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Abstract: The deformation behaviors of Al,03/Al composites were investigated by compressive tests conducted at temperature of
300-450 °C and strain rates of 0.001-1.0 s~ with Gleeble—1500D thermal simulator system. The results show that the flow stress
increases with increasing strain rate and decreasing temperature. The hyperbolic sine constitutive equation can describe the flow
stress behavior of Al,0;/Al composites, and the deformation activation energy and constitutive equations were calculated. The
processing maps of Al,O3/Al-2 um and Al,O3/Al-1 pum composites at strain of 0.6 were obtained and the optimum processing
domains are in ranges of 300-330 °C, 0.007—0.03 s ' and 335-360 °C, 0.015—0.06 s~ for hot working, respectively. The instability

zones of flow behavior can also be recognized by the maps.
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1 Introduction

Aluminum-based metal matrix composites (MMCs)
have been developed as a group of advanced materials
combining the good mechanical properties of Al and
multifunctional properties of the ceramic reinforcements
[1,2]. MMCs attract attention for structural application
because of their ultra-high mechanical properties. Al,O3
particulates of micrometer and nanometric have been
widely used in Al matrix composites. However, higher
volume fraction of the ceramic particulates restricts
plastic flow of the matrix alloy, leading to poorer
mechanical properties as a result of the higher porosity
and more severe stress concentration. The poor
wettability of Al,Os particulate in the metal matrix, the
large surface-to-volume ratio and the uniform dispersion
of ALLO; particulate in Al matrix are still challenging. In
order to quest for solutions that structural composites
have high strength and ductility at the same time, a new
technique of “flake powder metallurgy (Flake PM)” was
employed to improve a uniform distribution of
reinforcement [3—6]. Nevertheless, limited studies have
been reported on the hot deformation behavior and

processing parameters of Al,O3;/Al composites fabricated
by flake powder metallurgy [7-9]. Hence, it is
necessary to evaluate the workability of the Al,O3/Al
composites.

Processing map on the basis of dynamic material
model (DMM) has been widely used to understand the
hot workability of many materials, especially for some
materials which are difficult to deform [10]. In this
mode, metal processing is considered as a system in
which the workpiece material is considered as a
dissipater of power. At any moment, the total power
dissipation consists of two complementary parts. The G
content represents the major power input dissipated in
the form of the temperature increase and J co-content
represents the dissipation through metallurgical process.
The total power dissipated P can be calculated as

P:Gé:G+J:J§Jdé+I;édG 1)

where o is the instantaneous flow stress, and & is the
applied strain rate. Using this approach, it is possible not
only to optimize hot workability but also to delineate
regimes of flow instability which should be avoided
strictly in processing.
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2 Experimental

The samples of the Al,O5/Al composites measured
in this work were provided by the Shanghai Jiao Tong
University, China. The atomized pure Al powder (99.5%,
mass fraction) with mean particle size of about 10 pm
was selected as raw materials in the present work. As
illustrated in Ref. [3], the typical fabrication of Al,O5/Al
composites by flake PM involves preparation of flake
powders, the in situ introduction of Al,0O; and alignment
and consolidation of the flake powder. Then, flake Al
powders of about 2 and 1 pm in thickness were obtained,
which will be denoted as ALOs/Al-2 pum and
AlLLO3/Al-1 um specimens. A Zeiss Auriga focused ion
beam scanning electron microscopy (Zeiss Auriga
FIB/SEM) was used for microstructure characterization.
In these cases, the specimens were -electrolytically
polished with a solution of 10% perchloric acid and 90%
alcohol (volume fraction). The voltage of 20 V and a
temperature of 25 °C were adopted for polishing. The
initial microstructures of the AlLO3/Al-2 um and
AL O3/Al-1 um specimens fabricated by flake PM are
shown in Fig. 1. From the SEM images, the extruded
multilayer structures with alternating Al (2 and 1 pum)
and Al,O; layers can be observed from the vertical
section of the extrusion specimens.

Fig. 1 Initial microstructures of Al,O3/Al-2 um (a) and
Al,05/Al-1 um (b) composites

Cylinder specimens with the dimensions of 48 mmx
10 mm were cut from the ALOy/AI-2um and
AlLLO3/Al-1 um specimens fabricated by Flake PM. The

hot compression tests were performed on a mechanical
testing system (Gleeble-1500D) at a vacuum of
1x10° Pa. Test temperatures were selected at 300, 350,
400 and 450 °C with strain rates of 0.001, 0.01, 0.1 and
1.0 s, respectively. Once the compressions were
completed, these specimens were immediately quenched
into water and vertical section was examined for
microstructure. True stress—strain curves collected
automatically by the Gleeble—1500D were used to
analyze the hot flow behavior and calculate hot
processing maps of the experimental alloys.

3 Results and discussion

3.1 Flow stress behavior

Figures 2 and 3 present the true stress—true
strain curves of the Al,O3/Al-2 pm and Al,Os/Al-1 pm
composites at different strain rates and temperatures,
respectively. The characteristic of the true stress—true
strain curves is similar for both ALO3/Al-2 um and
Al,O3/Al-1 pm composites. However, it can be seen that
the peak stresses of flake PM Al,O3/Al-1 um composite
are higher than those of flake PM AlLOs/Al-2 pym
composite. The thickness of lamellar structure of flake
PM ALOj/Al-1 pm composite is smaller than that of
flake PM Al,0;3/Al-2 um composite, and the finer grains
can be gained by the flake PM Al,0;/Al-1 um composite.
The matrix around the AlO; particles presents much
higher dislocation density than normal alloy. More Al,0;
particles and smaller lamellar structures may act to
hinder the recovery and recrystallization processes of Al
matrix, and keep dislocations in the small grains, thus
increasing the strain hardening capacity.

As shown in Fig. 2, it can be seen that the flow
stresses of the AlL,O3/Al-2 pum composite increase sharply
with increasing strain until peak flow stress, which
should be ascribed to the increase of dislocation density.
These accumulated dislocations could significantly
impede further deformation and thus lead to the higher
strength. After the peak flow stress, stress—strain curves
markedly decrease at different strain rates and high
deformation temperatures (350, 400 and 450 °C). The
flow stresses decrease later because dynamic
recrystallization or recovery happens due to the
formation of numerous dislocation cells or tangled
structures. The characteristic of these flow stress curves
can be demonstrated in terms of discontinuous yielding
and flow softening phenomenon. Essentially, it is a
dynamic competitive procedure between the working
hardening caused by dislocation reduplication, pileup
and tanglement and the softening caused by the
dislocation rearrangement and the counteraction of
unlike dislocation. Subsequently, the flow stresses of
the alloy rise with decreasing deformation temperature at
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Fig. 2 True stress—true strain curves at various strain rates for Al,O3/Al-2 um composite: (a) 300 °C; (b) 350 °C; (c) 400 °C;
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any fixed strain rate. It is suggested that higher
temperature would make dislocation movement and
dynamic recrystallization Meanwhile, the
impedance of Al,O; particles to deformation will also be
lowered which contributes to the lower flow stresses.

easier.

3.2 Kinetic analysis during hot deformation

To investigate the hot deformation behavior of
metal materials, it is well known that constitutive
equations are able to reveal the relationship of flow stress
on deformation temperature and strain rate. At all the
stress levels, the relationship of flow stress on
deformation temperature and strain rate can be described
by hyperbolic sine model proposed by SELLARS and
MCTEGART [11] and ZHOU et al [12]:

e D

& = A[sinh(ao)]” exp( RT) 2)
= —_—) = 1 n

Z = gexp( RQT) Alsinh(ao)] 3)

where & is the strain rate, 4 and « are constants, o is
the steady flow stress, 7 is the stress exponent, Q is the
activation energy for hot working, R is the gas constant,
T is the deformation temperature and Z is the Zener-
Hollomon parameter.

In order to find the material constants 4, a, n and O
at strain of 0.5, various plots of flake PM Al,O3/Al-2 pm
and ALOs/Al-1 pm composites were drawn as shown in
Figs. 4 and 5, respectively. It exists a linear relation to
peak stress to strain rate and deformation temperature
which could satisfy Eq. (2). The stress exponent n is
calculated from the inverse of the slope of the In ¢ and
Ing plot (Figs. 4(a) and 5(a)). Figures 4(b) and 5(b) are
the Arrhenius plot obtained between In o and 1/T at
various strain rates. Therefore, the estimated O values of
ALO3/Al-2 um  and Al,O3/Al-1 um composites are
obtained to be approximate 359.9 and 252.9 kJ/mol,
respectively. The activation energy for self-diffusion is
144 kJ/mol in pure Al [13,14]. In the present
investigation, the activation energy is much higher than
the normal value 149.7 kJ/mol for 5% Al,O5/Al
composite [15], which may suggest that the deformation
mechanism of flake PM ALOs/Al composites is
dominated by dynamic recrystallization instead of
diffusion. The higher values of Q in the composites are
due to the effect of Al,O; particles which pins the motion
of the dislocations and grain boundaries. The flow stress
for ALLO3/Al-2 um (Eq. (4)) and ALL,O3/Al-1 pm (Eq. (5))
composites can be estimated from the constitutive
equations represented by

¢ = 2.018x10% [sinh(0.01240) 203 exp(%) (4)
& =2.426x10%[sinh(0.0093¢5)]'*! exp(ﬂ) (5)
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Fig. 4 Relationships between strain rate and flow stress for
ALL,O3/Al-2 um  composite: (a) In[sinh(as)] and
(b) In[sinh(aw)] and temperature; (c) InZ and In[sinh(ao)]

Ing ;

The variations of flow stress with Zener—Hollomon
parameter for the flake PM ALOs/Al-2 um and
Al,O3/Al-1 um composites are plotted in Figs. 4(c) and
5(c), respectively. It can be seen from Figs. 4(c) and 5(c)
that the correlation coefficients » are 0.992 and 0.989,
respectively, and the rate equations are valid.
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3.3 Processing maps

The variation of a dimensionless parameter (7)
called the efficiency of power dissipation can be defined
a s

n=2m/(m+1) (6)

where m is strain rate sensitivity parameter of flow stress,
and it is calculated as a function of &. The In o versus

Ing curve is fitted by a cubic spline.
m=0(Ino)/d(né) @)

The variation of # with temperature and strain rate
constitutes a processing map, which exhibits various
domains that may be specific
microstructural mechanisms. The contour plot of the
iso-efficiency # values on the temperature—strain rate
field constitutes the processing maps, which are known
as power dissipation maps. In addition to the # contours,
the instability criterion is given by [10,16—18]:

dlnfm /((m+1)]
olné

correlated with

s(e)= m <0 8)
which is applied to delineating the temperature—strain
rate regimes of flow instability on the processing map.

Processing maps of ALO;/Al-2 pm and AlLO;/
Al-1 pm composites at strains of 0.3, 0.4, 0.5 and 0.6 are
shown in Figs. 6 and 7, respectively. The maps obtained
at strains of 0.3, 0.4 and 0.5 are essentially similar to that
obtained at a strain of 0.6. It indicates that strain does not
have significant influence. The processing map of Al,O3/
Al-2 pym composite exhibits a clear domain occurring in
the temperature range of 300—330 °C and strain rate
range of 0.007-0.03 s' with peak efficiency of 12%.
The map of Al,Oj/Al-1 pm composite shows a single
domain in the temperature range of 335-360 °C and
strain rate range of 0.015-0.06 s~ ', with a peak efficiency
of about 18% occurring at about 350 °C and 0.03 s .
The microstructural observations confirm that dynamic
recrystallization occurs under the deformation condition
of those domains. For example, microstructure of
Al,O;3/Al-2 pm composite specimen deformed at 300 °C
and 0.01 s™' is shown in Fig. 8. It shows recrystallized
grains, suggesting the occurrence of dynamic
recrystallization. The result is in good agreement with
the prediction of the hot processing maps in Fig. 6. The
microstructure of AL Os;/Al-2 pm composite specimen
revealed equiaxed grain formation, refinement of grain,
and grain boundaries of irregular in nature describing the
occurrence of dynamic recrystallization.

4 Conclusions

1) In the strain rate range from 0.001 to 1.0 s™' and
the temperature range from 300 to 450 °C, the flow
stresses  of ALO;/Al-2pum and  ALOs/Al-1 pm
composites decrease with the increase of deformation
temperature, meanwhile, increase with the increase of
strain rate.

2) The hyperbolic sine constitutive equation can
describe the flow stress behavior of Al,03;/Al-2 um and
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Fig. 8 Microstructure of Al,03/Al-2 pm composite at 300 °C
and 0.01 5™

AlLO3/Al-1 pm composites, the constitutive equations of
ALO3/Al-2 um  and Al,Oy/Al-1 um composites for
deformation are

& =2.018x 10 [sinh(0.0124) exp(—_?’RS;'g)
and
£ = 2.426x10%[sinh(0.00930)]'**" exp(—_st;'Q)’

respectively.

3) The processing maps of Al,O3/Al-2 um and
AL O3/Al-1 um composites at strain of 0.6 exhibit safe
processing domains which are in ranges of 300—330 °C,
0.007-0.03 s ' and 335-360 °C, 0.015-0.06 s ' for hot
working, respectively.
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