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AbstractÐDefects such as cracking, slumping, and sagging are frequently found in powder injection-
molded (PIM) compacts. These defects are partly related to the swelling of the binders during solvent
debinding. However, little quantitative analysis has been reported to date. The in situ length changes of
PIM specimens during debinding were measured in this study using a laser dilatometer designed by the
authors speci®cally for these experiments. A total linear expansion from 0.5 to 2% was observed and was
in¯uenced by the binder, the solvent type, and the debinding temperature. This expansion is attributed to
the interaction between the solvent and the binder, particularly the insoluble backbone binder components
such as low-density polyethylene and polypropylene. These in situ measurements on the length and tem-
perature changes help explain how the defects formed during debinding. Based on the results observed,
guidelines for designing binders and debinding schedules are recommended. # 1998 Acta Metallurgica Inc.
Published by Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

The solvent debinding process was introduced to

the powder injection molding (PIM) industries

during the 1980s. The ®rst step of this process is to

extract soluble binder components by using solvents

such as heptane or hexane. The remaining insoluble

binders are then removed in a subsequent thermal

debinding step [1, 2]. Previous studies indicated that

the solvent extraction process consisted of four

stages [3]. First, solvent molecules penetrate into

the binder, producing swollen gels. When the bin-

der±solvent interactions are strong enough, the gels

gradually disintegrate into a true solution [4]. The

solution then di�uses toward the surface, and

®nally, the solution is removed from the surface.

The limiting step was found to be the outward dif-

fusion of the binder±solvent solution. To under-

stand the debinding kinetics, models and di�usion

equations similar to the decarburization of steels

were developed and were validated by experimental

data [3, 5].

The microstructure evolution in the compact was

also examined by Hwang and Hsieh using mercury

porosimetry data and scanning electron

micrographs [6]. The results of that study con®rmed

that the binder dissolution starts from the surface

and progresses inward. The binder dissolution

leaves interpenetrating pore channels which are

used by the decomposed gas to escape during the

subsequent thermal debinding.

This solvent debinding process shortens the

debinding cycle signi®cantly and has therefore been
quickly accepted by the industry. Nevertheless, this

process, when not properly executed, may result in
cracking, distortion, and slumping [3, 7, 8]. These

defects were explained brie¯y by Lin and German,
who attributed this problem to binder swelling and
binder softening [3]. However, quantitative analysis

on these phenomena and their relation to the
dimensional changes of PIM compacts has not been

reported to date. The main technical di�culty has
been to ®nd a reliable method to monitor the in situ

changes in length. This is because PIM specimens
become soft when they are in contact with the sol-
vent, which makes in situ measurement with mech-

anical devices such as micrometers or calipers
almost impossible. If specimens are measured after

they are removed from the solvent bath, the read-
ings can be misleading because the dimension of the

specimen may change due to the temperature
change, solvent evaporation, and handling. Thus,
the main objective of this study was to develop a

method to measure the in situ dimensional changes
of the specimen in the solvent bath without actually

making contact with the compact. Hopefully, the
debinding behavior of PIM compacts and its re-

lationship to defects can be better understood.
In this study, two solvents, ®ve binder compo-

sitions, and four debinding temperatures were used,
and their e�ects on the debinding behavior were

compared. Based on these observations, the amount
of swelling and distortion caused by each binder
type should be considered in addition to the existing
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guidelines for binder design and for selecting the
debinding schedule. Solutions to alleviate defects
which appear during debinding are also rec-

ommended.

2. EXPERIMENTAL

Carbonyl iron powder was used in this study to
fabricate injection-molded specimens. It has a
spherical shape, ®ne particle size, and high interpar-
ticle friction. Its characteristics are given in Table 1.

To prepare the feedstock, iron powders were
kneaded with polymeric binders in a weight ratio of
92:8. The polymeric binder consisted of low-density

polyethylene (LDPE) or polypropylene (PP), paraf-
®n wax (PW), and stearic acid (SA). The character-
istics of these binder components are given in

Table 2. Table 3 lists the ®ve compositions of the
binder systems examined in this study.
After being kneaded and granulated, the feed-

stock was molded into rectangular specimens of

100 mm�12 mm�4 mm. The solvent debinding
was carried out by immersing specimens in hexane
or heptane, which have boiling points of 688C and

988C, respectively.
Figure 1 illustrates the setup of the laser dilat-

ometer which was used to measure the changes in

length of the compacts. The specimen was held
®xed by set screws at the holder end, while the
other end was free to move. At the free end, a

length indicator plate made of aluminum foil was
attached like a periscope so that the movement of
the specimen, which was immersed in the solvent
bath, could be detected by the laser sensor. In order

to get good-quality signals, a steel plate was placed
below the zone where the laser beam passed so that
the laser beam would not be disturbed by the sol-

vent or the water vapor. To reduce friction,
alumina rollers were placed under the specimen. A
thermocouple was inserted into the compact to

record the temperature change. As the specimen
and the chamber were heated to the desired tem-

perature by the constant temperature bath, solvent
which had been preheated to the same temperature
as the specimen was introduced into the specimen

chamber from the solvent tank. The immersion and
retrieval of specimens were simulated by introdu-
cing and draining the solvent into and out of the

specimen chamber.
To measure the distortion of compacts, 100 mm

long specimens were supported by two ridges
80 mm apart, each located 10 mm from its respect-

ive end. The degree of distortion was determined by
the sagging distance, which was de®ned as the rela-
tive height between the center and the two ends. To

determine the melting point of each pure binder
component and the mixed feedstock, a di�erential
scanning calorimeter (DSC) was used. The testing

was carried out in nitrogen using a heating rate of
108C/min.

3. RESULTS

To understand the capability of the laser dilat-

ometer, the dimensional change of a pure copper
block was measured. Figure 2 shows that the speci-
men, which was originally at 258C, expanded ap-

proximately 0.025% after the preheated 408C water
was introduced into the chamber and the system
reached equilibrium. This small amount of expan-

sion agreed well with the amount calculated from
the thermal expansion coe�cient of copper. Slight
¯uctuation, which was caused by the vibration of

the system, the ¯ow of water, and the noise from
the electronics, was noticed. This ¯uctuation was,
however, insigni®cant compared to the dimensional
changes of molded specimens, as will be reported

later.
Figure 3 shows the e�ect of debinding tempera-

ture on the length of the No. 1 specimen, the binder

which consisted of 30 wt% PP, 65 wt% PW, and
5 wt% SA. The specimen length increased as
debinding time and temperature were increased. At

Table 1. Characteristics of carbonyl iron powders used in this
study

Powder Type
Carbonyl iron powder,

(CIP-S-1641)

Supplier ISP Corp.
Average particle size (F.S.S.S.) 4.6 mm
Surface area 0.77 m2/g
Pycnometer density 7.542 g/cm3

Angle of repose 508
Tap density 4.16 g/cm3

Chemistry (wt%) C 0.786
O 0.957
N 0.721

Table 2. Characteristics of binder components used in this study

Binder type Melting point (8C) Density (g/cm3) Supplier

Low density polyethylene 99 0.916 USIFE Co.
Polypropylene 169 0.903 Taiwan P.P. Co.
Para�n wax 70 0.912 Nippon Seiro Co.
Stearic acid 72 0.962 Nacalai Tesque Inc.

Table 3. The compositions of the binder system examined in this
study

Binder
Specimen number

components 1 2 3 4 5

PP 30 40 Ð Ð Ð
LDPE Ð Ð 30 40 50
PW 65 55 65 55 45
SA 5 5 5 5 5
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608C, the swelling curve reached a plateau of about

0.75% in about 2000 s. As the heptane temperature
decreased to 308C, the amount of expansion

decreased to 0.25%. It was also noted that the
curves showing the amount of swelling which

occurred at 308C and 408C crossed each other. This
initiated another test on ®ve debinding runs, and

the swelling curves at 408C were non-repeatable, as
shown in Fig. 4. This implies that the dimensions of

the specimen are di�cult to control because of the
unpredictable debinding behavior. When the PP

content increased to 40 wt% (specimen No. 2), the
amount of expansion increased slightly and the

curves did not intersect, as shown in Fig. 5, and
were repeatable.

When the 40 wt% PP was replaced by 40 wt%
LDPE (specimen No. 4), the amount of swelling

further increased to about 1.8% at 608C, as shown
in Fig. 6. This di�erence in swelling is conceivable

because LDPE has lower crystallinity, lower melting
point, lower tensile strength, and smaller di�erence

in the solubility parameter with the heptane. Figure
7 illustrates the e�ect of the amount of backbone

binder on swelling. It shows that as the LDPE
increased from 30 wt% to 40 or 50 wt%, the speci-

men length increased. This result exhibits the same
trend as those results given in Figs 3 and 5, in

which the amount of swelling increases as the PP

content in the binder increases from 30 to 40 wt%.

All the above experiments were carried out using

heptane as the solvent. When hexane was used, the

amount of expansion further increased, as shown in

Table 4. The specimens were immersed in the 408C
hexane bath for 6000 s. This di�erence in length

changes is very likely since hexane molecules are
smaller than heptane molecules and thus can di�use

faster into the binder, producing swollen gels.

To better understand the reaction between each
binder component and the solvent, specimens made

of pure PP and LDPE were immersed in hexane.

Figure 8 shows that both PP and LDPE swelled,

with LDPE doing so more signi®cantly. Similar ex-

periments were also carried out using heptane, and

the same trend was observed. For pure para�n and
stearic acid, which dissolve easily in heptane and

hexane, a volumetric ¯ask was used instead of the

laser dilatometer to record the volume change of

the solvent±binder system prior to and after the

binder dissolution. The dissolution of PW and SA

Fig. 1. The schematics of the laser dilatometer which was
used to measure the in situ changes in length of PIM com-

pacts during solvent debinding.

Fig. 2. The dimensional change of a pure copper block
measured by the laser dilatometer when 408C water was

introduced into the 258C specimen chamber.

Fig. 3. The length of specimen No. 1
(30%PP+ 65%PW+ 5%SA) when immersed in heptane
increases with increasing debinding time and temperature.

Fig. 4. The expansion curves of ®ve independent debinding
runs showing the poor repeatability of No. 1 specimens,

which contain 30% PP.
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causes the liquid level to move up and down in the

bottle neck. This method, although not as sensitive

as the laser dilatometer, still provides semi-quanti-

tative information. The results show that the total

increase in volume of the solvent±binder solution

containing PW and SA, as shown in Table 5, was

even greater than the volume increase of solvents

which contained pure PP and LDPE.

Since the di�culty of controlling the ®nal dimen-

sion increases in proportion to the amount of

expansion during debinding, it is desirable to allevi-

ate swelling during debinding. Therefore, based on

the results shown in Table 5, it would be intuitive

to think that less PW and SA should be used in the

specimen. However, a change in the binder compo-

sition may a�ect the shape retention capability and

the debinding rate. Figure 9 shows that as the

amount of PW decreased, the degree of debinding

completion, which was de®ned as the percentage of

the soluble binder that had been extracted, also

decreased. It was originally expected that as the

amount of soluble binder in the compact was

decreased, the solvent debinding time required to
remove all soluble binder would also be reduced.

This, however, is contrary to the curves shown in
Fig. 9. It is very likely that, with less soluble binder,
the pore channels became less interconnected.

Moreover, the swollen backbone binders may clog
the pores and thus the debinding rate was impeded.
This result suggested that more PW and SA is

needed if a short debinding cycle is desired.
To better understand the swelling behavior, the in

situ specimen temperature was also recorded.

Figure 10 shows the in situ length and temperature
change in a debinding run. In this test, the speci-
mens expanded signi®cantly at the beginning as the

508C solvent was introduced into the 188C specimen
chamber. This expansion is mainly caused by the
swelling of the binder, as was detected in specimens

which were examined isothermally, as shown from
Figs 3±7. As the temperature stabilized at 508C, the
specimen continued to swell slowly. At the end of

the run, as the solvent was drained from the bath,
sharp decreases in temperature and length were
recorded. The 428C core temperature of the speci-

men, which was lower than the ambient tempera-
ture, indicated that evaporation of the trapped
solvent occurred and some heat was drawn from

the specimen. After the sharp decrease in length,
the specimen expanded as the specimen temperature
rose back to the chamber temperature of 498C. This
is possibly because there was still some solvent
remaining and the backbone binder swelled again
due to the same temperature e�ect as was described

earlier. As the specimen temperature stabilized at
498C, the specimen length decreased again. This

Fig. 5. Compared to Fig. 3, the amount of expansion of
molded specimens increases when the PP content increases

from 30% to 40%.

Fig. 6. Specimens that contain LDPE swell more signi®-
cantly than those containing PP, as shown in Fig. 5.

Fig. 7. The amount of expansion of LDPE-containing spe-
cimens increases with increasing LDPE content.

Table 4. A comparison of the e�ects of solvent type showing that
hexane causes more swelling than heptane

Sample no. Binder composition
in 408C
heptane

in 408C
hexane

1 40PP + 55PW + 5SA 0.52% 0.70%
2 40LDPE + 55PW + 5SA 0.53% 0.87%
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shrinkage, like the one that occurred during the sol-

vent draining, is possibly attributed to the loss of
the solvent which causes shrinking of the swollen
backbone binder.

To design an optimum debinding schedule, both
the length of the debinding time and the suscepti-
bility to defect formation must be considered.

Figure 11 shows the sagging distance of No. 4 spe-
cimens which contain 40 wt% LDPE, 55 wt% PW

and 5 wt% SA in the binder. Specimens sagged sig-
ni®cantly at 508C and 608C, but not at 408C and
458C. Considering both the debinding rate and the

amount of distortion, the best debinding tempera-
ture selected in this study for sample No. 4 was
therefore 458C.

4. DISCUSSION

From the volume expansion data, as given in

Table 5, it can be argued that, in addition to the

swelling of LDPE and PP, soluble binder com-
ponents, namely PW and SA, will also cause swel-

ling, and their e�ects should be even greater.

However, Figs 3, 5 and 7 show that the use of

greater amounts of PW and SA actually results in
less swelling. Moreover, Fig. 9 shows that the

debinding rate increases as the amount of PW and

SA increases. All these seem to be contradictory to
the expectations.

This is because unlike LDPE and PP, which form

a swollen gel in heptane and hexane, PW and SA

form liquid solutions. When the expanded solution
is in the liquid form, the solution will be forced out

of the compact due to the constraint of the powder

and the swollen gel which is formed from the back-
bone binder. Thus, little swelling and stress was

caused by the soluble binder. Moreover, due to the

outward ¯ow of the solution, a fast debinding rate
was observed in the early stage. Another possible

reason for the fast debinding rate in compacts with

more PW and SA is that there are more intercon-
nected pore channels through which dissolved sol-

ution can di�use to the surface. In contrast, with a

large amount of backbone binder, there are fewer
channels; in addition, the swollen gel may also clog

these channels. Thus the di�usion of the binder±sol-

vent solution or the debinding rate is slower.

It is noted in Fig. 10 that a large amount of
shrinkage and temperature drop occur at the end of

the debinding run. This shrinkage was caused

mainly by the loss of the solvent from the swollen
gel in the compact. Since PIM compacts usually

have complicated shapes, this sudden change in

dimension could cause cracking or distortion at
places where sections with di�erent thickness meet.

Thus, to avoid these defects, it would be preferable

to cool specimens in the solvent before they are
taken out of the bath. This will reduce the shrink-

Fig. 8. The length change of (a) pure PP and (b) pure
LDPE specimens when immersed in hexane.

Table 5. The amount of volume expansion of PP, LDPE, PW, and
SA after being immersed in heptane for 1 h at 608C

Binder components %

PP 3.5
LDPE 4.5
PW 9.0
SA 6.5

Fig. 9. The weight-loss curves of specimens show that the
more soluble are binder components in the specimen, the

faster the debinding rate.
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age rate because the amount of expansion decreases
as the debinding temperature decreases as shown in
Figs 3, 5 and 6.

Selections of the optimum binder type, binder
ratio, and debinding temperature have always been
a di�cult job in developing the solvent debinding

process for PIM practitioners. Several principles
and criteria have been established in previous
literature [1, 8±10]. The results on swelling and dis-

tortion observed in this study could provide two
more guidelines.

4.1. Swelling

As is well known, increasing the amount of PE
or PP increases the di�culty of the molding. The

results in Section 3 also show that as the amount of
PE and PP increase, the swelling becomes more sig-
ni®cant and the debinding rate decreases. Thus, it

would be intuitive to use as little backbone binder
as possible. However, there must be a minimum,
otherwise, there will not be enough backbone bin-
der to prevent compacts from slumping and distort-

ing. When the above results were reviewed, it was
noticed that in Fig. 3, the swelling curves at 308C
and 408C of specimen No. 1 intersect. In addition,

the repeatability of the swelling curves is very poor,
as shown in Fig. 4. These results indicate that the
amount of PP in the binder was insu�cient to hold

the powders together to sustain the swelling force
during debinding. Thus, the dimensions of the PIM
compact will not be consistent after debinding.

When the amount of PP was increased from 30 to
40 wt%, the repeatability was improved.
Based on the results above, it is thus suggested to

monitor the amount of swelling and the repeatabil-

ity of the debinding behavior for each binder sys-
tem when selecting or designing a binder
composition.

4.2. Distortion

The degree of distortion or sagging of the speci-
men provides another criterion for selecting debind-

ing parameters. The curve shown in Fig. 11
indicates that the amount of sagging is signi®cant
at 508C and 608C. These temperatures are still

lower than the melting points of pure PW and SA,
as shown in Table 2. However, it should be noted
that the melting points of binder components
usually decrease after kneading [3, 6]. The three

endothermic peaks observed in our DSC tests indi-
cate indeed that the melting points of SA, PW, and
LDPE in the kneaded feedstock are lowered to 43,

59, and 978C, respectively. Furthermore, the melt-
ing point of a polymer is usually reduced by the
presence of the solvent [4]. Thus, it is conceivable

that when the solvent temperature is 508C, the com-
pact may slump or distort due to the softening of
the compact. Since the binder extraction rate was

not signi®cantly reduced when the debinding tem-
perature decreased from 50 to 458C, 458C was
selected as the optimal debinding temperature for
specimen No. 4 in this study. This example shows

Fig. 10. The changes in temperature and length of specimens which were under solvent debinding show-
ing sharp changes at the end of the run.

Fig. 11. The degree of sagging of specimens at di�erent
debinding temperatures.
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that an adequate debinding temperature can be
determined by using the sagging test and is usually

no higher than the melting point of the major bin-
der components in the kneaded feedstock, such as
PW in this study.

5. CONCLUSION

A laser dilatometer has been developed and is
able to measure the in situ dimensions of powder

injection-molded compacts during solvent debind-
ing. Expansion of specimens was observed when
molded compacts were immersed in heptane and

hexane. The amount of expansion increases with
increasing temperature, decreasing molecular weight
of the solvent, and increasing amount of the insolu-
ble backbone binder.

Soluble binder components, para�n wax and
stearic acid, when dissolved in the solvent, will
cause the solution to increase in volume. However,

this dissolution is not responsible for the swelling of
the compact during debinding because instead of
forming swollen gels, they form liquid solutions.

The relative debinding rate increases as the
amount of backbone binder decreases. However,
with too little backbone binder, such as 30 wt% PP

in the binder, the green strength is not high enough
to hold compacts together, as was indicated by the
poor repeatability of the dilatometer curves during
debinding. When the PP content increases to

40 wt%, the debinding behavior becomes repeata-
ble.
The in situ measurement on the specimen length,

along with the sagging test, provide two worthwhile

references when designing a binder system and an
adequate debinding schedule.
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