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Evaluation of REpEtitivEly usEd fEEdstock foR powdER injEction Molding

This study investigates the effects of repetitive injection molding on the properties of feedstock using the aiSi 4140 feed-
stock. The properties of feedstock are evaluated from the mixing homogeneity of powder and binder, rheological properties, and 
dimensional accuracy of parts sintered. The feedstock after the 1st injection molding shows a better homogeneity than as-received 
feedstock due to re-mixing effects between the screw and barrel during the injection molding process. as the number of recycling 
numbers increases, the homogeneity, viscosities ad shrinkage ratio of recycled feedstocks show slight differences with those of 
the as-received feedstock until the 6th molding injection. However, some rheological parameters like the moldability index sharply 
increased up to the 4th injection but shows a tendency to decrease thereafter. 
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1. introduction

Powder injection molding (PiM) process combines the 
traditional shape-making capability of plastic injection mold-
ing with the material flexibility of powder metallurgy. The 
process, in general, follows four steps: (1) feedstock preparation 
by mixing metal powders with organic binders, (2) injection 
molding to shape components, (3) debinding process to remove 
the organic binders, and (4) sintering process to consolidate the 
debounded components in the desired dimensional properties 
and density [1-6]. 

nevertheless, the PiM process has a problem originating 
from several parts such as runners, sprues, and gates, which are 
essential parts of PiM. These parts are only required in the injec-
tion molding process so that they are treated as waste materials, 
resulting in the increase of manufacturing costs. Thus, the unused 
parts are often recycled so as to lower the manufacturing costs. 
However, the effect of recycling is still unclear while several 
researchers have reported the effect of recycled feedstock on 
molding and dimensional accuracy [7,8]. Jang. et al recently sug-
gested the methods to evaluate feedstocks used in a PiM process 
without carrying out the entire process, from injection to sintering 
[9]. From this work, the evaluation parameters are the function 
of homogeneity and rheological property, which are respectively 
measured by pycnometer and Tga and capillary rheometer. 

in this study, we characterize the properties of recycled 
feedstocks as the number of recycling increases. in addition 
the effects of recycled numbers on the injection molding and 
the sintering behavior are discussed in terms of the feedstock’s 
rheological properties and dimensional accuracy.

2. Experimental

The feedstock used in this study was prepared by mixing 
a polymer binder, wax, and an aiSi4140 powder. For the PiM 
process, the injection molding temperature was determined to be 
180°C based on the thermal analysis results and each feedstock 
was injected into a rectangular mold cavity (30×10×7 mm3). 

We measured the variations of weight during heating and the 
changes in density to evaluate the homogeneity of as-received and 
recycled feedstocks. The indices for the degree of mixing homoge-
neity are based on the standard deviation of the densities and con-
tents of the binder of samples taken from the mixture. a Hg-dis-
placement method using a pycnometer was carried out for density 
measurement. For the weight change as a function of temperature, 
the Tga experiments were performed to evaluate the feedstock’s 
macroscopic homogeneity. We also estimated the degree of ho-
mogeneity by observing the distribution of powder and binder 
in the feedstock from the recorded microstructures using SEM. 

1 KorEa inSTiTuTE oF induSTrial TECHnology, inCHEon, 21999, rEPubliC oF KorEa
2 inHa univErSiTy, dEParTMEnT oF MaTErialS SCiEnCE and EnginEEring, inCHEon, 22212, rEPubliC oF KorEa

* Corresponding author: man4502@kitech.re.kr

BY NC

© 2022. The author(s). This is an open-access article distributed under the terms of the Creative Commons attribution-nonCom-
mercial license (CC by-nC 4.0, https://creativecommons.org/licenses/by-nc/4.0/deed.en which permits the use, redistribution of 
the material in any medium or format, transforming and building upon the material, provided that the article is properly cited, the 
use is noncommercial, and no modifications or adaptations are made.

https://orcid.org/0000-0002-0574-2711
mailto:man4502@kitech.re.kr


1512

The rheological behavior of PiM feedstocks was inves-
tigated using a capillary rheometer. The test temperatures are 
chosen 170°C, 180°C, and 190°C by thermal analysis results, 
and shear rate are chosen in the 100 to the 3,000s–1 range. 

after injection, green parts were debound to remove the 
used polymer binders. The debound brown parts were sintered 
at 1360°C for 3h. The changes in shape and dimensions were 
investigated with a precision measuring microscope. The degree 
of dimensional precision was evaluated from at least five samples 
based on the standard deviations.

3. Results

The homogeneities of the feedstocks were examined by 
the binder burnout test, density measurements, and observations 
of the feedstock’s microstructure. Fig. 1(a) shows the thermo-
gravimetric results of as-received and recycled feedstocks. The 
weight loss (%) and standard deviation of the recycled feedstock 
have little differences with those of as-received feedstock until 
4th injection. Then, the weight loss decreases and the standard 
deviation increases until 6th injection. This indicates that the 
recycled feedstocks have similar homogeneity until the 4th in-
jection, while the homogeneity of feedstock decreases for every 
subsequent injection due to binder degradation.

Fig. 1(b) shows the densities and the standard deviations 
measured from each feedstock. unlike the Tga results, the 

densities and standard deviations of the recycled feedstock 
after the 1st injection are smaller than those of the as-received 
feedstock. This means that the metal powders and polymer 
binders of as-received feedstock are not fully mixed to achieve 
enough homogeneity due to the short kneading period. and it 
is considered that the homogeneity after 1st injection is secured 
through the remixing effect by the shear force between the screw 
and the barrel. after the 1st injection, the density of the feedstock 
does not show a significant change, while the standard deviation 
shows a tendency to decrease until the 4th injection and then to 
increase again. This shows that the homogeneity of feedstock is 
similar from the 1st to 4th injection, but after that, the homogene-
ity decreases until the 6th injection. The homogeneity was also 
measured by observing the powder and binder distribution in the 
feedstock. Fig. 1(c) shows the representative SEM fractographs 
of the feedstocks used in this study. The microstructure shows 
that the particles of powder are homogeneously dispersed are 
surrounded by the polymer binder in all feedstocks.

The rheological behavior of feedstocks is critical for the 
injection-molding process, as it influences the steady flow into, 
and the uniform filling of, the mold. The rheological proper-
ties are evaluated based on the viscosity, shear sensitivity, and 
temperature sensitivity [10]. Fig. 2(a) shows the viscosities of 
as-received and recycled feedstocks as a function of the shear  
rate. 

all tested feedstocks show similar viscosity and typical 
rheological behavior of PiM feedstocks regardless of recycling 

Fig. 1. Evaluation of homogeneities for as-received and recycled feedstocks
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number. This indicates a pseudo-plastic flow behavior. a pseudo-
plastic fluid can be expressed by

 η = Kγ n–1

where η is the viscosity, γ is the shear rate, K is a constant, and 
n is a flow behavior exponent [11]. The value of n indicates 
the degree of shear sensitivity; the lower the n value, the more 
quickly the viscosity changes with increasing shear rate. The 
values of n were determined from the slope of logarithmic plots 
of the feedstock’s viscosity curves. From the result, the n val-
ues of most are less than 1 so that the tested feedstocks exhibit 
pseudo-plastic behavior and show a high flowability. 

The viscosity of feedstock exponentially depends on the 
absolute temperature, T, 

 η = η0 exp(E/RT)

where η0 is the reference viscosity, E is the flow activation energy, 
R is the gas constant, and T is the absolute temperature [12]. 
The value of E indicates the degree of temperature sensitivity. if 
the value of E is low, the viscosity is not sensitive to temperature 
variations. That is, small fluctuations in temperature have not 
resulted in an abrupt viscosity change. The values of E were cal-

culated from the slope of the logarithmic plots of the feedstock’s 
viscosity curves against the temperature reciprocal. The flow 
activation energy decreases as the number of injections increases 
from the as-received feedstock up to the 4th injected feedstock. 
The recycled feedstock has the lowest E value of 6.55 kJ/mol 
for the 4th injection-molded feedstock. Then, E increases as 
the number of injection increases from four times to six times. 
Therefore, when the number of injections increases up to a 4th 
injection the repetitive injection is beneficial for the feedstock’s 
rheological properties in terms of temperature sensitivity, differ-
ently to the effect of recycling on the flow exponent. This means 
that after a 4th injection the feedstock could be injection molded 
using a relatively wide temperature range.

The moldability index (α), which takes into account the 
effects of viscosity, shear rate, and temperature [13], is typically 
used to express the general rheological properties of polymers or 
PiM feedstocks, The moldability is calculated using the equation, 

 α = |n – 1| /η0 · (R/E)

where n is the flow behavior index, η0 is the viscosity at a refer-
ence temperature, R is the gas constant, and E is the flow activa-
tion energy. using the above equation, the α of as-received and 

Fig. 2. rheological analysis results of as-received and recycled feedstocks
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recycled-feedstocks is calculated for the reference temperature 
of 180°C and the reference shear rate of 1000s–1 (Fig. 2(c)). The 
α increases as the number of injections increased from the as-
received feedstock to the 4th injected feedstock. Then, the value 
decreases as the number of injections increases from four times 
to six times. These results indicate that the repetitive injection 
molding enhances the rheological properties of feedstock until 
the 4th injection in this study. 

The dimensional properties of PiM parts are a critical issue 
in PiM technology. Moreover, the dimensional accuracy mainly 
depends on the sintering process because of the large shrinkage 
experienced by the molded part during sintering [14,15]. Fig. 3 
shows the average linear shrinkage and dimensional accuracy of 
feedstocks calculated from a different number of recycling. The 
results show that the average shrinkage ratio and the dimensional 
accuracy are almost constant. The densities of sintered samples 
were measured to be 7.39 ± 0.015 g/cm3. it is of interest that the 
sintered densities of all samples are almost constant, although the 
green density is noticeably different as shown in Fig. 1(b). as the 
number of injections increases, the powder packing ratio changes 
resulting in a green part density difference, but the similar density 
is considered to be due to the same binder volume ratio.
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 Fig. 3. Shrinkage ratio and dimensional accuracy of samples sintered 
at 1360°C under a 760 Torr ar atmosphere

4. discussion

Fig. 4 shows the degree of mixing between metal powders 
and polymer binders for three different conditions [16]. First, 
critical solid loading indicates the dense packing of powder 
particles (Fig. 4(b)). The feedstock, the solid loading is higher 
than the critical solid loading, has a high viscosity, and is difficult 
to mold (Fig. 4(c)). on the other hand, the polymer binder is too 
enough if the solid loading is lower than the critical loading vol-
ume (Fig. 4(a)). generally, because feedstock with critical solid 
loading is hard to use, the binder volume in the optimal powder 
volume is 2-5% higher than that of the critical volume. Therefore, 
powder clusters of relatively low packing ratio remain in the PiM 
feedstock, but the packing ratio of those clusters improves by the 
shear, compressive stress, heat, etc. during the repetitive injec-
tion molding process. This has the same effect as increasing the 
solid loading. in other words, the higher packing of the mixture 
allows more binder to act as a lubricant when the packing ratio 
of the powder clusters is improved at a constant solid loading. 

it is well known that the moldability of recycled feedstock 
decreases because of the deterioration of the binder compo-
nent [7]. The above results (Fig. 2(c)), however, show that 
moldability is improved until the 4th injection. From these results, 
it could be carefully suggested that the cause for the alteration 
of the rheological properties of the feedstock that occurs due 
to recycling of the feedstock is explained by the improvement 
in the packing ratio of the powder particles resulting from shear 
and compressive stresses generated during the injection process 
step. However, it should be noted that these recycling numbers 
could be different by the size and shape of parts, which deter-
mines the mold design and thus the molding parameters, such 
as pressure and temperature. 

5. conclusions

in this study, the effects of recycling numbers on the pro-
perties of feedstock were investigated by measuring the mixing 
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Fig. 4. Mixing degree of the powder-binder mixture when (a) there is an excess of binder, (b) the solid loading is at its critical value, and (c) 
there in an excess of powder
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homogeneity of metal powder and polymer binders, rheological 
properties, and shrinkage ratio after sintering. From the results, 
the feedstock after the 1st injection shows a better homogene-
ity than the as-received feedstock because the distribution of 
powder-polymer binders becomes more homogeneous due to 
re-mixing effects between the screw and barrel during the in-
jection molding process. as the number of recycling numbers 
increases up to six-times, the feedstock shows little differences 
in terms of the homogeneity and the shrinkage ratio after sinter-
ing. However, the rheological properties affecting the injection 
process are enhanced up to the 4th injection, but shows a tendency 
to decrease thereafter. 

Therefore, recycling up to four-times is advantageous 
for the injection process, but recycling more than that has an 
adverse effect on the flowability of the injection process, in the 
case of feedstock used in this study. it is considered to be the 
cause of the change in the packing ratio of the powder particles 
in the feedstock due to the shear and compressive stress gener-
ated during the repeated injection process. However, it should 
be noted that these numbers of recycling could be different by 
the size and shape of parts.
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