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Abstract

The influence of Cr on structure and thermal expansion of copper matrix composites
reinforced with unidirectionally aligned continuous high modulus K1100 carbon fibres was
studied. It appears that the addition of 1 wt.% of Cr has dramatically improved the wetting
of K1100 fibres with the matrix alloy CuCr1, facilitating thus the composite preparation via
gas pressure infiltration. Due to the chemical reaction with K1100 fibres a reactive interfacial
bonding has been formed. The lack of wetting resulted in larger voids and weak interfacial
bonding in Cu-K1100 fibres.

The results of thermal expansion measurements confirmed large anisotropy of properties
as well as very good structural stability of both composites exhibiting no signs of possible
disintegration. This however will have to be further confirmed by increasing the number of
thermal cycles. The effect of Cr on the thermal expansion of composites under investigation
was found less apparent as in short fibre or particulate reinforced composites.

K e y w o r d s: metal matrix composite, high modulus K1100 carbon fibres, copper matrix-
-carbon fibres interface, thermal expansion

1. Introduction

Two main tasks dominate the modern heat sink
design in electronic applications, particularly in laser
diodes, central processing units and power electronic
devices. These are faster heat removal and minim-
ization of thermal stresses. Faster heat removal can
be achieved by higher thermal conductivity (TC) and
thermal stresses can be reduced by modifying the coef-
ficient of thermal expansion (CTE) of heat sink.
It appears that the first and second-generation sub-

strate materials e.g. Cu, Cu-Mo, Cu-W, and Al-SiC
are no longer sufficient to fulfil the requirements [1,
2] and new heat sink materials with improved proper-
ties are to be explored. The substantial contribution is
expected from composite materials where metal mat-
rix is reinforced with high TC and low CTE phases.
Currently the preferential reinforcing phase is car-
bon with many of its allotropic modifications – dia-
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mond, flakes, fibres, nanotubes, etc. with TC as high
as 3300Wm−1 K−1 (synthetic diamond) and CTE as
low as −1.5 × 10−6 K−1 (high modulus carbon fibres).
However, their actual potential in terms of feasibility,
interfacial bonding, heterogeneity of properties, ma-
chineability, costs, etc. still needs to be further ex-
plored.
Best conducting matrices are silver (430Wm−1

K−1) and copper (400Wm−1 K−1), however the latter
is more perspective for large-scale production because
of cost reasons. Anyway, combining of C phases with
Cu matrix faces several difficulties. These include no
wetting and the lack of chemical activity in the Cu-C
binary system resulting in poor bonding at the inter-
face, with implications towards TC and CTE. There-
fore active elements need to be added to copper matrix
to improve the interface.
This was demonstrated several times. The evalu-

ation of the TC and the CTE as a function of the
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Ta b l e 1. Properties of K1100 carbon fibres

Tensile strength (GPa) 3.10
Tensile modulus (GPa) 965
Density (kg m−3) 2200
Filament diameter (µm) 10
Carbon assay (%) 99+
Surface area (m2 kg−1) 400
Electrical resistivity (µΩ m) 1.1–1.3
Thermal conductivity in longitudinal direction (W m−1 K−1) 900–1000
Thermal conductivity in transversal direction (W m−1 K−1) 2.4
Longitudinal CTE at 21◦C (K−1) –1.5 × 10−6

Transversal CTE at 21◦C (K−1) 12.0 × 10−6

alloying content of Cr and B in the copper matrix
in Cu-X/diamond composites prepared by gas pres-
sure assisted liquid metal infiltration is presented in
[3]. In both systems with diamond content ∼ 60 vol.%
a transition from weak matrix/diamond bonding to
strong bonding is observed, the latter leading concom-
itantly to high TC (> 600W m−1 K−1) and low CTE
(< 10 × 10−6K−1). Similarly, in copper/diamond
composites prepared by powder metallurgy the TC in-
creased from ∼ 200W m−1 K−1 for pure copper mat-
rix to ∼ 640W m−1 K−1 for copper matrix alloyed
with 0.8 wt.% of Cr [4, 5].
The effect of interfacial bonding on the TC be-

haviour was studied on unidirectional SiC fibre-
-reinforced Cu-matrix composites [6]. Composites
with about 25 vol.% of SiC fibres with or without
Ti6Al4V sputtered coatings as adhesion promoters
were prepared by hot pressing. The thermal expan-
sion measurements revealed that the strong interfacial
bonding (via Ti6Al4V) could significantly reduce the
longitudinal CTE of the composite close to theoret-
ical values predicted by Scharpery’s model. The weak
interface (without Ti6Al4V) is not just unable to ef-
fectively reduce the CTE, but is also unable to control
the dimensional stability after some thermal cycles.
Wang et al. [7] studied the effect of interfacial

bonding strength on the thermal expansion of Cu/C
composites prepared by hot pressing. They found that
all the composites (with or without Fe or Ni as in-
terfacial adhesion promoters) had positive residual
strains after a full thermal cycle, and interfacial bond-
ing strength had significant influence on the resid-
ual strain: namely the higher the interfacial bond-
ing strength, the smaller the residual strain. On the
other hand, other studies confirm a permanent dimen-
sional reduction of some composites when the bonding
strength between reinforcement and matrix is excel-
lent [8, 9].
High modulus and high TC carbon fibres represent

a specific variant of advanced continuous C phases.
When combined with Cu matrix, composites with
very high TC and low CTE can be reasonably expec-
ted. The unidirectional alignment of continuous fibres

provides specific properties to composite where the
role of interfacial bonding strength is modified par-
ticularly when compared to short fibre or particulate
reinforced composites. The effect of weak and strong
interface on thermal expansion of copper based matrix
– high modulus and high TC carbon fibre reinforced
composites is examined in this work.

2. Experimental material and procedure

High modulus pitch based Thornel K1100 carbon
fibres with 2000 filaments in one tow have been used as
uniaxially aligned reinforcement in two copper based
matrices. These included binary CuCr1 alloy with 1
wt.% of Cr and pure copper with the purity of 99.99 %.
The properties of C fibres are presented in Table 1.
Gas pressure infiltration was employed as the pre-
ferred consolidation technique.
As-received fibres were unidirectionally aligned

and slightly pressed into a Mo mould forming thus
a fibrous preform. These rod-like preforms with the
dimensions 13 × 13 × 60mm3 had been inserted
into a high pressure autoclave and preheated in a
vacuum ∼ 100 Pa. Once the infiltration temperat-
ure of 1200◦C had been reached, the system was al-
lowed to thermally equilibrate for roughly 30min.
Fibre preforms were subsequently immersed into a
graphite crucible with a molten matrix metal. The
crucible walls were preliminarly coated with boron
nitride in order to avoid the reaction of CuCr1 al-
loy with graphite. Nitrogen gas pressure was applied
up to 6.0MPa within 5 minutes. The infiltration with
CuCr1 alloy was relatively easy due to improved wet-
ting. Infiltration with pure Cu was quite tricky and
a proper way of metal penetration had to be optim-
ized.
Structural observations on as-received samples

were performed with light microscopy (LM – OLYM-
PUS GX51) and secondary electron microscopy (SEM
– JEOL JSM 5310). Chemical compositions were
analysed using energy dispersive X-ray spectroscopy
(EDXS – KEVEX DELTA IV).
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Fig. 1. Cross sectional view of CuCr1-K1100 composite: a)
light micrograph and b) secondary electron micrograph.

Composite samples with the dimensions 4 × 4 × 10
mm3 were used for linear thermal expansion meas-
urements in both longitudinal (L) and transversal
(T ) directions. Designation L and T corresponds to
fibre alignment direction with respect to longitud-
inal sample axes. Samples were subjected to three
consequent heating and cooling cycles at the heat-
ing/cooling rate of 3 Kmin−1 in an argon atmosphere
using LINSEIS L75VS 1600C dilatometer. Samples
were cycled in the temperature range 30◦C to 600◦C.
Each thermal cycle started with the sample preheating
at 30◦C for 30 minutes, followed by heating and sub-
sequent cooling back to the room temperature. One-
-hour rest time had been included before the next cycle
started.
Instantaneous CTE values were calculated from

the strain-temperature curves as a function of temper-
ature using LINSEIS TAWIN software. All CTEs were
calculated in the temperature range 50◦C to 550◦C in
order to eliminate the effect of non-steady state tran-

Fig. 2. Cross sectional view of Cu-K1100 composite: a)
light micrograph and b) secondary electron micrograph.

sient stages occurring at the beginning and at the end
of heating and cooling periods.

3. Results

3.1. S t r u c t u r a l s t u d i e s

Structure of the CuCr1-K1100 composite as ob-
served by light microscopy is presented in Fig. 1a. As
can be seen, relatively homogeneous distribution of C
fibres in the sample was achieved. No large voids or
poor infiltrated samples were observed. Almost each
fibre is surrounded by the matrix metal indicating
satisfactory wetting in the system. The average fibre
volume content as determined via image analysis in 5
different locations is 54.76 %. The results obtained by
light microscopy observations were further confirmed
by scanning electron microscopy. Secondary electron
micrograph of typical microstructure is presented in
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Fig. 3. Fibre surface with discontinuous chromium carbide
in CuCr1-K1100 composite (secondary electron micro-

graph).

Fig. 4. Fibre surface in Cu-K1100 composite (secondary
electron micrograph).

Fig. 1b. It can be seen that small voids are localized
exclusively in points of contact of adjacent C fibres.
Some are pointed out with white arrows.
Structure of the Cu-K1100 composite is presented

in Fig. 2. As evident, the infiltration was not as good
as in previous system. The average fibre volume con-
tent as determined via image analysis in 5 different
locations is 53.69 %. However, fibres tended to merge
into clusters where the molten metal did not entirely
penetrate. Fibre clusters in Cu-K1100 composite are
presented in Fig. 2b.
Fibre-matrix reaction was observed on fibre sur-

faces in the structure of deeply etched CuCr1-K1100
composite as shown in Fig. 3. This was quite different

Fig. 5. Chromium carbide (grey) in inter-fibre location in
longitudinal section of CuCr1-K1100 composite (secondary

electron micrograph).

Fig. 6. EDX spectrum acquired from point A in Fig. 5.

from smooth fibres in Cu-K1100 composite presented
in Fig. 4.
Reaction phase in CuCr1-K1100 composite is

presented in Fig. 5. It appears grey and is located in
inter-fibre locations. EDX analysis in Fig. 6 confirmed
C and Cr in the reaction product having indicated it
as chromium carbide. However, the accuracy of meas-
urements did not allow distinguishing between partic-
ular types of CrxCy carbides. Anyway, the carbide is
brittle as confirm numerous cracks oriented in perpen-
dicular direction with respect to fibre alignment. The
cracks propagate exclusively in carbide, being stopped
at carbide-matrix and carbide-fibre interfaces.
The frequency of appearance of carbides was not

constant along the fibre length. They were formed
more frequently on fibre surfaces oriented towards the
larger metal volumes inside the sample. The reaction
was also more often observed closer to sample surface
that had been in contact with the surrounding mat-
rix metal in crucible. Chromium carbides appeared
rather continuous near the surface and more localized
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Fig. 7. Temperature dependences of relative elongation
of CuCr1-K1100 composite subjected to three consecut-

ive thermal cycles in a) L and b) T directions.

to small islands inside the sample. No Cr has been
found in the matrix of as-prepared CuCr1-K1100 com-
posite indicating that all Cr had been consumed in the
fibre-matrix reaction.

3.2. T h e r m a l e x p a n s i o n

The temperature dependences of relative elonga-
tion and CTE of CuCr1-K1100 composite are presen-
ted in Figs. 7 and 8. Large differences in relative elong-
ations were recorded in L and T directions. At the end
of the first thermal cycle a permanent relative elong-
ation was recorded in L direction. The second and
third cycles were nearly identical however with small
permanent contractions. Permanent relative elonga-
tions corresponding to individual cycles are summar-
ized in Table 2. All three cycles exhibit hysteresis

Fig. 8. Temperature dependences of CTE of Cu reference
and CuCr1-K1100 composite subjected to three consecut-
ive thermal cycles during a) heating and b) cooling periods.

– i.e. the heating and cooling values do not coin-
cide.
Considerably larger permanent strains were recor-

ded in T direction. The largest relative elongation ap-
peared at the end of the first cycle. Second and third
thermal cycles exhibited decreasing permanent elong-
ations as shown in Table 2.
CTEs in Fig. 8 further confirm the anisotropy of

the composite. They point out the different character
of the first thermal cycle however the subsequent two
cycles are nearly identical for both heating and cool-
ing periods in L and T directions. The temperature
dependences of CTE in the second and third cycles ex-
hibit certain linearity in the temperature range 220 to
500◦C. The mean coefficients of thermal expansion in
this temperature range are presented in Table 3. Com-
parison of obtained CTEs shows that the expansion

Ta b l e 2. Net permanent relative elongations as acquired per individual thermal cycle

CuCr1-K1100 Cu-K1100
Cycle No.

L T L T

1 5.5 × 10−4 21.8 × 10−4 −4.5 × 10−4 2.1 × 10−4

2 −0.8 × 10−4 5.4 × 10−4 −0.2 × 10−4 2.9 × 10−4

3 −0.4 × 10−4 3.8 × 10−4 −0.4 × 10−4 3.8 × 10−4
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Fig. 9. Temperature dependences of relative elongation
of Cu-K1100 composite subjected to three consecutive

thermal cycles in a) L and b) T directions.

of composite in L direction is substantially lower than
that of reference Cu demonstrating thus the thermal
expansion reduction due to fibres. Complementary to
this result, the expansion of composite in T direction
is higher than that of reference Cu.
The temperature dependences of relative elonga-

tion and CTE of Cu-K1100 composite are presented in
Fig. 9. Permanent relative contractions were recorded
in L direction at the end of all three thermal cycles.
The first thermal cycle exhibited the highest contrac-
tion, the second and third cycles were as in previous
composite nearly identical. Cu-K1100 composite also
exhibited hysteresis in all three cycles.
Permanent elongations were recorded at the end of

all three cycles in T direction. As shown in Table 2,
they were in a close range with the smallest elongation
recorded at the end of the first thermal cycle.
CTEs in Fig. 10 further also confirm the differ-

ent character of the first thermal cycle. This can be
particularly seen in heating periods of both L and
T directions. The second and third cycles are almost
identical. The mean coefficients of thermal expansion
in the temperature range 220◦C to 500◦C are sum-
marized in Table 3. Comparison of obtained CTEs in
Fig. 10 shows that the expansion of Cu-K1100 com-
posite in L direction is substantially lower and in T
direction higher than that of reference Cu.

Fig. 10. Temperature dependences of CTE of Cu reference
and Cu-K1100 composite subjected to three consecutive
thermal cycles during a) heating and b) cooling periods.

Ta b l e 3. Average values of the coefficient of linear
thermal expansion in the temperature range 220◦C to

500◦C

CuCr1-K1100 Cu-K1100

heating cooling heating cooling

CTEL (10−6 K−1) 0.8 1.0 0.8 1.0
CTET (10−6 K−1) 23.0 21.9 23.5 22.7

4. Discussion

4.1. S t r u c t u r a l s t u d i e s

Cu-C composite materials can be prepared via
solid-state diffusion bonding as demonstrated in [10].
This preparation route had required Cu coated C
fibres that were subsequently consolidated into bulk
composite by vacuum hot pressing at 700◦C. The gal-
vanic coating of fibres had been performed in a coating
line, where the tows had to pass a complicated path
including small bend radii on different rollers [11]. It
was not too difficult for Torayca T300 high strength C
fibres. However, high modulus K1100 fibres appeared
to be too brittle to survive this procedure. Therefore
the solid state compacting was not possible for Cu-
K1100 composites.
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Problems associated with continuous fibre rein-
forced composites prepared by melt infiltration in-
clude: 1. failure of the molten metal to penetrate
narrow gaps between adjacent fibres; 2. intermetal-
lic or reaction phase formation at fibre-matrix inter-
faces and 3. inhomogeneous distribution of fibres in
composite [12]. The infiltration with CuCr1 alloy was
relatively easy due to improved wetting caused by the
addition of active metal. The most problematic sites
were fibre contact locations where the interfacial and
meniscus forces inhibit full melt penetration. Driving
the liquid metal into these spaces between the reinfor-
cing fibres is a complex process, dependent on several
physical phenomena, which often make the application
of pressure on the metal matrix a necessity [13].
Here the wetting mechanism plays an important

role. This has already been extensively studied by
Mortimer and Nicholas by sessile drop tests [14, 15].
They reported that small additions of Cr reduced the
non-wetting contact angles formed by Cu on graph-
ite from approximately 140 deg to 45–50 deg for Cu –
1 at.% Cr alloy. The reaction product at the interface
was continuous and quantitatively determined to be
Cr3C2. Nogi et al. [16] have reported that graphite is
wet by Cu-Cr alloys when Cr content is high enough to
create a continuous layer at the interface. The thermo-
dynamics of chromium carbide formation on graphite
substrate is presented in [17]. The comparison of free
energy of formation for each potentially stable carbide
phase at 1130◦C indicates that the most stable phase
is Cr3C2(∆G = –4594 cal/g ·atom). The free energy
of formation ∆G = –4065 cal/g ·atom corresponds to
Cr7C3 and ∆G = –2741 cal/g ·atom to Cr23C6 form-
ation. The thermodynamic analysis further indicates
that Cr content in liquid Cu at 1130◦C would have to
be reduced to below 0.078 at.% before the formation
of Cr3C2 would not be favourable [17].
Transferred sessile drop experiments conducted

with Cu-Cr alloys on vitreous carbon substrates
[18] showed, that the wetting was improved by
drop-substrate chemical interaction, which led to the
formation of a continuous wettable Cr7C3 carbide
layer with the thickness 1 to 5 µm. As a consequence
of interaction, the final contact angle decreases from
137◦ for pure Cu to about 40◦ for Cu alloyed with Cr.
The reality of gas pressure infiltration is far

different from equilibrium sessile drop experiments.
Moreover high modulus carbon fibres represent a spe-
cific carbon modification that makes the analysis of in-
terfacial reactions even more difficult. Because of large
surface area-to-volume ratio in realistic C-Cu com-
posite, the extent of reaction layer thickness should
be limited to, on average, a few nanometers by the
Cr content in the Cu alloy. As presented in [17] for a
fibre volume fraction of 50 % and 10µm diameter of C
fibres the surface area/volume is 200 mm2/mm3. For
a Cu-1.22 at.%Cr alloy matrix there is only enough Cr

available to form a Cr3C2 reaction layer 36 nm thick
around the C fibres.
Generally, the presence of chromium carbide as a

fibre-matrix reaction product was confirmed in this
work. However, due to the accuracy of EDX analysis it
was not possible to distinguish definitely between par-
ticular carbide phases. The analysis of published res-
ults confirms that both Cr3C2 and Cr7C3 were identi-
fied by X-ray diffraction methods in Cu-C composites.
More important, however, is the carbide morpho-

logy in the obtained samples. It appeared that con-
tinuous carbide layers could have been found in the
surface locations of the sample. With increasing dis-
tance from the face or flank side of the sample, the
carbide layers were less continuous and in the middle
of the sample they appeared only rarely. This indicates
that the temperature-time profile of the infiltration
did not allow the establishment of equilibrium con-
ditions for fibre-matrix reaction in the whole sample.
Fibres close to the surface locations of the sample had
been in a close contact with the fresh alloy from the
crucible what resulted in an extensive reaction with
Cr. On the other hand the fibres from the sample in-
side had been only in contact with relatively small
volume of matrix alloy. Here Cr seems to be consumed
relatively quickly and the short time of contact with
molten metal did not allow re-establishing of the ori-
ginal Cr concentration.
Structural studies revealed cracks in chromium

carbides. These seemed to be stopped at the carbide-
-fibre interface. This has most probably to do with
the low length of the crack related to the low carbide
thickness as well as with the internal fibre structure.
Carbon fibres are composed of 99.9 % pure car-

bon, most of each is arranged into a graphite crys-
tallite. These crystallites tend to organize into lay-
ers preferentially oriented along the fibre longitud-
inal axis and the mechanical properties mostly reflect
this structure. The high strength of graphite in the
plane of atom lattice is stipulated by the non-polar
nature of carbon atoms’ interaction, whereas the low
strength of graphite in case of tension in the perpen-
dicular direction is the consequence of a very weak van
der Waals type bond between the neighbouring layers.
This may predominantly have a serious consequence
to any load transfer at the fibre matrix interface. Par-
ticularly, even if the interfacial bonding is strong, the
loading from the matrix can hardly be transferred
to the fibre, as the shear strength of the neighbour-
ing graphite layers is weak. Consequently if the crack
propagates through the carbide to the fibre surface, it
must be stopped there, while it is more favourable to
propagate along the poorly bonded graphite planes.
Infiltration of C fibres with pure copper is due

to poor wetting not trivial and a proper sequence
of operational steps needs to be followed. Generally,
C fibres tend to be pressed together forming closed
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empty spaces where the penetration of molten metal
is difficult. Here some separator particles, e.g. TiN as
used in [19] can be helpful.
As shown in this work, molten copper can infiltrate

the C fibrous preform also without the assistance of
any third phase. The unidirectional alignment of con-
tinuous long fibres forms free channels in the inter-
-fibrous locations that enhance the molten metal pen-
etration. However, the metal needs to enter the pre-
form predominantly from the front (face) side. When
it comes from the flank side it presses on fibres bring-
ing them together in different mould locations and the
fibre distribution is not homogeneous. The frequency
of appearance of non-infiltrated locations increases in
this case.
If there is enough space for the molten metal to

penetrate into the preform it can fill the empty spaces.
The external gas pressure can keep it there until solid-
ification. Finally the matrix metal remains trapped in
the inter-fibrous locations even without any interfacial
reaction.
In any case the process of C fibre infiltration by

pure Cu runs quite at the edge of stability. Although
the molten metal is by the assistance of pressurized
gas forced to penetrate into fibrous preform, it is at
the same time rejected by fibre surfaces due to high
wetting angle. The actual conditions determining the
degree of penetration may locally vary to a large ex-
tent resulting in more or less successful infiltration.
The stability of the process can hardly be maintained
with larger samples, samples with more complicated
shapes or with other than unidirectional fibre align-
ment.

4.2. T h e r m a l e x p a n s i o n

The results of thermal expansion measurements
confirmed large anisotropy of properties as well as very
good structural stability of both composites exhibiting
no signs of possible disintegration.
Comparison of the thermal expansion data re-

veals some distinctive characteristics including: differ-
ent course of the temperature dependences of the rel-
ative elongation in the first thermal cycle for CuCr1-
-K1100 and Cu-K1100 composites, very similar relat-
ive elongations for both composites in the second and
third cycles and finally two distinct knees appearing
nearly at the same temperature of both composites in
heating and cooling branches of relative elongations.
As shown in Figs. 7a and 9a, at the end of the

first thermal cycle relative elongation was recorded for
CuCr1-K1100 composite whereas relative contraction
appeared for Cu-K1100 composite. As generally ac-
cepted, the residual strain in the first cycle strongly
depends on the thermal and mechanical history of the
material and it may have various origins, mechanical,
thermal, or both. It may be removed by heating which

is associated with the permanent change of the spe-
cimen length. Rudajevová et al. [20] showed that the
permanent reduction in the specimen length was ob-
served in composite pre-deformed in tension, whereas
permanent elongation was recorded in composite pre-
deformed in compression. Positive residual strain re-
corded in the L direction of CuCr1-K1100 composite
indicates that the as-received composite was in resid-
ual compression and the as-received Cu-K1100 com-
posite exhibited negative residual strain in residual
tension.
The residual thermal stresses occur in composite

due to different thermal and mechanical properties of
fibres and matrix. There are no thermal stresses within
the composite at the matrix melting point. As the
composite cools, the metal matrix contracts to a sig-
nificantly larger extent than the fibre reinforcement.
The thermal stresses are temperature dependent and
they influence the dilatational characteristics of the
composites [21].
The different residual stresses in as-received com-

posites may be due to the chromium carbide at the
interface in CuCr1-K1100 composite. The CTE of e.g.
Cr3C2 is 10.3 × 10−6 K−1 [22] what is between that of
Cu and K1100 fibres. This contributes to smaller stress
generation through thermal expansion mismatch dur-
ing thermal cycles. The significant contraction of Cu-
-K1100 composite in the course of heating in the first
thermal cycle can be further related to the presence
of pores and voids. If the interfacial bonding is weak,
the matrix can easily expand into empty spaces de-
creasing thus the expansion significantly. The strong
influence of voids on the thermal expansion of metal
matrix composites was numerically and experiment-
ally confirmed in [23].
However, residual strains appearing as a con-

sequence of manufacturing process are mostly released
during the first heating as revealed in related papers
[6, 24–26]. This was confirmed also in this work.
Second and third cycles are nearly identical for

both composites exhibiting no or very little permanent
strain as presented in Fig. 11a. However, they exhibit
two distinct knees on the temperature dependence of
relative elongation. Relative elongations do rapidly in-
crease in the temperature range 30◦C to 100◦C (first
knee), then decrease in the range 100◦C to 200◦C
(second knee) and finally monotonously increase up to
600◦C. Here, in the temperature range from 500◦C to
600◦C, a typical non-steady state transient stage oc-
curs [27]. This is to be related to conversion of heating
to cooling mode.
In the course of cooling, monotonous relative

elongation decrease took place in the temperature
range 600◦C down to 200◦C, followed by slight in-
crease between 200◦C and 100◦C and a rapid increase
between 100◦C and 30◦C.
This behaviour can be qualitatively explained tak-
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Fig. 11. Temperature dependence of relative elongations
of CuCr1-K1100 and Cu-K1100 composites during second

and third cycle in a) L and b) T directions.

ing into account the shear stress of the matrix and
thermal expansion of fibres. Due to differences in CTE
of matrix and fibres, matrix is in residual tension
and fibres in residual compression after manufacturing
cooling (as-received condition). As the CTE of matrix
is 16.5 × 10−6 K−1 and that of fibres even negative
−1.5 × 10−6 K−1, the matrix residual tension is re-
latively quickly relieved during heating. Compressive
stress in the matrix builds up with progressive heating.
As soon as the compression yield stress is reached the
operation of creep mechanism begins stress relief. The
first knee is coincidental with the start of this stress
relief leading to the decrease of relative elongation as
analysed by Dutta [28]. In the case of strong interface
this tendency would proceed up to the highest tem-
perature. However, if the interfacial bonding strength
becomes lower than the matrix shear strength, com-
pressive stresses induced in the matrix are decreased
relieving thus matrix for expansion. The second knee
is likely to be associated with the decrease of the com-
posite interfacial bonding strength.
Actually there is no reaction type of interfacial

bonding in the Cu-K1100 composite. However, there
is some mechanical bonding due to matrix shrinkage
around fibres in the course of cooling. This bonding is
released at heating as the matrix expands more than
fibres with the positive value of CTE in transversal
direction ∼ 12 × 10−6 K−1. This type of bonding can

be expected also in CuCr1-K1100 composite, as the
interfacial reaction zone is not continuous. This might
be the reason for similarity of both dependences shown
in Fig. 11a.
Comparison of relative elongations further reveals

that transition temperature Tt, i.e. transition between
linear (elastic) and curved (plastic) part in Fig. 11a is
lower for CuCr1-K1100 composite than for Cu-K1100
composite. This means that the matrix yield stress in
the CuCr1-K1100 composite is reached sooner, what
is consistent with the tendency to build up residual
compressive stresses in CuCr1-K1100 composite and
residual tensile stresses in Cu-K1100 composite as ob-
served in the first cycle. This is also why the overall
expansion in CuCr1-K1100 composite is lower.
The comparison of relative elongations of compos-

ites in T direction reveals permanent strains for both
composites. The corresponding CTEs in Figs. 8 and
10 confirm that they are all above the CTE of matrix.
This can be explained by the constant volume of the
matrix during yielding [29]. As the temperature rises,
the matrix is primarily stressed in compression along
the fibre axis and it starts to yield at some point.
Nevertheless, the matrix flow along the fibre axis is
limited when the fibre/matrix bond is strong enough.
At the same time, the matrix yielding transversely to
the fibre axis is only little restricted enabling thus
large transversal plastic strain [8]. The less perfect
infiltration of Cu-K1100 composite with larger pores
provides more space for the matrix to expand within
the sample. This takes place during the first thermal
cycle. Therefore, the permanent strain of this com-
posite is smaller than that of CuCr1-K1100 where the
stronger interfacial bonding is supposed.
The similarity of temperature dependences of re-

lative elongations of both composites in the second
and third cycles is obvious. One might expect that us-
ing CuCr1 and Cu matrices with different properties
should yield more distinguished results. The similar-
ity, however, can be further explained by the fact that
nearly all Cr has been consumed by the fibre-matrix
reaction and the matrix has become pure Cu. The
main differences between both composites are actually
chromium carbides found at the interface in CuCr1-
-K1100 composite.
The role of interface on the thermal expansion of

Cu based composites reinforced with continuous uni-
directionally aligned high modulus carbon fibres is not
as apparent as in other composites. The main differ-
ence in L direction was the residual compression stress
in the CuCr1-K1100 composite and residual tension
in Cu-K1100 composite. Nevertheless, Cr content has
led to better infiltration with fewer voids and pores.
Pure Cu makes the infiltration difficult yielding def-
initely more voids. The proper infiltration with pure
Cu is hardly feasible with larger samples. Anyway, the
pores are not detrimental to the expansion of the com-
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posites. They can absorb the expanding matrix what
results in smaller relative elongations as in the case of
more perfectly impregnated structures.

5. Conclusions

The influence of Cr on structure and thermal ex-
pansion of copper matrix composites reinforced with
unidirectionally aligned continuous high modulus C
fibres was studied in this work. The addition of 1 wt.%
of Cr has dramatically improved the wetting of K1100
fibres with the matrix alloy CuCr1, facilitating thus
the composite preparation via gas pressure infiltra-
tion. Due to the chemical reaction with K1100 fibres
a reactive interfacial bonding has been formed.
The lack of wetting made the infiltration in the

Cu-K1100 system quite a difficult task. It can hardly
be controlled in an industrial scale. The composite
structure exhibited larger voids and weak interfacial
bonding.
The thermal expansions of both composites were

different in the first cycle in L and T directions, due to
different residual stresses appearing as a consequence
of manufacturing process.
The thermal expansion in second and third cycles

is distinguished by two knees at about 100◦C and
200◦C. The first knee is related to the start of the
stress relief after the compression yield stress of the
matrix had been reached. The second knee is to be as-
sociated with the decrease of the composite interfacial
bonding strength.
The effect of Cr on the thermal expansion of cop-

per based composites reinforced with densely packed
unidirectionally aligned continuous high modulus C
fibres was not found as apparent as in short fibre or
particulate reinforced composites.
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