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A study of the layered microstructure and electrical
resistivity of an injection-molded metallic fiber-filled
polymer composites

Haihong Wu1, Xingzhi Sun1, Gangyi Cai1 and Zhenfeng Zhao2

Injection molding is an important processing method for conductive fiber-filled polymer composites. The disadvantage of this

approach is that the electrical resistivity of the molded part increases with processing because the fiber is easily broken down

under the action of flow shear stresses. In order to effectively decrease the electrical resistivity of the molding, we investigated

the layered microstructure of a molded part made from stainless steel fiber-filled polypropylene and measured the corresponding

resistivity of each layer for different processing parameters. We determined the optimal injection pressure to maintain the

aspect ratio of the fibers and their mass fraction in each layer. The packing pressure raised the mass fraction of fibers in each

layer, but the pressure also had an obvious effect on the resistivity of the skin layer and little effect on the core layer. The

transcrystallinity close to the fibers was found in the subskin layer of the part. A morphological change in transcrystallinity was

observed for different processing parameters, and its effect on the resistivity was assessed.
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INTRODUCTION

Polymers can be obtained with specific electrical characteristics from
low to high conductivity by the addition of electrically conductive
fillers. Thus, conductive polymers are frequently desired for various
applications in which the conductivity of metals is not required.
Carbon black-filled polymer composites are one of the most common
conductive polymer composites (CPCs) that are often used as
antistatic materials.1,2 In addition to carbon black, metallic fibers
are often applied to improve the electrical conductivity of
polymers.3–6 The percolation thresholds of conductive fiber-filled
polymers decrease with increasing aspect ratio of the filler, an effect
which has been confirmed both experimentally and theoretically.7,8

The most common technique for forming complex polymer
products is injection molding. Many processing parameters have a
significant influence on the electrical properties of injection-molded
CPC.9–11 In light of research findings on the microstructure and
electrical properties of CPCs,12–14 some strategies to improve electrical
properties of CPCs have been developed, such as double-percolated
networks induced by immiscible polymer blends, enhancing
interparticle connectivity and adding conductive fibers instead of
particles. Apart from these approaches, control of the processing
parameters is another important way to improve the electrical
properties of CPCs. Some research showed that the electrical
resistivity of an injection-molded CPCs filled with multiwalled

carbon nanotubes could be changed over a wide range (up to 6
orders of magnitude) by varying the injection molding velocity and
melt temperature, but the packing pressure was found to have little
influence.15 However, another study showed that the packing pressure
significantly affected the electrical properties on injection-molded
stainless steel fiber (SSF)-filled polycarbonate composites.9 Different
studies drew contradicting conclusions. In contrast to multiwalled
carbon nanotube-filled polymer composites, the aspect ratio of fibers
is inevitably reduced under the action of flowing shear stresses during
injection molding, which always leads to a decrease in the
conductivity of the molded part. Among the various processing
parameters, it has been further reported that an increase in the
processing temperature contributes to an increase in filler
agglomeration and a reduction in breakage because of a decrease in
flowing shear stresses.16 However, the study did not mean whether an
increase in processing temperature would lead to an increase in the
electrical conductivity for all polymer composites. For some
composites, it is possible to preserve the filler aspect ratio such that
the effect of agglomeration is minor, which is related to the nature of
the filler. It has been confirmed that the conductivity of SSF-filled
acrylonitrile-butadiend-styrene was higher than that of nickel-coated
carbon fiber-filled acrylonitrile-butadiend-styrene with the same
length and mass fraction of fiber,11 because SSF twisted easily and
connected to form a three-dimensional network, whereas the
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nickel-coated carbon fiber often broke into straight fragments during
processing. Taking the aspect of the fiber into account, only the
packing pressure would significantly affect the conductivity of the
molded part. However, the packing pressure could increase the
crystallinity of the matrix, density of the composite and orientation
of the fibers. The overall effect of packing pressure on the resistivity of
the molded part has not been ascertained.
In our previous study of injection-molded carbon black-filled

polypropylene (PP), we found that the injection pressure and packing
pressure had different impacts on the resistivity of the skin layer,
subskin layer and core layer of the molded part. A high injection
pressure did not improve the electrical properties of the part because
of a discontinuous band of carbon black particles that formed at the
subskin and core layers, and a high packing pressure was beneficial to
form a good conductive path in the matrix and improve the electrical
properties of the part if the injection pressure was held constant.17

However, during our experiments on injection-molded SSF-filled PP,
some interesting phenomena were observed. The first was the effect of
injection pressure. In contrast to the theoretical speculation, the
injection pressure did not improve the electrical properties of
the molded part, because the pressure was below a critical value.
The second phenomenon was the effect of packing pressure. As the
molded part always presented a layered microstructure, the packing
pressure had different impacts on the layers. The third observation
was the effect of crystallization of the matrix under varying processing
parameters.
To explore the relationships among the processing parameters,

microstructure and electrical performance of the molded part, we
tested a series of injection molding conditions, then observed the
microstructure at different positions on the part, such as the skin
layer, subskin layer and core layer, and measured each corresponding
electrical property. The purpose of the study was to determine the
influence of the processing conditions on the electrical conductivity
and the microstructure of the molded part and to ascertain the
processing parameters that optimized the electrical properties of the
part for commercial applications.

EXPERIMENTAL PROCEDURE

Materials
For the experiments, 304 SSFs were used (Huitong Advanced Material

Company, Hunan Province, Changsha, China). The fiber diameter was 11mm,

and its resistance was 6.07KOm�1. PP was obtained in pelletized form from the

Sinopec Group (Nanjing, China). The melting point of the PP used was 165 1C.

Its melt flow index was 12 g per 10min, and the density was 0.92 g cm�3.

Fabrication of composite pellets
Pellets were made by using an SHJ35 twin-screw plastic pelleter with which the

fibers were coated by PP with a cladding mold as shown in Figure 1. The speed

of the screw was 30 r.p.m., and the temperature of the coolant was 30 1C. The

temperatures of the feeding section, fluxing section and homogenizing section

of the barrel were 160, 180 and 200 1C, respectively. The temperature of the

mold was 200 1C. Before extrusion, SSF was chemically modified to form an

active agent on its surface and improve the wettability with PP. The volume

fraction of SSFs was 60%. After extrusion, the composite was cut into pellets

3-mm long.

Injection molding
Standard, plastic tensile samples were injected with the composite pellets

mixed with PP. The mass fraction of SSF in the composite was 10%. The

injection pressure was changed from 30 to 70MPa and the packing pressure

decreased from 0 to 30MPa. The temperature of the melt was 200 1C and that

of the mold was 45 1C.

Microstructure analysis
Rectangular samples, cut from the standard plastic tensile molded part, were

milled with a numerically controlled milling machine from the top of the part

to observe its microstructure at different thicknesses. The thickness of the first

layer removed was 0.1mm. The exposed surface after milling was named the

skin layer surface of the molded part. Next, a layer 0.3-mm thick was removed

and the exposed surface was named the subskin layer. The core layer surface

was obtained after removing a final layer of 1.3mm in thickness from the

molded part. The microstructure of each layer was examined using a Quanta

FEG 250 Scanning Electron Microscope (FEI, Hillsboro, OR, USA). The mass

fraction of SSFs in each layer was calculated to investigate the effect of

processing conditions on the distribution of fibers in the matrix. The density of

each sample was measured using an electronic balance.

Measurement of resistivity
The volume resistivity of each layer was measured in the thickness direction at

room temperature using a standard, two-terminal DC resistor. The sample size

was 10� 10� 0.2mm3 for the skin layer, 10� 10� 0.4mm3 for the subskin

layer and 10� 10� 0.8mm3 for the core layer. Then, the sample was affixed to

a slide using polyimide tape. Silver paste was used to ensure good contact

between the surface of the sample and copper electrodes. The resistivities of

three samples for each layer were measured, and the reported resistivity was a

mean value of the three measurements. To obtain an accurate measure of

resistivity, the sample was dried in a vacuum furnace at 100 1C for 2 h to

eliminate the effect of moisture on the measured resistivity.

Measurement of crystallinity
The crystallinity of the PP matrix in each layer was determined by differential

scanning calorimeter (DSC) using an NETZSCH5 DSC200F3 instrument

(NETZSCH-Gerätebau GmbH, Selb, Germany). The heating rate was 5K per

min. Sample mass was 7mg and that crucible was Al with a pierced lid.

RESULTS AND DISCUSSION

For injection-molded SSF-filled PP, the experimental results showed
that the volume resistivity mainly depended on three factors, which
include the aspect ratio, mass fraction and connectivity of the fiber in
the matrix.

Die core

SSF Wire

Machine head

Die jacket

Extruder

Figure 1 The schematic map of cladding mold. The figure describes the

device that is used to fabricate pellets of SSF-filled PP composites. A full
color version of this figure is available at Polymer Journal online.
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The influence of injection pressure
As the flow shear stress of the melt is different along the thickness
direction of the molded part, the fiber distribution and its aspect ratio
were different in each layer. Scanning electron micrographs of samples
prepared under different injection pressures without packing pressure
are shown in Figure 2.

Based on the mechanics of composite materials, the mass fraction
of SSFs, wf, in each layer in terms of the density of the composites can
be expressed as

wf ¼
ðrm � rcÞrf
ðrm � rf Þrc

ð1Þ

Skin layer

Sub-skin layer

Core layer 

a

b

c

Figure 2 The fiber distribution in the matrix at different layers. (Note that: injection pressure is 40 MPa for the left and 30MPa for the right.) The figure

illustrates the microstructures of the skin layer (a), subskin layer (b) and core layer (c) of the molded part, which is helpful to understand the characteristics

of the layered microstructure of the part and the changes in the microstructure caused by the processing parameters.
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where rc, rf and rm are the densities of the composite, fiber and
matrix, respectively. The results calculated were shown in Table 1.
Under the processing conditions without packing pressure,

the results in Table 1 reveal that the mass fraction of SSFs in the
matrix could be raised for all layers with an increase in injection
pressure. For different layers of a molded part, the mass fraction of
SSFs was lowest at skin layer and highest in the subskin layer.
However, contrary to the results of the SSF mass fraction at each
layer, the core layer presented the lowest resistivity, as shown in
Figure 3.
There were three reasons for these results. The first reason was that

the flow shear stress in the core layer was smaller than in both the skin
layer and subskin layer during filling of the mold cavity. Therefore,
the aspect ratio of SSFs at the core layer, as shown in Figure 2, was
greater than that in other layers during processing. The second
explanation was that the SSFs bend easily, thereby reducing the degree
of orientation of the fibers because SSFs have good flexibility. It was
known that orientation of the conductive filler is not beneficial to the
conductivity of CPCs. This is why injection-molded CPCs are often
fabricated with SSF-filled polymer rather than carbon fiber-filled
polymer. The third reason might be related to the crystallinity of the
matrix. Conductive filler has two preferred locations during proces-
sing of the CPCs. One is the boundary between the amorphous zone

and the crystalline zone, and the other is the amorphous zone of the
polymer. No matter where the fibers are located, a higher crystallinity
of the matrix would be helpful to improve the conductivity of CPCs.
The results of DSC for each layer, as shown in Figure 4, support this
conclusion.

Table 1 The mass fraction of SSF at each layer

The mass fraction of SSF

in different layers (%)

Injection

pressure (MPa)

Packing

pressure (MPa) Skin layer Subskin layer Core layer

30 0 9.21 10.15 9.91

20 9.27 10.83 10.01

40 0 9.3 10.19 9.96

20 9.68 11.2 10.08

50 0 9.38 10.36 10.15

20 9.66 11.51 10.66
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Figure 3 Effect of injection pressure on the resistivity of each layer of the

molding. The figure illustrates the effect of injection pressure on the

resistivity of each layer of the molded part. A full color version of this figure

is available at Polymer Journal online.

Figure 4 The crystallinity of the matrix at different layers. (Note: injection

pressure is 40 MPa and packing pressure 0 MPa). The figure illustrates the

results of DSC that were used to measure the crystallinity of the matrix in

different layers, that is, skin layer (a), subskin layer (b) and core layer (c).

The results in Figure 4 were obtained at a 40MPa injection pressure and

without packing pressure. A full color version of this figure is available at

Polymer Journal online.

A study of the layered microstructure and electrical resistivity
H Wu et al

1141

Polymer Journal



The crystallinity of the matrix in different layers was obtained by
the following equation

y¼Hc/H0�100% ð2Þ

where y denotes the crystallinity, Hc the heat absorbed by melting of
the crystalline phase and H0 the heat under the condition of full
crystallization of PP. H0 is 202J g�1. The calculated results showed
that yskinoysubskinoycore.
The above results show that lowering the injection pressure below a

critical value could not further decrease the resistivity of the molded
part, although the aspect ratio of the SSFs was large. Thus, it was
important to optimize the processing parameters in order to maintain
the aspect ratio of the SSFs and the connectivity between the fibers,
which could be ensured by the mass fraction and distribution of fibers
in the matrix. Based on the relationship between the crystallinity of
the matrix and the resistivity of the CPC, some methods that could
increase the crysallinity of the matrix might decrease the resistivity of
the molded part, such as raising the temperature of the mold wall.

The influence of packing pressure
Under the action of packing pressure, the situation seems more
complex for each layer. The results in Table 1 illustrate that the mass
fraction of SSFs in the matrix in each layer of the molded part
increased with increasing packing pressure, if the injection pressure
was held constant. But the resistivity in the skin layer did not decrease
under the higher packing pressure, as shown in Figure 5. On the
contrary, the resistivity of the skin layer increased rapidly with
increasing packing pressure. This effect was mainly related to the
orientation of SSFs in the direction of flow, as shown in Figure 6. The
strong orientation of the fibers induced by the packing pressure
damaged the conductive network.
Figure 5 shows that the packing pressure had a relatively small

effect on the resistivity of the subskin layer and, especially, the core
layer. We believe that the lower resistivity of the subskin layer is
determined by the higher mass fraction of SSFs and that of the core
layer is mainly related to the higher crystallinity of the matrix that is
induced by packing pressure. The results of DSC experiments, as
shown in Figure 7, confirmed this supposition.
Our experimental results show that the packing pressure did not

have a significant effect on the resistivity of the subskin layer or the
core layer of the molded part. In practice, the part might have good
electrical properties after removal of the thin skin layer. Therefore, the
packing pressure could be optimized for other purposes, such as
density of the CPC, the mechanical properties of the part or warpage
of the part. In this respect, the optimized processing parameters
would be a lower injection pressure matched with a moderate packing
pressure.

The influence of transcrystallinity
During our experiments, a transcrystalline phase—that is, a cross-
hatched structure composed of lamellae parallel and perpendicular to
the fiber surface—was observed close to the fibers. The results are
shown in Figure 8.
Figure 8 shows that transcrystallinity formed in the matrix close to

the fibers because of interaction between the fibers and the matrix.
The results shown in Figure 8 reveal that transcrystallinity would be
found with an increase in the injection pressure (Figure 8b) or an
increase in the packing pressure (Figure 8c). These results were
supported by other researchers who strongly suggested that the shear
stress could induce transcrystallinity.18,19 Compared with the
crystallinity of the matrix, the transcrystallinity had a higher degree

of order, which resulted from very compact crystal packing and
possibly from a preferred crystalline alignment. The compacted crystal
could impede the transport of charge carriers in the CPC. Therefore,
the electrical response was sensitive to the presence of
transcrystallinity in the CPC. Based on the assumptions for
composite materials, the electrical properties are determined by the
proportional contributions of the fiber, crystalline matrix and
transcrystallinity. The resistivity of the composites increase with an
increase in transcrystallinity. This conclusion might explain the fact
that the resistivity of each layer of the molded part did not decrease
with an increase in the packing pressure, although the mass fraction
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Figure 5 Effect of packing pressure on the resistivity at each layer of the
molding (injection pressure: 40MPa). The figure describes the effect of the

packing pressure on the resistivity of each layer of the molded part. It

shows that packing pressure has great influence on the resistivity at the

skin layer but little effect on the core layer. A full color version of this figure

is available at Polymer Journal online.

Figure 6 Packing-induced orientation the SSF at the skin layer (injection

pressure is 30MPa and packing pressure 20MPa.). The figure illustrates

the orientation of the SSFs in the skin layer induced by the packing

pressure. The strong orientation of the fibers increases the resistivity of the

skin layer.
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of fibers in each layer was larger than that of samples processed
without packing pressure. Likewise, this reasoning might explain why
the subskin layer did not have the lowest resistivity, even though it
had the highest fiber mass fraction, because the transcrystalline phase
often formed in this layer. In our experiments, transcrystallinity was

Skin layer

Sub-skin layer

Core layer

c

b

a

Figure 7 The crystallinity of the matrix at different layers. (Injection

pressure is 40 MPa and packing pressure 20MPa). The figure illustrates the

results of DSC obtained under the higher packing pressure that were used

to elucidate the effect of the packing pressure on the resistivity of each

layer, that is, skin layer (a), subskin layer (b) and core layer (c). A full color

version of this figure is available at Polymer Journal online.

Injection pressure is 40MPa without packing 

a

b

c

Injection pressure is 50MPa without packing

Injection pressure is 40MPa with 20MPa packing pressure

Figure 8 Transcrystallinity formed at subskin layer close to the fiber.

The figure illustrates the transcrystalline phase that formed in the subskin

layer close to the fibers and morphological changes in that phase

with varying processing parameters. (a) Crosshatched structure composed

of lamellae parallel and perpendicular to the fiber surface. (b) Crosshatched

structure was compacted with the increase of injection pressure.

(c) Crosshatched structure was compacted with the increase of packing

pressure.
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occasionally observed in the skin layer but was seldom found in the
core layer. How the transcrystallinity affects the resistivity of the
injection-molded SSF-filled polymer composite should be investigated
further.
The mechanism of formation of transcrystallinity was the subject of

speculation based on the theory put forth by Hobbs20 and Thomason
and Van Rooyen.21 Additional shear stress, which was induced by the
unmatched thermal expansion coefficient between the matrix and the
fiber, leads to transcrystallinity at the interface of the matrix and the
fibers. Perhaps, the steric effect of the fibers on the matrix is another
reason for the formation of transcrystallinity.22

CONCLUSIONS

The results of this study showed that the resistivity of injection-
molded SSF-filled PP was not uniform in the molded part. In the skin
layer of the part, the resistivity was higher than in other layers,
whereas in the core layer, the resistivity was at a minimum. The
injection pressure had an important influence on the resistivity of
each layer. The resistivity of the each layer of the molded part
increased with an increase in the injection pressure. However, the
lower injection pressure did not always lead to a decrease in the
resistivity of the molded part because of the poor connectivity of
SSFs. There was an optimum injection pressure that lead to a balance
between the aspect ratio of the fibers and the connectivity between the
fibers in the matrix. The packing pressure had a different, complex
effect on the resistivity of each layer. For the skin layer, because
packing pressure induced strong orientation of the fibers, the
resistivity of this layer obviously increased with higher packing
pressure, although the mass fraction of fibers in the matrix was high.
However, the packing pressure had a relatively small effect on the
resistivities of the subskin layer and the core layer of the molded part,
which are related to the higher mass fraction of SSFs and the higher
crystallinity induced by the packing pressure. In the subskin layer,
transcrystallinity was always present and refined with an increase of
either the injection pressure or the packing pressure. The resistivity of
the composites could be increased with an increase in the transcrys-
tallinity. This conclusion can be used to describe the influence of the
processing conditions on the resistivity of each layer of the molded part.
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