Density of feedstock/(g-cm ) 4.60 4.48 4.34 4.18 4.49 5.50 4.81
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Fig.1 Schematic diagram of debinding compact’s deformation
in thermal debinding

where L is the distance of the two supporting points; G,
and G, are the weight of the compact itself and the load
on it.

3 Experimental results and analyses

3.1 Effect of debinding atmosphere on deformation
resistance
Compacts prepared by feedstock A2 were heated to
350 ‘C with a heating rate of 5 ‘C/min in the nitrogen
atmosphere and vacuum atmosphere respectively. Fig.2
shows the relationships between debinding atmosphere
and the deformation resistance.

12 Mixture A-2
5C/h,350°C,2h
10 ¢ & — N, atmosphere

© — Vacuum atmosphere

Deflection/mm
o

0" 2 4 6 8 10 12 14
Maximum bending moment/(10~4N+m)

Fig.2 Influence of debinding atmosphere on deformation

resistance

In order to compare differences of the deformation
resistance under different atmosphere and different
temperatures, compacts were heated to different
temperatures and cooled to room temperature (no defects
were found in these compacts). The measurement for the
deformation resistance as well as the extracted binder at
different temperatures is shown in Fig.3 and Fig4,
respectively.

The deformation resistance is quite different when
the compacts were debound in the nitrogen atmosphere
and the vacuum atmosphere, as shown in Fig.2. In the
vacuum atmosphere, the deformation of the compacts
starts to occur under the moment of 5X 10 *N-m, while
it starts under the moment of 1X10*N-m after debind-
ing in the nitrogen atmosphere. Moreover, it increases

Mixture A-2
1 ‘C/min, without holding
4,%¢ — N, atmosphere
40,0 — Vacuum atmosphere

£ «—90°C
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g *—120°C
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Fig.3 Deformation of debinding compacts at different

temperatures
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Fig.4 Percent of extracted binder of debinding compacts at
different temperatures

fast with the enhancement of the moment; meanwhile,
the deformation is very serious under the moment of 3 X
10" N'm, exceeding the deformation of the compacts
under vacuum atmosphere greatly.

As shown in Fig4, the difference of the
deformation resistance at different temperatures focuses
on the temperature zone between 100 and 150 ‘C. It is in
this temperature zone that percentage of extracted binder
is quite different under two different atmosphere. In
other words, the debinding progress is faster in vacuum
atmosphere than in the nitrogen atmosphere. Unlike in
nitrogen atmosphere, when the compacts were heated in
vacuum atmosphere, the major binder (such as PW)
would evaporated faster from the compact surface as the
saturated vapor pressure of the major binder is higher
than the ambient pressure. In the raise of the temperature,
the evaporation accelerates and speeds up the process of
binder removal. As the removal of the low melting point
component, a relative faster debinding rate can be
achieved in the following procedure because the
interconnected porosity generated within the compacts
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reduces the risk of the deformation defects effectively.
Therefore, faster removal of the binder at a relative low
temperature would decrease the deformation defects. As
the vacuum atmosphere is advantageous to enhance the
deformation resistance of the compacts, the following
experiments
atmosphere.

were all carried out under vacuum

3.2 Effect of powder characteristic on deformation

resistance

Four different powders (A, B, C, and D) were
selected to prepare the feedstocks that are listed in Table
3. All of the compacts were debound in the vacuum
atmosphere, by heating to 350 ‘C with a heating rate of
1 ‘C/min. The compacts were then cooled to room
temperature after holding the temperature for 2 h, and
Fig.5 shows the experimental results.

10 Vacuum atmosphere

0.5 C/min, 350 'C, 2h

8t o — Mixture A-2 (Lp=0.55)
# — Mixture B (L,=0.55)

v — Mixture C (L|,=0.70)
6F & — Mixture D (L,=0.60)

Deflection/mm

b3
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Maximum bending moment/(10~4N+m)
Fig.5 Influence of powder characteristics on deformation
resistance (L,: Powder loading)

It is clear that the debinding compact prepared by
powder D shows the highest deformation resistance, but
the one prepared by powder C shows the lowest strength.
Theoretically, relatively higher solid loading would
enhance the deformation resistance effectively, while the
compact prepared by powder C has the lowest
deformation resistance though it has the highest solid
loading. The reasonable cause is that the spherical shapes
of powder C would decrease the friction force among the
powders and make the movements of them easier.
Furthermore, the deformation resistance of the compacts
prepared by powder D is lower than that prepared by
powder C though the powder D is spherical and with a
higher solid loading, indicating that the particle size is
more important than the solid loading for decreasing the
deformation.

Besides, powders A and B have irregular shapes for
both of them were prepared by water atomization.
Feedstocks A-2 and B were prepared with the same solid
loading but the deformation of the compacts prepared by

the feedstock A-2 is slighter than that prepared by the
feedstock B, which can be explained by the smaller size
of the powder A. Furthermore, the powders B and C have
similar particle size, but the compact prepared by powder
B owns the lowest deformation resistance though the
feedstock C has higher solid loading. It is clear that
powder B is irregular but powder C is spherical, and the
different shapes of them should be the major cause for
the different deformation resistances. Therefore, powder
characteristics are more important than the solid loading
for enhancing the deformation resistance. Powders A and
B are irregular in shape, having bigger particle size
compared with powder D, but the deformation resistance
of the compact prepared by powder D is higher than that
of A and B, indicating that the particle size plays more
important role in the deformation resistance.

As shown by current experiment, the powder
characteristic plays important roles in controlling the
deformation defects. In fact, the powder characteristics
for binder flow and particle migration reflect the
influence on the deformation defects. If the powder is
irregular, the friction force between the powders is
bigger than the regular powder. Then the friction force
between the powders as well as the viscous drags of the
melted binder is the barrier of the particle migration.
Nevertheless, the smaller particles can still migrate with
the binder flow. It is believed that all of the binder
removed freely without causing particle migration would
not induce any deformation defects. In order to control
the deformation resistance of the compact, an effective
method is to control the flow of the liquid binder and the
particle migration.

3.3 Effects of solid loading on deformation resistance

Four feedstocks were prepared by powder A with
different solid loading to verify effect of the solid
loading on the deformation resistance of the compacts.
The solid loadings are 48.2%, 51.9%, 54.8%, 56.3%,
respectively. The compacts were heated to 350 C with
a heating rate of 1 “C/min. The experimental results can
be observed in Fig.6.

As shown in Fig. 6, high solid loading is better for
the deformation resistance. With the raise of the solid
loading, less binder is contained in the given capacity.
Therefore, the distance between the powders decreases,
which makes the powder migration more difficult. In the
meantime, the pores between the powers decreases,
which can limit the binder flow effectively. Under ideal
situation, if there is no binder flow or powder migration
during thermal debinding, the deformation defects are
hard to generate. Nevertheless, the binder flow or power
migration always happens during thermal debinding, and
they become weak with raise of the solid loading. In
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Fig.6 Influence of solid loading on deformation resistance (L,
Powder loading)

short, the differences of the binder and powder
movement make the deformation resistance different.

However, when the solid loading reaches the critical
value, high injection stress is required during injection
molding; correspondingly, higher residual stress is
enhanced in the compacts. As a result, the residual stress
within the compact should be taken into account. When
the binder begins to melt and evaporate, the residual
stress gets the chance to relax. When the residual stress is
above the yield stress of the compacts, the deformation is
likely to generate within the compact. At the same time,
the residual stress can be also regarded as a dynamic
power that can speed up the movement of the binder
flow and the powder migration, which is not desired in
decreasing the deformation.

3.4 Effect of heating rate on deformation resistance
The debinding compact prepared by A-2, was
heated to 350 C with different heating rates of 5, 10, 20
and 40 ‘C/h, respectively under vacuum atmosphere.
The deformation of the debinding compact in different
heating rates is shown in Fig.7. With the increase of the
heating rate, deformation of the compact increases
correspondingly. Effect of heating rate on the
deformation defects should include three aspects as
described below. Firstly, the binder and the metal powder
have different coefficients of thermal expansion. When
the heating rate is too fast, the heating of the compact is
not homogeneous, which would cause thermal stress and
deformation defects. Secondly, the internal temperature
is much lower than the compact surface because of the
low thermal conductivity of the polymers. Too high
heating rate would aggravate the nonuniform distribution
of the temperature and induce heating stress within the
compact. Thirdly, the particle migration and binder flow
would accelerate if the heating rate is too fast, and the

5 Mixture A2
Vacuum atmosphere
350°C,2h
o— 5C/h
a— 10°C/h

E o—20C/h
= *— 40 C/h
2
3
0=
¥
a
8 12 16

Maximum bending moment/(10~4N+m)

Fig.7 Influence of heating rate on deformation resistance

generation of the compact deformation would become
easier.

3.5 Strength evolution of compacts during thermal
debinding

In the initiation of debinding process, the binder
begins to be soft with the raise of the temperature. Low
strength of the compacts in this process is likely to cause
deformation defects. In order to control the compact
deformation in this stage, the binder system is often
designed to be a multi-component system containing low
melting point and high melting point components as
shown in current experiment. Thus, the high melting
component can remain solid state to maintain the shape
of the compacts when the low melting point components
begin to melt. Moreover, the compacts can maintain a
determinate strength when the low melting point
component is nearly removed.

In the intermediate stage, the content of the binder
decreases gradually as the debinding process continues.
As a result, the binder system becomes isolated around
the particles, which is called the pendular state[21].

In the pendular state, the liquid binder among the
powder particles would form curved surfaces (as shown
in Fig.8), while powders will be attracted to each other
by the aid of attractive power. As a result, the attractive
power caused by the pendular state can enhance the
compact strength by limiting the free movement of the
binder and powder. Under the role of the pendular state,
the binder has enough capillary force to maintain the
compact strength. As a result, it is likely that the
compacts have the highest strength if all of the pore
structures change into the pendular state.

However, with the decrease of the binder content,
the binder in some areas within the compact would no
longer provide attractive power for enhancing the
compact strength. Therefore, the strength of the
compacts would not enhance until presintering happens
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Fig.8 Attractive power generated among powder particles in
pendular state

among the powders in the final stage during thermal
debinding. At the persintering temperature, the compact
strength is improved greatly, and this will limit the
generation of the deformation defects effectively.

In short, the compact deformation during the
thermal debinding is a complex problem that is
restrained by different debinding stages. The compact
deformation can be induced by many ways as shown
above, while the strength evolution of the compact can
commendably explain the reasons of the deformation
generation. According to the analyses above, the strength
evolution of the compacts during debinding should be
illustrated by a curve as shown in Fig.9.

Strength
|
w

3);

No sintering —

Time

Fig.9 Strength evolution of compacts during different
debinding stages

As shown in Fig.9, the strength evolution of the
compacts during debinding should be divided into four
parts. Firstly, compact strength is the highest because the
binder remains solid state at room temperature (point a),
while the strength reaches a minimum value when most
of the binder melt (part (1) of the curve). Secondly, the
compact strength increases with the decrease of the
binder, and then it reaches a maximum value when the
pore structure in the powders changes into the pendular
state (part (2) of the curve). Thirdly, the compact
strength decreases gradually because the powders in
some areas of the compact loss connection of the liquid
binder with the decrease of the binder. Therefore, the
compact strength would reach another trough if the

binder is nearly removed (part (3) of the curve). Finally,
the compact strength enhances again with the
presintering among the powders at a relative high
temperature.

4 Conclusions

1) Compared with the nitrogen atmosphere, the
binder is obviously removed at low temperature under
the vacuum atmosphere for the saturation vapor pressure
of the low melting point component is higher than the
ambient pressure. The faster removal of the binder at a
relative low temperature can decrease the deformation
defects.

2) Powder characteristics and solid loading can
affect the particle migration and the binder flow during
thermal debinding, while their effects on the deformation
resistance are different. In particular, small particle size,
irregular particle morphology and high solid loading are
favorable to prevent the deformation defects.

3) Too fast heating rate aggravates the nonuniform
distribution of the temperature and the binder within the
compact, which will induce the deformation defects.
Optimization for the heating procedure can prevent the
deformation defects effectively.

4) Most deformation defects occur in the initiate
stage during thermal debinding because of the low
strength of the compacts. In the intermediate stage, the
strength is enhanced because of the appearance of the
pendular state within the compacts while it decreases
gradually as the removal of the binder. In the final stage,
the strength is enhanced again as the presintering
processes.
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