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ChIPbE HU3KOM BSI3KOCTHU

CHmKeHuE BSI3KOCTU CBIPbSI B XOJI€ JUTHEBOTO (POPMOBAHHS IMOPOIIKA MMEET BaKHOE
3HaYeHHe. JTO MO3BOJISIET MOIY4aTh AETaIl T€OMETPHUUECKH CI0KHOM KoH(purypaunu. JlanHoe
UCCIIEIOBAaHUE I10Ka3allo, YTO IPH CpPEeAHEW MOJEKYJISIPHOH Macce BS3KOCTb COMOJIMMEPOB
MIOJINOKCUMETHIIEHA BO3PACTaeT M0 OKCIIOHEHIMAJIBbHOMY 3akoHy. llpu Hamuumm Takux
pE3yJIbTaTOB MBI PEKOMEHIYEM HCIIOJIb30BaTh CBA3YIOLIEE C MOJIEKYJSIPHOM Maccoi
npubnusutensHo 24400 r/mMonb. ChlpbeBble MaTepuanbl JAJs MPOMBIIIICHHOCTH FOTOBHIIOCH C
PEKOMEHIYEMBIM CBS3YIOIIUM TpPU Pa3IMYHbIX 3arpy3kax mnopomka. I[Ipu s3Tom ObLIO
YCTAaHOBJIEHO, YTO €ro BS3KOCTh MOYKHO CHHU3UTh €€ M 3a CuUeT BbIOOpa MPaBUIIBHOTIO
pacrpesieleHusl 4acTHll 10 pa3MepaM. B 3TOM ucciienoBaHMM IOKa3aHO, YTO MCIIOJIb30BAaHHE
MOpOIlIKa C HMIMPOKUM paCIpe/ieIeHMEeM YacTHIl [0 pa3MepaM BeIeT K POCTy MaKCHMallbHOTO
KO3 QHIMEHTa yMEHBIIEHUS MAacChl, YTO MOXXET NPHUBECTU K 3HAYUTEIHLHOMY YMEHBIIECHUIO
BSA3KOCTH CBIPHEBBIX MAaTEpHANIOB JJIsl MPOMBIIUIEHHOCTH. Takke ObUIO YCTaHOBIIEHO, YTO W3
IIPOCTBIX MOJEJIEH, MPEACTABIEHHBIX B JUTEpaType, Moaenb Zarraga u Ap. [11] mydme Bcero
MOAXOIUT K HAIIMM DJKCIHEPUMEHTAIbHBIM JaHHbIM. C IOMOILIBIO ATOH MOJEIN MOXKHO
MOJIYYUTh BA3KOCTb ChIphbsl npubiuszurensbHo 1000 Ila. IIpu sTom makcumanbHas 3arpyska mnpu
HCIOJIb30BaHUHU TOPOIIKA C CaMbIM BBICOKUM MAaKCHUMAaJbHBIM KO3(Q(GUIMEHTOM YMEHBIICHUS

MAacChl COCTaBIIsET MpuOIM3uTEIHHO 83%VOl.
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Improving Powder Injection Molding: an
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This work deals with powder injection molding (PIM) technology of metal and ceramis powders us-
ing polyoximethylene (POM) binder. In this study, two ways to decrease the viscosity of PIM feed-
stock materials with polyoxymethylene were investigated. The first way was to reduce the average
molecular weight (AMV) of the binder and the second one to select a polydisperse particle size distri-
bution with high maximum packing fraction. It was shown that binder with AMW equal to 24410
g/mol gives required level of viscosity around 10 Pa/s. It was shown that using the low disperse pow-
der with wide size distribution can lead to volumetric loading of approximately 83 %. Moreover, us-
ing such a feedstock has viscosity lower than required by PIM technology 1000 Pa/s.

Keywords: powder-injection-molding (P1M), polyoximethylene (POM), low viscosity feedstock

1. Introduction

Powder injection molding (PIM) is one of the most versatile methods for manufacturing
small complex shaped components from metal, ceramic powders for the use in many applica-
tions. PIM consists of four stages including: (i) mixing metal or ceramic powder and a polymeric
binder, (ii) injecting this mixture in a mold, (iii) debinding to remove polymer from mixture and

(iv) sintering to bring together the otherwise loose powder [1]. All these steps are schematically
shown in Figure 1.
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Figure 1. Flow chart illustrating the main stages of PIM process.
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One of the interesting applications of PIM is the aerospace industry because PIM can be
used to combine multiple parts into a single part with complex geometry, and parts are lighter
since porosity remains in the final part while the fatigue resistance increases. Fatigue resistance
increases since the small parts act as crack stoppers therefore preventing crack propagation and
failure of a part loaded cyclically. Therefore, it can be said that PIM can help reduce the weight
of aerospace vehicles, which is a major concern from the environmental and economic point of
view in this industry.

Ceramic injection molding has been around since 1940’s [2] and metal injection molding
since the 1970’s [3], in fact, some of the first applications of metal injection molding was for the
aerospace industry. Some examples include flat screw seals and rocket burning system, which
were produced at the end of the 1970°s [4]. there is still room for improving the process and ma-
terials utilized in PIM. One of the main limitations of current PIM is the long debinding time,
which has been partially solved by introducing binder systems that undergo catalytic sublimation
(polyoxymethylene-based binders); thus the molded part is debound in the solid state without
meting or dissolving the polymeric binder in a much shorter time. However, current catalytic
binders have the main problem of high viscosity. In this study, two ways to decrease the viscosi-
ty of PIM feedstock materials with polyoxymethylene were investigated. The first way was to
reduce the average molecular weight of the binder [5] and the second one to select a polydisperse
particle size distribution with high maximum packing fraction.

2. Materials and methods

2.1. POM-based binders

Polyoxymethylene copolymers of different average molecular weight (M,,) were synthe-
sized at BASF (Ludwigshafen, Germany). The nomenclature and average molecular weight of
all the POM materials used in this study is shown in Table 1. Molecular weights were measured
by the supplier using gel permeation chromatography.

Table 1. Average molecular weight of POM copolymers

. Average Molecular Weight, .
Material ID Description
My, [g/mol]
MWO010 10240
MwW024 24410 Virgin POM copolymer,
MW052 52750 laboratory scale synthesis
MWO081 81100
MW092 92360
MW109 109000 Virgin POM copolymer,
MW129 129300 industrial scale synthesis
MW204 204400
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2.2. Metal powders and feedstock materials

316LW stainless steel metal particles were supplied by BASF (Germany). The powder was
produced via gas atomization and separated into five fractions with different particle size distri-
bution (Figure 2) using a centrifuge. Particle size distribution was measured by laser scattering.
The matrix used in the suspension was polyoxymethylene (POM) copolymer with an average

molecular weight of approximately 24400 g/mol. The POM copolymer was also produced by
BASF (Germany).
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Figure 2. Differential volumetric particle size distribution for steel powder fractions.

Feedstock materials with different solid content (20 to 45 vol%) were produced by extrud-
ing the steel powder with the POM copolymer at 190 °C. In order to determine the final content
of solids (¢), the binder was removed by heating up the feedstock material up to 300 °C for two
hours, and the remaining mass was used to estimate (¢).

2.3. Shear viscosity measurements

Viscosity measurements in oscillatory mode were performed in a MARS-II rotational
rheometer (Thermo Scientific, Germany). Viscosity tests were performed at 190 °C, which is
within the rage of temperatures at which POM is generally processed (180 to 230 °C). A truncat-
ed cone-plate measuring-geometry with a 20 mm diameter and angle of 1° was used. Two fre-
guency sweeps were performed in each measurement; the first one increasing from 0.01 Hz
(0.0628 rad/s) to 100 Hz (628.32 rad/s), and the second one decreasing from 100 to 0.01 Hz. All
viscosity measurements at a given temperature were performed six times per material. In this
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study, viscosity results are presented as the magnitude of the complex viscosity (|n*[), which is
related to the constant rotational viscosity (n) through the Cox-Merz rule [6].

Constant rotational shear viscosity of the resulting feedstock materials was measured in a
rotational rheometer fitted with parallel plates of 20 mm diameter at 180 °C (MARS II, Thermo-
Scientific, Germany). All measurements were performed in triplicate. Shear rate was varied from
0.1to 100 s™,

3. Results and discussion

3.1. Shear viscosity measurements of binder

The magnitude of the complex viscosity as a function of angular frequency for all POM
copolymers was measured at 190 °C. From the measured complex viscosity data (|*[) the New-
tonian viscosity (10) was estimated from the plateau at frequencies below 10 rad/s. The results
are presented as a function of the average molecular weight in Figure 3. As with other polymers,
POM copolymers show a rapid decrease in viscosity as the average molecular weight decreases
following a power function as proposed by Fox and Flory [7]. The propose equation for POM
copolymers is shown inside Figure 3.
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Figure 3. Newtonian viscosity of POM copolymers at 190 °C; the solid line represents a power law fit to the
experimental data.

With respect to the selection of an appropriate binder for PIM, one could choose between
the first three molecular weights (MW010, MWO024 and MWO052), which are all below the rec-
ommended viscosity of 10 Pa s [2]. For the purpose of this investigation we selected the middle
one (MWO024) for preparing feedstock materials.

Science & Education of the Bauman MSTU 404



http://technomag.bmstu.ru/en/

3.2. Shear viscosity measurements of feedstock
Viscosity results for feedstock materials as a function of volumetric solid content (¢ ) are
shown in Figure 4. Please notice that relative viscosity (n,-) is used in the vertical axis, which is
the ratio of the viscosity of the suspension over the viscosity of the polymeric matrix, both vis-
cosities measured under the same shear rate (100 s™') and temperature (180 °C). As expected, as
@ increases so does the relative viscosity n,., but the increase is significantly different depending
on the fraction used in the feedstock material, since each fraction has different particle size dis-

tribution (Figure 2). Using Fraction V, the highest ¢ was achieved without increasing much n,..
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Figure 4. Relative shear viscosity 7, at 100 s and 180 °C as a function of particle load ¢ for prepared feedstock
materials containing powder fractions I-V

Five models were selected from the literature (Table 2) that predict the viscosity of concen-
trated macroscopic suspensions just by knowing the particle loading (¢) and the maximum pack-
ing fraction (¢,,), which represents the particle loading at which the viscosity goes to infinity.
Other models were available in the literature, but they were ignored since they depend on other

empirical parameters or are not applicable for concentrated suspensions.
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Table 2. Models to predict the relative viscosity of concentrated suspensions

Authors Year Equation
1
(i) /3
: 9 \¢m
Frankel & Acrivos [8] 1967 =3 y
¢ 3
1— (=
(@
¢ 2
Chong et al. [9] 1971 n, = |1+ 0.75 ¢_m¢
P
(P -2
Quemada [10] 1976 Ny = <1 - ¢_)
m
) -3
Zarraga et al. [11] 2000 1, = =234 (1 _ _)
m
. -25 _
Mendoza & Santamaria-Holek 2008 0 = (1 3 ¢ ) _ 1— ¢,
[12] r 1—co D

Data shown in Figure 4 was fitted with the five models selected and (¢,,,) for each powder
fraction was estimated. The coefficient of determination (R?) was used to determine which model
fits the data better overall. The results for the best (Zarraga et al) model are shown in Table 3.

Table 3. Maximum packing fraction (¢,, ) and coefficient of determination (R®) obtained by fitting at 100 s and
180 °C by Zarraga et al model [11].

Powder Fraction | Maximum packing Coefficient of Maximum loading ¢ before
fraction, @,, determination, R? n,-reaching 1000 Pa s
| 0.602 0.997 0.554
1 0.622 0.998 0.573
1l 0.666 0.996 0.615
v 0.689 0.985 0.637
\Y 0.889 0.971 0.832

Using the model proposed by Zarraga et al, one can estimate the maximum loading needed
to achieve a viscosity close to 1000 Pa s at the selected conditions for each fraction. Table 3
shows that Fraction V has the highest (¢,,,) and therefore it can be loaded the most without in-
creasing the viscosity beyond 1000 Pa s, approximately to up to 83 %uvol.

4. Conclusions

Reduction of viscosity of PIM feedstock is very important, since it will facilitate the injec-
tion molding of parts with complex geometry. In this study it was observed that viscosity of
POM copolymers increases with average molecular weight following a power law relationship.
With these results on hand, we recommend to use a POM-based binder with a molecular weight
around 24400 g/mol. Feedstock materials were prepared with the recommended binder at differ-
ent powder loadings. It was observed that viscosity of feedstock materials for PIM can be further
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reduced by selecting the appropriate particle size distribution. In this study it was shown that us-
ing powder with a wide particle size distribution leads to higher maximum packing fraction that
can reduce significantly the viscosity of feedstock materials. It was also observed that from the
simple models available in the literature the model of Zarraga et al [11] best fits our experi-
mental data. Using this model the maximum loading for the feedstock to reach a viscosity of ap-
proximately 1000 Pa s using the powder with the highest maximum packing fraction is approxi-
mately 83 %vol.
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