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Powder injection molding (PIM) is an important manufacturing technology for the net-shape production of me-
tallic and ceramic components. PIM can also be a promising process for themass production ofmagnetic parts. To
mass producemagnetic componentswith complex shape and high performance through PIM, rheological behav-
ior of themagnetic powdermixturesmust be understood and characterized for various processing conditions. In
the present study, we investigate the rheological behavior of strontium ferrite powder mixture affected by the
shear rate, the temperatures, the externalmagneticfield, and the volume fraction of the powder. Several rheolog-
icalmodels are employed to describe the shear viscosity of themixture, which can be used for the design and op-
timization of the PIM process.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Powder injection molding (PIM) is a productive and widely used
technique for the net-shaping of metallic and ceramic components.
This technique combines two conventional processes of injectionmold-
ing process and powder metallurgy, producing high performance and
high precision components with complex shape at a low cost [1]. PIM
process consists of i) feedstock (powder–binder mixture) preparation;
ii) injection molding; iii) debinding; and iv) sintering. Due to many
advantages, PIM has been applied to produce various mechanical and
biomedical components [2–5]. For example, mechanical components
having three-dimensional complex shapes and/or microstructures
such as precision actuator components and microsystem components
can be produced by PIM process. Also PIM process has been applied to
produce biomedical components such asmedical tools for special surgi-
cal operations and dental components like orthodontic brackets.

PIMprocess can also be a promising process for amass production of
magnetic parts [6–9]. The magnetic PIM process enables a high preci-
sion replication of a magnetic part having geometrical complexity or
micro-scale structures [7]. This technology can be directly applied to rel-
evant manufacturing industries for production and commercialization
of micro magnetic parts.

The magnetic performance of final product from magnetic PIM will
be significantly affected by the orientation of the magnetic particles
[10]. In this regard, magnetic field is commonly applied in themold cav-
ity during the injection process in order to align the magnetic particles
with a designed direction [8]. The orientation behavior of the magnetic
particles is determined by flow-particle interaction, particle–particle
interaction and magnetic field–particle interaction. In order to charac-
terize this complex behavior of the magnetic particles during injec-
tion process, one needs to understand the rheological behavior of the
magnetic powder mixture under various conditions. Also a rheological
modeling of the magnetic powder mixture is of particular importance
for design and optimization of the process.

There have been several studies regarding the rheology of feedstock
and its effect on PIMprocess. For example, homogeneity effects on feed-
stock viscosity for PIM were studied by German [11], and it was found
that homogeneous mixing of the powder and binder results in the low-
est viscosity of the feedstock. Zauner et al. [12] investigated the effect of
feedstock viscosity on the dimensional accuracy of the injectionmolded
green part in PIM process. It was noted that the temperature condition
of the PIM process affects the dimensional accuracy of the molded
part since the feedstock viscosity is significantly affected by the temper-
ature. Wang et al. conducted numerical simulation for filling stage to
understand the effects of mold dimensions on rheology of feedstock in
micro powder injection molding [13]. He used a power law model and
the Arrhenius type viscositymodel to relate shear rate and temperature
in the FEM simulation and found that PIMprocess parameters can be af-
fected by the size of mold.
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Although there are several studies on the rheology as mentioned
above, only few studies have been carried out on the rheology of
magnetic powder mixture with particular emphasis on the effects of
magnetic field, shear rate, temperature and powder volume fraction
with regard to the PIM process. For example, Song [14] studied the
rheological behaviors of Neodymium (Nd–Fe–B) powder mixtures for
fabrication of bonded magnet, and rheological behavior was character-
ized by a simple rheological equation of state by nonlinear regression.
Kim et al. [6] investigated the rheological behavior of strontium ferrite
(Sr–Fe) feedstock for development of magnetic PIM process. In these
studies, however, appropriate rheological modeling has not been car-
ried out under magnetic field effect, which limits the application of
their results to practical analysis of magnetic PIM process.

In this paper, we present a rheological modeling for Sr–Fe powder
mixture based on experimental characterization the shear rheology of
the mixture. The effects of magnetic field, shear rate, temperature and
powder volume fraction are all investigated comprehensively by using
rotational rheometer of plate–plate type. The shear viscosity of themix-
ture ismodeled by employing several rheologicalmodels in order to de-
scribe the effects of all parameters mentioned above.

2. Rheological modeling

In general, the shear viscosity of the magnetic powder–binder mix-
ture depends on the shear rate, particle shape and size, temperature,
magnetic field flux density and powder volume fraction [6]. In this
study of St–Fe feedstock, however, the effect of particle size and shape
is found to be almost negligible thus it is not presented. The shear vis-
cosity η can be represented as follows

η T;γ̇;φ;B
� � ¼ η0 Tð ÞS γ̇

� �
V φð ÞM Bð Þ ð1Þ

where T is the absolute temperature, γ̇ is the shear rate, ϕ is the powder
volume fraction and B is the magnetic flux density. η0 is the zero-shear-
rate-viscosity which depends on the temperature, and other functions
of S, V andM represent the effects of γ̇, ϕ, and B, respectively.

The effect of temperature on shear viscosity is generally expressed
by Arrhenius-type exponential equation [15].

η0 Tð Þ ¼ me
Q
RT ð2Þ

wherem is thematerial constant,Q is the activation energy, R is the uni-
versal gas constant (8.314 J mol−1 K−1).

The most widely used form representing the shear rate dependency
(S) of the viscosity is the power lawmodel, which can be written as fol-
lows [16]

S ¼ γ̇ n−1 ð3Þ

where n is the flow behavior index. For a Newtonian fluid, the flow be-
havior index is unity, while shear thinning fluid like the present feed-
stock has the index less than unity.

As for the effect of powder volume fraction, there are many correla-
tions reported in the literature [17–19]. In 1906, For infinitely dilute sus-
pensions, Einstein developed an analytical model as follows

V ¼ 1þ 2:5ϕ: ð4Þ

Mooney had developed a phenomenological model by taking the
packing state of particles into account as follows [17]

V ¼ e
2:5ϕ
1−kϕ

� �
;1:35 b k b 1:91 ð5Þ

where k is the crowding factor which represents the packing structure
of particles. In this model, the particles are assumed to be spherical.
The crowding factor is 1.35 when the packing state has a face-
centered cubic (FCC) lattice structure, while the densest packing case
of cubic packing has the crowding factor of 1.91, which is determined
theoretically. For highly concentrated suspensions, Roscoe proposed
the following model [18]

V ¼ 1−1:35ϕð Þ−2:5 ð6Þ

which is developed by expanding Einstein'smodel for dilute suspension
to denser suspension case by taking the effects of aggregation and colli-
sion between particles into account. Krieger and Dougherty developed
following model by introducing a maximum powder volume fraction
[19]

V ¼ 1− ϕ
ϕm

� �−2:5ϕm

ð7Þ

Fig. 1. SEM image of strontium ferrite powder.

Table 1
Magnetic properties of strontium ferrite powder.

Composition SrO·6Fe2O3

Type Anisotropic
Residual magnetic flux density (Br) 0.4 T
Coercive force 2800–3100 Oe
Intrinsic coercive force 2900–3200 Oe
Maximum energy product 3.5–4.0 MGOe
Average particle diameter 2 μm
Pycnometer density 5.17 g/cm3

Fig. 2. Schematic diagram of rheometer.
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