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damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.
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Abstract—A simple instability condition is derived following Ziegler’s continuum principles for
identifying the regions of unstable metal � ow during hot deformation in the processing maps. This
criterion is examined by considering the � ow stress data on 2124 Al–SiCp metal matrix composites
and comparing with the microstructural observations of the deformed compression specimens in the
as-vacuum hot pressed condition and vacuum hot pressed and extruded condition. The optimum
hot working conditions are proposed from the identi� ed stable regions (having comparatively high
values of workability parameters, namely, strain rate sensitivity parameter and ef� ciency of power
dissipation) in the developed processing maps.

Keywords: Ef� ciency parameter; strain rate sensitivity parameter; instability condition; processing
map; 2124 Al–SiCp metal matrix composites.

1. INTRODUCTION

For aerospace applications, there has been a quest for materials that have high
speci� c strength and toughness. Efforts have been made by researchers to improve
the traditional alloys, such as the age hardening Al–Cu–Mg alloy 2024 by reducing
the impurities Fe and Si, and designated the new alloy as 2124 [1]. Discontinuously
reinforced metal matrix composites, especially particulate reinforced aluminium
matrix composites, are currently being used in commercial applications [2–8]
because of their high elastic modulus, higher strength and light weight; the ability
to economically produce SiC whiskers, platelets and particulates; the ability to
use standard shaping methods such as forging, rolling, extrusion, etc.; and much
less dependence of the engineering properties on directions than with continuous
composites. The hot working parameters for conventional matrix alloys cannot be
adopted for these composites due to the presence of hard ceramic reinforcements.
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106 S. V. S. Narayana Murty et al.

Some enterprises are trading metal-matrix composite (MMC) semi-products,
aluminium based, with silicon carbide or alumina as reinforcement, which are
produced by casting techniques, such as gravity and discontinuous castings, and
which normally have inadequate microstructures and properties, mainly due to
porosity and sometimes poor reinforcement wetting. When the � nal product
has a uniform shape, there are several processes for a later thermo-mechanical
consolidation (principally hot rolling and extrusion). However, if subsequently
non-uniform sections are necessary, then it would be essential to develop some
conventional forging process, such as open and closed die forging. A signi� cant
problem for MMC forging is the metal matrix stiffness originating from the
presence of ceramic particles. This causes an important change in the hot working
conditions, provided that the matrix plastic deformation is considerably lowered by
the anchoring effect produced by the reinforcement.

Hot workability is concerned with the extent to which a material plastically
deforms during shaping at high temperatures without the occurrence of � ow
localization or fracture. One of the requirements for process modeling is a
knowledge of the material � ow behavior for de� ning deformation processing maps
that delineate ‘safe’ and ‘nonsafe’ hot working conditions. These maps show in
the processing space, i.e. on the axes of temperature and strain rate, the processing
conditions for stable and unstable deformation.

2124 Al–SiC composites are usually made by a powder metallurgy route,
avoiding use of liquid metal, which would produce a brittle reaction zone of
Al4C3 around the reinforcement. Tuler and Klimowicz [9] have examined the
hot working characteristics of 2014 Al and 2219 Al, both reinforced with 15%
alumina particulates, as well as the matrix alloys. Flow stress data on metal matrix
composites are available for 1100 Al–10 vol% SiC [10], 2024–15 vol% SiCp [11],
2124 Al–20 vol% SiC [12], 2014 Al–20 vol% Al2O3 [13] and 6061 Al–10 vol%
Al2O3 [14]. Radhakrishna Bhat et al. [15] and Prasad and Sasidhara [16] have
compiled the � ow stress data for 2124 aluminium with varying volume fractions of
SiC particulate reinforcements in the vacuum hot pressed and extruded condition.
In their studies, the workpiece under hot working conditions is considered to be a
dissipator of power. They computed the ef� ciency of power dissipation (´) from the
strain rate sensitivity parameter (m) as,

´ D
2m

m C 1
; (1)

and used the instability condition:

».P"/ D
± ln

± m

m C 1

²

± ln P"
C m < 0; (2)

for the identi� cation of � ow instabilities during hot deformation of materials.
The variation of a dimensionless parameter (´) called the ef� ciency of power

dissipation, with strain ("), strain rate (P") and temperature (T ) constitutes a
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Working characteristicsof metal matrix composites 107

processing map. In fact, the ef� ciency of power dissipation (´) in equation (1)
is valid only when the � ow stress (¾ )–strain rate (P") curve of the material obeys the
power law. For complicated alloy systems, the assumption of a power law does not
hold good. Hence the instability condition (2) has to be corrected accordingly.

This paper presents brie� y the derivation of the � ow instability condition applica-
ble for any � ow stress– strain rate curve. The potentiality of the derived instability
condition has been demonstrated by considering the � ow stress data of aluminium
alloy 6061 reinforced with 10 vol% alumina and verifying with the reported mi-
crostructural observations of the deformed compression specimens [14] as well as
the industrial forging trials [17]. A processing map from the � ow stress data of AA
2014–20 vol% Al2O3 [13] has been generated and veri� ed with the industrial forg-
ing trials [18]. Processing maps are also developed by considering the � ow stress
data on 2124 Al–20 vol% SiCp in the as-vacuum hot pressed condition [16] and on
2124 aluminum alloy with varying volume fractions of SiC particulate reinforce-
ments in the vacuum hot pressed and extruded condition.

2. ANALYSIS

The total power, P (per unit volume), absorbed by the workpiece material during
plastic � ow at any strain (") and temperature (T ) is given by [19, 20],

P D G C J; (3)

or

¾ P" D
Z P"

0
¾ dP" C

Z ¾

0
P" d¾: (4)

The total power, P (´ ¾ P") in equation (3) is expressed in terms of two complemen-
tary functions, G (the dissipator content) and J (the dissipator co-content), which
are de� ned in equation (4) by the two integrals.

From equation (4), it follows that at any given " and T , the change in J with
respect to G yields the well-known strain rate sensitivity parameter (m) which is,

³
@J

@G

´

";T

D
µ

@.ln ¾/

@.ln P"/

¶

";T

D m: (5)

If the � ow stress with strain rate at any strain and temperature obeys the power law:

¾ D K P"m; (6)

then,

G D
P

1 C m
; (7)

J D
mP

1 C m
; (8)
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108 S. V. S. Narayana Murty et al.

which can be evaluated directly from P and m. For ideally plastic � ow (m D 1),
the value of J reaches its maximum value,

Jmax D
1

2
P: (9)

In this case one-half of the power is dissipated in material � ow and the other half
is dissipated in viscous heat (Gmax D Jmax D P=2). The behaviour of superplastic
materials approaches this extreme. The other extreme occurs for materials which
are strain rate insensitive, i.e. m ! 0. For this case, equations (7) and (8) give
G ! P and J ! 0. In such a situation all the power would be dissipated by heat,
which leads to plastic instability by a continuum process such as adiabatic shearing.

The effect of J on the plastic � ow of materials can be visualized if the power
dissipation capacity of the work piece is expressed in terms of ef� ciency of power
dissipation, ´, which is de� ned as

´ D
J

Jmax
D 2J

P
: (10)

Substituting the value of J from equation (8) in equation (10), one can obtain the
value of ´ given in equation (1). In general, the workability parameters (m and ´/ are
functions of "; P" and T . Though the de� nition of the strain rate sensitivity parameter
(m) in equation (5) originates directly from the traditional power law relation (6),
when the log– log data from the ¾ – P" plot do not fall on a straight line, m, the slope
of the log ¾ –log P" curve varies at each point on the curve, and becomes a function
of P". At low strain rates, the log ¾ –log P" plot represents a straight line, for which
the slope m is a constant. Hence, the apparent m values from equation (5) depend on
deformation mechanisms in the region for given strain rates and temperatures. For a
general � ow stress–strain rate curve, the computational procedure for ´-evaluation
is explained below.

Proper care should be taken while evaluating the integral for J de� ned in
equation (4), which has the limits of integration from zero to ¾ . This is because the
� ow stress of the material need not increase monotonically with increasing strain
and strain rate. It can have an oscillatory behavior. In such a situation, there is a
possibility that the same � ow stress will occur at different strains and strain rates.
It is better to express the � ow stress (¾ ) in terms of strain ("), strain rate (P") and
temperature (T ) for accurate estimation of ¾ to any speci� ed P" within the interval
of the test data using interpolation functions. Hence, the change in the limits of
integration is essential in equation (4) for J , from zero to P".

The differential form for the dissipator power co-content, J (D
R ¾

0 P" d¾ ) in
equation (4) is dJ D P" d¾ D P" d¾

dP" dP" D P"
¾

d¾
dP" ¾ dP" D m¾ dP", which implies that

J D
Z P"

0
m¾ dP": (11)
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Working characteristicsof metal matrix composites 109

J need not be zero when m D 0 at any point in the interval of the integration (11).
This is because J accounts for the behavior of the material up to P" (global) whereas
m gives information at P" (local). Evaluation of the integral (11) requires additional
calculations for m. To improve the accuracy in computation, J can be expressed
from equations (3) and (4) as

J D P ¡ G D ¾ P" ¡
Z P"

0
¾ dP": (12)

The � ow stress data are generally reported for P" > P"min D 10¡3 s¡1, whereas the
integration for G in equation (12) needs the input from P" D 0. To overcome this
dif� culty, the integral for G is split as

G D
Z P"min

0
¾ dP" C

Z P"

P"min

¾ dP" D
µ

¾ P"
m C 1

¶

P"DP"min

C
Z P"

P"min

¾ dP"; (13)

and it can be evaluated by numerical quadrature from the test data through a cubic
spline � t, which is well established in accuracy. For low strain rates (< P"min), it is
assumed that the � ow stress ( ¾ )–strain rate (P") curve obeys the power law (6). With
this assumption, equation (7) gives the result of the � rst integral in equation (13). In
the absence of � ow stress test data for 0 < P" < P"min, the value of G computed from
equation (13) will have the above limitation. The ef� ciency of power dissipation (´)
can be determined from equations (10)– (13): ´ variation with "; P" and T constitutes
a three-dimensional processing map, which requires information for delineating
regions where fracture or defects are most likely to occur during hot deformation of
the material.

The instability condition based on continuum principles for large plastic � ows
proposed by Ziegler [21] is:

dD

dP"
<

D

P"
; (14)

where D is the dissipation function. In equation (4), the G term represents the power
dissipated by plastic work and J is related to the metallurgical mechanisms, which
occur dynamically to dissipate power. Metallurgical processes such as dynamic
recovery, dynamic recrystallisation, internal fracture (void formation or wedge
cracking), dissolution or growth of particles or phases under dynamic conditions,
dynamic spheroidization of acicular structures, and deformation induced phase
transformation or precipitation under dynamic conditions contribute to the changes
in the dissipated power co-content J . Prasad [19] used D D J in his analysis. When
D D J , equation (14) becomes @J=@ P" < J=P", which implies that

@ ln J

@ ln P"
< 1: (15)

Assuming the parameter, m, is dependent on P" and using equation (8) for J , the
instability condition (2) can be obtained. Strictly speaking, J in equation (8) is
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110 S. V. S. Narayana Murty et al.

obtained by assuming m as independent of P". If this assumption is true, then the
term

± ln
± m

m C 1

²

± ln P"
in equation (2) becomes zero, and the instability condition, » D m < 0. Since
the differential form for J in equation (4) as derived earlier, is dJ D m¾dP", the
instability condition in equation (15) becomes

P"
J

@J

@ P"
< 1 )

P"
J

m¾ < 1 )
P

J
m < 1: (16)

Using equation (10) in equation (16), the instability condition is expressed in terms
of ´ and m as

2m

´
¡ 1 < 0: (17)

The left hand side of equation (17) can be denoted by the instability parameter »

which, when negative, indicates instability in the material during hot deformation.
It can be veri� ed that for a power law nature of the ¾ – P" curve, the ef� ciency
parameter, ´ D 2m=.m C 1/ gives the value of » D m < 0 in equation (17).
Hence equation (2) becomes erroneous, when m is independent of P".

Hence, the condition for � ow instability during hot deformation of material is:

» D
mP

J
¡ 1 D

2m

´
¡ 1 < 0: (18)

The curve » D 0 bifurcates the stable and unstable regions in the processing maps.
The regions in the processing maps where » < 0 indicate instability in the material
during hot deformation. ´ and m are the important workability parameters to use in
equation (18) for delineating unstable regions in the processing maps. These values
are determined from the � ow stress data of the intended material. A cubic spline � t
for the test data is used to generate a greater number of data points for evaluating
the integral for G in equation (13) by the trapezoidal rule. After evaluating G; J is
obtained from equation (12) by subtracting G from P (´ ¾ P"). Then the ef� ciency
parameter ´ D 2J=P is determined. While carrying out the numerical computation,
the � ow stress data is initially transformed into logarithmic scale, in order to reduce
the tenth order magnitude of strain rate to � rst order, to avoid any excessive round-
off error. With this transformation, the � rst derivative of the spline � t gives directly
the strain rate sensitivity parameter (m) at the generated intermediate data points.
From the values of ´ and m at the speci� ed values of P" and T , the instability
parameter » is evaluated. MATLAB (Math Works Inc., US) software was utilised
for generating the two-dimensional contour maps on the axes of temperature and
strain rate.
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Working characteristicsof metal matrix composites 111

3. RESULTS AND DISCUSSION

Initially, the instability condition derived in the preceding section is examined on
the � ow stress data of 6061 Al–10 vol% Al2O3 metal matrix composite [14]. The
� ow stress data were generated covering the temperature range 350± to 550±C
and strain rate range 0.001– 100 s¡1 from compression testing of solid cylinders
of size 10 mm in diameter and 15 mm in height using a servo-hydraulic testing
machine capable of imposing constant true strain rates on the specimen. Adiabatic
temperature rise during high strain rate testing was measured and the � ow stress
was corrected for the temperature rise. The specimens were compressed to 50%
of their initial height and the load–stroke curves obtained in the hot compression
were converted in to true stress– true plastic strain curves by subtracting the elastic
portion of the strain and using the standard equations for the true stress and true
strain calculations. Figure 1 shows the processing map in which unstable regions
are identi� ed wherever » < 0. The microstructural observations of [14] are also
marked in Fig. 1 to con� rm the validity of the present instability condition (18).
The unstable point at T D 350±C and P" D 0:001 s¡1 falls in the stable region of
the map (see Fig. 1), which may be due to non-availability of � ow stress data for
temperatures below 350±C and strain rate below 0.001 s¡1. Yeh et al. [17] have

Figure 1. Processing map for 6061 Al–10 vol% Al2O3 metal matrix composite at different strains
(") superimposed; — 0.1; - - - 0.3; and ¢ ¢ ¢ 0.5 with microstructural observations of [14]: (E) stable;
(£) unstable and [17] (F) stable.
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112 S. V. S. Narayana Murty et al.

Figure 2. Processing map for 2014 Al–20 vol% Al2O3 metal matrix composite at different strains
(") superimposed; — 0.1; - - - 0.3; and ¢ ¢ ¢ 0.5 with microstructural observations of [13]: (E) stable;
and [18]: (F) stable; (R) unstable.

conducted forging tests on 6061 Al–10 vol% Al2O3 composite in the temperature
range 350–500±C with a compressive strain rate of 0.5 s¡1. The composite obtained
was in the form of 200 mm diameter cast ingots, which were extruded into rods of
diameter 22 mm. All the specimens were treated to T6 temper (solution treated at
520±C for 1.5 hours, water quenched, and then aged at 175±C for 8 hours). The
average heating rate was about 10±C/s, and the specimens were maintained at the
forging temperatures for 3 min before tests. No lubricants between the workpiece
and the tools were used during the forging process. After forging, the specimens
were cooled in air and then cut along the centerline for metallographic analysis
by an optical microscope. No surface cracks were observed in any of the forged
specimens in the temperature range of 350–500±C at a strain rate of 0.5 s¡1. The
processing map also indicates that the temperature range at this strain rate is stable.

Figure 2 shows the processing map for aluminium alloy AA2014–20 vol%
Al2O3 generated from the � ow stress data of [13] and also marked in it are
the microstructures of the deformed specimens. It is noted that this composite
exhibits a domain of superplasticity at strain rate range of 0.01–0.001 s¡1 and
temperature range of 450–500±C. At higher strain rates (>1 s¡1/, localized shear
bands and cracks were noticed in the deformed specimens. Tezanos et al. [18]
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Working characteristicsof metal matrix composites 113

Figure 3. Variation of � ow stress with strain rate at different temperatures for " D 0:5 for 2124
Al–20 vol% SiC particulate reinforced composite in the as-vacuum hot pressed condition.

have examined the hot deformation behaviour of 2014 Al reinforced with 15 vol%
Al2O3 particulates through forging tests at 430±C and 500±C for the strain rates
of 0.5, 1.0, 1.5, 2.5 and 5 s¡1. It was noted that the higher the temperature and
lower the deformation rate, the easier was the forging. Since the starting material
was very porous and had many slag inclusions, a greater number of surface defects
were noticed at larger strains and deformation rates. All the microstructures in their
recommended forging zone fall in the stable regions of the generated processing
map (see Fig. 2) from the � ow stress data.

Finally, the instability condition (18) has been applied on the � ow stress data
[12, 16] of 2124 Al–20 vol% SiC particulate reinforced composite in the as-
vacuum hot pressed condition. Figure 3 shows the variation of � ow stress with
strain rate for a strain of " D 0:5 and at different temperatures. Figure 4 shows
the processing map on which unstable regions are identi� ed under the condition of
equation (18) at a strain of 0.3 and 0.5. The microstructural observations reported
in [12] are also marked in Fig. 4. The microstructure of the specimen deformed at
550±C and 0.001 s¡1 corresponding to the peak ef� ciency showed little difference
with the initial microstructure which is expected during superplasticity, since the
process involves essentially grain boundary sliding with simultaneous diffusion
accommodated � ow. This has been attributed to the very � ne grain size (»10 ¹m)
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114 S. V. S. Narayana Murty et al.

Figure 4. Processing map for 2124 Al–20 vol% SiCp metal matrix composite in the as-vacuum
hot pressed condition at different strains (") superimposed; — 0.3 and - - - 0.5 with microstructural
observations of [12]: (E) stable; (£) unstable.

of the powder particles along with the absence of grain size variation or cracking at
the grain boundaries with deformation. Figures 5 and 6 show the contour map of
the ef� ciency of power dissipation (´) and the strain rate sensitivity parameter (m)
at a strain 0.5 respectively. The maximum values of ´ and m at P" D 0:001 s¡1 and
T D 550±C are 0.865 and 0.762 respectively. Maximisation of ´ or m will reduce
the tendency for � ow localization. The vacuum hot pressed powder compacts have
prior particle boundary (PPB) defects which are to be eliminated by hot working
to improve ductility. It is desirable to have processing in dynamic recrystallisation
(DRX) regime, which reconstitutes the microstructure and redistributes the PPB
defects. Hence, it is preferable to have the billet conditioning of the vacuum hot
pressed compacts of MMC in the temperature region of 500±C to 525±C at the strain
rate of 1 s¡1 and secondary metal working operations in the superplasticity region
(T D 500±C to 550±C and P" D 0:001 to 0.01 s¡1).

Figure 7 shows the processing map for the vacuum hot pressed 2124 Al matrix
material at strains of 0.1, 0.3 and 0.5 superimposed onto each other. In the hot de-
formation of MMC, the matrix phase is very soft compared to the reinforcement
and these particulates constrain the matrix � ow. Therefore, the � ow behaviour of
the matrix phase will be modi� ed. The maximum ef� ciency of the power dissipa-
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Working characteristicsof metal matrix composites 115

Figure 5. Contour map for the ef� ciency of power dissipation (´) at a strain (") of 0.5 for 2124
Al–20 vol% SiCp metal matrix composite (vacuum hot pressed condition).

Figure 6. Contour map for the strain rate sensitivity parameter (m) at a strain (") of 0.5 for 2124
Al–20 vol% SiCp metal matrix composite (vacuum hot pressed condition).
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116 S. V. S. Narayana Murty et al.

Figure 7. Processing map for 2124 Al in the as-vacuum hot pressed condition at different strains (")
superimposed; — 0.1; - - - 0.3; and ¢ ¢ ¢ 0.5.

tion in this domain is noted to be 0.431, which is lower than that for the MMC. Mi-
crostructural examination of the specimen of the matrix material deformed at 500±C
and 0.001 s¡1 showed dynamic recrystallization with considerable reconstitution of
the structure by the elimination of the prior particle boundaries present in the as-hot
pressed condition. The microstructure of the MMC deformed at 500±C and 1 s¡1 ex-
hibited considerable reconstitution of microstructure by dynamically recrystallized
grains. The microstructure of the MMC deformed at 300±C and 0.1 s¡1 exhibited
dynamic recovery characterized by a very � ne grain size formed by static recrystal-
lization occurring during cooling following dynamic recovery. The microstructure
of the MMC deformed at 550±C and 1 s¡1 shows extensive cracking at PPBs which
are the surfaces of the initial surface particles. The microstructure of the MMC
deformed at 350±C and 1 s¡1 revealed � ow localization and extensive cracking.

Figures 8–11 show processing maps for 2124 Al with varying volume fractions of
SiC particulates, namely, 5, 10, 15 and 20% generated from the � ow stress data [16].
It is noted that the domain of instability increases with the volume fraction of the
SiC particulates. The maximum value of m and ´ for all these materials occurs
at a temperature of 500±C and a strain rate of 0.001 s¡1. This domain represents
the process of superplasticity. The matrix material in the as-hot pressed condition
does not show any superplasticity domain. The reason for the appearance of the
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Figure 8. Processing map for 2124 Al–5 vol% SiCp metal matrix composite (vacuum hot pressed
and extruded) at different strains (") superimposed; — 0.1; - - - 0.3; and ¢ ¢ ¢ 0.5 with microstructural
observations of [16]: (E) stable; (£) unstable.

Figure 9. Processing map for 2124 Al–10 vol% SiCp metal matrix composite (vacuum hot pressed
and extruded) at different strains (") superimposed; — 0.1; - - - 0.3; and ¢ ¢ ¢ 0.5 with microstructural
observations of [15]: (E) stable.
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Figure 10. Processing map for 2124 Al–15 vol% SiCp metal matrix composite (vacuum hot pressed
and extruded) at different strains (") superimposed; — 0.1; - - - 0.3; and ¢ ¢ ¢ 0.5 with microstructural
observations of [15]: (£) unstable.

Figure 11. Processing map for 2124 Al–20 vol% SiCp metal matrix composite (vacuum hot pressed
and extruded) at different strains (") superimposed; — 0.1; - - - 0.3; and ¢ ¢ ¢ 0.5.
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superplasticity domain in the extruded material is the � ne grain size produced
by recrystallisation after extrusion. The processing maps for 2124 Al–20 vol%
SiCp metal matrix composite in the as-vacuum hot pressed (Fig. 4) and vacuum
hot pressed and extruded (Fig. 11) indicate reduction in the instability area in the
extruded material as expected.

Stable regions in the processing maps indicate that a volume fraction of 15%
is ideal for superplasticity, keeping the other variables such as particle size, matrix
materials and reinforcement type unchanged. In industrial practice, highest possible
strain rates and lowest possible � ow stresses are preferred from a productivity
viewpoint. Hence, it is preferable to have the billet conditioning of the 2124
aluminium metal matrix composites in the temperature region of 450±C to 500±C
and in the strain rate range of 1 to 10 s¡1 and secondary metal working operations
in the superplasticity region (T D 450±C to 500±C and P" D 0:001 to 0.01 s¡1).

4. CONCLUSIONS

A simple instability condition derived for any � ow stress– strain rate curve has been
applied for identifying the regimes of instabilities in the processing maps during
hot deformation of 2124 Al–20 vol% SiC particulate metal matrix composite in the
as vacuum hot pressed condition. The instability condition is veri� ed with the mi-
crostructural observations of the deformed specimens. The hot deformation charac-
teristics of 2124 aluminium with varying volume fractions of SiC reinforcements in
the vacuum hot pressed and extruded condition have been examined. The optimum
hot working conditions for these materials are suggested from the processing maps
in the stable regions where the workability parameters are relatively maximum. All
the alloys studied here exhibit two domains: one at high strain rates and another
at low strain rates. The high strain rate domain can be used for bulk processing
whereas the lower strain rate domain is preferable for secondary processing, like
superplastic forming. From the � ow stress data, the boundaries in the processing
maps are drawn between the stable and unstable regions by utilising the instability
condition, equation (18), which is based on Ziegler’s continuum principles. Uncer-
tainties (if any) on the boundaries between the ‘stable’ and ‘unstable’ regions in the
processing maps, will be due mainly to the � ow stress data. To de� ne the process-
ing windows in the desired range of strain rates, workability parameters in the stable
regions should be relatively maximum in the selected temperature domain.
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