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Nickel-coated carbon fibre (NiCCF) composites may find technological applications within many industrial

sectors, including: laptop computers, automotive and military industries. Typically, these applications require

that NiCCF be subjected to extensive material processing; thus, optimization of mechanical (and electrical)

properties for this material at the stage of its production is of significant importance. The present paper

reports the application of specific, high-temperature heat treatments to laboratory-produced 12K50 NiCCF

material, carried-out in order to improve the ductility and interfacial adhesion of electrodeposited Ni coating

to the surface of carbon fibre substrate.
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INTRODUCTION

One of the most important applications for carbon fibre

(CF) and nickel-coated carbon fibre (NiCCF) materials is

their utilization in electrostatic dissipation (ESD) and

electromagnetic interference (EMI) shielding techniques.

These technologies are especially important for automo-

tive, cell-phone, laptop computer and military industry

markets
1 – 6

. Most of the materials which are used for

EMI/ESD applications are conductive thermoplastic com-

posites, which may contain a variety of electrically con-

ductive fillers, including metal fibres and metal-coated

carbon fibres. Electrically conductive thermoplastics are

typically produced through an injection-moulding proc-

ess, where the conductive filler is introduced to the mould-

ing machine, either in a chopped form or as the so-called

long fibre- reinforced thermoplastic pellets (LFRTP)
7 – 15

.

Unfortunately, the moulding process is fairly destructive

to the conductive additives, especially when the fillers are

themselves fragile materials, such as the ultra-thin metal

filaments, carbon fibres or metal-coated carbon fibre

materials. When the conductive filler becomes signifi-

cantly damaged, such-produced thermoplastic materials

provide the appreciably lower levels of shielding effective-

ness (SE), as compared to those obtained with the largely

undamaged filler(s). One way to deal with this problem is

to optimize the plastic processing technology (including

the operational conditions for the injection moulding

process) and another (parallel) action, should involve

optimization of the parameters for the conductive filler.

This work is primarily concerned with the improve-

ment of mechanical properties (through the application of

selected heat treatments) for a 12K50 NiCCF composite

(12.000 filament tow of about 7.5 μm diameter for each

filament and ca. 50 wt. % Ni), with respect to the ductility

of Ni and its interfacial adhesion to the surface of carbon

fibre strands. In addition, an influence of thermal process-

ing on the electrical resistivity parameter for the NiCCF

composite was investigated.

EXPERIMENTAL

All the examined 12K50 NiCCF samples were pro-

duced by the electrodeposition of Ni onto a de-sized

(through heat-treatment at 350 
o
C, carried-out for 4 hours

in low oxygen/inert gas atmosphere) Hexcel 12K AS4

polyacrylonitrile (PAN)-based carbon fibre tow
16

 prod-

uct, from a typical Watts nickel plating bath
17, 18

. The

electrodeposition trials took place in a beaker-made cell,

where ca. 20 cm long CF samples were subjected to dc

plating, in a stationary arrangement (all details of this

process and those that concern the characterization of the

NiCCF material are given in Ref. 19).

A small, high-temperature tube furnace with a single

heating zone was used to carry-out all the heat-treatment

experiments. The working gas atmosphere inside the fur-

nace was 50/50 vol. % H
2
 + Ar (both high-purity gas

products were pumped in at 0.5 dm
3
 min

-1
), where H

2
 was

used to avoid high temperature oxidation of NiCCF. The

furnace operation procedure was as follow:

a) furnace purging with Ar (30 min)

b) heating system turned on

c) H
2
 pressure turned on (upon stabilization of the set

annealing temperature)

d) introduction of NiCCF samples (18 cm long) into

the hot zone of the furnace

e) annealing of  the NiCCF samples (carried-out for 10

min, over the temperature range between 300 and 900 
o
C)

f) heating system turned off

g) cooling of the NiCCF samples (ca. several hours)

– H
2
 pressure turned off (at the hot zone temperature

of 200
o
C)

– Ar purging stopped (at the hot zone temperature of

100°C)

h) removal of the NiCCF samples from the furnace (at

near room temperature).

In addition, a series of heat-treatment experiments with

fast quenching of the NiCCF tow samples was also car-

ried-out. Firstly, an 18 cm long NiCCF sample was held

for 10 min in an insulated from the furnace's hot zone

chamber, in a reducing atmosphere of 50/50 vol. % H
2

+ Ar. Following this pre-conditioning step, the sample

was quickly transferred into the hot furnace zone (also

filled with H
2
/Ar gas mixture), where it remained for

60 s. Then, the sample was quickly returned to the cooling

zone (at ca. 30
o
C), where it was kept for additional 60 s,

before being finally removed back to air. Annealing tem-

peratures in the hot furnace zone ranged from 200 to

800°C (with 100
o
C increments).
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Electrical resistivity measurements were performed on

the selected samples of the 12K50 NiCCF tow, by meas-

uring the voltage drop at the constant applied current

(100 mA), over a distance of 15 – 20 cm. Both electrical

contact points on the NiCCF samples were silver-painted,

in order to reduce the electrical contact resistance. Fibre

resistivity was then calculated from equation 1 below:

(1)

where:

ξ – is calculated resistivity of the NiCCF tow sample

[Ω cm]

V – is measured voltage [mV]

S
a
 – is sample's cross sectional area (5.3x10

-3
 cm

2
)

I – is applied current (100 mA)

l – is sample's length (15 – 20 cm).

In addition, a simple, SEM (scanning electron

microscopy)-supported knot test was used to qualitatively

evaluate the strength of interfacial adhesion of Ni (poten-

tially, also its ductility) to the surface of CF filaments.

The knot test
20, 21

 is a mechanical bending experiment, in

which a piece of NiCCF tow is bent sharply enough (a

constant load of 500 g for 5 s was applied to tie all the

NiCCF knots in this work) to break the metal coating on

the tension side of the bend. Then, the knots are qualita-

tively examined and compared by the SEM method.

RESULTS AND DISCUSSION

SEM evaluations

Figure 1 below shows the SEM micrographs for a knot-

tied, as received laboratory-produced 12K50 NiCCF sam-

ple, where the mechanical bending force applied to the

NiCCF tow led to significant Ni breaking and also partial

delamination of the metal coating. However, application

of a high-temperature (500 and 600
o
C) heat-treatment to

NiCCF tow samples does seem to result in somewhat

increased ductility of the coating, where no significant Ni

delamination (or flaking) can be observed for a similar

knot-test experiment, as comparatively shown in Fig. 2.

Further increase in the annealing temperature caused

gradual deterioration of the NiCCF composite, evidenced

by increased brittleness and weakened flexibility of the

material. In an extreme case (for the annealing tempera-

ture of 900
o
C), SEM micrograph pictures disclosed sig-

nificant morphology changes (see Fig. 3 below), which

were revealed in the observable migration of Ni into the

core of carbon fibre filaments. Such-treated NiCCF tow

samples were very brittle, so that no knot testing (or elec-

trical resistivity measurements) could have been per-

formed. It is possible that the temperature of 900
o
C is

sufficiently high to initiate the process of carbon fibre

graphitization, which is well-known
22 – 24

 to be highly

catalyzed by transition type metals, such as nickel. Fur-

thermore, the knot-tests conducted for NiCCFs heat-treated

at temperatures below 500
o
C did not reveal any improve-

ment with respect to adhesion of nickel coating to carbon

fibre surface (as compared to that shown in Fig. 1 for as

received NiCCF tow).

On the other hand, short-time (60 s) annealing experi-

ments (which followed fast cooling of heat-treated NiCCF

tow samples) were performed in order to simulate a con-

tinuous heat-treatment process. In fact (understandably),

Figure 1. SEM micrograph pictures of  the knot-tied, as received 12K50 NiCCF tow sample (at ca. 45 wt. % Ni), taken at 15

and 300 magnifications

Figure 2. SEM micrograph picture of the knot-tied, heat-

treated at 600oC 12K50 NiCCF tow sample (at ca.

42 wt. % Ni), taken at 300 magnification
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only very short annealing time could be considered viable

from the technological point of view. For the experiments

performed over the temperature range: 400 – 800
o
C, the

effect of thermal treatment is revealed (see SEM micro-

graph picture in Fig. 4 below) in considerable Ni flaking

and peeling off the carbon fibre surface. The above is

likely the effect of the thermal expansion coefficient (TEC)

mismatch between Ni and CF materials, in addition to the

relatively weak interfacial Ni-to-CF bonding. Conversely,

practically no deterioration of the NiCCF composite was

observed for the annealing temperatures below 400
o
C.

Also, a significant increase in the grain size of the nickel

deposit was observed for all NiCCF samples, which were

heat-treated at 700 and 800
o
C, as compared to un-treated

fibre tow samples (compare Fig. 5a with Fig. 5b, corre-

spondingly). An average, estimated by the PXRD (powder

x-ray diffraction) method grain size of Ni deposit for as

received NiCCF came to about 25 nm
19

.

Electrical resistivity measurements

The electrical resistivity parameter for as received

NiCCF tow samples varied between 110 and 115 μΩ cm.

High temperature heat-treatments applied to the NiCCF

Figure 3. SEM micrograph (cross-sectional and side view) pictures of the heat-treated at 900oC 12K50 NiCCF tow sample (at

ca. 45 wt. % Ni), taken at 1.000 and 3.000 magnifications

Figure 5. SEM micrograph pictures of short-time (60 s) heat-

treated (at 700oC) 12K50 NiCCF tow sample, at ca.

45 wt. % Ni (a) and as received 12K50 NiCCF

sample (b), showing the effect of high-tempera-

ture treatment on the grain size of the metal

deposit (taken at 10.000 magnification)

Figure 4. SEM micrograph picture of short-time (60 s) heat-

treated (at 600oC) 12K50 NiCCF tow sample (at

ca. 45 wt. % Ni), taken at 1.500 magnification
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Figure 6. Electrical resistivity vs. annealing temperature for

heat-treated 12K50 laboratory-electrodeposited

NiCCF tow samples [obtained results were aver-

aged (ca. ± 5 %), based on the resistivity meas-

urements conducted for three heat-treated NiCCF

samples at each temperature]

tow samples (over the temperature range: 400 – 700
o
C)

led to a significant reduction (by nearly 30%) of the re-

sistivity parameter, as shown in Fig. 6 below. The above

was consistent for both the long-time, as well as the fast

cooling heat-treatments, which phenomenon is very likely

the effect of  a considerably increased Ni grain size, as

shown in Fig. 5a above.

Conversely, no explicit effect on the fibre electrical

resistivity parameter was observed for the annealing tem-

peratures below 400
o
C. Furthermore, heat-treatments

performed at temperatures above 600
o
C (see p. 3.1) caused

substantial mechanical deterioration of the nickel-coated

carbon fibre material. Thus, the exhibited levels of elec-

trical resistivity were in these cases on the order of those

(or even significantly higher) that were reported for the

un-treated NiCCF composite (see again Fig. 6).

CONCLUSIONS

High temperature heat-treatment is an effective method

for the improvement of Ni-to-CF interfacial properties

and electrical conductivity for nickel-coated carbon fibre

composite material. However, selection of the right tem-

perature range and the sample's residence time within the

furnace's hot zone do seem essential. It was confirmed in

this work that extremely high temperatures could lead to

severe deterioration and eventually to mechanical disinte-

gration of the fibre material. Thus, if the process is to be

carried-out continuously, then one should rather concen-

trate on the optimization of short-time annealing/fast

NiCCF cooling experiments, which combination is the

only viable option for a commercially run process.
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