Kovove Mater. 49 2011 427-436 427
DOI: 10.4149/km_2011_6_427

Structure and thermal expansion behaviour of Al/C composites
reinforced with unidirectionally aligned continuous

high modulus C fibres

N. Beronska'*, K. Izdinsky’, P. Stefanik', S. Kudela Jr.", F. Simanéik', I. Vavra®, Z. Krizanova?

! Institute of Materials and Machine Mechanics, Slovak Academy of Sciences,
Racianska 75, 831 02 Bratislava, Slovak Republic
2 Institute of Electrical Engineering, Slovak Academy of Sciences, Dubravskd cesta 9, 841 04 Bratislava, Slovak Republic

Received 10 June 2011, received in revised form 26 August 2011, accepted 5 September 2011

Abstract

The interface and thermal expansion behaviour of aluminium matrix composite (Al-3Mg)
unidirectionally reinforced with continuous high modulus and high thermal conductivity car-
bon fibres Thornel K1100 were studied. The composite was prepared by gas pressure infiltra-
tion and was subjected to thermal cycling from room temperature to 350°C.

It appeared that the current fibre-matrix-technology option effectively eliminated the un-
desired fibre matrix reaction. The Al4Cs carbide formation had been suppressed to that extent
that their appearance in the structure was quite rare. However, TEM observations confirmed
an amorphous layer at the fibre-matrix interface.

The thermal expansion of the composite is closely related to the expansion of fibres exhibit-
ing negative coefficient of linear thermal expansion throughout the whole temperature range.
This indicates that the interfacial bonding is relatively strong even without any excessive

fibre—matrix reaction.

Key words: metal matrix composites (MMCs), Al/C interface, thermal expansion, CTE

1. Introduction

Continuous carbon fibre reinforced Al compos-
ites are mostly recognized as structural materials
with unique mechanical properties, particularly spe-
cific strength and stiffness. For this purposes poly-
acrylonitrile (PAN) base high strength C fibres are
mostly used. However, the development of pitch based
high modulus (HM) C fibres exhibiting high thermal
conductivity (TC) and low coefficient of linear thermal
expansion (CTE) opened the door for Al/C compos-
ites also for thermal management applications.

Al/C when compared e.g. with Cu/C composites
will undoubtedly suffer from the lower thermal con-
ductivity of Al (TCa; = 0.59 TCcy) and higher coef-
ficient of linear thermal expansion (CTEx; = 1.40
CTEcy). However, lower density (p) of Al (pa1 =
0.30 pcy) makes them ideal candidates for applica-
tions where heat sinks with low density are required.

The preparation of Al/C composites is due to
the fibre-matrix reaction leading to the formation
of Al4C3 carbide quite challenging. The reaction im-
proves on one hand the interfacial bonding strength;
however, when too excessive it can drastically weaken
mechanical properties of the composite [1-3]. Moreover,
the hygroscopic carbide undergoes a severe degrada-
tion when exposed to ambient conditions [4].

It appears that the formation of Al,Cjs is not only
thermodynamic but also a kinetic problem [4]. Here
the technology of composite preparation with its par-
ticular time-temperature sequence of operations plays
the key role.

Previously the technology of gas pressure infiltra-
tion (GPI) was used for the preparation of copper
matrix composites reinforced with high modulus and
high thermal conductivity carbon fibres [5, 6]. Now
we have adopted this technology for the preparation
of aluminium matrix composites reinforced with the
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Table 1. Properties of K1100 carbon fibres

Tensile strength (GPa)
Tensile modulus (GPa)
Density (kgm™?)
Filament diameter (pm)

Thermal conductivity in longitudinal direction (W m™* K1)
Thermal conductivity in transversal direction (W m~™"K~1)

Longitudinal CTE at 21°C (K1)
Transversal CTE at 21°C (K1)

3.10
965
2200
10
900-1000
2.4
-1.5 x 1076
12.0 x 1076

same K1100 carbon fibres. The aim of this paper is
to present results obtained by structural studies and
thermal expansion measurements of this particular
composite.

2. Experimental material and procedure

High modulus and high thermal conductivity pitch
based Thornel K1100 carbon fibres with 2000 fila-
ments in one tow have been used as continuous re-
inforcement in an aluminium matrix alloyed with 3
wt.% of magnesium (Al-3Mg).

As-received fibres with properties presented in
Table 1 were unidirectionally aligned and slightly
pressed into a Mo mould forming thus a fibrous pre-
form. These rod-like preforms with the dimensions
13 x 13 x 50 mm? had been inserted into a high pres-
sure autoclave and preheated in a vacuum ~ 45 Pa.
Once the infiltration temperature of 750°C had been
reached, fibre preform was immersed into a graphite
crucible with a molten matrix metal and the system
was allowed to thermally equilibrate for roughly 5 min.
Subsequently argon gas pressure was applied up to
5.0 MPa within 2 min. Afterwards the composite was
pulled out from the molten metal in order to let the
matrix metal solidify and the sample cool outside the
crucible.

Structural observations on as-received samples
were performed with field emission scanning electron
microscopy (SEM — JEOL 7600 FEG); chemical com-
positions were analysed using energy dispersive (EDS)
X-ray spectroscopy (Oxford Instruments INCA mi-
croanalysis system with X-Max 50 detector). Struc-
tural studies were further performed with conventional
transmission electron microscopy (TEM — JEOL 1200
EX). Ion milling at 5 kV accelerating voltage was ap-
plied for preparation of thin foils for TEM observa-
tions.

Composite samples with the dimensions of 4 x
4 x 10mm?® were used for linear thermal expansion
measurements 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

Fig. 1. Back-scattered electron micrograph of the cross sec-
tional view of the structure of as-infiltrated Al-3Mg/K1100
composite.

consequent heating and cooling cycles at the heat-
ing/cooling rate of 3 K min~! in an argon atmosphere
using LINSEIS L75VS 1600C dilatometer equipped
with a silica holder. Samples were cycled in the tem-
perature range 30°C to 350°C. Each thermal cycle
started with the sample preheating at 30°C for 30
min, followed by heating and subsequent cooling back
to the room temperature. One-hour rest time had
been included before the next cycle started. Instant-
aneous CTE values were calculated from the strain—
—temperature curves as a function of temperature us-
ing LINSEIS TAWIN software. All CTEs were calcu-
lated in the temperature range 50°C to 300°C in order
to eliminate the effect of non-steady state transient
stages occurring at the beginning and at the end of
heating and cooling periods.

3. Results
3.1. Structural studies
Structure of as-infiltrated Al/C composite is shown
in Fig. 1. The composite exhibits relative homogen-

eous distribution of C fibres and fibre clusters. Some
small black pores (marked with black arrows) ap-
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Fig. 2. Secondary electron micrograph of K1100 fibre in the

Al-3Mg matrix (a), Al and C elemental linescans along the

44 acquisition line in Fig. 2a (b), Mg and O elemental
linescans along the ++ acquisition line in Fig. 2a (c).

pearing mostly in the inter-fibre locations and white
particles can be easily recognized. The average fibre
volume content as determined via image analysis in 5
different locations was 57.6 %.

White particles marked with white arrows in Fig. 1
contain significant amounts of iron representing a typ-
ical impurity in aluminium alloys. Besides these, also
some grey particles appear quite frequently at the
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Fig. 3. Secondary electron micrograph of the fibre-matrix

interface in the longitudinal section of Al-3Mg/K1100

composite (a), results of semiquantitative EDS analysis
between points A and B in Fig. 3a (b).

fibre-matrix interface. EDS analysis confirmed that
these particles contained different amounts of Al, Mg,
C and O as shown in Fig. 2. The particles are quite
small. The white circles indicate the X-ray generation
region for Al. Due to actual densities this region is
smaller for Fe and larger for Mg and C.

The fibre-matrix interface was characterized by
elemental line scanning utilizing the X-ray signal of
particular energy range for Al, C, Mg and O. Corres-
ponding results are presented in Fig. 2b,c. It appeared
that there was no continuous layer of any reaction
product at the fibre matrix interface within the resol-
ution of EDS. Only slight increase of oxygen marked
with black circles in Fig. 2c can be recognized in the
interfacial zone.

The distribution of elements close to fibre matrix
interface was characterized also by EDS point ana-
lysis in 19 beam positions between A and B in Fig. 3.
Neither these results presented in Fig. 3b confirmed
any distinct interfacial reaction zone. The distribu-
tion of oxygen in longitudinal section of composite
was finally analysed by element mapping as shown in
Fig. 4a. Increased concentration of oxygen was prefer-
entially found at the fibre-matrix interface.
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Fig. 4. Secondary electron micrograph of the structure of

Al-3Mg/K1100 composite in longitudinal section (a), oxy-

gen elemental linescan acquired along the white horizontal

acquisition line superimposed on EDS element map reveal-

ing the distribution of oxygen in the structure shown in
Fig. 4a (b).

TEM observations revealed an amorphous 100 to
400 nm thick layer at the interface. Typical example
is shown in Fig. 5. The contrast inside the layer in-
dicates that it may even be formed by two different
layers. Selected area electron diffraction yielded only
diffuse spectra from these layers. The determination of
their chemical composition requires additional TEM
analytical techniques.

Al,Cj3 carbide is known to exhibit needle-like mor-
phology in Al/C composites [2, 7-10]. It should be
stressed out that AlyCs needles as presented in Fig. 6
were observed quite exceptionally in the current com-
posite. This low frequency of appearance in the cur-
rent composite confirmed that their formation had
been effectively suppressed using the current set of
conditions.

3.2. Thermal expansion

The temperature dependences of relative elonga-
tion and CTE of Al-3Mg/K1100 composite are presen-

Fig. 5. Bright field TEM micrograph revealing stacked

graphite layers inside the fibre and an amorphous inter-

facial layer in cross sectional view of the Al-3Mg/K1100
composite.

Fig. 6. Bright field TEM micrograph revealing Al4Cs crys-
tal in the interfacial zone of Al-3Mg/K1100 composite.

ted in Figs. 7 and 8. The recorded curves reveal large
differences in relative elongations in L and T direc-
tions.

As shown in Fig. 7a slight difference was recor-
ded between the course of the first and the two rest
thermal cycles in L direction whereas second and third
cycles are nearly identical. The relative elongation in-
creases to the temperature of about 67°C and then
decreases up to the end of the heating period. The
length of the sample is shorter at 350°C than at room
temperature. All three cycles exhibit hysteresis — i.e.
the heating and cooling values do not coincide, how-
ever, no actual permanent strains appeared at the end
of applied thermal cycles.

Completely different course of temperature de-
pendences of relative strain was recorded in T dir-
ection. Here the relative elongation monotonously in-
creases with increasing temperature within the whole
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Fig. 7. Temperature dependences of relative elongation of

Al-3Mg/K1100 composite subjected to three consecutive

thermal cycles in L (a) and T directions compared with
Al-3Mg matrix alloy (b).

Table 2. Mean coefficients of linear thermal expansion of
Al-3Mg/K1100 composite in the temperature range 100°C

to 300°C
Heating Cooling
CTErL (1076 K™1) -1.9 -1.0
CTEr (107°K™) 23.8 21.6

heating period. The course of all three thermal cycles
is identical exhibiting permanent elongations of about
7.8 x 1074

CTEs in Fig. 8 further confirm the anisotropy of
the composite. They point out slightly different char-
acter of the first thermal cycle in the L direction, and
confirm the coincidence of all thermal cycles in T dir-
ection.

The temperature dependences of CTE in the
second and third cycles exhibit certain linearity in
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Fig. 8. Temperature dependences of CTE of Al reference

and Al-3Mg/K1100 composite subjected to three consec-

utive thermal cycles during heating (a) and cooling periods
(b).

the temperature range 100 to 300°C. The mean coeffi-
cients of thermal expansion in this temperature range
are presented in Table 2. Comparison of obtained
CTEs shows that the expansion of composite in L
direction is negative in both, i.e. heating and cooling
periods, demonstrating thus the fundamental thermal
expansion reduction due to fibres.

4. Discussion of results
4.1. Structural studies

A basic requirement for any satisfactory metal
matrix composite is a good fibre-matrix bond [11].
The ideal case would be a matrix and a fibre which are
mutually insoluble and non-reacting, where only wet-
ting occurs between them with modest diffusion bond-
ing [12]. This however is not the case of Al/C com-
posites where no spontaneous wetting occurs between
fibre and matrix [13-15]. This is accompanied by dis-
solution of fibres in the matrix and formation of un-
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desirable and brittle Al;C3 carbide. Both these effects
cause severe deterioration of the composite quality.

However, Al/C system can be modified by slight
amounts of alloying additives, which change the solu-
bility of the fibre atoms in a metal matrix. Calcula-
tions performed in [11, 12] revealed that the best ad-
ditives to suppress the solubility of C in Al and thus
the formation of Al;C3 carbide were silicon and mag-
nesium. These were experimentally confirmed in [7]
where Al matrix alloyed with different amounts of Mg
was used to prepare Al/C composite via gas pressure
infiltration. It was shown that increasing amount of
Mg (0-8.5 wt.%) can even fully suppress the formation
of brittle Al;C3 phase, resulting in an intermediate
interfacial bonding with improved mechanical proper-
ties. Similar results were achieved with the additions
of silicon [11, 12].

It is assumed [4] that the decreased tendency for
carbide formation with increasing third element con-
tent is to be related to reduced carbon solubility in
Al matrix and to the segregation of this element on
the fibre-matrix boundary resulting in the increase
of diffusion barrier for C diffusion hindering thus
the diffusion-dependent Al,C3 formation. Mg was the
prime choice for alloying of Al matrix in this work due
to its higher TC and lower density when compared
with Si.

Structural studies revealed that the fibre distribu-
tion in the sample volume is quite homogeneous. This
is mostly due to the high fibre volume content that
does not allow any large redistribution of fibres. This
high volume content with densely packed fibres is one
of the limitations of infiltration techniques when ho-
mogeneous distribution of fibres is required.

Closer inspection performed at higher magnifica-
tion revealed that fibres anyway tend to group into
clusters. The unidirectional alignment of continuous
long fibres forms free channels in the inter-fibrous loc-
ations that enhance the molten metal penetration.
However, the metal needs to enter the preform pre-
dominantly from the front (face) side. When it comes
from the flank side it presses on fibres arranging them
into clusters in different mould locations. In this case
the fibre distribution is not completely homogeneous
and the frequency of appearance of non-infiltrated loc-
ations increases.

The tendency towards incomplete metal penetra-
tion is further enhanced by poor wetting in the Al-C
system. Wetting of graphite with aluminium and its
alloys sharply improves only with temperature growth
above 1150°C. According to data [16], aluminium at
1200°C spreads on graphite up to wetting angle 38°
after 13 min, then process stops and an intensive form-
ation of aluminium carbides follows. These paramet-
ers required to improve wetting lie significantly above
those used in this work.

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 un-
til solidification. Finally, as shown in [5], the matrix
metal remains trapped in the inter-fibrous locations
even without any interfacial reaction. Pores appear-
ing mostly in the fibre clusters might be due to insuf-
ficient metal penetration but also to matrix shrinkage
on cooling.

SEM/EDS inspection revealed that various partic-
les appear at the fibre matrix interface. Most fre-
quently appearing are iron containing particles and
oxide particles as shown in Fig. 2. The precise EDS
quantitative analysis is difficult as the particles are
smaller than the diameter of the excited volume, i.e.
X-ray generation region for given acceleration voltage
of 10 kV equals to 1.11 pm for Al, 1.72 um for Mg,
1.32 um for C and 0.38 um for Fe. Therefore the ac-
quired spectra represent rather the composition of
particles with some contribution of adjacent matrix
and fibre. The true phase identification based on the
acquired EDS spectra is not possible.

The distribution of elements as revealed by ele-
mental lines cans showed that within the resolution of
EDS there was no reaction layer formed by Al and C
at the fibre-matrix interface. The width of the zone
where both elements appear corresponds to the dia-
meter of the excited volume due to interaction of elec-
tron beam with the sample. The segregation of Mg
atoms in the interfacial region was not observed as
well. On the other hand, the increased concentration
of oxygen atoms was quite clear.

The distribution of atoms as-revealed via elemental
lines cans yields no sufficient quantitative informa-
tion. Therefore the composition across the interface
was further analysed via EDS point analysis making
use of 100 s acquisition time. The aim was to confirm
quantitatively whether there had been some increased
concentration of Mg atoms in the interfacial region or
not. It appeared that the concentration of Mg in the
matrix is quite constant: 2.69 &+ 0.12 wt.%. No increase
in the concentration of Mg atoms was confirmed in the
interfacial zone. The vast majority of Mg with respect
to the binary Al-Mg equilibrium diagram is expected
to be soluted in Al

Element mapping finally confirmed selected con-
centration of oxygen atoms at the interface. Sim-
ilar result was achieved with interfacial analysis pre-
formed in [17], where a 0.3—-0.4 pm thick spinel layer
(MgAl;04) was observed between the high modulus
P100 graphite fibre and the 6061 Al matrix.

TEM analysis of the current composite however re-
vealed that the fibre-matrix reaction resulted in the
formation of interfacial amorphous layer. This is more
in agreement with [8] where nanometric (5-10nm)
amorphous O-C-Al layer preferentially oriented along
K1100 fibre — 2014 alloy was observed. The forma-
tion of both spinel [17] or O-C-Al amorphous layer
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[8] is believed to be the result of chemical reaction
between any absorbed oxygen at the fibre surface and
the aluminium matrix at the interface during infilt-
ration. Because the thickness of the amorphous layer
is below 400 nm it could not be precisely analysed by
EDS.

The formation of Al,Cs precipitates can hardly be
completely avoided. It is well known that the forma-
tion of Al4C3 is thermodynamically favoured at tem-
peratures below 2137°C [18]. Moreover, since the C
solubility in liquid Al is rather low (below 0.22 at.%
at 800°C) [19], it is thermodynamically difficult to pre-
vent the precipitation of Al4Cs during or after melt in-
filtration [8]. Extremely low frequency of appearance
confirms that its formation in the current composite
is quite rare. Several factors may have contributed to
this, although it is difficult to estimate to what extent
each. The use of high modulus fibre with its graphite
structure, the addition of Mg and the short time of
exposure at the infiltration temperature can be out-
lined.

On the other hand the missing Al;C3 indicates
rather weak interface. In the current composite the in-
terfacial bonding is accomplished via amorphous reac-
tion layer that can be even more beneficial to the com-
posite than the non stable Al4;C3 carbide. Moreover,
it is known that in composites with weak interfaces,
once a crack is nucleated in a brittle fibre, the possib-
ility of interfacial debonding and sliding permits the
broken fibre to pull-out, reducing thus the effect of
stress concentration at the fibre break and avoiding
catastrophic propagation of the crack [2].

4.2. Thermal expansion

Thermal expansion measurements relate directly
measured expansion of sample with indirectly determ-
ined temperature. There had been an unambiguous
discussion concerning the effect of apparatus on the
thermal expansion recorded in recent years.

Kumar pointed out that thermocouple in the
dilatometer was placed just above the sample but not
touching the sample. Therefore when resistance fur-
nace was switched on, the temperature recorded by the
thermocouple increased according to the rate of heat
supplied by the furnace. However, a sample takes some
time to homogenize the temperature, and sample tem-
perature is equal to thermocouple temperature only
after some time when steady state is reached [20].

Hysteresis and residual strains in pure metals and
unreinforced alloys have been reported earlier. Tjong
et al. have attributed the hysteresis and residual
strains in pure Al to the internal stresses arising
from temperature difference from interior to surface
of the sample [21]. The apparent hysteresis and resid-
ual strains observed even for pure Al and QE alloy
were attributed to deviations from linearity at the be-
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Fig. 9. Time dependences of heating/cooling rate and tem-
perature within the thermal cycle.

ginning and end of rating cycles, i.e., their origin is to
be related to the instrument and not to the intrinsic
material behaviour [22].

On the other hand, Rudajevové [23] showed that
the influence of the heating of support-tube and the
push-rod on the measured results could be excluded by
proper calibration of the dilatometer. The calibration
function shows hysteresis. The temperature depend-
ences of the relative elongation of pure metals or al-
loys show no hysteresis. Generally, the hysteresis can
be observed even for alloys if the alloy is composed
from two or more phases with the different thermal
properties. This alloy behaves as a composite [23].

The time dependences of heating/cooling rate and
temperature within one thermal cycle in the dilato-
meter used in this work are presented in Fig. 9. As
can be seen there are some deviations from the heat-
ing/cooling rate of 3 K min~! particularly at the be-
ginning of the heating period: after the switch from
heating to cooling and at the end of cooling period.
These were recorded by the thermocouple indicating
predominantly the temperature of the furnace close
to the sample surface. The actual temperature inside
the sample is further modified by thermal conduct-
ivity of the composite. For the sake of measurement
interpretation it is supposed to be identical with that
of the thermocouple.

However, composites with unidirectional alignment
of reinforcing fibres exhibit large anisotropy of prop-
erties. In some sense they might be regarded more in
terms of structural parts than in terms of a mater-
ial. The particular distribution of reinforcing fibres is
decisive not only for mechanical properties but also
for the thermal conductivity of the composite. Large
differences in TC for the current Al-3Mg/K1100 com-
posite were confirmed already in [24]. The TC in L
direction was 540.8 Wm ™! K~! whereas in T direc-
tion only 25.4 Wm~! K~1. All this indicates that the
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results of thermal expansion measurements should be
interpreted with caution.

Comparison of the thermal expansion data reveals
slightly different course of the temperature depend-
ences of the relative elongation in the first thermal
cycle, very similar relative elongations in the second
and third cycles and distinct knees appearing nearly
at the same temperatures for all three cycles in the
L direction. No permanent strains, i.e., neither length
contractions nor elongations were recorded.

The course of relative strain in the first cycle is
influenced by the as-received condition of the com-
posite reflecting the thermal and mechanical history
associated with the manufacturing process. Here the
cooling from the infiltration temperature of 750°C is
the source of residual thermal stresses occurring 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 con-
tracts to a significantly larger extent than the fibre
reinforcement. The thermal stresses are temperature
dependent and they influence the dilatational char-
acteristics of the composites [25]. However, residual
strains appearing as a consequence of manufacturing
process are mostly released during the first heating
as revealed in related papers [26-29] and confirmed
also in this work. It is obvious that residual strains
increase with increasing manufacturing temperature,
as shown for Cu/K1100 composites in [5]. The slight
difference between the first and subsequent two cycles
is due to low manufacturing thermal stresses in as re-
ceived composite due to cooling from relatively low
infiltration temperature of 750°C when compared e.g.
with 1200°C for copper matrix [5].

Particular cycles exhibit a distinct knee in the
heating segment on the temperature dependence of
relative elongation in L direction in all three cycles.
Relative elongations do rapidly increase in the tem-
perature range 30°C to 67.6°C (15° cycle), 65.1°C (274
cycle) and 64.3°C (3" cycle), and then decrease up to
350°C. In the temperature range from 300 to 350°C
a typical non-steady state transient stage occurs [20].
This is to be related to conversion of heating to cool-
ing mode. In the course of cooling, monotonous relat-
ive elongation decrease takes place in the temperature
range 350°C down to 30°C.

This behaviour can be qualitatively explained tak-
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 23.1 x 1079 K~! and that of fibres even negative
1.5 x 1079 K~!, the matrix residual tension is rel-
atively quickly relieved during heating. Compressive
stress in the matrix builds up with progressive heat-

ing. As soon as the compression yield stress is reached
the operation of creep mechanism begins stress relief.
The knee is coincidental with the start of this stress
relief leading to the decrease of relative elongation as
analysed by Dutta [17]. In the case of strong interface
this tendency proceeds up to the highest temperature.
At the end of the heating half-cycle (at 350°C), only
a small axial compressive stress is left in the matrix.
During cooling, the compressive stress is quickly re-
lieved, and a tensile stress builds up throughout the
rest of the temperature excursion [17].

The relative elongations of composite in T direc-
tion exhibit permanent strain (elongation) in all three
cycles. This can be explained by the constant volume
of the matrix during yielding [30]. As the temperat-
ure rises, the matrix is primarily stressed in compres-
sion 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 trans-
versely to the fibre axis is only little restricted enabling
thus large transversal plastic strain [31].

Permanent elongation in all three cycles is to
be related to lower pore content in the current Al-
3Mg/K1100 composite. As shown in [5] the less perfect
infiltration of Cu-K1100 composite with larger pores
provides more space for the matrix to expand within
the sample. Therefore, the permanent strain of this
composite is smaller than that of CuCr1-K1100 where
the stronger interfacial bonding is supposed.

On the other hand, permanent strain in current
composite in T direction can be explained only if form-
ing of new pores is admitted. The extent of this strain
is expected to decrease in further thermal cycles due
to the fact that the matrix will get the opportunity
to expand into pores diminishing thus the increase of
the sample volume.

The temperature dependence of CTE for K1100
fibres is not known. However, the analysis performed
with similar pitch based high modulus carbon fibres
P100 using the measurement of diffracted intensity of
an argon laser [32] indicates that the contraction of
fibres continuously proceeds up to the temperature of
about 450°C.

The expansion of current composite in L dir-
ection is governed primarily by the expansion of
K1100 fibres as confirmed by the negative CTEp,
for both heating and cooling segments. This is pos-
sible only due to the fact that the interfacial bond-
ing is strong enough to restrict the expansion of
matrix. The CTEL, (-1.9 x 107K~ for heating and
—1.0x 1075 K~! for cooling) is even slightly lower
when compared with those recorded for Cu/K1100
(0.6 x 1079 K~! for heating and 0.1 x 1079 K~! for
cooling) and Cu-1Cr/K1100 (0.1 x 107 K~! for heat-
ing and —0.1 x 10~% K~! for cooling) composites in the
equal temperature range 100-300°C [24].
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In this sense the interfacial bonding in Al-3Mg/
K1100 composite, although without any intense Al-C
interfacial reaction leading to the formation of Al4Cs
carbide, is strong enough to keep the structural stabil-
ity of material in the temperature range up to 350°C.

5. Conclusions

Structural studies and thermal expansion measure-
ments of Al-3Mg/K1100 unidirectionally reinforced
composite were performed in this work.

It appeared that the current choice of fibre-matrix-
technology selection effectively eliminated the un-
desired fibre matrix reaction.

The Al,Cj3 carbide formation had been suppressed
to that extent that their appearance in the structure
was quite rare.

EDS analysis performed on bulk samples did not
reveal any reaction layer at the interface but increased
concentration of oxygen in the interfacial region.

TEM observations revealed an amorphous layer
most probably formed by chemical reaction between
any absorbed oxygen at the fibre surface and the alu-
minium matrix at the interface during infiltration.

The thermal expansion measurements confirmed
the large anisotropy of properties in L and T direc-
tions.

The thermal expansion in L direction is distin-
guished by a maximum at about 65°C. This is related
to the start of the stress relief after the compression
yield stress of the matrix had been reached.

The thermal expansion in T direction exhibited
some permanent elongation resulting from the plastic
deformation of the matrix within the thermal cycle.

The thermal expansion of the composite is closely
related to the expansion of fibres exhibiting negative
CTE throughout the whole temperature range.

This indicates that the interfacial bonding is strong
enough even without any excessive fibre—matrix reac-
tion.
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