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Abstract—The therma expansion behaviour of silicon carbide
(SCS-2) fibre reinforced 6061 aluminium matrix composite subjected
to the influenced thermal mechanica cycling (TMC) process were
investigated. The thermal stress has important effect on the
longitudinal thermal expansion coefficient of the composites. The
present paper used experimental data of the thermal expansion
behaviour of a SIC/Al composite for temperatures up to 370°C, in
which their data was used for carrying out modelling of theoretical
predictions.
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|. INTRODUCTION

ETAL matrix composites (MMCs) were considered to

be a strong aspirant as a structural material for high
temperature applications such as engine components and gas
turbines. Between the hard conditions for a high temperature
material, thermal fatigue resistance was considered to be one
of the most important properties. The fibre composite material
has an upper strength than the platelet/particle composite; it
was from a relative aspect the continuum mechanics theories
of composite strengthening predicted an upper strength in the
fibre composite beside that in the platelet composite [1]. Even
a relatively higher work hardening rate was observed in SIC
fibrous composites than in the SiC particul ate ones [15].Many
researches on MMCs indicate that the mismatch of coefficient
of thermal expansion (CTE) between fibre and matrix was
mostly answerable for the degradation of composites subjected
to thermal cycling [2], and can also affect the increase of
internal  stresses and considerably remarkable thermal
expansion behaviour of the composite [3]. It was well known
that metal matrix composites were often concerned as out-of-
equilibrium systems from both the mechanical and the
physico-chemical aspect. Hence a study was carried out into
the effect of thermal cycling under constant load on the
behaviour of unidirectionad long-SiC-fibres-Al-matrix
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composites made from a semi-product manufactured by
Nippon Carbon Company.The researchers have deduced that
MMCs can be able to deform in a super-plastic mode when
subjected to a number of thermal cycles under uni-axial tensile
loading [4]-[6]. Mostly, the researchers have observed on short
fibre-reinforced MMCs [4]-[8], yet for long continuous fibre
MMCs aso exhibited that allow to thermal ratcheting [9]-[11].
Subsequently, the effect of thermal cycling characteristics on
the deformation rate has been particularly explored by
Colclough et a [12]. It has shown that the hold time period at
maximum temperature has little effect on the mean rate of
deformation. Yet, variation of the cycling amplitude possessed
a powerful effect namely; the higher the temperature
amplitude, the greater was the thermal ratchetting. Moreover,
the mechanism of enhanced deformation was driven by the
sum of the internal stresses and the external applied stress. The
previous works about modelling for the prediction of thermal
expansion behaviour of composite particularly about thermal
stress based on the constituent characteristics have been done
by Gdoutos et a, in which proportionally analyzed using an
one dimensional ROM (Rule of Mixture) model and an axis
symmetric two material CCM (Composite Cylinder Model)
[19]. In general the matrix CTE was much larger than that of
the reinforcing fibre. Hence, interna stresses arise in the
composite as the temperature changes. This causes anisotropic
CTEs, particularly in unidirectionally reinforced composites.
As the CTE of carbon filaments was very small compared to
that of the aluminium aloy, it was obvious that large interna
stresses will arise in the composite during cooling after
manufacture and during thermal cyclingl3. The thermal stress
MMCs based on SiC fibre reinforced 6061 Al have been well
investigated [5], [6], [8], [12], [15], yet there till exists only
limited information on the internal axial stress mode during the
thermal cycling of MMCs. The amount of internal stress can
be changed by thermal cycling. Changes in internal stresses
cause residual dimensional changes of the composite
specimens. The internal stresses of the matrix are up to 75% of
the matrix yield stress [14]. The expansion of matrix aloy will
be restricted by fibres while temperature one increasing and
lead to longitudinal strain of composites [16]. This paper
describes on strain changing against temperature and the
internal axia stress mode by thermal cycling of SCS-2 fibres.
The effect of interfaces type on therma expansion behaviour
was also considered.

Il. MATERIALS AND METHOD

Unidirectional SIC, Nicalon fibres (8%, volume fraction)
reinforced aluminium matrix composites were prepared by
sgueeze casting method. 2014 Al and 6061 Al were used as
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matrix aloys. Table | shows the chemical compositions of
these dloys.

TABLEI
CHEMICAL COMPOSITION AND PHYSICAL CHARACTERISTIC OF 2014 AND 6061
AL PRE-MIXES
Chemical Composition (mass %)
Alloy Al Cu Mg Si Mn Cr
Al 6061-T4 98.05 0.25 1.0 0.6 - 0.1

Vaues of the elastic properties of SiC fibre and Al matrix
aloys at room temperature are listed in Table I1.

TABLEII
PROPERTIES OF SIC FIBRE AND MATRIX ALLOYS
oy (MPa)
Material E (GPa) v o (LE°C)
52 365 0.22 49
filaments
Al 6061-T4 69 033 248 76

The longitudina therma expansion behaviour in the
temperature range at 0-370°C was measured on a DIL 402C
dilatometer, with heating rate of 5C/min and a helium
atmosphere flowing rate of 50 mL/min. The specimens with
size of a 30.5 x 30.5 cm eight-layer unidirectional plate were
used in this work. It was made by diffusion bonding. The
average CTEs at various temperatures were obtained by the
thermal expansion curves. The thermal cycling of specimens
was conducted between room temperature and 177°C.
Longitudinal strains and temperature were taken at 14°C
intervals and recorded by means of using a data logger. In the
second type of experiment, longitudinal thermal strains were
obtained at temperatures up to 370°C using a dilatometer, it
due to rely on the previous experimental research [12] stated
that the deformation at break after thermal ratcheting (1.719%;

Tmax = 380 ©).

2

T T
— i EET

— Alira e 501
iA

i

/
Lf /

a4 20 41 &l €1 e 120 120 150 1w
Tarnpe-atira ()

A

Slur

/

L}

Fig. 1 Thermal strainsin 6061aluminum and unidirectional
longitudinal SiC/Al composite

Specia cylindrical specimens, 10mm long and 3mm in

diameter, were used. For this purpose three layers of the
composite plate were first glued together to produce sufficient
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thickness for preparation of the cylindrical specimens. The
longitudinal thermal strain curves of composite and matrix
aloy are shown in Fig. 1. It was observed that the longitudinal
thermal strain of composite was linear with temperature up to a
strain of approximately (| = 0.0012 which was close to the
strain of the proportional limit of 6061-T4 auminium at
ambient temperature. In the other word, thermal strain either of
composite or matrix aloy increases with the elevation of
temperature. This represents that thermal strain going up at a
lower rate indicating a slowly declining coefficient of thermal
expansion (CTE).For the micromechanical prediction of
thermal deformation, the stress-strain behaviour and the
thermal strain behaviour of the aluminium used to create the
composite at various temperatures are necessary [17].
Throughout consolidation of the composite, the aluminium
involved a heat treatment procedure which altered
temperature. Aluminium of type 6061-T4 was acquired and
was tested in pressure at differ temperatures. Rectangular
specimens of dimensions 20.32 x 1.27 x 0.16 cm were
arranged with steel tabs bonded with a high strength adhesive.
The auminium specimens were loaded in pressure in an
Instron testing machine with grips competent of holding on
temperatures up to 540°C inner a therma. A water cooling
system was instaled to cool the grips for tests at elevated
temperatures. Special high temperature strain gages were used
to record axial strains. Axial strains were also monitored with
aspecial high temperature extensometer.
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Fig. 2 Stress-Strain curves of 6061-T4 aluminium at variant
temperatures up to one percent

Stress-strain  curves for auminium a a variety of
temperatures from 24-288°C are depicted in Fig. 2. Only the
portions of the curves up to 0.01 strains are shown. It was
apparent that the proportional limit reduces with rising
temperature. Values of the proportional limit 6, of @luminium
a a variety of temperatures are depicted in Table I11.For the
non-linear part of the curves the stresses corresponding to the
same strain reduce with increasing temperatures. The
auminium thermal deformation was determined using a
dilatometer and a cylindrical specimen 10 mm long and 3 mm
in diameter. The thermal strain curve of aluminium up to
370°C was depicted in Fig. 4. The curve was linear up to
232°C with a CTE am = 24.8 pe/C. Above this temperature
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the strain temperature curve becomes non-linear and the CTE
increases. Vaues of matrix CTE at various temperatures are
shownin Tablelll.

TABLEII
THE MAGNITUDE OF THE PROPORTIONAL LIMIT, CTE OF THE 6061 AL AT
VARIOUS TEMPERATURES
T(°C) oy (MPa) am(E/C)
24 86.2 24.8
121 79.3 24.9
171 72.4 24.9
232 60.3 26.3
288 41.4 27.6

1. RESULT AND DISCUSSION

A model of numbers has been evolved for the prediction of
the CTE of unidirectionally fibre-reinforced composites.
Corresponding to Schapery®, the CTE for a fibre-reinforced
composite in longitudinal direction was presented as

C(foEf"" a V. E

m mTm

VfEf 5z ",mE'n

)

where a represents the CTE, E the Young’s modulus, V the
volume fraction, and the subscripts ||’, ‘f”, and ‘m’ represent
the composite in the longitudina direction, the fiber and the
meatrix, respectively.

Rosen and Hashin [21] expanded the work of Levin to
develop formulations for the CTE of unidirectional fiber-
reinforced composites as.

o [ag—ay] ([3(1-2v)] 1
°T1/K—1/K. || E }‘ [h—;]}(z)

c

where ¢ is the CTE of the composites calculated from the
rule of the mixture and K the bulk modulus.
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Fig. 3 Coefficient of Thermal Expansion versus Temperature
according to experiment
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The variation of the longitudinal CTE with temperature was
shown in Fig. 3. Up to 65°C the measured longitudinal CTEs
were small slope, i.e., o = 9.1 pe/°C. The longitudinal CTE of
SIC/Al fibre composites decrease along with increasing
temperature toward zero when the temperature beyond to
370°C. The declining rate of CTE of SiC/Al changes in the
range of variant temperature. After the variant declining rate of
CTEs, the CTE-temperature curve was separated into three
areas; slope reduction, steep reduction, slope reduction once
more, i.e. I, 11, 111, areas in depicted Fig. 3. It has well known
that the CTEs of fibre-reinforced MMCs were influenced by
the thermal stresses and interfaces between matrix and fibres.
The temperature would fluctuates, while the thermal stress one
was alocated on the SIC fibres that manufactured by the
mismatch of CTEs between the Silicon carbide fibres and
aluminium alloy.

The two formulation models have been used by researcher
to evauate the thermal expansion behavior of composites. Y et,
these not enable to be utilized to approach the variety of the
composite CTE with temperature as shown by the poor
agreement with the experimental outputs. The mechanical
behaviors among other are yield strength of matrix, the
interfacial debonding, and the initial stress state of component
phase should be calculated for the thermal expansion behavior
predicting.

According to the ROM model, the thermal stress either in
the fiber or the matrix has been formulated with iso-strain
hypothesis and equilibrium equation along the fiber directional
longitudinally for linear elastic behavior presented as follow

g = EfEm"Fm [am - af]‘ﬁr )
EnVa + EfVg

- EE, Ve[ay, — ag] AT @
m E.Va + EVs

where V; and V_, are the volume fractions of the fiber and
matriX, respectively.

Once established the stresses in the matrix and the fiber, the
longitudinal strain of the composite is established by Ramberg-
Osgood equation

= %m -
€En= B +a AT Oy < 0,

Em -y ()

m

where €, and @, are the strain and stress, £, the modulus
of elasticity @,,,, the proportional limit of aluminum, &, the

coefficient of thermal expansion.

In the other hand, from the evaluation of ROM model it can
be compared with other model, in which to explain the thermal
expansion behaviour of SiIC/Al composite treated to thermal
cycling, aone dimensional analysis was performed through the
mean vaues of CTEs in different temperature ranges, rely on
the following assumptions:
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1) The composite deformation is basically one dimensional and
parallel to the fibre longitudinal direction, neglecting shear
stress and Poisson effect,

2) The temperature is similar in the whole composite,

3) The stresses and strains among the matrix and the fibre are
uniform,

4) The metallurgy of composite was stable and the change of
the structure was physically or chemically taking place
while thermal cycling,

5) Interfacial sliding and fibre yielding was ignored.

For a short temperature interval dT, the length change dlf
of fibers with a given length L,‘ consists of thermal term
L st AT and mechanical term L ,(do¢/Eg) in the absence of

external loading [18], as follows:

: |
de=' Lfa,- dT‘T’LOE (6)

where @; and E; are the CTE and Young’s Modulus of the
fibers, respectively, L , the stress-free length of fibers and dea;

the internal axial stress change resulting from dT'. Equation
(6) can be rewritten as

de ; LO dﬂ'f

Ledar 1 L,EdT (7)
Since Ly & Ly, we can obtain

dLlg _  day

Ledr 7 Bpar ®

If no interfacial dliding, the strain dL_ /L, of the composite is
equal to the strain dL_/L_ of the composite is equal to the
strain dLg/L; of the fiber in the temperature interval of dT,
i.e

dL dL
CTE (T) = a_ = =

L .dT LgdT

c

9)

Therefore, the internal axial stress change de; in the

temperature interval of dT could be obtained by substituting
(8) into (9):
do; = Ef[a, — a¢]dT (10)

If the matrix yielding or the interfacial debonding occurs,
dog/dT should vary greatly from (10). In this case, the
thermal expansion curves may be employed to anayze the
matrix yielding or the interfacial debonding behavior of the
composites.

From (10), it can be integrated along with a particularly
temperature interval with initial temperature To = 30°C, to an
certain temperature T, given by
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I; dog = o¢(T) — o((T,) = E; f;[a, —a]dT (12

where 0¢(T) and g¢(T, ) are the internal axial stress of fibers

at the T and T, respectively. It shown in Fig. 4 that the change
in internal stress of fibers as function of temperature, at which
was calculated from the expansion curves of Fig. 3 using (11)
with taking value modulus elastic of fiber, and CTE of fiber
from Table 2.
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Fig. 4 Variation of the Axial Stressin the fibre, predicted by the
ROM model and the CTE rate of temperature interval model

1V. CONCLUSION

The thermal expansion behaviour of the SiC/Al fibre-
reinforced composite would be rely on the thermal expansion
of the fibres, and influenced by the onset of interfacial strength
and residual stress state, while CTE measurement one do not
take place interfacial dliding. The effect of mismatch of CTEs
between the matrix and fibres is that strengthening residual
compressive stress in the fibres, as the SiC/Al fibre-reinforced
composite is refrigerating from the upper temperature of the
last cycle. The early compressive stress gradually decline
toward zero, and then a tensile stress of fibre progressively
raises, these are resulted of the positive value of initia stress.It
can be apparent that the change in internal stress of fibres in
composite was non-negative and going up with temperature.
The variant CTE aong in the temperature lead to be three
regions with fluctuate slopes in Fig. 3. The slope of range | in
toward zero. In order to the SiC/Al fibre-reinforced composite
treated to TMC, the internal stress change of fibres by using
the temperature interval from 0-65°C is less than that of range
Il from 100-370°C. In the range Il from 65-100°C, the Slope
isthe CTE rate of temperature interval model is almost near to
the ROM model.
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