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The Young’s modulus of hot-rolled Al alloy reinforced with Al,O5 particulates, (Al,03),~Al
composite, is measured using the dynamic sonic resonance test method. The variation in the
moduli of cold- and hot-rolled composites, as a function of the reduction ratio, is compared.
Although both cold and hot rolling result in more uniform distribution of the particulates, hot
rolling causes less damage to the reinforcements, resulting in more isotropic composites
possessing a higher Young's modulus. These observed variations in the Young’s modulus with
respect to reduction ratio are analysed on the basis of the microstructural changes due to the

rolling and T6 heat-treating operations.

1. Introduction

Metal-matrix composites reinforced with low-cost ce-
ramic particles, with attractive mechanical properties
suitable for commercial applications that do not re-
quire very high unidirectional strengthening, are being
investigated. One of the characteristics of such com-
posites is that they can be mechanically worked dur-
ing the final shaping process. The forces associated
with mechanical working not only cause redistribu-
tion of the reinforcements but also cause microscopic
damage, such as particulate cracking and interfacial
debonding [1, 2], affecting the material properties of
the resultant composite. Changes in the material prop-
erties, especially the elastic properties, due to the
mechanical shaping process are one of the important
considerations that have to be taken into account in
engineering design.

The variation in the Young’s modulus of cold-rolled
(Al,O3),~Al composite has already been reported in
the literature [2]. The results indicate that the Young’s
modulus along the longitudinal direction increases
with increasing reduction ratio. This property along
the transverse direction, however, decreases with in-
creasing amounts of cold rolling. Such behaviour
could be explained on the basis of the observed micro-
structural changes caused by the cold-rolling opera-
tion, ie. redistribution of (Al,03), and damage to
(AL;O3),. In the case of the transverse specimen, the
contribution of microcracks to the Young’s modulus
is more dominant than that due to the redistribution
of (Al;03), and the formation of texture. As a result,
the transverse Young’s modulus of a cold-rolled com-
posite is lower than that of the as-extruded material
and the longitudinal specimens. Such experimental
results indicate that if the damage to (A1,0,), could be
eliminated efficiently during rolling, the rolling opera-
tion would result in an increase in the Young’s
modulus of the composite. In order to minimize the
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damage to (Al,O3),, hot rolling was carried out in this
study.

The objectives of the present study are to investigate
the effects of cold and hot rolling on the redistribution
of (Al;03), clusters and microcracks in (Al,03),, and
to evaluate their influences on the Young’s modulus o
the composite. :

2. Experimental procedure

2.1. Specimen preparation

Duralcan composite W6A 10A, 6061 aluminium alloy
reinforced with 10 % (Al,Oj),, obtained in the form of
extruded cylindrical bars with an extrusion ratio of
20:1, was used in this study. Unidirectional hot rolling
with a reduction ratio of about 10 % per pass was
carried out in a direction perpendicular to the ex-
trusion direction. The temperature of the specimen
measured before the entrance to the rolls was about
500° C. The rolled composite was reheated at 540°C
for 3 min between passes so as to maintain consistent
hot-rolling conditions. Thin slices with directions par-
allel (longitudinal) and perpendicular (transverse) to
the extrusion direction were cut for rolled sheets hav-
ing various percentages of reduction. Similar proced-
ures were also employed in cold rolling without the
heating of the specimens. The details regarding the
procedures used in cold rolling, specimen preparation
and T6 heat-treatment utilized are described else-
where [2]. The grain sizes of the rolled specimens were
measured using the line intercept method.

2.2. Modulus measurement

All Young’s modulus measurements were carried out
at room temperature in air, using the standard sonic
resonance test method designated by ASTM C848-78.
The equation used for the calculations of the Young’s
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modulus is that derived for prismatic bars with a rec-
tangular cross-section under free—free suspension [3]:
l4

E = 094642 (72) pf2 T (1)

where E is the Young’s modulus, ! the length of the
specimen, ¢ the thickness of the specimen, p the density
of the specimen, f the fundamental flexural resonance
frequency and T a shape factor which depends on the
geometry of the specimen. The approximate shape
factor used for the calculation is that obtained by
Spiner et al. [4].

3. Results
3.1. Effect of rolling on microstructural
changes

3.1.1. Grain size

The recrystallized grain size of the cold-rolled com-
posites was found to decrease with increasing amounts
of prior cold rolling, which is consistent with previous
findings [5]. As reported in the literature [5], this is
due to the fact that the ratio of nucleation rate to
growth rate (ON/0G) at recrystallization temperature
increases with increasing amounts of prior cold work-
ing. However, the grain size of the hot-rolied com-
posites was observed to increase with increasing re-
duction. This could probably be explained on the
basis that 10 % reduction per pass as used in the
present study was not sufficient to promote recrystall-
ization. Under such conditions, gradual extension of
the grain boundary with the help of the applied mech-
anical energy can occur [6]. These observations are
presented in Fig. 1.

3.1.2. Redistribution of particulates

The most apparent difference in metallographic fea-
tures between the as-extruded and the rolled com-
posites is that (Al,O3),, initially present in the form of
banded clusters along the extrusion direction, be-
comes more uniformly distributed with increasing re-
duction ratio. The microstructural changes due to the
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Figure 1 Variation of the grain size of () cold-rolled and (@)
hot-rolled composites (10 % pass) as a function of the reduction
ratio. The error bars indicate one standard deviation.
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redistribufion of (Al,O;), achieved by hot rolling are
presented in Fig. 2. Similar redistribution could also
be obtained using cold rolling [2].

3.1.3. Particulate damage

Although uniform distribution of (Al,03), could be
achieved by the rolling operation, the microscopic
observations of the cold-rolled composites showed
significant damage to the reinforcements, i.e. partic-
ulate cracking and interfacial debonding (Fig. 3a).
However, hot rolling results in significantly less dam-
age to the reinforcements as shown in Fig. 3b. In
addition, there was a strong tendency for these crack
planes to be parallel to the direction of compression
(i.e. rolling pressure) and perpendicular to the rolling
direction, as shown in Fig. 3c. A grid analysis per-
formed on the micrographs taken from the rolled
composites showed that the percentage of damaged
reinforcements increases linearly with increasing
reduction ratio. The results of these studies are pres-
ented in Fig. 4.

3.2. Effect of rolling and T6 heat-treating
operation on the Young's modulus

The effect of cold rolling on the Young’s modulus of

this composite has already been reported [2]. This

Figure 2 Optical micrographs showing the distribution of (Al,0s),
in (a) as-extruded composite and (b) 70 % hot-rolled composite.



Figure 3 Scanning electron micrographs showing the particulate
damage in (a) 70 % cold-rolled composite , (b) 70 % hot-rolled
composite and (c) a magnified view of a cracked particle in which
the crack planes are perpendicular to the direction of rolling
(indicated by an arrow).

study showed that the longitudinal Young’s modulus
increases substantially in the early stages of cold roll-
ing and decreases slightly afterwards; on the other
hand, the transverse Young’s modulus increases
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Figure 4 Plots of the percentage of damaged particulates in (L)
cold-rolled and (@) hot-rolled composites as a function of the
reduction ratio. The error bars indicate one standard deviation.
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Figure 5 Plots of the experimentally measured Young’s modulus of
(- - -) cold-rolled and (——) hot-rolled composites along the longit-
udinal (L) and the transverse (T) directions: (V) cold-rolled (T), (C)
cold-rolled (L), (¥) hot-rolled (T), (@) hot-rolled (L).

slightly in the early stages of rolling and decreases
substantially afterwards (Fig.5). The deviation be-
tween the longitudinal and transverse moduli of the
cold-rolled composites increases as the reduction ratio
increases. In the case of the hot-rolled composites,
a similar trend has been observed in the variation of
the Young’s modulus along the longitudinal direction.
However, the transverse moduli of the hot-rolled com-
posite, unlike the case of the cold-rolled ones, increase
substantially and approach the longitudinal values.
These features are presented in Fig. 5.

4. Discussion

Although the Young’s modulus has been known as
one of the microstructure-insensitive material proper-
ties, variation (usually less than 30 %) in the modulus
of a polycrystalline material can occur due to the
changes in the microstructure. For a given material,
such a variation in the modulus due to the microstruc-
tural changes can be related to changes in the reson-
ance frequency of the material (or propagating speed
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of resonant waves), as suggested by Equation 1. As
a result, the presence of microstructural defects such as
pores, microcracks, grain boundaries, dislocations etc.
lower the Young’s modulus, since they impede the
travelling sonic waves, resulting in a lower resonant
frequency. The effects of such microstructural changes
on the variations of the Young’s modulus (due to the
rolling and T6 heat-treating operations) are discussed
in this section.

4.1. Effect of grain size and microcracks
on Young's modulus

Sugihara [7] and Koster [8] have reported that the
Young’s modulus of an aluminium alloy is relatively
unaffected (or increases slightly if at all) with increas-
ing grain size. Since the average grain size observed in
this investigation is within the range considered in
their studies, grain size is not believed to be an impor-
tant contributor to the observed variations in Young’s
modulus. ,

The effect of microcracks on the Young's modulus
has aiready been reported in the literature [9, 10].
This indicates that the modulus of a material de-
creases linearly due to the presence of microcracks
when the crack planes of such microcracks within the
material are oriented perpendicular to the tensile di-
rection (or the direction of the travelling sonic waves).
However, the effect of microcracks on the Young’s
modulus will be less significant when the crack planes
are oriented parallel to the tensile direction. As a re-
sult, the effect of microcracks on the transverse and
the longitudinal modulus can be expressed as [2]

E =E,(1—vX) 2
E, ~ E, (3)

where E, and E; are the Young’s moduli of the rolled
and T6-treated composites along the transverse and
the longitudinal directions, respectively, E, is the
Young’s modulus of the as-extruded composite, X is
the reduction ratio which has a linear relationship
with microcrack density, and vy is a constant.

4.2. Effect of particulate redistribution and
texture on Young's modulus

Since the formation of microcracks due to the rolling
operations should result in a decrease in the modulus,
it cannot explain the observed increase in the modulus
of the longitudinal specimens. However, two micro-
structural changes due to rolling, i.e. redistribution of
the reinforcements and texture formation, can provide
the basis for the measured increment in the modulus of
such specimens.

Theoretical treatments dealing with the Young’s
modulus of metal-matrix composites reinforced with
ceramic particulates have considered the role of the
volume fraction of the reinforcements [11, 12]. The
effects due to the size and the shape of the particulate
reinforcements are not taken into account in these
treatments. However, experimental studies have
shown that for a given volume fraction of the rein-
forcements, the modulus increases as the particulate
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size decreases [13, 14]. Such experimental observa-
tions are explained on the basis of more efficient load
transfer achieved by increased interfacial area in com-
posites with particulates [15]. From this point of view,
the separation of particulates present in clusters and
their redistribution due to the rolling operation can
contribute to an increase in the modulus along both
longitudinal and transverse directions. Annealing tex-
ture in cold-rolled and Té6-treated material can also
contribute to an increase in the Young's modulus
along both directions, due to the preferred crystallo-
graphic orientations with respect to the tensile direc-
tion [13]. However, the observed differences in the
modulus along different directions as a function of
reduction ratio in cold- and hot-rolled (T6-treated)
composites, as shown in Fig. 5, cannot be explained
on the basis of texture, since all the specimens used in
this study had comparable texture contributions.
Based on the experimental observations, changes in
the Young’s modulus due to microstructural changes
can be approximated by the curve-fitting method:

E=Eo (1 + ae?) @

where o and B are constants that can be determined
from the y intercept and the slope of the In(E — E;)
versus reduction ratio plot.

4.3. Combined effects of the various
parameters on the modulus
An analytical expression of the form

E=Ey(l +aXP)(1 —vX) o)

has been used to account for various contributions to
the Young’s modulus in an earlier study [2]. However,
an expression of the form

E=E,(l 4+ aefX — vX) (6)
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Figure 6 Schematic diagram illustrating the effect of the redistribu-
tion of (Al,O5),, texture formation and microcracks on the resultant
Young’s modulus of hot-rolled transverse composites. (- - -)
E; = Eg (1 + xef*) Young’s modulus due to the redistribution of
(A1,0,), and texture formation: (——) E; = E¢ (1 — vX), Young’s
modulus due to the formation of microcracks; (¥,—) E = E,
(1 + oef* — vX), Young’s modulus due to the combined effects of
E, and E,.



has been found to provide a better fit with experi-
mental measurements than the above expression. In
this equation the term o E, e®* is due to the texture
formation and the redistribution of (Al,03),, and
— vE4 X corresponds to the effect due to the presence
of microcracks. The effects of these two oppositely
contributing factors are schematically illustrated in
Fig. 6.

5. Conclusion
5.1. Effect of rolling on microstructural
features
(Al,O3), clusters, initially present in the form of
banded clusters along the extrusion direction in the
as-extruded composite, become more uniformly dis-
tributed with increased reduction in cold and hot
rolling. However, this uniform distribution of (Al,03),
due to rolling is always associated with particulate
cracking and interfacial debonding. Such crack dam-
age, formed during rolling, was more significant in
case of cold rolling than in hot rolling. The extent of
damage in (Al,O,), increases linearly with increasing
reduction ratio in both cases. In addition, there is
a strong tendency for the crack planes to be formed
perpendicular to the rolling direction.

5.2. Effect of rolling on Young’'s modulus

The Young’s moduli of the hot-roiled composites were
found to be generally higher than those of the as-
extruded material and the cold-rolled composites. The
variation of Young’s modulus as a function of the
reduction ratio had the form E = E, (1 + aef¥ — vX).
Such a variation in the Young’s modulus of the com-
posites is believed to be due to the combined effects of
the redistribution of (Al,O3),, texture formation, and
microcracks. The analytical expressions which ac-
count for their contributions to the Young’s modulus

were obtained by using a curve-fitting method; the
effect of microcracks on the Young’s modulus was
found to be of the form E = E, (1 — vX), indicating
that the modulus decreases linearly with increasing
reduction ratio. However, the effect of the redistribu-
tion of (Al,03), and texture formation on the Young’s
modulus has the form E = E, (1 + aeP¥), indicating
that the modulus increases with increasing reduction
ratio. Hot rolling minimizes the extent of damage to
the reinforcements, resulting in a significant increase
in the transverse modulus so that it approaches the
longitudinal values.
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