
Abstract Elastic composites of zinc powder directly

dispersed within an EVA (ethylene-vinyl acetate)

matrix were prepared by a hot plates procedure.

Conductance of samples depends on the filler content

in three different regimes: polarization, tunnelling

effect and percolation. The surface corrosion was

monitored by means of optical, SEM and EDX meth-

ods, and after that the loss of mass was checked. The

corrosion only affects to the zinc particles placed of the

surface of the composite samples.

Introduction

Physical properties of composite materials have been

widely studied due to their industrial applications [1–

3]. Among the composite materials, those which con-

sist of an isolator phase (generally a polymer) filled

with metal or another conductive powder (graphite,

aluminium, zinc...) are of special interest in electro-

chemistry. Those materials combine the isolator

properties of the polymer phase with conductive

behaviour of the filler. They represent a very important

group in the engineering science with a large range of

applications, like corrosion prevention, shielding and

electromagnetic interferences absorption, electrostatic

unload, heat conduction, mechanical to electrical signal

conversion, rechargeable batteries, etc [4–7].

The electrical properties of the composite materials

are strongly dependent on their surface characteristics.

The percolation theory states that electrical conduction

depends on the volume fraction of the conductive

phase in the bulk of the material. Particles in the

composite were disposed forming clusters, some of

them cross the whole of the material from one side to

the other forming the backbone cluster or percolation

cluster, through which the electrical conduction takes

place [8, 9]. But to form these conductive paths a metal

volume fraction threshold must be surpassed, named

‘first percolation threshold’ vc, which varies from one

material to another as a function of components den-

sities and packing system [10–16]. Generally, it is

possible to calculate the volume fraction threshold by

means of its electrical properties, relating the resis-

tance with the volume fraction v of the conductive

material [17, 18]. For a percolative process with two

phases in three dimensions, the sum of the percolation

threshold probabilities is equal to the unity,

pc1 + pc2 = 1. The relation between the volume frac-

tion (v) and the percolation probability is m = f Æ p,

where f is the packing factor, which has different values

for each packing system, e.g. f = p/6, for a cubic regular

simple distribution, and f ¼ ð
ffiffiffiffiffiffiffiffi

3=8
p

Þp for a cubic

centred simple [19].

Another characteristic for this kind of materials is

the fact that the presence of metallic particles in the

surface makes these materials susceptible to corrosion

processes, so the study of this phenomenon is of

interest [20, 21].
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Previous studies about polymer matrix composites

filled with zinc powder were done [22–25], but no one

about this elastic material. The EVA copolymer (eth-

ylene-vinyl acetate) was filled with increasing amounts

of powder zinc, from 10 to 75 wt%. Both materials are

of technological usefulness: zinc proves very important

on preventing corrosion systems and batteries, whereas

EVA is an elastic polymeric material with a low

melting point. Then, the properties of the mixtures of

both materials or ‘‘product properties’’ are of promis-

ing usefulness. The aim of this work is to characterize

the electrical properties of the composite made with a

different ratio of powder zinc dispersed within the

polymeric matrix. Also, studies on the effect of an

aqueous acid/basic attack as corrosion simulation at

the laboratory were done. Besides, some other physical

properties were related with the observed electrical

behaviour.

Experimental

Composite preparation

Plates (120 · 60 · 4 mm) of polymeric matrix com-

posites filled with metal powder were obtained by di-

rectly mixing grains of EVA copolymer (20% vinyl

acetate) (REPSOL Quı́mica, S.A., Puertollano, Spain)

previously pulverized, with different amounts of pow-

der zinc (MERCK) (10, 20, 30, 40, 50, 60, 62.5, 65, 70,

72.5 and 75 Zn wt%). The mixture was later on put in

hot plates with a constant 10 kg cm–2 pressure for 180 s

at 393 K, followed with chilling to 313 K for 600 s. The

zinc mass fraction can be related with the zinc volume

fraction by

vZn ¼
mZn

qZn

mZn

qZn
þ 1�mZnð Þ

qEVA

ð1Þ

where vZn and mZn are volume and mass fraction of

zinc in the sample, and qZn and qEVA are Zn and EVA

densities (7.14 and 0.91 g cm–3, respectively) [26].

Optical characterization

Images of composite surfaces were acquired with a

commercial scanner (Genius ColorPage-HR6X) con-

nected to a PC. Both brightness and contrast were al-

ways adjusted at the same values. From the scanned

images, colour histograms were obtained by using the

capabilities of The Gimp 2.0 software [27]. Average

values given by these colour histograms were used in

this study.

Microanalysis (EDX) and SEM

A Phillips XL30 ESEM was used. Samples were fixed

on an aluminium shelf. Work conditions were:

E = 20 kV, tlive = 120 s. w.d. = 10.000 mm (potential,

live time and working distance, respectively). The two

sides of the samples were separately observed in order

to study the effect of gravity on the zinc dispersion

during the composite preparation.

Electrical properties

Samples of 83 · 53 · 3.5 mm were used for these

measurements. Two nickel electrodes 15 · 60 mm.

were disposed in parallel and symmetrically on each

side of the composite and connected to a Phillips PM

6304 ‘Programmable Automatic RCL Metter’ (RCL

Metter) by means of cupper wires, where the distance

between the two electrodes was the thickness of the

samples (3.5 mm.). Values of R, C, |Z| and F (resis-

tance, capacitance, impedance modulus and phase

angle, respectively) were obtained at E = 0 V and

E = 2 V and with different amplitudes: DE-
Low = ±50 mV, DENormal = ±1 mV and DEHigh = ±2 V,

always at frequency of 100 kHz, where E is the applied

potential and DE the superimposed potential.

Corrosion simulation: acid–base treatment

Samples of 40 · 10 · 3.5 mm were cut and put in

HDPE containers with 100 mL of solution 0.5 M KCl

(SIGMA a.c.s reagent), pH = 4.5 acidulated with HCl

(PROLABO analytical reagent. The acid treatment

was:

(1) One week in acidulated water with HCl

(pH = 4.5) at room temperature, stirring in an

ultrasounds bath at 50 �C for 30 min each day.

(2) One day in an acid solution by carrying the

solutions to pH = 1.5 by HCl addition and after-

wards stirred for 30 min in an ultrasounds bath at

50 �C.

(3) 26 days in a basic solution by carrying the solu-

tions to pH = 9 by KOH addition.

After the treatment, the samples were rinsed with

20 mL of HAc/Ac- 1 M buffer solution (HAc and KAc

supplied by Scharlau a.c.s reagent), and dried at room

temperature.

The mass of samples was measured for three times

before and after the acid treatment. The 20 mL of

HAc/Ac- buffer solutions used in the rising of each

sample, were added to the solutions where samples

came from.
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Differential pulse anodic stripping voltammetry

(DPASV) of the bath solutions

After rinsing with HAc/Ac- buffer, 5 mL of resultant

solutions + 5 mL HAc/Ac– 1 M buffer solution +

10 mL KCl 0.5 M (to adjust cell volume), were analy-

sed by DPASV in order to determine the amount of

zinc dissolved [28–29]. The reference electrode was a

Ag/AgCl/KClsat electrode, the counter electrode was a

Pt bar, and a 3.65 mm. diameter circular graphite,

previously polished, sunk in HCl and cycled for three

times in water, was the working electrode. The solution

was deaerated for 5 min with Ar (Air Liquide) before

starting each experiment. Experimental conditions

were: cathodic deposition tdep = 180 s, potential

applied Edep = –1.4 V, stabilisation time trest = 30 s.

Voltammograms where made between Ei = –1.2 V and

Ef = –0.8 V, applying pulses of 20 mV with steeps of

DE = 4 mV, and recorded at a scan rate of

v = 10 mv s–1. After each experiment a 0.2 V potential

was applied for 120 s in order to clean the working

electrode surface. A calibration curve (10–4–10–6 M)

was obtained with ZnCl2 (MERCK p.a.). All solutions

were prepared with distilled and deionised (Mili Q-

plus MILIPORE) water.

Electrical properties of the corroded samples

To carry out these experiments, the acid treatment was

repeated with new composite tablets of 85 · 43

· 3.5 mm size, but with the following modifications:

(1) Seven hours in acidulated water with HCl

(pH = 4.5) at room temperature, stirring in an

ultrasounds bath at 50 �C for 30 min each hour.

(2) One hour in an acid solution by carrying the

solutions to pH = 1.5 by HCl addition, and

afterwards stirred for 30 min in an ultrasounds

bath at 50 �C within the same solution.

(3) One hour in a basic solution by carrying the

solutions to pH = 9 by KOH addition.

After that, samples were rinsed with 20 mL HAc/

Ac- 1 M buffer solution. Nevertheless, the experi-

mental data acquisition method was the same as it was

in the non-treated samples.

Results and discussion

Optical characterization

Images of the surface samples were acquired with a

commercial scanner. In spite of the fact that it could

seem to be a non-rigorous methodology, it presents

some advantages if compared with other ways of

acquiring images. The most important difference is

the fact that the artefacts caused by the shadows on

the image, introduced by a particular light incidence,

are drastically reduced and the images can be easily

analysed by different software packages. A good

parameter which allows the comparison between

different samples is the analysis of the colour histo-

gram for different samples, and in particular, the

average value (Fig. 1). The histogram includes the

brightness values of the pixels of an image in a scale

which ranges from 0 (dark) to 255 (clear). The mean

of the histogram shows the average distribution of

the brightness of the pixels. This mean value in-

creases with the zinc mass fraction up to samples of

60 wt% in Zn. This seems to indicate that there is a

saturation of zinc presence in the composite surface

over this ratio in zinc. On the other hand, it is

necessary to remark the high reproducibility of the

obtained values.

Microanalysis (EDX)

Microanalysis by mean EDX confirms the results

obtained from the optical characterization where the

zinc surface saturation takes place at about 50 wt%

in zinc. The difference between the 60 wt% and

50 wt% for zinc surface saturation derived from
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Fig. 1 Mean values of the colour histogram of the images
obtained with The Gimp 2.0 software from images acquired with
Genius ColorPage-HR6X scanner connected to a PC
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these two techniques was assumed to be caused by

the different depth penetration of each technique

into the composite structure: by means of the scan-

ner method only the outer surface is observed, whilst

EDX penetrates a few micrometers. Figure 2 shows

EDX the normalized number of accounts At% re-

sults for all samples. The oxygen presence decreases

with Zn increases and C keeps practically constant.

Oxygen atoms come from acetate groups of the

polymeric phase, and they are orientated to the

exterior of the bulk by electrostatic forces in

the composite formation at low zinc concentrations.

But if the zinc mass fraction increases, these acetate

groups envelope the metal atoms forming conglom-

erates of zinc which are coordinated with the ace-

tates, where the electron delocalisation and

interactions between the zinc and the polymer were

favoured. These polymer–zinc interactions force

cluster formation in certain directions and the zinc

surface presence was limited by this phenomenon.

Little differences between the two sides (upper and

lower) of composites were observed. This is due to

the gravity effect in composite preparation, magnified

by the high density of zinc.

Electrical properties

The dielectric constant and the conductivity obtained

at high frequency evolve in consonance with the zinc

amount present in the polymeric matrix (Table 1).

Figure 3 shows the RÆC2 product dependence on the

zinc amount in the samples. There are three well de-

fined zones. In the first one, zone I, the RÆC2 product

decreases linearly. In this zone, the initial zinc clusters

are forming, surely orientated by the polymer phase,

especially by the acetate groups. High isolator behav-

iour can be observed in this zone and the electrical

perturbation causes a polarization phenomenon. The

phase angle F remains close to p/2 rad. as corresponds

to a capacitive behaviour without electrical conduc-

tance (Table 1). Zone II is a stable zone for the
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Fig. 2 EDX results for all samples (Zn, C and O At%) before (a) and after (b) acid treatment. Phillips XL30 ESEM. E = 20 kV,
tlive = 120 s, w.d. = 10.000 mm
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Fig. 3 R•C2 values calculated from data obtained with Phillips
PM 6304 RCL Metter. An E = 2 V potential and an ac
superposed current of potential amplitude DE = ±2 V was
applied, at a frequency of 100 kHz. A = 9 cm2, T = 25 �C. It is
possible to distinguish three intervals: zone I related with clusters
formation and isolator behaviour; zone II related to cluster
growth and tunnelling conduction; and zone III related to
backbone cluster formation and conduction by percolation
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electrical properties of the bulk, where the product

RÆC2 remains constant, since the changes of the time

constant RÆC are not as big as the variations in the

other zones. A low conductivity of the solid was ob-

tained in this zone, which can be attributed to a tun-

nelling conduction [30–32], where the terminal parts of

zinc clusters act as microelectrodes and the polymeric

phase between two close neighbour clusters acts as a

high potential barrier zone. That way, these micro-

electrodes separated by a dielectric phase must also act

as capacitors; therefore the system resultant capaci-

tance must increase with the zinc volume fraction at

the same time as the resistance diminishes, since it is

possible to form clusters of zinc particles separated by

less than 10–8 m. Finally, zone III shows a decrease on

the RÆC2 curve due to an important resistance decrease

which can overcome the capacitance increase. This is

the initial part of the percolative conduction. In this

zone, an infinite percolation cluster has just formed

and electric conductivity begins trough the backbone

cluster.

Taking into account the results of previous studies

on HDPE + graphite powder composites [17], if the

zinc and graphite densities are considered (7.14 and

2.25 g cm–3, respectively [26]) and provided that EVA

and HDPE have similar densities, it is possible to

approximately calculate a theoretical volume fraction

threshold for the EVA + Zn composites through the

approximate equation:

vZn
c ¼ vC

c �
qZn

qC

ð2Þ

where vc
Zn and vc

C are the percolation volume fraction

for zinc and graphite, and qZn and qC their corre-

spondent densities. That way, a theoretical threshold

vt,c
Zn = 0.44 (83 wt%) was calculated. However, from

the dependence of the resistance on the volume frac-

tion of zinc (Table 1), a lower value of

vc
Zn = 0.195 ± 0.05 was obtained, that is, the percola-

tion phenomenon appears at lower values of v than it

was expected. This is due to the formation of aggre-

gates of zinc particles, which favours the cluster

growth, therefore decreasing the metal filler volume

fraction threshold at which the backbone cluster ap-

pears. Also it is necessary to consider that the perco-

lation threshold depends on the size and shape of the

metal filler as well as on the procedure used for pre-

paring the samples [33–35].

Characterization of the samples after the acid

treatment

Table 2 shows a comparison between the zinc mass loss

calculated from differential pulse stripping analysis

(DPASV) experiments and the composite mass loss

obtained from the sample weighting before and after

Table 1 Electrical properties of the EVA-Zn composites. Philips PM 6304 RCL Metter. E = 2 V, DE = ±2 V, f = 100 kHz.
A = 9 cm2, T = 25 �C

Zn wti. (%) Zn vi (%) R (kW) C (pF) W (�) |Z| (kW) q (kW cm) � (pF cm–1)

0 0 46,400 11 –90 149 1.19 · 106 0.43
10 1.4 31,600 11 –90 143 8.11 · 105 0.44
20 3.1 5,050 16 –89 103 1.30 · 105 0.63
30 5.2 2,370 18 –87 92.6 6.10 · 104 0.69
40 7.8 733 18.0 –83 87.7 1.88 · 104 0.70
50 11.3 454 24 –82 67.0 1.17 · 104 0.91
60 16.0 194 35 –77 43.9 4.99 · 103 1.4
62.5 17.5 132 38 –72 40.6 3.41 · 103 1.5
65 19.1 106 45 –71 33.5 2.72 · 103 1.7
70 22.9 18.9 77 –38 13.6 487 3.0
72.5 25.1 6.70 73 –17 6.30 172 2.8
75 27.6 1.20 140 –6 1.20 31.7 5.3

Table 2 Comparison between zinc mass loss calculated from
DPASV study (Dmi

Zn) and composite mass loss calculated from
sample weighting before (mi) and after chemical treatment
(Dmi

EVA-Zn). Also shown the relative mass loss (%Dmi) as

Sample
(Zn wt%)

mi (g) Dmi
Zn (mg) Dmi

EVA-Zn (mg) %Dmi (%)

0 1.6096 0.068 0.367 0.02
10 1.6097 3.964 4.500 0.28
20 1.4821 7.366 7.800 0.53
30 1.8904 15.198 15.367 0.81
40 2.3175 16.033 29.167 1.26
50 2.1077 15.906 32.567 1.55
60 2.4030 17.121 34.600 1.44
62.5 2.8369 17.009 37.733 1.33
65 2.4773 17.855 35.567 1.44
70 3.3452 17.310 53.500 1.60
72.5 3.4824 17.405 50.167 1.44
75 3.4737 17.136 51.567 1.48
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acid treatment. It is easy to see that not all composite

mass loss corresponds to zinc loss. That means that not

only zinc passes to the solution, but also that the

polymer phase does. Probably acetate groups that were

enveloping zinc particles had accompanied those

forming coordinating complexes. That agrees with the

experimental data, since the composite mass loss in-

creases when the zinc volume fraction increases,

describing a similar curve as the one depicted in Fig. 2

for Zn At%.

An increase in the colour histograms mean values is

observed and assigned to the zinc oxide formation in

the samples surfaces. Reproducibility is not as good as

with not treated samples.

The dispersion between zinc amounts on each side of

the composite samples was obtained in the EDX, bigger

than those obtained before the acid treatment; but also

on the same side, depending on the area selected to do

the study, zinc amount differs considerably. That is to

say that the acid attack was not homogeneous through-

out the whole composite surface, due to the random

formation of aggregates of zinc particles.

On the other hand, the zinc presence on the surface

of the sample was drastically reduced after acid attack,

while the oxygen percentage was increased. During the

chemical treatment, zinc particles move to the solution

as Zn2+ but a passivation phenomenon should be done

for yielding covering layers of Zn(OH)2 or ZnO,

increasing that way the oxygen proportion in EDX

analysis (Fig. 2). However, the decreasing loss of oxy-

gen atoms on the surface, when the initial ratio of zinc

increases after the chemical treatment, seems to indi-

cate that the loss of mass is also due to the vinyl acetate

groups.

From the values in Table 2, the overall loss of mass

of each sample seems to include also polymeric

material bonded to the zinc particles or/and the

chemical dissolution of part of the passive layer

formed. If the ratio of the C atoms on the surface

remains constant after the chemical treatment and

increases relatively with vZn, it is consistent with the

fact that the vinyl acetate groups remains on the sur-

face of the holes produced by the dissolution of the

zinc particles. Therefore, from all the analytical results

of both series of samples, before and after chemically

treated, it could be said that the zinc particles much

rather interact with the vinyl acetate than with the

ethylene groups, but the preferred metal–metal inter-

action is the cause of the anomalous percolation

threshold measured by the LCR bridge.

The loss of mass of zinc follows a first order kinetic

described by the Eq. 3:

vd ¼ k �At%Zn ð3Þ

where vd is the zinc loss velocity, At%Zn is the surface

zinc concentration (At% value obtained in the EDX

analysis for Zn), and k is the kinetic constant. It is

possible to obtain k value plotting the difference of

At%Zn before and after acid treatment divided by total

treatment time (34 days), that is, zinc dissolution

velocity, versus At%Zn. A right line with origin in zero

and r2 = 0.995 was obtained; the slope is the kinetic

constant: k = 2.74 · 10–2 days–1.

Electrical properties of the bulk had been barely

affected with the corrosive treatment, preserving their

original order of values but with a very high dispersion

of them, oscillating around the previous data as shown

in Table 3. Similar observations are done from the

other properties, since the loss of zinc only occurs from

the surface samples. This phenomenon is more evident

than the content of zinc is higher since the random

distribution of the zinc particles is affected by the

physical interactions between both components.

Table 3 Electrical properties of the EVA-Zn composites after acid attack. Philips PM 6304 RCL Metter. An E = 2 V potential and an
ac superposed current of potential amplitude DE = ±2 V was applied, at a frequency of 100 kHz. A = 9 cm2, T = 25 �C

Zn wti. (%) Zn vi (%) R (kW) C (pF) F (�) |Z| (kW) q (kW cm) � (pF cm–1)

0 0 24,900 8.9 –90 179 6.40 · 105 0.35
10 1.4 17,700 11 –90 142 4.55 · 105 0.44
20 3.1 5,640 12 –89 133 1.45 · 105 0.46
30 5.2 2,130 14 –87 111 5.47 · 104 0.56
40 7.8 353 20 –78 76.2 9.08 · 103 0.79
50 11.3 229 33 –78 46.7 5.88 · 103 1.3
60 16.0 43.1 54 –56 24.2 1.11 · 103 2.1
62.5 17.5 61.4 51 –63 28.0 1.58 · 103 2.0
65 19.1 2.81 120 –12 2.76 72.3 4.5
70 22.9 3.10 11 –17 2.97 79.7 4.5
72.5 25.1 16.2 110 –50 10.6 417 4.4
75 27.6 0.525 250 –5 0.523 13.5 9.6
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Consequently, the formation of zinc aggregates and

the orientation of the polar groups to the interface

polymer/metal, causes disorder with respect to an ideal

composite. This behaviour should be minimized if

other more accurate and sophisticated methods for

preparing the sample were used. In spite of these

observations the hot plate method applied on a simple

mixture of the materials in powder is quick and very

simple.

Conclusions

The conductance of the composite depends on the

content of zinc powder, showing three different inter-

vals: zone I for cluster formation and dielectric polar-

ization, zone II for cluster growth (tunnelling

conduction) and zone III for infinite percolation cluster

formation (percolative conduction).

Optical, microscopic and electrochemical techniques

indicate that the acid attack causes only the dissolution

of the zinc particles placed on the surface. Then, the

conductance and the bulk properties remain practically

constant after acid treatment, but their dependence on

zinc powder content shows more disperse results than

the non-attacked samples.
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