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a b s t r a c t

The effect of mushy state rolling on aging kinetics of stir-cast Al–4.5Cu alloy and in situ Al–4.5Cu–5TiB2

composite and their tensile behavior in solution-treated (495 ◦C) or differently aged (170 ◦C) conditions,
has been investigated. As-cast or pre-hot rolled alloy and composite samples were subjected to single or
multiple mushy state roll passes to 5% thickness reduction at temperatures for 20% liquid content. Peak-
aging times of mushy state rolled composite matrices have been found as ≈7.5–10% of that of as-cast
eywords:
. Aluminum alloys
omposites
. Semisolid processing
ulk deformation
. Age hardening

alloy. Such enhancement in aging kinetics is attributed to homogeneity in Cu atom distribution as well
as increase in matrix dislocation density due to thermal expansion coefficient mismatch between Al and
TiB2, matrix grain refinement and particle redistribution, achieved by mushy state rolling. Uniform pre-
cipitate distribution in mushy state rolled composite matrices leads to greater peak-age microhardness
with higher yield and ultimate tensile strengths than those in as-cast alloy and composite.

© 2010 Elsevier B.V. All rights reserved.

recipitation

. Introduction

In recent years, there has been a great deal of interest in dis-
ontinuously reinforced aluminum alloy matrix composites (DRA)
ue to their attractive properties, such as low density, high specific
odulus, high specific strength, isotropic character and relative

ase of fabrication. These properties are responsible for worldwide
nterest in development of suitable DRA composites for a vari-
ty of automotive, military and aerospace applications [1–3]. The
nterest in heat treatment of the age-hardenable Al alloy matrix
f DRA composites arises from their enhanced aging kinetics with
espect to those of the corresponding unreinforced Al alloys, as
eported in the literature [4–16]. The accelerated age-hardening
f the composite matrices has been attributed to the presence of
igher density of dislocations than that in the unreinforced Al alloy.

t has been reported [17,18] with adequate evidence that disloca-
ions are punched out at the reinforcement–matrix interfaces to
elax the stresses generated owing to mismatch in their coefficients

f thermal expansion (CTE). It is also well-known that prior ten-
ile stretching of the solution treated Al alloys leads to enhanced
nd more homogeneous precipitation, as the dislocation density is
ncreased.

∗ Corresponding author. Tel.: +91 3222 283292; fax: +91 3222 282280.
E-mail address: rahul@metal.iitkgp.ernet.in (R. Mitra).

921-5093/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2010.11.027
Mushy state processing of as-cast commercial alloys and
metal–matrix composites by thixo-forming and thixo-extrusion
has received significant attention in recent years [19,20], as these
processing routes require considerably smaller flow stress than that
for conventional working methods [21,22]. It has been reported
[23] that the microstructures of the Al alloys processed by semi-
solid processing show a refined equiaxed grain structure formed
by the nucleation and growth of spheroidal grains during recrystal-
lization in the semi-solid state. Recently, it has been reported [24]
that mushy state rolling of cast Al–4.5Cu–5 wt.% TiB2 composite at
temperatures corresponding to 10–30 vol.% liquid, leads to refine-
ment of rosette-shaped grain structure in the �-Al matrix of the
as-cast composite to form globular or equiaxed grains. Moreover,
both wear and mechanical properties of this composite have been
found to improve significantly on mushy state rolling, due to chemi-
cal homogenization, grain refinement, and limited work hardening
of the unmelted matrix grains due to deformation [25,26]. Work
hardening of the matrix is also expected due to the creation of dis-
locations to accommodate the mismatch in CTE between the Al
matrix and ceramic reinforcement during cooling from the tem-
perature of semi-solid processing [17,18].
So far, limited information is available on aging behavior of the
Al–Cu alloys and their composites processed by semisolid process-
ing in general, and mushy state rolling in particular. The present
study is an attempt to examine the effect of mushy sate rolling and
number of roll passes on the aging kinetics of the matrix of in situ

dx.doi.org/10.1016/j.msea.2010.11.027
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:rahul@metal.iitkgp.ernet.in
dx.doi.org/10.1016/j.msea.2010.11.027
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l–4.5 wt.% Cu–5 wt.% TiB2 composite, and is accompanied by a
horough analysis of the scientific causes for the observed behavior.

oreover, the effect of solutionizing and aging heat-treatments on
ensile behavior of the as-cast alloy, as-cast composite and mushy
tate rolled composite has also been evaluated.

. Experimental procedure

.1. Processing

First, a master alloy with composition of Al–33 wt.% Cu was pre-
ared in an induction melting furnace. Thereafter, the Al–4.5Cu
lloy (referred to as “alloy” in the text) was prepared from the mas-
er alloy by adding suitable amount of Al. In situ Al–4.5Cu–5TiB2
omposite (referred to as “composite” in the text) was processed
hrough stir casting method, in which the TiB2 particles were
recipitated in situ by a mixed salt route. The method used for pro-
essing of both alloy and composite, has been reported in detail
lsewhere [9,24].

.2. Mushy state rolling

A two-high rolling mill with rolls of 120 mm diameter and
25 mm barrel width, was used for the mushy state rolling experi-
ents. Prior to mushy state rolling, the composite specimens were

ubjected to hot rolling for 2.5% reduction in thickness at 370 ◦C, for
oth partial homogenization and avoiding of alligatoring during
ushy state rolling of these materials [21]. Both alloy and com-

osite specimens with dimensions of 40 mm × 25 mm × 6 mm were
ubjected to mushy state rolling for 5% thickness reduction at 625
nd 626 ◦C (temperature for 20 vol.% liquid), respectively at a con-
tant roll surface velocity of 0.28 ms−1. Samples of the investigated
omposite were also subjected to multiple (2 or 3) mushy state roll
asses at 626 ◦C, with 5% reduction in thickness per pass. The pro-
edure used for mushy state rolling has been explained in detail
n an earlier report [24]. Presence of 20 vol.% of liquid in the inves-
igated alloy and composite samples at the soaking temperature
as confirmed prior to mushy state rolling, following a procedure
escribed in detail elsewhere [24,27]. Later in this manuscript, the
s-cast or mushy state rolled alloy has been referred to ACA or MRA,
espectively, while the abbreviations used for as-cast, hot rolled, or
ushy state rolled (single pass) composites are ACC, HRC or MRC,

espectively. Furthermore, the composites subjected to one, two
nd three mushy state roll passes after prior hot rolling have been
amed as PHMPR1, PHMPR2 and PHMPR3, respectively.

.3. Solutionizing and aging treatments with microhardness
easurements

The samples of alloy and composite, in as-cast condition as
ell as after mushy state rolling were subjected to age-hardening
eat-treatments. The experimental conditions for aging were cho-
en, following the procedure recommended in the ASTM standards
28]. A muffle furnace with an accuracy limit of ±3 ◦C was used
o carry out the heat-treatments. The cycles of heat treatment
ncluded solutionizing at 495 ◦C for 2 h, followed by aging at 170 ◦C
or different periods of time. After the completion of soaking for
olution-treatment, the samples were quenched in an ice-cold
ater bath, keeping the time for transfer as minimum. During

ging, the samples were taken out of the furnace at different time

ntervals and air-cooled to room temperature. Microhardness mea-
urements were carried out on either solution-treated or differently
ged specimens in metallographically polished conditions, using
Vickers microhardness tester (model: MICROMET 5103, Buehler

td., IL, USA) operated at a load of 100 gf.
nd Engineering A 528 (2011) 1787–1798

2.4. Microstructural characterization

Microstructures of both the alloy and the composite in either
as-cast or mushy state rolled conditions were investigated using
optical microscopy as well as secondary (SE) and back scattered
electron (BSE) imaging on a field emission scanning electron micro-
scope (FESEM-Model: Zeiss Supra 40; Carl Zeiss SMT, Germany),
equipped with an energy dispersive spectrometer (EDS, Oxford
Instruments, Abingdon, Oxfordshire, UK). Furthermore, the phases
present in solution treated or peak aged alloys or alloy matrices
of the investigated composites were identified by X-ray diffraction
(XRD). In addition, electron transparent specimens for transmission
electron microscopy studies were prepared by mechanical thin-
ning, followed by thinning on a dimple grinder (Gatan, CA, USA) to
reduce their thickness to 20 �m; and finally argon ion thinning on
a precision ion polishing system (PIPS Model: 691, Gatan, CA, USA).
Subsequently, these specimens were examined using bright and
dark field imaging modes on a transmission electron microscope
(TEM, Model: JEM 2100, JEOL, Japan) operated at an acceleration
voltage of 200 kV, and digital images were recorded.

2.5. Tensile testing

Tensile tests were carried out at a nominal strain rate of
3.125 × 10−4 s−1 on a universal testing machine (model: Instron
3365, INSTRON Ltd., UK), in which the elongation was measured
using a static axial clip-on extensometer (model: Instron, Strain
gauge type, 2630-102). These tests were carried out on flat speci-
mens with gage length of 16 mm and cross-section of 4 mm × 4 mm,
machined following the ASTM standard E-8M, from the plates of
ACA, ACC in peak aged condition and MRC in solution-treated,
under-aged (0.5 h), peak-aged (2 h), as well as over-aged (4 h) con-
ditions. The fracture surfaces of the tension-tested specimens were
examined using FESEM, whereas the chemical compositions at spe-
cific locations were investigated by using EDS.

3. Results

3.1. Microstructure

3.1.1. As cast and mushy state rolled condition
Optical micrographs depicting the typical microstructures of

as-cast alloy and composite are shown in Fig. 1(a) and (b), respec-
tively, while those of the mushy state rolled alloy and composite
samples are shown in Fig. 1(c) and (d), respectively. In addition,
an optical micrograph depicting the grain structure in PHMPR2 is
shown in Fig. 1(e). The microstructures of as cast alloy and compos-
ite samples show typical dendritic and rosette-like irregular grain
structure, respectively. Examination of the microstructures of ACA
at higher magnification has shown the presence of coarse CuAl2
particles at interdendritic locations, as reported in an earlier study
[24]. Furthermore, the microstructure of the MRA [Fig. 1(c)] shows
presence of both irregular and equiaxed grains, which appear to
be much coarser than those found in the microstructure of the
MRC [Fig. 1(d)]. Moreover, comparison of the microstructures of
PHMPR2 [Fig. 1(e)] and MRC [Fig. 1(d)] shows apparently finer grain
size in the former material.

The mechanisms for evolution of grain structure in the mushy
state rolled alloy and composites have been discussed in detail
in an earlier report [24]. Both alloy and composite samples have

shown bimodal grain size distributions, in which formation of the
fine grains is believed to be caused by rapid solidification of liquid,
particle stimulated dynamic recrystallization and grain fragmen-
tation in the unmelted solid skeleton, while the presence of large
grains has been attributed to coarsening of the unmelted grains.
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Fig. 1. Optical micrographs showing the microstructu

The average aspect ratio (length to diameter) of the areas
nclosed within the dendrites of ACA has been found as approx-
mately 4.3:1, while the average size of the rosette-shaped grains
f ACC has been found as ∼50 �m. The average sizes of coarse and
ne grains in all the investigated materials are shown in Table 1.

xamination of the results in this table indicates that (i) the aver-
ge sizes of coarse and fine grains in MRA are much larger than
he corresponding sizes in the matrix of MRC, (ii) the grain refine-

ent in PHMPR1 is more significant than that found in case of HRC

able 1
he average sizes of coarse and fine grains in the investigated materials.

Material Average grain size (�m)

Coarse Fine

MRA 351 ± 218 194 ± 96
HRC 52 ± 15 32 ± 10
MRC 51 ± 11 31 ± 12
PHMPR1 42 ± 09 29 ± 10
PHMPR2 39 ± 12 28 ± 09
PHMPR3 35 ± 10 26 ± 10
: (a) ACA, (b) ACC, (c) MRA, (d) MRC, and (e) PHMPR2.

or MRC; and (iii) the coarse grains undergo much greater reduc-
tion in their average size than the fine grains with increase in the
number of mushy state roll passes after prior hot rolling. The first
observation is attributed to the role of grain boundary pinning by
the TiB2 particles in the composite. The second inference suggests
that compositional homogenization and strain induced by prior
hot rolling triggers dynamic recrystallization during subsequent
mushy state rolling. It should also be noted that grain size reduc-
tion is continued, but is less significant on subjecting to multiple
roll passes in mushy state. The cause of third observation is the use
of a constant rolling speed, which leads to the same cooling rate
for multiple mushy state roll passes. As a result, the average size
of finer grains obtained by rapid solidification of liquid appears not
to change much. However, the unmelted solid skeleton undergoes
repeated fragmentation and dynamic recrystallization, leading to
the reduction in average grain size.
A combination of SEM image and EDS X-ray maps of Ti and Cu
has been shown for ACC, MRC and PHMPR2 in Figs. 2–4, respec-
tively. Examination of the SEM image [Fig. 2(a)] and the EDS X-ray
map of Ti [Fig. 2(b)] obtained from the sample of ACC indicate
that the TiB2 particles are present in the form of a network at
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Fig. 2. (a) SEM (SE) image depicting microstructure of ACC, and EDS X-ray maps of: (b) Ti, and (c) Cu.

Fig. 3. (a) SEM (SE) image depicting microstructure of MRC, and EDS X-ray maps of: (b) Ti, and (c) Cu.
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Fig. 4. (a) SEM (SE) image depicting microstructur

he �-Al grain boundaries. However, examination of SEM images
epicting microstructures [Figs. 3(a) and 4(a)] as well as Ti maps
Figs. 3(b) and 4(b)] of the mushy state rolled composites con-
rms significant redistribution of TiB2 particles with disruptions
f their grain boundary based networks. Moreover, the EDS X-ray
aps in Figs. 3(c) and 4(c) indicate that distribution of Cu is more

omogeneous in MRC and PHMPR1 than that in the ACC.

.1.2. Solutionized and aged condition
Examination of the microstructure of solutionized ACA

Fig. 5(a)] and corresponding EDS X-ray map of Cu [Fig. 5(b)] as
ell as that from MRA [Fig. 5(c) and (d)] shows the presence of
-Al–CuAl2 eutectic at intergranular locations. Formation of eutec-

ic at grain boundaries or within the grains of MRA as reported by
erbert et al. [24,26] has been attributed to localized enrichment
f Cu in liquid Al during soaking at the mushy zone temperature.
his liquid is trapped either at the grain boundaries or inside the
rains of �-Al, and undergoes rapid solidification in course of pas-
age through the roll gap. Hence, the average Cu concentration of
he matrix is reduced as a result of the presence of Cu-rich eutectic
n ACA or MRA. Evidence for segregation of Cu has also been found
t grain boundaries of solutionized ACC, as is obvious on examina-
ion of the SEM (BSE) image and EDS X-ray map of Cu, shown in
ig. 6(a) and (b), respectively. However, the distribution of Cu has
een found to be relatively more uniform in the microstructure of
RC, as shown in SEM (BSE) image [Fig. 6(c)] and EDS X-ray map

Fig. 6(d)].

Fig. 7 shows the XRD pattern obtained from the PHMPR3 speci-

en in peak-aged condition. The peaks of CuAl2 in the XRD pattern
onfirm the formation of precipitates in the Al alloy matrix. The
istribution of CuAl2 precipitates in ACA, MRA, ACC, MRC, PHMPR1
nd PHMPR2 in their peak-aged condition is shown qualitatively
HMPR2, and EDS X-ray maps of: (b) Ti, and (c) Cu.

using EDS X-ray maps depicting enrichment of Cu in Fig. 8(a)–(f),
respectively. Comparison of these figures suggests that distribution
of Cu is more uniform in the MRA than that in the ACA. Similarly,
the distribution of Cu in the composite matrices appears to improve
in the following order: ACC < MRC < PHMPR1. The distributions of
Cu in the matrices of peak-aged PHMPR1 and PHMPR2 appear to
be more or less similar. Thus, the uniformity in distribution of pre-
cipitates appears to be the worst in case of ACA or ACC, and the
most impressive in case of PHMPR1 or PHMPR2. Comparison of the
results in Fig. 8 with that shown in Figs. 2–6 indicate that the trend
followed in distribution of CuAl2 precipitates is closely related to
the amount of uniformity of Cu atom distribution in the matrix
prior to aging. Moreover, greater uniformity in the distribution of
precipitates in PHMPR1 than that observed in the microstructure
of MRC indicates that prior hot rolling has a significant effect on
homogenization of Cu atom distribution in the matrix.

Typical bright field TEM images from the peak-aged ACA and
PHMPR3 specimens are shown in Fig. 9(a) and (b), respectively.
Examination of these figures leads to following inferences: (i) CuAl2
precipitates with sizes ranging between 10 and 20 nm are formed
on the dislocation lines; (ii) the region of matrix around a TiB2 parti-
cle has a high density of dislocation tangles along with precipitates;
(iii) the density of precipitates appears to be lower, and their dis-
tribution is more uniform in the matrix of the composite than that
in the alloy.

3.2. Aging kinetics using micro-hardness measurements
Fig. 10(a) presents plots showing the variation of matrix
microhardness with time of aging for the investigated alloy and
composite in as cast, hot rolled or mushy state rolled conditions.
Microhardness of all the samples in solutionized condition is
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Fig. 5. (a) SEM (BSE) image and (b) EDS X-ray map of Cu in solutionized ACA; as well as (c) SEM (BSE) image and (d) EDS X-ray map of Cu in solutionized MRA.

Fig. 6. (a) SEM (BSE) image and (b) EDS X-ray map of Cu in solutionized ACC; as well as (c) SEM (BSE) image and (d) EDS X-ray map of Cu in solutionized MRC.
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Fig. 7. XRD pattern from the peak-aged PHMPR3 showing the peaks of Al, TiB2 and
CuAl2 phases.
I.G. Siddhalingeshwar et al. / Materials Sc

epresented by the data point corresponding to 0 h. Examination
f the results in this figure leads to the following inferences:
i) the composite in as-cast and mushy state rolled condition
akes only 60% and 10%, respectively of the total time (20 h)
aken by the ACA to reach the peak-age condition; while (ii) the
eak-age microhardness observed for the ACC and MRC is higher
han that of ACA by 26% and 39%, respectively. Furthermore,
xamination of the plots in Fig. 10(b) indicates that the aging
ime is further reduced to 1.5 h for the composites subjected
o multiple roll passes in mushy state (PHMPR2 and PHMPR3).
he peak-age microhardness increases in following the order:
RA < ACA < ACC < HRC < MRC < PHMPR1 < PHMPR2 < PHMPR3,
ith the highest value of 126 Hv being recorded for the PHMPR3.

he time for peak-aging has been found to decrease in the same
rder, except for the fact that the matrix in ACA takes 67% more
ime to reach the maximum microhardness than that of MRA
12 h). The lower peak-age microhardness of the MRA than that
f ACA may be attributed to the coarser average grain size in the
ormer material, as is obvious from the results shown in Fig. 1 and
able 1.

The aging kinetics has been quantified in terms of the rate of age

ardening of the composite (R), which is defined as follows:

= peak-age microhardness − microhardness in solutionized condition
peak-aging time

Fig. 8. EDS X-ray maps depicting enrichment pattern of Cu in the microstructu
(1)

res of: (a) ACA, (b) MRA, (c) ACC, (d) MRC, (e) PHMPR1, and (f) PHMPR2.
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Fig. 9. Bright field TEM image from peak-aged specimens of: (a) ACC, and (b) PHMPR3. Typical CuAl2 precipitates attached to dislocations are marked with arrows.
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ig. 10. Plots showing the variation of microhardness with time of aging for: (a) a
omposite samples subjected to single or multiple mushy state roll passes after pri

The values of R for both alloy and composite in either as-

ast or mushy state rolled conditions are presented using bar
harts in Fig. 11. Analysis of the results in this figure indicates
hat R increases in the order of ACA < MRA < ACC < HRC < MRC <
HMPR1 < PHMPR2 < PHMPR3. It is also interesting to note that the

ig. 11. Bar charts depicting the rate of age-hardening of the as-cast and mushy
tate rolled alloy, and the as-cast, hot, mushy state and pre-hot rolled mushy state
olled composite.
nd composite samples in as-cast, hot rolled or mushy state rolled conditions; (b)
rolling.

values of R are somewhat similar for MRC and PHMPR1, which con-
firms that mushy state rolling has a much greater effect on the
precipitation kinetics than prior hot rolling of the composites.

The plot A in Fig. 12 shows the difference between the
microhardness obtained for the peak-aged and the corresponding
solution-treated conditions of both alloy and composite in as-cast,
hot rolled or mushy state rolled conditions, while the plot B depicts
the microhardness increment of the peak-aged alloy or composite
matrix with respect to that of the unreinforced, solution-treated
alloy. On examination of these plots, it is possible to distinguish
between the increments in hardness achieved due to the presence
of CuAl2 precipitates alone in a given material (plot A), and that
due to the presence of TiB2 particles as well as hot or mushy state
rolling (plot B). While the contribution of precipitation hardening
to peak age hardness appears as more or less same for both alloy
and composite (plot A), that due to the presence of TiB2 reinforce-
ment and deformation processing are found to be more significant
(plot B).

3.3. Tensile properties of ACA, ACC and MRC

Typical true stress–true strain curves of ACA, ACC and MRC sam-

ples in peak-aged condition are shown in Fig. 13(a), while those
of the MRC in solutionized, under-aged, peak-aged and over-aged
conditions are shown in Fig. 13(b). Examination of the results
in Fig. 13(a) and (b) shows the presence of serrations in the
stress–strain curves for the peak-aged ACA and ACC, as well as the
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Table 2
Strain-hardening exponent (n) and strength coefficient (K) of the MRC.

Condition Strain-hardening
exponent (n)

Strength coefficient
(K) (MPa)

Solution-treated 0.51 2.78

samples. Study of fracture surfaces has shown the presence of dim-

F
i

ig. 12. Plots showing hardness increment observed in as-cast, hot and mushy state
olled composite with respect to that in: (a) its solution treated condition; and (b)
s-cast, solution treated alloy.

olution-treated MRC with evidence for different amounts of strain

ardening. Bar charts representing the yield and ultimate tensile
trengths obtained from the engineering stress–strain curves of the
CA, ACC and MRC in peak-aged condition are shown in Fig. 14(a),
hile those of the MRC in solutionized, or differently aged con-

Fig. 13. Plots showing the typical stress–strain curves: (a) ACA, ACC and MRC in p

ig. 14. Bar charts showing the room temperature yield (YS) and ultimate tensile streng
n its differently aged conditions.
Under-aged 0.56 2.89
Peak-aged 0.57 2.95
Over-aged 0.56 2.87

ditions are shown in Fig. 14(b). Comparison of the bar charts in
Fig. 14(a) shows that the yield and ultimate tensile strengths are
almost same for ACA and ACC in their peak-aged condition, but
less than that of the peak-aged MRC. For the MRC [Fig. 14(b)], both
the yield and ultimate tensile strengths are found to increase with
increase in the aging time, till the peak-age condition is attained
and are decreased on over-aging, as expected.

Bar charts depicting uniform elongation (eu) and elongation to
failure (ef) for the ACA, ACC and MRC in peak-aged condition are
shown in Fig. 15(a), while those of the MRC in solutionized, and
differently aged conditions are shown in Fig. 15(b). Comparison of
the bar charts in Fig. 15(a) and (b) leads to the following inferences
regarding eu and ef: (i) their values are found to be the greatest
for the peak-aged ACA, and appear to be the least for the peak-aged
MRC; (ii) these quantities are found to be higher for the solutionized
or under-aged MRC samples than that for peak-aged or over-aged
ples as evidence for ductile failure.
Table 2 presents the values of strain hardening exponent (n)

and strength coefficient (K) for the MRC subjected to different
aging heat-treatments. Furthermore, the rates of strain hardening

eak-aged condition; as well as of (b) MRC under differently aged conditions.

ths (UTS) of the: (a) ACA, ACC as well as MRC in peak-aged condition; and (b) MRC
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ig. 15. Bar charts showing uniform elongation (eu) and elongation to failure (ef),
arried out on: (a) ACA, ACC and MRC in peak-aged condition; as well as (b) MRC in

d�/dεp) obtained by analysis of the true stress–true strain data
as shown in Fig. 13) are plotted against true plastic strain (εp) in
ig. 16(a) and (b). Examination of these plots leads to the follow-
ng inferences about the rate of strain hardening: (i) it is higher
or the peak-aged MRC than those of peak-aged ACA and ACC; and
ii) it is maximum for the MRC in peak-aged condition, followed
y those for the samples in under-aged, over-aged, and solution-
reated conditions.

. Discussion

.1. Aging kinetics

The results of this study have shown that the presence of TiB2
articles combined with subjecting of these materials to either
ingle or multiple mushy state roll passes, leads to significant accel-
ration of aging kinetics of the Al–4.5Cu alloy matrix. Results of the
resent study pertaining to the effect of TiB2 reinforcement are in
greement with that reported in the literature [8–10] about the
ging kinetics of age-hardenable Al alloy-based composites. More-
ver, enhancement in the aging kinetics of the Al–Cu alloy matrix
f the composite due to the presence of TiB2 reinforcement has
lso been reported earlier [9,11]. The precipitation kinetics of the
atrix in these composites has been reported to be significantly

nhanced, primarily due to the higher density of dislocations than

hat in the corresponding monolithic alloys. The dislocations are
nown to be energetically favorable sites for nucleation of the CuAl2
recipitates, as is obvious from the results of TEM studies (Fig. 9).
urthermore, the dislocation cores allow short circuit paths for pipe
iffusion of solute atoms in the matrix of the composites, which

ig. 16. Plots showing the variation of rate of strain hardening (d�/dεp) with true plastic
ondition; (b) MRC in differently aged conditions. A magnified view of a section of the plo
ed from the engineering stress–strain curves for room temperature tension tests
ion-treated, under-aged, peak-aged and over-aged conditions.

decreases the incubation period for formation of precipitates and
aid in their growth. The dislocation density is expected to be higher
in the composites due to: (i) strain caused by thermal expansion
mismatch between reinforcement and matrix during quenching
after solution treatment, and (ii) grain refinement. Moreover, redis-
tribution of the TiB2 particles is expected to have a significant effect
on the dislocation density throughout the matrix.

The strain, ε created at a given particle–matrix interface on
quenching due to the difference in the values of coefficients of
thermal expansion (CTE) of Al (23.5 × 10−6/K) and TiB2 (7 × 10−6/K)
[29], is given by the following relationship:

ε = �T × �CTE (2)

In the present study, the strain due to CTE mismatch is calculated
as 12.67 × 10−3. The density of dislocations with the Burgers vector,
b, generated as a result of quenching from 495 ◦C to 0 ◦C (ice-cold
water) has been calculated using the following equation [18]:

� = BVfε

bt(1 − Vf)
(3)

where ‘B’ is a constant having value between 4 and 12, ‘Vf’ is the
volume fraction, and ‘t’ is the smallest dimension of the reinforce-
ment. Considering Vf = 0.031, b = a/2[1 1 0] = 0.286 nm, t = 1.5 �m, �
due to CTE mismatch has been found to be 9.5 × 108 B m/m3.

The increase in dislocation density due to �CTE alone cannot be

considered as solely responsible for enhancement in aging kinetics,
particularly because the effect of mushy state rolling and multi-
ple mushy state roll passes appears more significant, as is obvious
from the results presented in Fig. 12. The contribution of grain
refinement and particle redistribution (as shown in Figs. 2–4) with

strain (εp) for tension tests carried out on the: (a) ACA, ACC and MRC in peak-aged
ts is shown as an inset to make the difference more obvious.
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ncrease in the number of mushy state roll passes also appears to
ave significant role in uniformly increasing dislocation density
hroughout the matrix. Moreover, greater uniformity in Cu atom
istribution (Figs. 2–4) achieved by mushy state rolling is expected
o increase the density of precipitates and lead to a more uniform
istribution, as inferred by examining the results depicted in both
he EDS X-ray maps of Cu (Fig. 8) and the TEM images (Fig. 9). In
n earlier study [30], it has been shown that segregation of Cu to
article–matrix interfaces in composites or its presence in the form
f intermetallics leads to a lower Cu concentration in the solution-
reated alloy matrix. Reduction in the concentration of Cu in the
lloy matrix is believed to reduce the chemical driving force for
recipitation, which in turn has been found to cause slow-down in
he kinetics of aging in the matrix of the composite with respect to
hat in the monolithic alloy. Hence, reduction in the amount of Cu
egregation at grain boundaries or inter-dendritic locations, and its
e-distribution can be considered to play a major role in enhance-
ent of aging kinetics of the Al alloy matrix in the investigated
ushy state rolled composites.

.2. Strengthening mechanisms

Observations of TEM images in Fig. 9(a) and (b) have revealed
he existence of strong interactions of dislocations with precipi-
ates in the matrix. The precipitates are able to pin the dislocations,
nd thus hinder their movement, which in turn leads to a significant
mount of strengthening in the investigated materials. It is intuitive
hat with increase in density of precipitates and uniformity in their
istribution, the inter-particle spacing is reduced and hindrance to
islocation motion is increased. Although both MRC and PHMPR1
how similar aging kinetics, the peak-age microhardness of the lat-
er material is higher by 10.8%, which can be attributed to smaller

atrix grain size (Table 1) as well as greater uniformity of precip-
tate distribution in its microstructure, as is evident on comparing
he EDS X-ray maps of Cu in Fig. 8(d) and (e).

.3. Tensile behavior

The tensile properties obtained for ACA and ACC in this study
ave been found to be comparable to the values reported in the

iterature [31,32] for as-cast or rheocast Al–Cu alloys. Comparative
nvestigation of the tensile properties of the peak-aged materials
as shown the results to be in agreement with the trends found

or hardness. Thus, the MRC has shown significantly higher yield
nd ultimate tensile strengths as well as rate of strain hardening
ompared to those of the ACC. These results may be attributed to
igher nucleation density of precipitates with smaller inter-particle
pacing, causing greater obstacle for the motion of dislocations.
owever, the increase in strength (Fig. 14) and strain hardening
bility (Fig. 16) of the peak-aged MRC is found to be at the expense
f tensile ductility (Fig. 15), which may be attributed to restrictions
o dislocation mobility on account of much shorter inter-particle
pacing in this material.

The serrations observed in the flow curves shown in Fig. 13(a)
nd (b) are consistent with that reported in earlier studies [33,34],
nd are attributed to dislocation–solute atom interactions, rather
han shearing of coherent precipitates by dislocations. This argu-

ent follows from the observation that the stress–strain curves
f only the solution-treated MRC show serrations [Fig. 13(b)],
hile those representing under-aged or over-aged conditions of

he matrices do not show such features. A study by Chmelik et al.

35] has shown no evidence to suggest the shearing of precipitates
s responsible for serrations in the plastic flow curve. In fact, the
errations were found to be suppressed on precipitation in peak-
ged Al–Zn and Al–Li alloys, similar to the observations recorded
or the MRC. Thus, the presence of serrations in stress–strain curves [
nd Engineering A 528 (2011) 1787–1798 1797

of peak-aged ACA and ACC may be attributed to incomplete precip-
itation, probably due to dendritic segregation of Cu.

5. Conclusions

The isothermal aging kinetics of as-cast and mushy state rolled
Al–4.5Cu alloy and in situ Al–4.5Cu–5TiB2 composite subjected to
mushy state rolling has been studied. The following conclusions
can be drawn from the present study.

Addition of 5 wt.% TiB2 reinforcements to the Al–4.5Cu alloy
increases the peak-age microhardness of the matrix by ≈30%,
while reducing the time required to reach it by ≈40%. The time
required for peak-aging is reduced for both alloy and com-
posite on mushy state rolling, with the enhancement in aging
kinetics being more significant for the latter material. The time
for peak-aging and peak-age microhardness of the PHMPR3 has
been found as ≈12.5% and ≈144%, respectively of that found for
the ACC. The peak-age microhardness increases in the order of
MRA < ACA < ACC < HRC < MRC < PHMPR1 < PHMPR2 < PHMPR3. On
the other hand, the time for peak aging decreases in the same order,
except for the fact that the positions of ACA and MRA are exchanged.

Examination of the microstructures using TEM has shown the
presence of CuAl2 precipitates having sizes mostly in the range of
10–20 nm, majority of which appear to nucleate at dislocations. In
addition to the increase in dislocation density in the alloy matrix
due to coefficient of thermal expansion mismatch between matrix
and reinforcement, grain refinement and redistribution of TiB2 par-
ticles, greater uniformity in Cu atom distribution in the matrix
appears to have a significant role in enhancing aging kinetics,
uniformity in distribution of CuAl2 precipitates, as well in increas-
ing the strength achieved by age-hardening. Strong interaction
between dislocations and precipitates has been found to be the
predominant strengthening mechanism.

The YS, UTS and strain hardening rates of the mushy state rolled
composite in peak-aged condition are found to be significantly
greater than those of peak-aged as-cast alloy and composites spec-
imens. For the mushy state rolled composite, YS and UTS have been
found to be the highest for peak-aged condition, while maximum
elongation has been recorded for under-aged condition.

This study has shown that mushy state rolling with prior hot
rolling is an attractive deformation processing step for the as-cast
composites, because it leads not only to enhancement of the aging
kinetics, but also to a sharp increase in the strength achieved in
peak-aged condition.
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