
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  15  ( 1 9 8 0 )  1 7 1 9 - 1 7 2 3  

PVC-Cu composites with chemically 
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PVC-Cu composites with chemically deposited u ltrafine (0.1 to 0.3/zm diameter) copper 
particles were prepared by hot-pressing copper-coated PVC powder (-- 106, + 150/lm) 
at 120 ~ C. Metallic copper in fine-particle form was deposited on the PVC particles by 
reducing an ammoniacal cupric acetate solution with hydrazine at 85 ~ C. The electrical 
resistivity (d.c.) and transverse rupture strength of these composites were measured. 
Measurement of electrical resistivity indicated that in these composites copper particle 
network formation was initiated at a copper content of about 0.2 vol %; with further 
increase of copper content the resistivity dropped sharply from about 1014 (for pure 
PVC) to about 10 s MN m -2 ~cm at a copper content of about 0.5 vol %. Increase of 
copper loading beyond 0.5 vol % did not decrease resistivity significantly whereas the 
rupture strength increased continuously from 120 MN m -2 (for pure PVC) to a value of 
about 300 MN m -2 with 4vol % copper loading. This high value of resistivity even after 
copper particle chain formation and the continuous increase of rupture strength, is 
thought to be due to formation of a thin layer of polymer film between the copper 
particles introducing a "quasi-random" character to the otherwise segregated network 
of copper particles. 

1. Introduction 
The effects of the metallic fillers in polymeric 
matrices have been studied by many authors, 
[1-2]  and various models [2, 3] have been 
proposed to explain quantitatively the phenomenon 
of endless chain formations taking place by 
"segregated net-works". It was also found that 
with increasing ratio of the particle size of poly- 
mer and metal phases it was possible to achieve 
electrical conduction with as low as 4 vol % metal. 
However, all these investigations considered 
mechanical mixtures of polymer and metal pow- 
ders. The present study was undertaken to develop 
a method of precipitating fine metallic particles 
on polymer surfaces and to study the properties of 
the briquettes prepared from these composite 
powders. 

2. Experimental methods 
Commercially available PVC powder (grade 
S-65-211, NOCIL) was sieved and the --106 to 

+ 150 btm fraction was used in the present study. 
Metallic copper in fine-particle form was deposited 
on the PVC particles by reducing an ammoniacal 
cupric acetate solution with hydrazine at about 
85 ~ C into which the polymer powder was added 
as a substrate. Fig. 1 shows metallic copper 
deposited in f'me crystalline form more or less 
uniformly over the polymer surfaces. Fig. 2, 
shows the shape of the individual copper particle. 
The particle size of the copper varied between 
0.1 and 0.3/.tm as measured by scanning electron 
microscopy. Fig. 3 shows the deposited amount 
of copper estimated chemically as a function 
of the amount of cupric acetate, added in the 
original solution (curve A). For comparison, 
curve B shows the maximum amount of copper 
that could be deposited. The deposition efficiency 
was found to vary between 50 and 70%. 

Samples were compacted in steel cylindrical 
dies at a pressure of 45MNm -~, and a tempera- 
ture of 120~ to yield briquettes of about 1 cm 
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Figure 1 Scanning electron mierograph of PVC particles 
showing deposited copper on the surface, X 650. 

thick and 2.6 cm diameter. Electrical resistivity 
and transverse rupture strength of the briquettes 
were measured, the experimental details of which 
have been reported earlier [3, 4]. The polished 
and fractured surfaces of the briquettes were 
studied under optical and scanning microscopes, 
respectively. 

3. Results and discussion 
Fig. 4, shows that chemically deposited ultrafme 
copper particles lead to the formation of well- 
defined segregated network. Measurement of 
electrical resistivity (Fig. 5), indicates that the 
network formation is initiated at a copper content 
0.22vol%(XA). Addition of higher amounts of 
copper sharply reduces the resistivity of the 
sample from 1014 to about l0 s [2cm. The point 
of inflection (XB) is at 0.5vo1% metal loading. 

It has been proposed [3] that for equi-axed 
particles the following relationship should hold 
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Figure 3 Actual (A) and theoretical (B) amount of copper 
deposited as a function of amount of copper acetate 
solution. 

where rp is the average radius of polymer particles 
in (~m) and rm the average radius of metal par- 
ticles (gm). According to Equation 1, rm should 
be of the order of 0.18tam if X B is 0.5 vol%. The 
values of r m obtained by SEM studies fully sup- 
port this estimation. Furthermore, the value of 
XB/XA = 2, closely approximate to the percolation 
probability parameter linking these two values as 
established earlier [3]. 

A distinctive feature of the present experiment 
is the high value of resistivity (105 ~2cm)obtained 
after the chain formation has been completed 
beyond X B. Previous studies with mechanically 
mixed copper powder [2, 3] mostly reported 

Figure 2 SEM showing dispersion of copper particles 
on PVC surface, • 5000. 
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Figure 4 Segregated network of copper in PVC matrix 
in compression-moulded briquette, X 300. 
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values of ohmic order. These authors have shown 
[3] that the resistivity at XB, where the first 
mono-layer of  metal forms around the polymer 
particle is a direct function of the unit metal con- 
tact resistance, Ro. The parameter Ro was found 
to depend upon surface conditions such as the 
thickness of  the oxide scales on the metal particles. 
X-ray and chemical studies of the coated PVC 
powder revealed that the deposited copper particles 
were virtually free of  oxide. Thus the high value 
of Ro may be explained on the basis of formation 
of thin polymer film around the metal particles 
during the preparation of briquettes. Analogous 
results were obtained [5] on PVC-copper com- 
posite with plasticizers and stabilizer. The stabil- 
izers formed a coating on the metal surface and 
raised the value o fRo .  

Figure 5 Electrical resistivity as a function of metal 
loading. 

The formation of the thin polymer film between 
metal particles introduces a "quasi-random" 
character to the otherwise segregated network. 
This has a profound influence on mechanical 
property of the composite as given in Fig. 5, 
where the transverse rupture strength of briquettes 
is plotted against metal loading. The strength of 
the composite is found to increase continuously 
and reach a value of about 300 MN m -2 with only 
4vo1% metal loading. Compared to a value of 
120MNm -2 for pure PVC [3], this means an 
increase of  about 200% in strength with a very low 
filler concentration. In spite of the metal network 
being formed with as low as 0.5 vol % filler loading, 
the strength of  the composite continued to increase 
with high loadings because of the polymeric film 
formation on metal surfaces which retained 
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j Figure 6 Transverse rupture strength 
t, of PVC-copper composite as a func- 

tion of vol % metal loading. 
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Figure 7 SEM fractog~aph of PVC-Cu composites showing 
interparticle fracture and fine flow lines. 

matrix continuity. Similar results were obtained 
in the studies with plasticizer [5]. SEM fracto- 
graphs show the rupture surfaces were principally 
interparticle in nature but with fine towlines 
possibly caused by the ruptured polymer films 
on metal surfaces (Fig. 7). The straight line passing 
through the points in Fig. 6, has the least square 
fit of the data with a slope of 32.8 and an inter- 
cept of 178.6MNm -2. The relation between 
composite strength and interparticle distance (din) 
has been studied [5-7].  Two models have been 
proposed to estimate dm: 

(a) in the case of segregated nature [4] of the 
filler particles 

1 

dm = rm 3.95(rv/rm) -~ V~ V~ ~ - 2; (2) 

(b) in the case of random distribution of the 
filler particles 

dm = (1 -- V m ) a r m ,  (3) 
arm 

where Vp and V m are volume fractions of polymer 
and metal phases, respectively. 

Equation 2 has been found to be valid for 
unplasticized PVC-copper composites [4]. The 
interparticle distance, din, calculated by this 
relation was found to approach zero with onset 
of monolayer formation, i.e. with the metal 
loading of X B (Fig. 5). Beyond this value of metal 
loading, dm was found to be negative and the 
strength of the composite dropped markedly 
because of  ease of crack propagation through 
metallic contacts [4]. With the addition of plasti- 
cizer the picture changed [5]. The thin plasticized 
polymer rdm between metallic particles retained 
matrix continuity and the strength continued tO 
rise beyond the point X B. This was referred to as 
quasi-randomness of the network. In this condition, 
the strength values were found to follow a linear 
relationship with dm 1/2 as calculated from Equation 
3. A very similar result is obtained in the present 
case. The presence of the polymer film around 
metal particles (as discussed before) leads to a 
quasi-randomness in the network; d m as calculated 
from Equation 2 becomes negative beyond 
0.5 vol % metal loading (X B in Fig. 5), but strength 
values continue to increase with higher metal 
loading dln calculated from Equation 3 gives an 
estimation of interparticle distance for an equiv- 
alent dispersed system and this is found to follow 
the inverse square root relationship with com- 
posite strength as postulated [6] for particulate 
composites (Fig. 8). 

4. Conclusions 
(1)"A method has been developed to prepare 
PVC--copper composite powder with ultraFme 
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Figure 8 Plot of transverse 
strength as a function ofd m. 
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copper particles deposited chemicaUy on polymer 
surfaces. 

(2) The new composite powder allows forma- 
t ion of  a segregated network with accompanying 
conductivity with only 0.5 vol % metal  loading. 

(3) The formation of  a thin polymeric barrier 
at the metallic contact  point  raises the composite 
resistivity and causes a continuous increase in 
strength. 

(4) About  200% increase in strength of  PVC 
is obtained by  this method and the strengthening 
mechanism appears to follow the inverse square- 
root  law linking interparticle distance with com- 
posite strength. 

References 
l .  J. GURLAND, Trans. AIME 236 (1966) 642. 
2. R.P. KUSY and D.T. TURNER, Polymer 18 

(1977) 391. 
3. S.K. BHATTACHARYYA, S. BASU and S. K. DE, 

Composites 9 (July) (1975) 177. 
4. ldem, J. Mater. ScL 13 (1978) 2109. 
5. S.K. BHATTACHARYYA, S. K. DE and S. BASU, 

Polymer Eng. ScL 19 (1979) 533 and 540. 
6. L.J. BROUTMAN and H.R. KROCK, "Modern 

Composite Materials", (Addison-Wesley, Reading, 
Mass., 1967). 

7. R.J. YOUNG and P.W.R. BEAUMONT, J. Mater. 
Sci. 12 (1977) 684. 

Received 2 October and accepted 5 December 1979. 

1723 


