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ABSTRACT The rheological and shape retention properties of wax-based binders with different poly mer
components were studied . The effects of different poly mer components on rheological , shape retention and me-

chanical properties , and isotropic dimension shrinkage were investigated. The feedstock based on the P W-PP

binder can not be used for injection molding due to severe separation of the binder from metal powder. The

general rhelogical properties of the Fe-2 Ni feedstock based on the P W- EV A binder were superior to that of the
Fe-2 Ni feedstock based on the P W-HDPE binder, while the shape retention properties of the P W- HDPE
binder were superior to that of the P W-E VA binder. By the combination of EVA and HDPE as multi-poly mer
components , the P W-EVA- HDPE binder should have the best rheological and shape retention properties . The

shrinkage homogeneity and mechanical properties of the feedstock based on this binder were also the best .
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1 INTRODUCTION

Metal injection molding ( MIM) is an e-
merging net-shaping process with the capability
of producing complex metal products which can-
not be made by conventional powder metallurgy
processes . Combining high part complexity with
high production quantities , metal injection mold-
ing supple ments the established processes like
press/sinter, machining and invest ment casting .
Its basic process is as follows : first, metal pow-
ders with specific particle size and range and
shape are uniformly mixed with an organic
binder to prepare a moldable feedstock; then,
the feedstock flows and fills into a mold under
heat and pressure to form green parts. Subse-
quent debinding and sintering finally produce
parts of full or near full density[1 4

The binder plays a very important role in
MIM process . It is not only the vehicle of flowa-
bility during injection molding , but also provides

shape retention during debinding. Typical wax-
based binders are composed of paraffin wax and a
kind of polymer component such as polyethy-
lene , polypropylene, polystyrene. The paraffin
wax with low molecular mass and low melting
point plays a major role in transferring flowabili-
ty during molding , whereas the
ploy mer component mainly provides shape reten-
tion during debinding besides helping provide

injection

flowability . There are often contradiction be-
tween the flowability and the shape retention. In
this paper, a new kind of wax-based MIM
binder of multi-polymer components was pre-
sented. The rheological and shape retention
properties were compared with those of the wax-
based MIM binder of mono poly mer component .

2 EXPERI MENTAL

The metal powders used in the experi ment
were carbonyl iron and nickel powder, the
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binders were based on paraffin wax. The minor
components were poly (ethylene vinyl acetate) ,
high density polyethylene and polypropylene re-
spectively . Stearic acid was included as a surface
active agent. The material characteristics are
shown in Tables 1 and 2. Carbonyl iron powder
and nickel powder were premixed in a Vtype
mixer in a mass ratio of 98: 2 .

The composition of binders is listed in Table
3. Binders 17 , 2% and 3% were prepared indi-
vidually while binder 4% was prepared by mixing
The
feedstocks were then produced by mixing these
binders with Fe/ Ni pre mixed powders in a LH60
Roller mixer for 3 h. The corresponding codes
for the above feedstocks were A, B, C and D re-
spectively . The powder loadings of the four feed-

binders 1 * and 2% in a mass ratio of 1: 1.

stocks are the same as 58 %( volume fraction) .
An Instron 3211 capillary rheometer was
used to measure the viscosities of the feedstocks .
It has a diameter ( D) of 1 .27mm and a length
(L) of 76 .2 mm, giving a ratio of L/ D of 60 .
TGA experiments were carried out in a nitrogen
atmosphere at a rate of 10 C/ min on a Dupont
9900 thermal analyzer. The reference substance
was @ Al,O; . MIM standard tensile specimens ,

recommended by MPI F31 ) were injection mold-
ed using the four kinds of Fe-2Ni feedstocks on a
S7-28/250 injection molding machine after gran-
ulation on a LSJ20 plastic extruder. A sche matic
of the MIM standard tensile specimen is shown
in Fig.1 . The thermal debinding and sintering
were performed in a hydrogen atmosphere . The
sintering was carried out at 1 260 C for 2h . The
shrinkage after debinding and sintering was mea-
sured, and the tensile properties of as-sintered
samples were determined and compared .

3 RESULTS AND DISCUSSION
3.1 Rheological properties of feedstocks

In MIM processes, the rheological proper-
ties of the feedstock are key features which influ-
ence the steady flow and the uniform filling into
the mold ®7.
erties of the feedstock was based on the viscosity
of the feedstock and its shear sensitivity and

The evaluation of rheological prop-

te mperature sensitivity . On the condition of the
same powder loading of 58 %, the viscosities of
the Fe-2Ni MIM feedstocks based on the P W-
EVA, PW-HDPE, PW-PP and PWEVA

Table 1 Characteristics of carbonyl iron and nickel powder
i i i i Impurity/ %
Powder Part/lclcrsnsme I?p;;:;)r;:lilt.de?s;ty / 'll"a(l)g)kde.nsu_y3 Shape putity
u (10°kg*m”™7) /(10°kg*m” ") C 0 N
Fe 4.0 1.64 2.99 Spherical 1.5 1.5 0.3
Ni 2.6 0.75 1.95 Spherical 0.1 0.3 0.1
Table 2  Characteristics of components of binders
Component Che mical structure ta/ T g (10°kg* m™?)
P W ( Paraffin wax) C,H,y, > 58 0.91
HDPE ( High density polyethylene) +CH,- CH, I 139 0.98
+CH,—CH ¥
PP ( Polypropylene) | 142 0.95
CH,
EVA ( Poly(ethylene vinyl acetate) with T ?HﬁCHZ LI CH, - CH ], 1w $0 0 .96
0, 1 .
14 % vinyl acetate) COCH,
S A ( Stearic acid) CH;[ CH, ],,COOH 66 0.96
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Table 3 Composition of binders ( %)

Feedstock Binder PW EVA HDPE PP SA

A 1* 79 20 - - 1
B 2" 79 - 20 - 1
C 3* 79 - - 20 1
D 4" 79 10 10 - 1

HDPE binders were measured, and the viscosity
data are shown in Table 4. The experiment
showed that the feedstock based on the P W-PP
binder was obstructed in the capillary due to se-
vere separation of the binder from the metal
powder. Thus the viscosity data for feedstock C
were not obtained .

The viscosity data in Table 4 indicate the
flowability of the MIM feedstocks. The lower
the value of viscosity is, the easier it is for a
MI M feedstock to flow . It can be found in Table
4 that at a temperature of 150 'C the viscosity of
feedstock A is the lowest at every given shear

rate , next comes feedstock D, while the viscosi-
ty of feedstock B is the highest. Therefore, the
feedstock based on the PW EVA binder is the
best in these three kinds of feedstocks from the
standpoint of flowability .

A MIM feedstock is generally considered to
be a pseudoplastic fluid' 7> 8!, The viscosity data
in Table 4 also indicate that viscosity generally
decreases with the increase of shear rate. For a
pseudoplastic fluid,

T= k' | (1)
where Tis the shear stress, Yis the shear rate , k
is a constant, nis a flow behavior exponent ( <
1) . The value of n indicates the degree of shear
sensitivity . The lower the value of n , the more
quickly the viscosity of the feedstock changes
with shear rate . Injection molding of MIM feed-
stocks is conducted under pressures and te mpera-
tures. It is desirable that the viscosity of MIM
feedstock should decrease quickly with increasing
shear rate during injection process. This high

!
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30.48
Gauge length 1,86
Fig.1 Schematic of MIM standard tensile bar
Table 4  Viscosity data for MIM feedstocks ( Pa°s)
Feedstock Te mperature/ C Newtonian shear rate/s”
3.543 11 .81 35 .43 118 .1 354 .3 1181
120 1182 757 337 187 65 41
A 135 998 548 246 184 53 27
150 953 381 146 57 33 20
130 2921 1556 361 214 126 52
B 140 1670 866 423 163 90 43
150 1601 920 445 146 94 34
130 3800 2529 1244 394 126 38
D 140 1273 698 363 81 48 31

150 1256 505 196 87 47 28
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shear sensitivity is especially important in pro-
ducing complex and delicate parts which are
leading products in MIM industry . Plotting the
logarithm of shear stress against the logarithm of
shear rate for the temperature of 150 T as
shown in Fig.2, values of n , namely n, =
0.377, ng=0.345, np=0.318 could be deter
mined . This implies that concerning shear sensi-
tivity feedstock D based on the P W-EVA- HDPE
binder is considerd to be the best .
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lg( v/Pa)
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lg(r/s™')

Fig.2 Correlation of shear stress and
shear rate

The dependence of feedstock viscosities on

te mperature can be expressed by an Arrhenius e-

quation[g] s
n(T) = mpexp( E/ RT) (2)
where E is the flow activation energy, R is

the gas constant, T is te mperature, rp is refer
ence viscosity . The value of E expresses the in-
fluence of te mperature on the viscosity of MIM
feedstocks . If the value of E is low , the viscosity
is not so sensitive to te mperature variation, then
any small fluctuation of te mperature at injection
molding will not result in a sudden viscosity
change that can cause undue stress concentra-
tions in the molded parts and result in cracking
and distortion. On the condition of shear rate
1181 s™! which falls in the normal range of shear
rate during injection molding of MIM feed-
stocks , by plotting the logarithm of viscosity a-
gainst the reciprocal of te mperature , as shown in

Fig .3, the flow activation energy of feedstocks
can be determined as E, =32 .5kJ/ mol, Eg=
31 .8kJ/ mol, Ep=22.0kJ/ mol. The flow acti-
vation energy of feedstock D is the lowest which
indicates that the sensitivity of the viscosity of
feedstock D to te mperature is the lowest. This
feedstock can thus be injected into mold in a rel-
atively wide te mperature range. Feedstocks A
and B with higher values of E are more sensitive
to te mperature fluctuation . Therefore , feedstock
D based on the PW-EVA HDPE binder is again
the best from the standpoint of te mperature sen-
sitivity .
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Fig.3 Correlation of viscosity and te mperature

Although other properties such as melt
compressibility, melt elasticity , specific heat,
thermal conductivity can affect injection mold-
ing , for simplicity , it can be concluded from the
above discussion that a feedstock with lower vis-
cosity , lower flow behavior exponent and higher
flow activation energy has good rheological prop-
erties and is suitable for injection molding . How-
ever, there are usually contradictions among
these three require ments. From the standpoint
of viscosity , feedstock A is the best and feed-
stock D is better than feedstock B. From the
standpoint of shear sensitivity , feedstock D is
the best and feedstock B is better than feedstock
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A . From the standpoint of te mperature sensitivi-
ty, feedstock D is the best and feedstock B is
better than feedstock A.

Weir 1 proposed a moldability index for
poly mers which includes the effect of the above
mentioned three factors ,
dlg n
_ 1 Jolgy
" p _Olgg 3)

01/ 1)

nis viscosity , r is reference viscosity ,

asry

where
Y is shear rate, T is temperature, dgsyty iS a
moldability index . Introducing this index agty
into MIM to evaluate the general rheological

properties of feedstocks, and defining asry as a

general rheological index for MIM feed-
stocks! ! , simplifying equation 3, then
1] n-1
asty = » E/R (4
where n is the flow behavior exponent, E is

the flow activation energy, R is the gas conm
stant . The subscripts S, T, V of asry represent
the effect of shear sensitivity , te mperature sensi
tivity and viscosity respectively . The higher the
value of agry, the better the general rheological
properties . By taking 150 C as a reference te m-
perature and 1181 s ! as a reference shear rate ,
the values of agry of these three feedstocks were
calculated. After multiplying the results by 10°
to give numbers between 1 and 10, we got
(astv) a=7.8, (asrv)p=4.0, (asry)p=9.3.
Feedstock D has the highest general rheological
index, feedstock A intermediate, feedstock B
the lowest . Therefore , it can be concluded final-
ly that feedstock D has the best general rheologi-
cal properties and is the most suitable for injec-
tion molding . Feedstock A is second to it, and
feedstock B is inferior to these two.

3.2 Shape retention properties

The TGA curves of PW, EVA and binder
1* are shown in Fig. 4, and those of PW,
HDPE and binder 2* are shown in Fig .5 . It is
found from these two figures that PW has a py-
rolytic te mperature interval of 188 ~ 327 C.
HDPE has a narrow pyrolytic te mperature inter-
val of 430 ~490 C, whereas EVA has a compar-

atively broad pyrolytic te mperature interval of
384 ~559 C . Itis known from the data of Table
1 that the softening point of EVAis 60 C lower
than that of HDPE and the starting pyrolytic
point is 55 C lower than that of HDPE, which
indicates that E VA is less effective as the second
component of the binder from the standpoint of
shape retention properties .

100r
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Fig.4 TGA curves of PW, EVA
and binder 1 *
100}
= 80F
2
g 60F
4
ol PW 2 | HDPE
%
~
20T
N . . . . . , .
0 100 200 300 400 500 600 700
Temperature/ C
Fig.5 TGA curves of PW, HDPE and

binder 2 *

Furthermore, it is found that the TGA

curve of binder 2% is composed of two sections .
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The first section, which corresponds to the py-
rolysis of P W, has a pyrolytic te mperature inter-
val of 210 ~360 C . The starting pyrolytic point
is higher than that of the individual P W, and the
pyrolytic te mperature interval is broadened . Fol-
lowing a platform, comes the second section of
the TGA curve of binder 2% which corresponds
to the pyrolysis of HDPE, which has a pyrolytic
te mperature interval of 430 ~ 490 C . It is conr
sistent with that of the individual HDPE . Thus,
the pyrolysis of component HDPE is not affected
in binder 2% .
the pyrolysis of binder 1 # . There is no platform
in its TGA curve. The pyrolytic sections of the
component PW and the component E VA connect
with each other. Except that there is a pyrolytic
rate change at the inflection point, the individual

But the situation is different for

pyrolytic sections corresponding to the pyrolysis
of the components PW and E VA can not be dis-
tinguished. Therefore, it is diffcult for binder
1% to achieve the effect of step by step debind-
ing , which is the aim for multi-component
binder design, and is diffcult to fulfil the func-
tion of shape retention during debinding. Thus,
it is further proved that HDPE is superior to
E VA as the second component of the binder from
the standpoint of shape retention properties .
Fig .6 shows the TGA curve of the P W-
EVA HDPE binder. It can be found out that the
TGA curve is clearly divided into three sections .
The mass loss of the first section was about
80 % , which corresponds to the pyrolysis of the
component PW with a pyrolytic te mperature in-
terval of 176 ~338 C. The mass loss of the sec-
ond section is 10 %, which corresponds to the
pyrolysis of the component E VA with a pyrolytic
te mperature interval of 338 ~ 415.5 C. The
mass loss of the last section is 10 %, which cor
responds to the pyrolysis of the component
HDPE with a pyrolytic te mperature interval of
415 .5 ~ 485 C. The pyrolysis of components
PW, EVA and HDPE takes place successively .
Following the removal of PW, the component
EVA, which is less effective in shape retention,
is re moved before the re moval of HDPE . At this
monent, HDPE is still re mained in the injection
molded parts to hold the shape of parts. There-
fore , the mass loss of the binder is divided into

three steps. The shape retention properties are
improved by the combination of EVA and HDPE
as multi poly mer components . Fe-2 Ni MIM ten-
sile specimens prepared by the MIM feedstocks
based on these three kinds of binders are de-
bound in hydrogen. By taking out the tensile
specimens and weighing them at different te m-
peratures, the complete removal temperature
points of PW, EVA and HDPE were determined
to be 350, 420 and 500 C respectively . These
results are consistent with the TGA curves in
Figs .4, 5 and 6 . Therefore, it can be concluded
that the shape retention properties of the feed-
stock based on the PW-EVA HDPE are the
best , next comes the feedstock based on the P W-
HDPE binder, while the shape retention proper
ties of the feedstock based on the PWEVA
binder are inferior to these two.
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Fig.6 TGA curve of binder 4*

Based on the above results , an ideal fast de-
binding curve for MIM standard tensile speci-
mens was obtained as shown in Fig.7. The
whole debinding time is 220 min. The debinding
rate reaches 1 mm/ h. By applying this debinding
curve, the debound tensile specimens are free
from any defects such as crack, blister, slump,
cavity and lamination. The debinding process is
divided into three steps. The first step is to in-
crease the te mperature from a mbient te mperature
to 350 C at a rate of 5 C/ min and hold for1 h,
in which most of PW is removed slowly, and
connected pores throughout parts are formed
gradually . After this step is finished, the con-
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nected pores through parts have been formed,
while the re mained binder can still connect with
each other to hold the shape of the green parts .
The second step is to increase the temperature
from 350 C to 420 C at a rate of 5 C/ min and
hold for 30 min. At this stage, EVA with low
softening point is removed, while HDPE which
is more effective in shape retention still re mains
in the parts. In the last step, the te mperature is
increased from 420 C to 500 C at a rate of 5 C/
min and hold for 30 min, in which HDPE is re-
moved, and the whole debinding process is ful-
filled. Fig .8 shows the microstructure of tensile
specimens when debinding is finished at 500 C .

800

(=
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(=
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Temperature/ C
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Time/ min
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: 4 pm

Fig .8 Microstructure of tensile speci mens
after debinding at 500 C for 30 min

It can be seen that the binder is re moved com-
pletely and a slight presintering occurs .

3.3  Shrinkage homogeneity and mechanical
properties

MI M feedstocks contain a high volume per-
centage of binder which needs to be removed in
the debinding step. The shrinkage after sinter
ing is much greater compared to that of conven-
tional press/sinter processes. Therefore, homo
geneous shrinkage is especially important to the
control of dimension tolerance for complex and
delicate MIM parts . Measuring the diameter and
gauge length of as- molded and as-sintered tensile
specimens, the shrinkage homogeneity of parts
prepared by these feedstocks is compared. The
results are shown in Table 5. Because injection
molding of feedstock C based on the P W-PP
binder fails due to powder/ binder separation,
there are no data for parts based on this feed-
stock. It can be found that the deviations be-
tween the shrinkage rates of diameter and gauge
length are 1 .63, 0.85 and 0.01 for feedstocks
A, Band D respectively . The use of feedstock D
leads to the best shrinkage homogeneity , feed-
stock B intermediate, and feedstock A the
worst . This result suggests that good rheological
and shape retention properties are beneficial to
the control of dimensional tolerance of MIM
parts. Although good rheological properties and
good shape retention properties may both con-
tribute to the shrinkage homogeneity, it is sup-
posed that shape retention properties contribute
more to the shrinkage homogeneity .

Table 5 Shrinkage rates of dia meter
and gauge length of MIM tensile
specimens ( %)

Feedstock Diameter Gauge length Deviation
A 16 .55 14.92 1.63
B 16 .40 15.55 0.85
D 15.56 15.57 0.01

The mechanical properties of as-sintered
parts are shown in Table 6 . It is found that the
mechanical properties of MIM tensile specimens
prepared using feedstock D are the best in terms
of density, ultimate tensile strength and elonga-
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tion. These results suggest that good rheological
and shape retention properties also contribute to
the mechanical properties of MIM parts to some
degree .

Table 6 Mechanical properties of Fe-2Ni alloy
prepared with different feedstocks

Density Ultimate tensile Elongation
Feedstock 3 5
/(10°kg* m™°) strength/ MPa ! %
7.27 270 .2 18.9
B 7 .41 276 .2 24 .7
7.52 298 .0 24 .8

4 CONCLUSION

The poly mer component plays an important
role in the rheological and shape retention pro-
perties of wax-based MIM binders. The feed-
stock based on the P W-PP binder can not be
used for injection molding due to severe separa-
tion of the binder from metal powder. The gen-
eral rheological properties of the Fe-2Ni feed-
stock based on the P W-EVA binder are superior
to that of the Fe-2 Ni feedstock based on the P W-
HDPE binder, while the shape retention proper
ties of the P W= E VA binder are inferior to that of
the PW-HDPE binder. By the combination of

EVA and HDPE as multi poly mer components ,
the PW-E VA  HDPE binder shows the best rheo-
logical and shape retention properties. The
shrinkage homogeneity and mechanical proper
ties of the feedstock based on the this binder are

also the best .
REFERENCES

1 German R M, Hens K F and Lin S P. Ceram Bull,
1991, 70(8) : 1294 - 1302 .

2  German R M. Powder Metall Int, 1993, 25(4) : 165
-169.

3 Pease L F IIl. Int J Powder Metall, 1986, 22(3) :
177 - 184.

4 Pease L F IIl. Int J Powder Metall, 1988, 24(2) :
123 -127.

5 Bhave P. Int J Powder Metall, 1990, 26(3) : 277 -
280 .

6 Li Yimin, Qu Xuanhui, Huang Baiyun et al . Trans
Nonferrous Met Soc China, 1997, 7(3) : 103 - 107 .

7 Shah J and Nunn R E. Powder Metall Int, 1987 ,19
(6) :38.

8 German R M. Advance in Powder Metall, 1989, 3 :
51.

9 Novac O A, Anton D and Novac T. PM 94,1994,
2:1113.

10 Weir F E. SPE Trans, 1963, 1 : 32.

11 Li Yimin, Huang Baiyun and Qu Xuanhui. Powder

Metall , in press .

(Edited by peng Chaogun)



