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Abstracts; The effects of the shape and the surface state of the metallic particles on the elec-
trical, mechanical and thermal properties of metal filled polymeric composites and on the adhesion
between metallic filler and polymeric matrix were studied. It was found that there was a marked
change of the properties of the composites at a critical volume percent of the metallic particles.
The ordinary spherical nickel particles, having bumpy and equiaxed granuled type of surface, showed
a strong adhesion to the PVC matrix and increased the mechanical strength of the composites up
to a maximum value at a critical volume percent of metallic particles. However, the irregular pla-
te-like copper particles, having even and flat type of surface, showed no adhesion to the polymeric
matrix and decreased the mechanical strength and flexibility of the composites remarkably. In the
electrical properties, the nickel particles formed an aggregated continuous conductive metallic net-
work structure in the polymeric matrix at about 5 V/O of metal loading and gave a drastic fall in
electrical resistivity, but the copper particles formed a conductive network structure at below 2 V/0
of metal loading, even if the same metallic particles size of 7um was used. The linear thermal
expansion coefficients of the composites agreed relatively well with the values predicted by Turner,
who suggested a concept of the segregated metallic network formation in metal filled polymeric com-
posite. The metallic particles in the polymeric composite system gave a shift of the glass transition
temperature of polymer matrix to a higher temperature in proportion to the surface area of the
metallic filler. The SEM study of the fracture surface of the composites manifested the adhesion

between the metallic filler and the polymeric matrix.

ites. Similar observations were made by Brassell

1. INTRODUCTION and Wischmann?

When metallic particles are dispersed into
polymeric matrix, the properties of the metal
filled polymeric composite are influenced by
the size, shape, volume fraction and nature of
the metallic particles, in general.

Landon et. all. suggested the importance of
the adhesion between filler and matrix phase
on the mechanical properties of the compos-
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Nielsen38 and others%5 put emphasis on the
volume fraction of the particle filler and the
mode of packing to explain the experimental
results of the mechanical properties of the
particle filled polymeric composites.

A concept of segregated network formation
in metal filled polymeric composite systems
was introduced by Turner and coworkers®7,
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and the effect of segregated distribution of
nickel particles on the electrical properties of
Poly(vinyl chloride) was observed.

The influence of the particle size ratio of
poymer/filler on the continuity of aggregates,
or the network structure formation, could be
explained by a model suggested by Kusy®.

Since it was recognized that the continuity
of the aggregates could be formed by the par-
ticles of the dispersed phase that cover the
small portion of the primary matrix surface,
Kusy set up an equation that involved a cri-
tical volume fraction of the filler, V¢, for the
continuity. Kusy's® and Turner’s®%13 model for
metal filled polymeric composites are usually
applied to the explanation of the electrical re-
sistivity of these composites in terms of the
filler concentration. Many reporterst?14.24 veri
fied that these models generally well agreed
with the PVC/metal composite system manu-
factured by solid-solid compacting. On the ot-
her hand, Nielsen?? suggested another model for
conductive filler dispersed polymeric composi-
tes; it does not agree with the solid-solid com-
pacted composite system, but agreed relatively
well with the conductive filler dispersed poly-
meric composites prepared by filler particles
dispersed in polymeric melts

Thermal characteristics of the PVC/metal
composites were studied by previous workers
8,10~12,17,19,23 and the effect of filler on the
change of the thermal characteristics, which
are glass transition temperature, Tg, thermal
expansion and thermal conductivity, etc., were
shown to be dependent on the volume fraction
of filler.

Thus, the mechanical, electrical and thermal
properties of the filled polymeric composites
were measured and studied. However, no sys-
tematic explanation on the strength of the

interfacial adhesion between the metallic filler
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and polymeric matrix phase has been provided,
since no direct method to determine the stre-
ngth of mechanical or chemical adhesion bet-
ween these two phases is known as yet.

In this study the interfacial adhesion bet-
ween the metallic filler Ni or Cu and the poly-
meric matrix PVC as a function of metal con-
centration was studied indirectly by the mea-
surements of mechanical, thermal properties
and the SEM (Scanning Electron Microscopy)
study. The effects of filler contents, size and
shape on the mechanical, electrical, thermal
properties and the mobility of the polymer

chains were measured.

2. EXPERIMENTALS

2-1. Materials

The matrix polymer used in this experiment
was Poly (vinyl chloride) (PVC; Korea Plastic
Co., Ltd. P-1700) and its average degree of
polymerization was 1700. The density of the
polymer was 1.38g/cm3 at 25°C. The glass
transition temperature (Tg), as determined
by a quartz tube dilatometer, was 78°C, and
the particle shape, as determined by an Inver-
ted Metallurgical Microscope (Olympus, Japan,
Model; PME), was spherical type. The particle
size distribution range, as measured by X-ray
image analyzer (Nireco, Japan), was from 100
pm to 325pm, and 165pm was the average size.
The linear thermal expanison ccefficient, ap,
as measured by a quartz tube dilatometer, was
8.333x1075¢cm/cm°C at the temperature below
glass transition temperature, and the electrical
specific resistivity, as measured by Keithley
610c solid-state electrometer, was 9.25x 1018
Q-cm at 14°C.

The filler particles employed, in this work
were nickel (Kanto Chemical Co., Japan) and
copper (Junsei Chemical Co., Japan) powders.

The nickel powder was regular and spherical
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shape when it was measured by the inverted
metallurgical microscope. Its surface was not
even and it was equiaxed granuled type. The
nickel powder had a particle size ditribution
ranging from lpm to 3lpm, and its mean par-
ticle size was 7um. The particle size was also
measured by X-ray image analyzer. The den-
sity of nickel powder was 8, 90g/cm?® at 25°C.

The copper powder was irregular and plate
shape and its surface was smooth and flat.
The particle size was distributed from 2.7pm
to 21pgm and the mean particle size was 7pm.
The particle size was determined by Sedigraph
U.S.A. model; 5000D). The
density of copper powder was 8. 94g/cmd at
25°C.

All the powders wused in this

(Micrometritics,

experiment
were not treated in any way.

2-1. Preparation of Composites

A desired amount of each powder was mix-
ed by tumbling using V-type mixer giving a
homogeneous mixture after 48 hrs. The homo-
genity of the mixture was checked under a
microscope.

The mixture and steel moulds({or die) were
preheated at 140°C for 30 minutes, and the
mixture was compacted in various type of steel
moulds at 450kg/cm?
140°C for 10 minutes. Then the mixture was
cooled in mould to 60°C, and ejected out from
the mould for cooling to room temperature. In
the last procedure, the specimen was annealed
for 3 hours at 50°C in an air oven. After the

and a temperature of

annealing, the precipitation of metallic parti-
cles was checked by Rockwell hardness test
(R Scale).

2-2. Measurements

2-2-1. Electrical Resistivity

Samples were prepared by using a cylindri-
cal steel die of diameter 12mm. The thickness

of the specimen was controlled to be 2-3mm
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with an accuracy of 0.0lmm. Silver paste was
coated onto the surface of specimen. The con-
tact resistivities with electrodes and samples
were reduced as well as the space chargess16,

Measurements of high resistivity were made
using a Keithley 610c solid-state electrometer.
Mearsurements of low resistivity were made
using an universal bridge (Meguro electronics,
Japan, Model; MZ827). During measurements
at room temperature, electrodes were shielded
from the external electrical fields and other
conditions were kept constant as much as pos-
sible,

2-2-2. Mechanical Properties

Tensile tests: Dumbbell shaped samples for
tensile tests were prepared according to ASTM
D638-77a (type-I). Tensile tests on dumbbell
shaped specimens were carried out using an
Instron Universal Testing machine (Model; 11
23, 2, 5ton capcity). The cross-head speed used
on a nominal cross-sectioned area of 13mmX
3mm was 5mm/min., and the chart speed was
50mm/min.. Fracture surfaces of the specimens
were examined with an electron scanning elec-
tron microscope (Zeol, Japan).

Flexural tests: Bar shaped samples for flex-
ural tests were cut from the molded sheet into
25%3,2x80mm3 test bars, and tested in 3-
point flexural loading using an Instron Uni-
versal Testing Machine(Model 1123, 2.5ton
capacity) according to ASTM D793-71(Method
I, procedure A). The cross head speed was
1. 3mm/min., and the chart speed was 50mm/
min.

2-2-3. Other Properties

The dilatation tests were carried out using
a quartz tube dilatometer between room tem-
perature (14°C) and 70°C,
rates were approximately 2°C/min. The dimen-

and the heating

sion of specimen was 5x5x55mm according
to ASTM D696-79.
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The dynamic mechanical properties and glass
transition temperature of the composite ma-
terials were determined by RMS tester(Rheo-
metric Inc., U.S.A., Model; RMS-605). Meas-
uring conditions were as follow;

Heating rate=3°C/min.

Frequency=1 Herz.

In dynamic mechanical tests, G’, tand, and
Tg were obtained.

3. RESULTS AND DISCUSSION

The change of log (electrical specific resis-
tivity) of the PVC/Ni and PVC/Cu composites
as a function of metal concentration was sho-
wn in Fig.1l. At low concentration of the nic-
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Fig. 1. Log(electrical specific resistivity) of PVC/
Ni and PVC/Cu composites as a function of
metal content.
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kel particles, the electrical specific resistibity
of the PVC/Ni composite was essencially that
of the insulating polymer (1013—1014Q-cm). A
drastic fall of the electrical specific resistivity
in the neighborhood of 5 volume percent of
nickel particles loading was found due to the
formation of a segregated network structure
(a continuous network). Thereafter, at high
concentraton of the nickel particles, the change
in the electrical specific resistivity was relati-
vely small.

The experimental values for Va, Vb and Ve
of the PVC/Ni composited were found to agree
fairly well with the theoretical values calcula-
ted by Kusy and Turner,
1. Va, and Vb are the volume percent of me-

as shown in Table

tallic filler particles for formation of the me-
tallic monolayer and the double layer, respec-
tively.

However, as shown in Fig.1, the rapid fall
of the electical specific resistivity of the PVC
/Cu composites was found at 2 volume percent
of the metal loading, even if the same metallic
particle size of 7um was used. It is believed
to be due to the shape of the copper particles.
The copper particles, irregular and plate-like,

Table 1. The Values of ¢ and Pc for Various Planar

Lattice.
| cNess | CN.-s | cN.=
s | L1100 | L | L3
Pe | 13 | w2 | 23

(b) 5v/o of Ni (x100)
Fig. 2. Micro-photographs of the PVC/Ni composites.

*C N. ; Coordination number.

(c) 16 v/o of Ni (x100)
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(a) 2v/o of Cu (x100)

(b) 5v/o of Cu (x100)

&3

(¢) 16 v/o of Cu (x100)

Fig. 3. Micro-photographs of the PVC/Cu composites.

have a large surface area than the spherical
neckel particles and form a conductive path or
conitinuous network easily.

The procedures of the conductive or contin-
uous network formation were manifested by
the photo-micrographs of Fig.2 and Fig.3. Fig.
2(a)-(c) showed that of the spherical nickel
particles in the PVC matrix and Fig.3 (a)-(c)
also showed that of the irregular and plate-like
copper particles in the PVC matrix. In Fig.2
and 3, the dark region was a PVC matrix and
the white region was the metallic filler par-
ticles. As shown in Fig.2, the complete con-
tinuous network was formed in the neighbor-
hood of 5 volume percent of the nickel particles
in the PVC/Ni composite, thereafter a thick-
ening of the conductive network was found
with increasing the concentration of nickel
particles. However, the conductive network
was already formed below 2 velume percent of
the copper particles loading, as shown in Fig.
3. The formation of a continuous metallic net-
work was very much dependent on the shape
of the metallic filler particles as seen from
Thus, the
effect of the shape of the metallic filler par-

the photographs of Fig.2 and 3.

ticles on the electrical resistivity of the metal
filled polymeric compcsite was found to be
very important as much as the effect of the
size of the metallic filler particles.

A strengthening effect of the PVC matrix
due to the introduction of the nickel particles
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Fig. 4. Ultimate tensile strength of the PVC/N
and PVC/Cu composites.

was evident from the fact that the values of
the tensile and flexural strength increased
with increasing the nickel particles concentra-
tion and up to a maximum at a particular vol-
ume percent of nickel particles loading as sh-
own in Fig.4 and 6. This particular volume
percent of the nickel particles loading occurred
at almost the same value as where the sudden
fall in the electrical specific resistivity was
observed. The maxima in the tensile and flex-
ural strengths and the drastic fall in the elec-
trical specific resistivity at a particular nickel
particles loading were believed to be due to
the formation of continuous network of the
metallic filler particles in the PVC matrix.
Beyond the particular volume percent of nickel
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particles, the tensile and flexural strengths
of the PVC/Ni composites decreased with in-
creasing the nickel particles loading. However,
the tensile and flexural strengths of the PVC
/Cu composite always decreased with increas-
ing the copper particles loading, because the
formation of the continuous copper particles
network was already observed below 2 volume
percent of the copper particles.

The differences in the tensile and flexural
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Fig. 5. Percent elongation at failure of the PVC/
Ni and PVC/Cu composites.

strengthes between the PVC/Ni and the PVC/
Cu composites were due to the difference in
the adhesion between the metallic filler par-
ticles and the polymeric matrix phases. Fig.7
represents the scanning electron photo-micro-
graphs at the fracture surface of the two com-
posite systems. The fracture surface of the
PVC/Ni composite, as shown in Fig.7 (a), pro-
ved that the nickel particles tend to lie away
from the fracture surface and to retain some
adherent poly(vinyl cholide) matrix, while the
fracture surface of the PVC/Cu composite, as
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Fig. 6. Flexural strength of the PVC/Ni and PVC

/Cu composites.

(a) 10 v/o of Ni (x1,500)
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(b) 4v/o of Cu (Xx1,000)
Fig. 7. Scanning electron micrographs of the PVC/Ni and PVC/Cu composites.
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shown in Fig.7 (b), proved that the copper
particles tend to pull out clearly from the poly
(vinyl chloride) matrix. Hence there was an
adhesion between the nickel particles and the
PVC matrix phase in the PVC/Ni composite,
but in the PVC/Cu composite,
adhesion between the copper particles and the
PVC matrix phase. In the case of the PVC/Ni

composite, the surface state of nickel particle

there was no

was bumpy and equiaxed granuled state, there-
fore this state caused an adhesion between
filler and matrix phases by sliding the poly-
meric matrix phase into the crevice of the
nickel particles during compacting for the sam-
ple preparation. However, in the case of the
PVC/Cu composites, the surface state of cop-
per particle was smooth and even, so there
was no motive of a mechanical adhesion bet-
ween the filler and the matrix. The adhesion
between the metallic filler particles and the
PVC matrix was dependent on the surface sta-
te of metallic particles.

The elongation at failure was plotted against
the concentration of metallic filler particles in
Fig.5. The percent elongation at failure fall
drastically, even though a small percents of
metallic filler particles were introduced into
the polymeric matrix. The degree of elonga-
tion drop of the PVC/Cu composite was larger
than that of the PVC/Ni composite, therefore
one could say that the Cu particles made a
composite of a more brittle material than the
Ni particles.

Comparing the experimental values of the
tensile strength and percent elongation at fail-
ure of the composites with the calculated val-
ues from the theoretical equations,® 415 a great
discrepancy could be found. Nielsen3, Nicolaisi®
and Kernert explained the composite that the
rigid filler particles were dispersed randomly

in the polymeric matrix. But in this experi-
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ments, the rigid metallic filler particles were in
the polymeric matrix phase with forming a
segregated continuous network.

In the case of good adhesion between filler
particles and the polymeric matrix, some wor-
kers3:4:15 predicted that the filler particles act
as a reinforcing :mcterial in all the volume
percent of metal loading. However, the curves
of the PVC/Ni composite having good adhesion
between filler and matrix showed that the me-
tallic filler particles contribute to the weaken-
ing of the metal filled composite beyond the
critical volume percent of the nickel particles
the formation of continuous net-
work), and it was believed due to the fact that

the fracture path tended to pass through the

(or after

continuous metallic network.

The experimental results of the linear ther-
mal expansion coefficient of the metal filled
polymeric composite in the glassy region(below
glass transition temperature; Tg) was shown
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Fig. 8. Linear thermal expansion coeff. of the PVC
/Ni and PVC/Cu composites.
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in Fig. 8 and the respective values predicted
by various theories were also plotted for com-
parison.

Examination of Fig. 8 revealed that the lin-
ear thermal expansion coefficients of the metal
filled polymeric composited fell below the strai-
.ght line of the rule of mixture (LME). The
experimental results of the PVC/Ni composite
agreed relatively well with the predicted values
by Turner.89%1 Turner derived an equation*
based on the assumption of substantial residual
microstresses resulting from the restriction of
each phase on cooling for sample preparation,
But, the thermal expansion coefficients of the
PVC/Cu composite fell well below the curve of
Turner’s equation. The diffierent behavior of
the two composites in thermal expansion sho-
uld be explained by the adhesion between me-
tallic filler and polymeric matrix phase, as sho-
wn in Fig. 7(a) and (b), and the microstruc-
ture of the two composites.

With the copper paritcles, there was poor

n between the metallic particles surface
and the polymeric matrix due to the surface
state and the shape of the metallic filler par-
ticles.

In the case of nickel particles, individual
nickel particles were surrounded by the poly-
meric matrix with good adhesion due to the
surface state and the shape of the nickel par

ticles.

“ap Vp Kp+am Vm Km

*qo= ==- if ym=up

Vp Kp+Vm Km
Where V, «,
thermal expansion coeff. and bulk modulus of

and K are volume fraction,
the materials, respectively. Subdescription of
p, m, and ¢ represent polymer, metal and com-
posite, respectively.

In the PVC/Cu composite, as the matrix ph-
ase of the poly(vinyl chloride) expanded faster
than the copper particles, it tended to occupy

EolH A 74 A 63 19834 129

existing voids of the copper particles, having
larger surface area than the Ni particles seem-
ed to restrain the expansion of polymeric
phase more, so that the thermal expansion
coefficient of the composite was much lower
than that of the PVC/Ni composite. According
to the experimental results of Papinicolaou,
Paipetis, and Theocaris?, the same phenomena
were observed in the thermal expansion pro-
perties above glass transition temperature(T>
Tg) of the epoxy/aluminium composite system.
Tg, ob-
tained in this experiment was plotted as a fun-

The glass transition temperature,

ction of metallic filler concentration in Fig.
9. The results of Fig.9 showed an increase
in the glass transition temperature with increa-
sing the concentration of each filler particles.
The increment in the glass transition tempera-
ture are attributed to the change in the seg-
mental mobility of the metal filled polymeric
composite, due to the restriction of the motion
of the polymer chain. The restriction was due
to the adsorption of the polymer onto the filler
surface. The adsorbed polymer would then res-
tricted the motion of polymer adjacent to it.

The values of glass transition tempzrature
observed with the PVC/Ni and PVC/Cu com-
posites were significantly different. In spite of

GLASS TRANSITION TEMPERATURE(C)

—a—PVC/Ni
~=0---PVC/Cu
-
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Fig. 9. The glass transition temperature of the
PVC/Ni and PVC/Cu composites.
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the poor adhesion between filler and matrix,
the PVC/Cu composite showed higher glass
transition temperature than that of the PVC/
Ni composite with increasing the metallic filler
concentration.

To explain this unexpected result, one sho-
uld consider the surface area of the metallic
filler particles in the polymeric composites.
The plate-like copper particles in the PVC/Cu
composite had a larger surface area than the
spherical nickel particles in the PVC/Ni com-
posite. Therefore, the plate-like copper par-
ticles were more effective to the restriction
of the segmental motion of polymer chain in
the metal filled polymeric composite. As a re-
sult of the experimental values of glass transi-
tion temperature, one could note that the ef-
fect of the surface area of the filler particles
was more important factor to increase the
glass transition temperature than that of the
adhesion between filler and polymeric matrix.

The effects of metallic fillers on the dyna-
mic mechanical properties of metal filled poly-
meric composites were illustrated in Fig.10,
and 11. The filler gave a larger effect, as
shown in Fig.10(a) and (b), in raising the
elastic shear modulus of the composite at above
glass transition temperature than at below the
glass transition temperature. The main reason
was the smaller elastic shear modulus of the
polymeric matrix phase of the metal filled
polymeric composite, when the polymeric phase
was in the rubbery state (above glass transi-
tion temperature) compare to the rigid glassy
state (below glass transition temperature).
Therefore, the elastic shear modulus of the
metallic filler proved to be more significant
factor to determine the elastic shear modulus
of the metal filled polymeric composite at abo-
ve glass transition temperature.

Less important factors contributing to this
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Fig. 10. Elastic shear modulus of the PVC/Ni and
PVC/Cu composites

Polymer(Korea) Vol. 7, No. 6, December 1983



Physical Properties and Adhesion of the Polymer/Metal Composites

effect was the presence of induced thermal
stresses which were caused by the negative
mismatch in the coefficient of the thermal
expansion(ap>am) below glass transition tem-
perature.

However, the effects of nickel particles on
raising the elastic shear modulus of the com-
posite were smaller than the effects of copper
particles. These were believed to be due to
the surface area of the metallic filler particles.
The plate-like copper particles had a larger
surface area than the spherical nickel particles.
Previous workers# showed an increase in mo-
dulus as the surface area of the filler particles
increased.

In Fig. 11(a) and (b), the damping, tand=
G’’/G’, was plotted against the temperature
change for the PVC/Ni and PVC/Cu composi-
tes, where, G’ and G’ refer to the elastic
shear modulus and the loss modulus, respec-
tively.

The damping of PVC/Cu composite decrea-
sed, as shown in Fig.11(b), with increasing
the concentration of copper particles through
out the temperature range examined.

In the case of no adhesion between filler and
matrix, Gray, McCrum?? and Nielsen? explain-
ed the damping by,

(tand)c= (G’ /G")c=(G"’/G")pVp
+ (G /GYmVm

where subscript ¢,p and m referred to com-
posite, polymer matrix and metallic filler, and
V represented the volume fraction, respecti-
vely.

The damping of the most rigid fillers in the
case of no adhesion between filler and matrix
was very low compared to that of the poly-
mer, so (G”//G’)m was merely zero and could
be neglected. Therefore, the damping of rigid
filler filled polymeric composite could be ex-

pressed as follow,
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Fig. 11. Damping of the PVC/Ni and PVC/Cu
composites.
(tand)c=(G""/G")c=(G""/G")pVp
=(G"/G")p(1—Vm)
Hence, the damping of the composite decre-
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ased with increasing the rigid filler concen-
tration.

However, the damping of the PVC/Ni com-
posite as shown in Fig.11(a) increased with
increasing the metal concentration: Friction
between metallic filler particles in the segrega-
ted network structure and an adhesion bet-
weenmetallic filler particles and polymeric
matrix were considered to be the causes of
the damping.

In Fig.11(a) and (b),
ping curves shifted to higher temperature as

the maxima in dam-

the metallic filler concentration increased and
the temperature at the maxima in damping
was the glass transition temperature. Since
the shift in glass transition temperature was
proportional to the surface area of the metallic
filler particles, the effect increased with the
concentration of metallic filler particles increa-
sed. The shift in glass transition temperature
was due to the adsorption of polymer onto the
metallic filler surface. Since the adsorption
restricted the molecular motion of polymer
chain and changed the packing density of poly-
mer chains, the conformation and orientation
of polymer chain segments in the neighbor-
hood of the filler surface were modified in

the same way.

4, CONCLUSIONS

The electrical specific resistivities of the
spherical metallic particles filled polymeric
composite were agreed well with the equations
of the models suggested by Kusy and Turner.
The critical volume percent of metallic filler,
where a segregated network was formed, was
the crisis in the electrical and thermal cond-
uctivities and tensile and flexural strength of
the composites.

A strengthening effect of the polymeric ma-

trix due to the introduction of metallic par-
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ticles was maximum just before the continuous
metallic network formation and the strengthen-
ing effect was verified by the tensile and
flexural tests.

The particle shape of the filler was an im-
portant factor to determine the thermal and
mechanical properties of the metal filled poly-
meric composites and to determine the critical
volume percent of metallic particles at which
the continuous metallic network was formed.
The large surface area of the irregular and
plate-like copper particles gave rise to h:
higher values in the shift of glass transition
temperature than the shift caused by the nic-
kel particles which were regular and s pherica
type in shape and had a small surface area.

At about 2 volume percent of the metallic
particles loading, the plate-like copper particles
made the continuous network in the PVC/Cu
composit system, but in the PVC/Ni composite
system, the continuous metallic network was
formed at about 5 volume percent of nickel
particles loading, in spite of the same metallic
particle size of 7um was used.

Even if a small amount of plate-like copper
particles were introduced into the polymeric
matrix, the polymeric material became brittle
one. The plate-like metallic particles increased
the tensile and flexural modulus magnificantly
and decreased the flexibility and elongation at
yield point sharply of the metal filled poly-
meric composites with increasing the metal
loading.

The nickel particles having bumpy and eq-
uiaxed granuled surface state provided an ad-
hesion between filler and matrix, but the cop-
per particles having smooth and flat surface
state provided no adhesion between metallic
filler and polymeric matrix phases. Hence, the
surface state of metallic filler was an impor-
tant factor to produced the adhesion between

Polymer(Korea) Vol. 7, No. 6, December 1983



Physical Properties and Adhesion of the Polymer/Metal Composites

two phases, and the adhesion was also an im-
portant factor to determine the various mecha-
nical properties of the metal filled polymeric
Composites. The adhesion between metallic
filler and polymeric matrix was produced by
the mechanical compacting for sample prepara-
tion and this adhesion was clearly revealed by
the SEM study and by the damping curves,
tand, of the dynamic mechanical test.

Acknowledgement: The authors wish to ex-
press their sincere appreciation to the Korea
Science and Engineering Foundation for the
financial support that made this research pos-
sible and fruitful.

REFERENCES

1. G. Landon, G. Lewis and G. F. Boden J.
Mater. Sci., 12, 1605 (1977).

2. G. W. Brassell and K. B. Wischmann J.
Mater. Sci., 9, 307 (1974).

3. L. E. Nielsen, J. App. Polym.
97 (1966).

4. E. H. Kerner, Proc. Phys. Soc., B69, 808
(1956).

5. Z. Hashin and S. Shtrikman J Mech.
Phys. Solid, 11, 127 (1963).

6. A. Malliaris and D. T. Turner J. Appl.
Phys., 42, 614 (1971).

7. R. P. Kusy and D. T. Turner SPE J. 29,
56 (1973).

8. L. E. Nielsen
polymers and composites” Vol. 2, Ch. 7
(1974).

9. R. P. Kusy, J. App. Phys., 48,

Sci., 10,

“Mechanical properties of

5301 (19

Ee|H A7 A6z 19833 129

10.

11,

12,

13.

14,

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

7.

A. Yim and L. E. St. Pierre Polym. Le-
tter, 7, 237 (1969).

G. ]. Howard and R. A. shanks J. App.
Polym. Sci., 26, 3099 (1981).

S. K. Bhattacharyya, Polym., 22,
81).

R. P. Kusy and D. T. Turner Nature(Lon-
don), 229, 58 (1971).

J. Gurland, Trans. metall.
236, 642 (1966).

L. Nicolais and M. Narkis Pojym. Eng.
Sci., 11, 194 (1971).

S. K. Bhattacharyya, S. Basu and S. K.
De J. Appl. Polym. Sci., 25, 111 (1980).
L. Holliday and J. Robinson J. Mater.
Sci., 8, 301 (1973).

L. Nicolais and L Nicodemo Polym.
Sci., 13., 469 (1973).

J. A. Manson and L. H. Sperling, “Poly-
mer blends and composites” Ch. 12(1976),
G. C. Papanicolaou, S. A. Paipetis and P.
S. Theccaris J. Appl. Polym. Sci., 21, 689
(1977).

T. B. Lewis and L. E. Nielsen J. Appl.
Polym. Sci., 14, 1449 (1970).

L. E Nielsen, [J. Appl. Polym. Sci., 10,
97 (1966),

L. E. Nielsen, I&E. C. Funda. 13, 17 (19
74).

R. Mukhopadhy, S. K. De, S. Basu J.
Appl. Polym. Sci., 20, 2575 (1976).

142 (19

Soc. AIME,

Eng.

. R. W. Gray and N. G. McCrum J. Appl.

Polym. Sci., A2, (7), 1329 (1969).

391



