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Abstract - Nowadays it is commonly considered that high damping and low thermal expansion material which have
good mechanical properties used as structural materials for different applications. The present investigation is based
on the effect of thermal residual stresses on the both thermal expansion and damping behavior of Al/Al2Os metal
matrix composites (MMCs). MMCs processed by compocasting technique with 5, 10 and 15% by weight of Al2O3
particle reinforcement. Thermal expansion and damping properties have been studied experimentally as a function of
temperature over a temperature range room temperature to 400°C both in the heating and cooling cycle. During
cooling the thermal stresses are relaxed by microplsticity of the matrix near the interface. Reproducible hysteresis
loops in the damping vs. temperature; lot was measured. Result shows the thermal expansion studies exhibited some
residual strain, which increased with the increase in the weight % of the reinforcement. The damping capacity of both
the composites and matrix alloy is found to increase with the increase in temperature during the heating cycle,
whereas in the cooling cycle damping behavior exhibited maxima which became more pronounced with the increase in
the weight percentage of the reinforcement. The damping maximum height decreases if the matrix strength is
increased by increasing reinforcement. The appearance of the maxima may be linked with dislocation generation and
motion as a result of plastic deformation of the matrix at the metal/reinforcement interface. This phenomenon is
attributed to the thermal stresses generated as a result of coefficient of thermal expansion mismatch between the

composite constituent phases. The thermal stresses have been estimated in both the cases using simple models.
Keywords — Compocasting, Damping, CTE, TMA, PLC.

the significant difference between the CTE of the two
constituents. The residual stresses would introduce some
undesirable effects on the physical and thermal properties
of the composites. Several publications on experimental
works and numerical computations of thermal stresses
have been found in the literature [7], [8]. However, due to
the complexity of the MMCs, a better understanding of the
residual stresses in these materials is essential.

I. INTRODUCTION

Aluminum metal matrix composites (MMCs) offer
designers many added benefits as they are particularly
suited for applications requiring high specific strength at
elevated  temperatures, good  structural  rigidity,
dimensional stability [1]-[5] and low coefficient thermal
expansion (CTE) [6]. Low CTE and high damping

capacity are desirable for applications such as electronic
heat sinks and space structures. Earlier research works show that Al,Os particle

reinforced Al MMCs offer lightweight, low CTE [6],
excellent mechanical properties [9],[10], good structural
stability at high temperature [11],[12], good wear [13], and
corrosion resistance [14].

The MMCs in structural applications are dependent on
their proper and complete characterization under various
conditions of mechanical and thermal loading. One of the
important aspects of MMCs is the influence of thermal

residual stresses on the properties of the materials. When
MMCs are fabricated at a certain high temperature and
cooled to the room temperature, residual thermal stresses
are induced into the matrix and reinforcement because of
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Following are the objectives of the present investigation:

1) Study of CTE and damping behavior of Al,O;
particulate reinforced Al MMCs as a function of
temperature.

© 2022, IJREAM All Rights Reserved.


mailto:bvmadhu2000@gamil.com

Study of thermal stresses generated in the composite as
a result of the differences in the CTE between the
matrix and reinforcement using simple models.

3) Study of the effect of thermal residual strain on the
thermal and damping behavior of MMCs.

1. EXPERIMENTAL PROCEDURE
A. Material Preparation

The matrix material used in this study, AI6061, has
excellent casting properties and reasonable strength. This
alloy is best suited for mass production of lightweight
metal castings. The Al,O3 particulates of 30-50 um were
used as the reinforcement and the Al,Oz content in the
composites was varied from 5 to 15% in steps of 5% by
weight. Table | shows the chemical composition of Al6061
and Al;Os. Liquid metallurgy technique was used to
fabricate the composite materials in which the Al,O;
particles were introduced into the molten metal pool
through a vortex created in the melt by the use of an
alumina-coated stainless steel stirrer. The coating of
alumina on the stirrer is essential to prevent the migration
of ferrous ions from the stirrer material into the molten
metal. The stirrer was rotated at 550 rpm and the depth of
immersion of the stirrer was about two-thirds the depth of
the molten metal. The Al,O3 particles pre-heated to 500 °C
were added into the vortex of the liquid melt which was
degassed using pure nitrogen for about 3 to 4 min. The
resulting mixture was tilt poured into preheated permanent
moulds.

TABLE | CHEMICAL COMPOSITION OF AL6061 ALLOY

Constituents Composition in %
Mg 0.92
Si 0.76
Fe 0.28
Cu 0.22
Ti 0.10
Cr 0.07
Zn 0.06
Mn 0.04
Be 0.003
\Y% 0.01
Al Bal.

B. CTE Measurement

The specimens for CTE testing were machined to 10mm
X 5mm x 5mm dimensions. The specimen surfaces were
ground using series of Silicon Carbide papers of 100, 200,
400, 600, & 1000 grit and then polished with 3um
diamond paste to obtain a fine finish. The specimens were
washed using distilled water and acetone separately and
dried. Percent linear change (PLC) measurements were
made in the temperature range 25 to 500°C at the rate of
5°C/min using a Commercial Thermal Mechanical
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Analyzer Equipment (model TMA 2940, Dupont, USA)
both in heating and cooling cycles. The sample was placed
on a quartz stage and a moveable probe was kept on top of
the sample. The thermal expansion of the specimen was
detected using a linear variable differential transformer
(LVDT) attached to the probe. The furnace surrounding
the sample stage and the probe provides high temperature
environment during measurements. The thermocouple
adjacent to the sample picks up the temperature so that the
dimensional changes can be obtained as a function of
temperature. The data were obtained in the form of PLC
versus temperature curves. Standard TMA data analysis
software was used to compute the CTE of the base alloy
and the composites.

C. Damping Measurement

Specimens were machined and polished to 70mm x
10mm x 2mm dimensions following according the
procedure presented under CTE measurement. A Dynamic
Mechanical Analyzer (DMA model 983, Dupont) used for
measuring damping capacity includes sample arms and
clamps, flexure pivot, LVDT, electro-magnetic driver and
a temperature programmer interfaced with a computer. The
specimen was subjected to a flexural sinusoidal strain with
constant amplitude and the resultant-bending stress was
measured simultaneously. The sample was held between
the two end clamps and enclosed in a chamber that
provides heating and cooling capability. The electro-
magnetic driver applies flexural strain to the specimen and
the resultant stress on the sample was measured by LVVDT.
The specimens were displaced by 250-um peak to peak at
the drive clamp corresponding to a maximum strain of
2.6x10*. The sample length measured between the clamps
was approximately 38 mm. The temperature of the
specimen was varied from 25°C to 500°C both in the
heating and cooling cycles at the rate of 10°C/min.

I1l. RESULTS
A. Thermal Expansion Properties

The results of CTE expressed as PLC as a function of
temperature for different weight % of reinforcement in the
Al6061 MMCs is shown in Fig.1. The PLC data showed
reasonably good agreement with a maximum variation of
0.05 at 500 °C for the majority of the specimens tested.
The PLC curve for the heating cycle shows linear increase
with increase in temperature, while for the cooling cycle it
shows a parabolic decrease with the decrease in
temperature. These heating and cooling curves exhibit
some hysteresis residual strain, which increases with
increase in the weight % of the Al,O3; reinforcement. The
residual strain in the case of unreinforced matrix alloy is
found to have a minimum value. The area of the hysteresis
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between the curves increases with increase in the Al,Os
reinforcement. The variation of CTE with temperature of
the composites as well as the unreinforced matrix alloy is
shown in Fig. 2. While CTE of the composite decreases
with increase in weight % of Al,Os, it moderately increases
with increase in temperature. One observes a drastic
reduction in the CTE of the composite in comparison with
that of the matrix alloy, which indicates that in these
composites, there is good interfacial bonding, due to the
existence of macroscopic strain.
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Fig. 1. Percent linear change (PLC) as a function of temperature at rate of
heating and cooling cycle 5 °C/min for the Al,O3 reinforced Al composites.
H-heating cycle and C-cooling cycle.
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Fig. 2. Average coefficient of thermal expansion as a function of temperature
varied at 5°C/min in heating and cooling cycles for the Al,O5 reinforced Al
composites.

B. Damping Capacity

Damping capacity (tan¢) verses temperature curves for
the base alloy and the composites for heating and cooling
cycles are shown in Fig. 3. Several interesting trends are
observed from the curves that are found to be the
characteristic feature of the Al;Oz reinforced Al
composites. In the heating cycle, from 25-150°C, damping
capacity seems to increase marginally with increase in
temperature, from 150-300 °C it is found to increase
rapidly with increase in temperature, and from 300-500 °C
it increases mildly but linearly with increase in
temperature. Also, in the heating cycle, for both the
unreinforced matrix alloy and reinforced composites, a
maxima (peak) is observed at 500 °C. In the cooling cycle,
a closer observation of Fig. 3 reveals some interesting
details on the hysteresis behavior and the maxima (peak)
phenomena of the composites exhibited between the
heating and cooling curves. In the cooling cycle, different
nature of curves is observed. Initially, from 500-400°C the
damping capacity marginally decreases, from 400-250°C it
increases, from 250-25°C it steeply decreases with decrease
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in temperature. Overall, the damping capacity and the area
of the hysteresis curve increase with increase in
reinforcement. Careful observation of the damping capacity
data in the 225-250 °C range shows a peak. The damping
capacity of the composites as well as the matrix alloy has
been found to increase with the increase in temperature
and increase in reinforcement.
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Fig. 3. Damping capacity (tan ¢) at 0.1 Hz of as-cast Al-6061 alloy and
Al,O; reinforced Al composites in heating and cooling at 10 °C/min. H-
heating cycle and C-cooling cycle.

1VV. DISCUSSION
A. Thermal Behavior

During cooling, the metal matrix contracts more than
that of the ceramic particles, hence high-density
dislocation is developed around the particles as a micro-
plastic zone. The increase in the dislocation activity results
in an increase of the thermal as well as the mechanical
property loss [15], [16]. The dislocation near the interface
has been observed from transmission electron microscopy
[17]. The PLC verses temperature curves for the
composites exhibit some hysteresis strain in the cooling
cycle. The computed values of the percentage area covered
by the heating and cooling curves are 5.89, 8.26, 16.7 and
22.7 in case of base alloy, 5%, 10%, and 15% Al,O3
reinforced composites respectively. When the ceramic
weight % is small, it may be assumed that each ceramic
particulate is surrounded by the matrix phase, and the
average inter-particle spacing is not influenced by the
presence of the ceramic phase with lower CTE [18]. The
ceramic particles are in hydrostatic state and their
surrounding matrix phase suffers a compressive radial
stress. On the other hand, in case of higher weight % of
reinforcement, the average inter-particle spacing is
significantly influenced. However, the Al matrix alloy
phase with a higher CTE should undergo shrinking on
cooling, resulting in a tensile residual stress development.
During contorted secondary heating and cooling cycles, the
matrix alloy covers the particulate and shrinks. The result
of this is the hysteresis as observed between the heating
and cooling curves. The thermal strain depends on the
difference in the CTE between the particle (ap) and the
matrix (am) and the temperature difference AT. The
thermal strain [19] is given by:

eT = Ao AT = (am-ap) (T-TO) ()]

where T and TO are the melting and room temperatures
respectively. According to Hooke’s law, elastic stress strain
relation is given by:

oth = E &T /(1-v) @)

where E is the stiffness and v is the Poisson’s ratio of
the matrix. It is assumed that the thermal strain is purely
elastic and the stress changes linearly with temperature
which is given by combining Equations (1) and (2):

oth = E (am - ap) (T-TO)/(1-v) 3)
o th = E (am - ap) AT/(1-v) 4)

For aom = 26 X 10%/°C, ap = 2.6 X10%/°C, E =70
GPaand v=0.3
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Equation (3) gives oth =2.34 MPa x AT (5)

For 1°C change in temperature, the computed value of
thermal stresses is 2.34 MPa at the interface between the
matrix and the reinforcement, and this value is in good
agreement with those obtained in other studies [20].

B. Damping Behavior

Al/Al;Os composites have been developed with higher
stiffness (E) and lower density (p). (E/p) 1/2 also
represents the velocity of the elastic waves in the material.
Thus, higher specific stiffness results in a higher natural
frequency for the components [21], which is one of the
reasons for increase in the damping capacity of the
composites. Perez et al. [22] have reported that the
dislocation concentration found in Al matrices of ceramic
particulate-reinforced MMCs is in the order of 1013 to
1014 cm?2  Kim [18] has reported that if the heat
dissipation were taken into account as part of the plastic
work, the predicted dislocation densities of the
elastoplaticity model would have been in reasonable
agreement with the measured dislocation densities of 109
to 1010 cm?. These dislocations are generated to
accommodate the residual strain around the particulate; but
the dislocation concentration near the reinforcement-
matrix interface is larger and it decreases with increase in
distance from the interface. The thermal stresses in MMCs
have been already studied by internal friction or damping
capacity measurement [23]. The existence of the damping
maxima is particularly important since this maximum may
be related to the thermal stresses, which are generated in
the composites. In the absence of thermal stresses, the
dislocation can vibrate around its equilibrium position and
contribute to the damping. This partly accounts for the
observed damping capacity of the base alloy. When the
composite specimen is cooled, tensile thermal stresses arise
in the matrix due to the particulate distribution and induce
a long-range movement of the dislocations, which is
superposed on the oscillatory motion imposed by the
damping apparatus. This interaction is supposed to be the
origin of the observed maxima. The dislocation density in
the unreinforced matrix is quite low [24]. Hence, the
damping capacity is suggested simply to come from the
dynamic hysteresis of the lattice defects [25] such as the
vacancy or interstitial due to the reinforcement. The
stress-induced ordering process of these leads to an
inelastic strain, and the damping mechanism is referred to
as the linear reversible inelastic relaxation and it opens up
the dynamic hysteresis loop.

The dynamic hysteresis loop generally dissipates a
smaller quantity of energy while the residual stresses are
relaxed from the composite during the heating and cooling
cycles.
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The vibration frequency and strain amplitude
dependence of damping maxima suggest that the relaxation
processes are of thermal origin and are stress dependent.
The expression for activation energy corresponding to the
thermally activated relaxation process is given by Parrine
& Schaller [21]:

f10 e(&/k TP) = 1/2n (6)

Where f is the vibration frequency, 10 is the relaxation
time, & is the activation energy, k is the Boltzmann
constant and TP is the peak temperature. The data used in
evaluating the activation energies &h and &c corresponding
to the heating and cooling peaks respectively of the 6%
Al203 reinforced composite is given in Table II.

The thermal stress generated in the composite is given
by:
oth = (&h-&c)/2v* 7
Where v* is the activation volume and is given by v*
=400 b® (b is the length of Burgers vector of dislocations in

the matrix alloy = 0.25 nm). Calculated value of oth =
3.081 Mpa.

TABLE Il DATA USED IN THE COMPUTATION OF ACTIVATION
ENERGIES (V)

Parameter Heating Peak Cooling Peak
Peak Temp. (Tp) in °C (K) 500 (773) 250 (573)
Relaxation time (z0) in . sec. 2.5427 8.0574
Vibration frequency (f) in Hz 10 10
Activation energy (Calculated), 0.5832 0.3424
ev.

DOI : 10.35291/2454-9150.2022.0206

V. CONCLUSION

The thermal expansion and damping behavior of Al6061
alloy matrix and composites with Al.O; as reinforcement
has been investigated over a temperature range of 25°C to
500°C both in the heating and the cooling cycles. It was
found that the CTE has decreased with alumina by 11% to
72% for 20 wt.% of alumina compared to its base alloy,
and the CTE has increased by 1.34 to 2.07 times for 500°C
compared to 50°C. The thermal expansion studies and
damping behavior showed hysteresis residual strains and in
addition to this, the damping behavior showed maxima in
the heating and cooling curves. A clear hysteresis is
observed in the CTE, and the strain between heating and
cooling is found in both matrix alloy and composites upon
thermal cycling. This hysteresis is larger in the composites
containing Al;Os; as reinforcements than that of the
unreinforced AI6061 alloy. Thermal expansion mismatch
leads to residual stress at the interface between
reinforcement and matrix alloy, which is invariably much
greater than their respect matrix alloy and depends
strongly on the properties of the matrix and reinforcement.
This study revealed the presence of residual thermal
stresses generated in the composite due to the difference in
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the CTE between the matrix and the reinforcement, which
are highest at the reinforcement particle—-matrix interface,
and they decrease with an increase in distance from the
interface. The long-range mobility of dislocations in the
metal matrix around the reinforcement seems to be the
critical parameter for the stress relaxation at
matrix/reinforcement interface. This parameter has been
carefully characterized by damping measurement. It was
found that the damping capacity was maximum at
temperature 500°C with an increase in a damping ratio of
23% for 20 wt.% of alumina compared to the as-cast Al
alloy, and also, the damping ratio has improved by 13
times for 20 wt.% of alumina from 65°C to 500°C. The
study of thermal stresses leading to plastic deformation in
the matrix and the residual strains obtained is particularly
useful in any high temperature applications of composites.
The thermal stresses have been evaluated separately under
thermal expansion studies and damping studies and the
results in both the cases are found to be in good agreement
with each other.
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