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Erosion resistance of copper/alumina composite
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Abstract

The ablation resistance of Cu and Cu/Al2O3 subjected to 200 spark discharges was com-
pared in this work. It appears that the volume lost in the course of sparking was 6 times higher
for Cu than for Cu/Al2O3 composite. Linear dependences of the amount of loss material on
the number of electrical discharge analytical cycles for Cu/Al2O3 composite material and pure
copper were determined. Cu/Al2O3 composite failure mode includes the evaporation as well as
melting of constituents. The interaction of spark with the substrate is quite a discrete process
strongly affected by local chemistry (composition). It results in irregular phases with respect
to morphology as well as composition.
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1. Introduction

The copper/alumina composite can be used in
many industrial applications due to its relatively high
electrical and thermal conductivities and excellent
wear resistance properties. The composite typically
consists of two pure phase materials forming intercon-
nected networks of solid phases with minimum poros-
ity. For metal-ceramic interpenetrating networks, the
metallic phase is usually the one that is filling the cells
of a porous ceramic preform. Each phase contributes
with its properties to the multifunctional character-
istics of the whole structure. The ceramic has high
hardness and wear resistance whereas the metal im-
proves fracture toughness and thermal conductivity.
The interpenetrating metal-ceramic composites due to
superior properties may have remarkable applicability
in different sectors of industry [1].
Many of liquid metals do not wet oxide ceramic

surfaces. Some elements form a reactive system with
alumina (Ni, Si, Fe and Al). However, the large group
of elements does not react with alumina Pb, Sn, In,
Ga, Ag, Au and Cu [2, 3]. Therefore, due to poor wet-
tability of most metals on oxide ceramics, the pen-
etration of molten metal into ceramic preform must
be accomplished by squeeze casting method [4] or gas
pressure infiltration [5]. Wettability of copper on alu-
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mina is extremely low (contact angle varying between
124◦ and 170◦ [3, 6]). Moreover, due to the difference
in coefficients of thermal expansion the large residual
stresses in the composite are generated [7, 8].
Erosion caused by the interaction of an electrical

discharge with the surface of electrodes is a funda-
mental process occurring in many technical require-
ments. Several possible approaches, how to reduce the
erosion rate of electrodes, are on hand. These include
the control of electrode materials, reduction of the
grain size of metallic materials, control of the chem-
istry of plasma generating medium, cooling, etc. From
all possible approaches, modification of materials be-
longs to the most effective and preferable [9].
Due to its ability to excite many elements, the

spark discharge has been for a long time used as an
excitation source for spectrochemical analysis, com-
monly called as spark discharge plasma optical emis-
sion spectrometry (SD-OES) [10]. SD-OES is based
on the ablation of sample material by electrical sparks
plasma.
In SD-OES spectrometer excitation is produced

by the energy of the electrical discharge between the
sample and electrode. A spark produces energy into
the material that increases the material temperature
very locally even over the boiling point. Thus, a part of
the electrode material is melted and sometimes evap-
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orated. Several alternative mechanisms have been pro-
posed to explain the surface modifications associated
with sparking, such as thermoionic electron emission,
photoinduced ionization, sputtering, evaporation, and
oxide removal [11–14]. It remains unclear which of
them are truly active and what are the ranges of their
applicability [12].
Electrical discharge in spectrometer used in this

work is a very complicated process. Thermal energy is
provided in the form of electrical pulses with short
duration (in µs scale) with the frequency of hun-
dreds Hz. The spark strikes the electrode, and elec-
trical energy is transformed into thermal energy, caus-
ing local evaporation of electrodes as in laser abla-
tion. Electrical breakdown as a partial step in an elec-
trical discharge is accompanied by the formation of
a thermal plasma channel between electrodes leading
to their erosion. The resulting plasma temperatures
(∼ 5000 K) effectively remove sample material (ab-
lation) and excite the constituent atoms. The break-
down corresponds to the formation of a conductive
channel between electrodes via streamer mechanism.
No erosion studies on Cu/Al2O3 composite with

interpenetrating networks have been published until
now. Only some properties of this type of composite
have been discussed so far [7, 8, 15–18].
This paper is focused on the study of ablation of Cu

and Cu/Al2O3 composite subjected to spark discharge
using SD-OES analyser.

2. Experiment

Copper/alumina composite was prepared by pres-
sure infiltration of alumina preform by pure copper at
1200◦C in Ar atmosphere at 5 MPa during 15 min.
This material has been originally developed within
7FP project MATRANS oriented on the development
of novel metal-ceramic functionally graded materials
for aerospace and automotive applications. The alu-
mina preform was prepared in the Technical Univer-
sity Darmstadt, Germany. The initial materials were
alumina powder Almatis HVA FG with mean particle
diameter 5.3 µm and rice starch (5.0 µm). A preform
with a porosity of 59.0 % was prepared via mixing of
two homogeneous slurries followed by casting, drying,
pyrolysing and sintering [18].
The erosion test was performed with SD-OES ana-

lyser (SPECTROMAXx, fy SPECTRO) at an over-
pressure of Ar with flow rate 3.5 l min−1. In this study
fully digital plasma generator SPECTRO was applied,
that supplies and maintains constant plasma energy at
generating pulse electric sparks with the frequency of
300 Hz. The experiment was described in detail by
Kavecký et al. [19].
Thousands of sparks were generated during one

analytical cycle. A diagram of a spark stand (electrode

Fig. 1. Diagram of a spark stand (electrode and sample
geometry, the diameter of the hole below sample is 10 mm).

and sample geometry) is presented in Fig. 1. It illus-
trates the conventional “point-to-plane“ configuration
(electrode to sample). The sample is the cathode and
the counter conical shape anode with the tip angle of
60 degrees made of tungsten.
The dependence of overall loss of weight with the

number of electrical discharge analytical cycles was
determined. The weight of composite and for compar-
ison of pure copper after each ten cycles was meas-
ured with a digital balance Sartorius, which resolu-
tion is 0.01 mg, and compared to its initial weight
before ablation. The corresponding loss of volume of
ablated material was calculated by dividing the value
loss of weight by density of composite. The morpho-
logy, microstructure and the composition of the ex-
amined specimens were spotted by a scanning elec-
tron microscopy (SEM) using a JEOL JSM 6610 mi-
croscope combined with an energy dispersive X-ray
spectroscopy (EDS). Some surfaces of composite were
etched in an aqueous solution of nitric acid (32.5 vol.%
HNO3).

3. Results and discussion

Copper based composites due to the implication
of non-wetting alumina by liquid copper can be pre-
pared by pressure infiltration of molten metal into a
preform created from particles or fibres of suitable di-
mensions and useful porosity. Open porosity of the
preform and density of copper – alumina composite
were determined by Archimedes method. It was found
out that copper fills in 95 % of accessible leeks. Volume
contribution of copper was consequently ∼ 56.1 %.
Figure 2 confirms that copper matrix homogeneously
penetrated into the preform. Figure 2 presents beside
the composite microstructure also the EDS elemental
mapping revealing the distribution of Cu, Al, and O.
The aim of this work was to reveal and compare

the ablation resistance of Cu/Al2O3 composite sub-
jected to spark discharge ablation process with that
of pure copper metal. The amount of ablated ma-
terial in volume units (cubic mm) in dependence on
a number of electrical discharge analytical cycles for
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Fig. 2. SE micrographs of Cu/Al2O3 (a) and corresponding X-ray elemental mapping revealing the distribution of Cu (b),
Al (c) and O (d).

Fig. 3. Dependence of loss of volume vs. number of elec-
trical discharge analytical cycles for Cu/Al2O3 composite.

copper-alumina composite as well as for pure copper is
shown in Fig. 3. It appears that the volume of ablated
Cu/Al2O3 composite is about 6 times smaller than in
the case of pure copper.
The linearity of the dependence indicates that over

the range of ablation resistance study approximately
the same volume was ablated in each spark discharge
analytical cycle. It also confirms the high homogen-

eity of distribution of Al2O3 in the composite and the
reproducibility of the method used. It appears that
even lower number of spark discharge analytical cycles
might be sufficient to estimate ablation resistance by
this method in future. However, the most important
result is the very positive contribution of Al2O3 com-
ponent in copper to the improvement of its ablation
resistance.
The morphology of sparked Cu/Al2O3 composite

surface as observed by SEM indicates similar failure
as described more in [20].
First streamers attack inclusions and generate

craters, subsequent streamers attack the adjacent in-
clusions because these are warmer, and they emit elec-
trons more easily. At the end of all 200 electrical dis-
charge analytical cycles a circular area with the dia-
meter of about 10 mm (diameter is given by aperture
of spark stand geometry) has been formed on the sur-
face of tested samples (Figs. 4a, 5a).
The sparked-in spots on both observed samples

(Cu and Cu/Al2O3) have a common pattern consist-
ing of the zonal structure, i.e. central, middle and
periphery (this structure is more markedly visible
at Cu/Al2O3 sample – Fig. 5c). This zonal struc-
ture was visible at samples already after 20 discharge
cycles. Nevertheless, the depth of individual zones
was lower. This is given by “point-to-plane geometry”
that favours central discharges and a specific sample
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Fig. 4. SE micrographs of the surface morphology of Cu crater after 200 spark cycles.

Fig. 5. SE micrographs of the surface morphology of Cu/Al2O3 composite crater after 200 spark cycles: whole crater
(a), zonal structure, i.e. central, middle and periphery of the crater (c) and details of central part of the crater at two

magnifications (b, d).

erosion/etching (Fig. 6). Morphology of middle zone
is similar as that of the central zone, however, cre-
ated microstructure is affected by the lower density of
sparks energy strike in this zone. The substance quant-
ity evaporated/ejected during sparking is not the same
for all sparked spots on the same specimen. The res-
ults of SEM investigation can be explained only by
the streamer theory [20–22].
Figures 4a and 5a illustrate ablation zone of Cu

and Cu/Al2O3 samples after 200 cycles of spark dis-
charge. The uniformity of the morphology of Cu crater
is believed to be the result of isotropic mechanical and

thermophysical properties of copper.
The plasma-surface interaction in sparks is typic-

ally observed to produce either single or multiple over-
lapping craters on surfaces and features that clearly
resemble liquid blobs that have ejected from the crater
and been frozen-in on the surface [23]. During applied
electrical discharges for the continuance of analytical
cycles, all these ranges of cratering were linked to-
gether as shown in Figs. 4b and 5b,d. This common
feature was observed at craters of both materials, es-
pecially in regions with concentrated copper.
The shape of the crater caused by a single spark
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Fig. 6. Schematic image of ablation in the case of “point-
to-plane geometry.”

of quite high energy in the metallic Al with Al2O3
inclusions is described in [24]. The trace of the spark
is a crater consisting of a hole surrounded by an el-
evated wall. It is reasonable to assume that the wall
is a zone, where the spark energy is sufficient to melt
the metal, but not intense enough to vaporise it. It
is known that the spark craters dimensions vary with
the sparks energy; the higher the single spark energy,
the larger the spark crater. If an Al2O3 inclusion was
hit, it vaporised, and the inclusion was removed from

the sample surface. This, of course, is only true as long
as the spark crater is larger than the inclusion.
The first spark events tend to hit inclusions, or

more precisely, they tend to hit the border between
metallic and the non-conducting phase. To ignite
a spark, a high voltage is applied between the sample
surface and counter tungsten electrode. If the sample
surface were perfectly homogeneous and without any
inclusions, every spark would hit exactly the point op-
posed to the tungsten electrode tip. The burned spot
would have a very small diameter. In practice, the
burn spot has a diameter of some millimetres. One
of the reasons why spots, millimetres away from the
counter electrode opposition are hit, can be found in
the specific structure of the electrical field. If there
is a non-conductive inclusion on the sample surface,
there is a sharp metallic edge. At this edge, there is
a higher concentration of the streamlines of the elec-
trical field compared to those parts of the sample con-
sisting of a pure metallic phase. A high density of the
streamlines is created because they cannot end on the
dielectric inclusion [24].
We supposed that the same ablation mechanism

might be applied to understand the plasma-surface

Fig. 7. SE micrograph of powder at tungsten electrode (a); EDS spectrum acquired from point A in Fig. 7a (b).

Fig. 8. SE micrographs of part of profile of crater central part for Cu (a) and Cu/Al2O3 (b) after 200 spark cycles.
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Fig. 9. The structure of the subsurface region in Cu/Al2O3 crater (a) and corresponding X-ray mapping for Cu (b).

Fig. 10. SE micrographs of the microstructure of the subsurface region in Cu/Al2O3 crater after 200 spark cycles (a) and
corresponding X-ray mapping revealing the distribution of Cu (b), Al (c) and O (d).

interaction in sparks ablation resistance study of
Cu/Al2O3 composite.
For Cu/Al2O3 composite, the typical feature was

the creation of large rounded clusters on the sur-
face by the effect of electrical sparks, Figs. 5b,d.
It is observed that this region can be characterised
by the phenomenon of remelting of both materials
and also by the formation of big rounded grains on
electrical sparks affected surface of Cu/Al2O3 com-
posite. An accumulation of agglomerates of Al2O3
particles from the disintegrated fragments of the
Al2O3 ceramic preform in the central zone, which are

sintered and/or remelted together with agglomerates
of copper clusters created by multiple sparking pro-
cesses can be assumed. The strong local melting was
followed by rapid freezing to smooth the area.
It was observed that tungsten electrode tip was

slightly coated after the electrical discharge tests per-
formed on Cu/Al2O3 samples. This indicates that
small portion of that material randomly transfers to
the tip of tungsten electrode. Cundal [25] has reported
similar observations. Particles from Cu/Al2O3 com-
posite captured at the tip of tungsten electrode are
presented in Fig. 7a. They are arranged in clusters
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Fig. 11. SE micrograph of copper alloy clusters near the surface of the crater (a); EDS spectrum acquired from point A
in Fig. 11a (b).

with size in the micrometre range. They contain Cu,
Al, and O as confirmed by EDS in Fig. 7b.
After 200 spark discharge cycles, the craters of Cu

and composite were cut into two parts, and their struc-
ture in cross-sectional views was observed. It appeared
that both craters were symmetrical as presented in
Fig. 8 a,b. EDS elemental mapping reveals that the
surface of the composite crater is made up mostly of
copper (Fig. 9). This is most probably because ceramic
particles from alumina preform were, as a result of the
impact of sparks on the composite in some regions of
the crater, removed and copper was accumulated at
the surface of the crater.
However, in some regions agglomerates with vari-

ous forms and sizes appear (Fig. 10). Spheroidization
of alumina particles obviously takes place, and irreg-
ular phases of intermixed composition are formed.
Some particles contain only Cu and Al as shown

in Fig. 11. It is assumed that decomposition of alu-
mina took place due to the interaction of sparks
with Cu/Al2O3. The Al released in this process sub-
sequently alloyed Cu. Actually no oxygen was present
in this phase.
All this confirms that the process of spark interac-

tion with the substrate is quite discrete, inhomogen-
eous on a local scale and yields irregular phases.

4. Conclusions

Conclusions can be summarised as follows:
– Spark discharge pulse formed in the spectroscopic

analyser is a convenient method to study the ablation
resistance of structural materials.
– Dependences of the amount of loss material on

the number of electrical discharge analytical cycles for
Cu-Al2O3 composite material and pure copper were
determined.
– The dependence of the volume of loss material on

the number of discharges exhibits for both materials

linear character.
– It appears that every discharge removes approx-

imately equal amount of Cu and Cu/Al2O3 composite.
– The ablation resistance of Cu/Al2O3 composite

exceeds that of Cu nearly 6 times.
– Cu/Al2O3 composite failure mode includes the

evaporation as well as melting of constituents.
– The interaction of sparks with the substrate

is quite a discrete process strongly affected by local
chemistry (composition). It results in irregular phases
with respect to morphology as well as composition.
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