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Abstract The mechanical reaction of 7075 Al alloy and Al 7075/15% SiCp with
5 pm, 20 pm, and 63 pm metal-matrix composites is investigated using a hot
compression sample. In order to achieve the processing map of the studied material
following the dynamic material model, the flow stress curves obtained in tempera-
ture ranges of 300-500 °C and strain rate ranges of 0.001-1.0 s-1, respectively. All
flow instability zones are analyzed by an optical microscope. Microstructural char-
acterization carried out using an optical microscope image analyzer on compressed
composite specimens showed safe domains and non-safe domains. The composites
of AA7075/20 pm SiCp showed higher efficiency, flow stress, and lower regimes of
instability than alloy.
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1 Introduction

Hot deformation is an essential step in aluminum alloy production. Number of studies
on the hot workability of these alloys has been carried out [ 1, 2]. Higher flow stress can
be obtained for the alloy with unstable microstructure due to dynamic precipitation,
and the flow curves often show significant softening due to subsequent coarsening
of particles [1]. Due to their high mechanical properties and low density, the high-
strength Al-Zn—-Mg—Cu alloys were widely used in aeronautical structures. However,
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due to the high concentration of Zn, Mg, and Cu elements, their hot workability is
often reduced. Thus, to obtain only the required shape, but also more importantly
the desired microstructure and properties, the hot deformation parameters need to be
optimized. Because of the practical importance, the warm deformation behavior of
some Al-Zn—-Mg—Cu alloys [3] has been investigated.

AI-MMCs can substitute for steel to some degree when reinforced with ceramic
particulate materials such as SiC, Al1203, B4C, and TiC. Consequently, they have
great potential of application in defense and automotive industries [4].The high-
strength metal-matrix composites combine the high strength and hardness of the
reinforcing phase with the ductility and toughness of light metals that the particulate-
reinforced metal-matrix composites have emerged as attractive materials for use in a
range of applications involving industry, military, and space-related applications [5].
The renewed interest in metal-matrix composites was encouraged by the production
of reinforcement material that either offers improved properties or reduced costs
compared to existing monolithic materials [6]. As a function of temperature, strain
rate, and strain, the input to produce a processing map is the experimental flow stress
information. Since the generated map will only be as good as the input data, it is
important to use precise, reliable, and yet simple experimental technique to generate
them [7].

Reinforcement of the size and volume fraction are two important factors control-
ling the mechanical properties of MMC. Clearly, the spacing between particles is an
important geometric parameter to regulate an inhomogeneous plastic deformation in
the composite. According to Liu et al.[8], the strain gradient can effectively describe
this in homogenous plastic deformation. Comparative study on the effect of SiCp
particle sizes and volume fraction on 7075 Al/SiCp composites deformation behavior
is discussed below.

The processing map technique is based on the concept of dynamic materials,
whose principles were mentioned earlier [9, 10]. In short, the work piece under-
going a hot deformation is considered to be a power dissipater, and the total power
instantaneously dissipated is given by.
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where there is the strength of flow and where there is the rate of stress. In terms of
terminology of physical systems, the first integral is called G content representing
heat deformation, and the second one is a J co-content representing microstructural
dissipation, which is a complementary part of G content. The strain rate sensitivity
(m) is the factor that divides energy between heat deformation and microstructural
changes as follows:
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The efficiency of power dissipation (n) which occurs during deformation by
microstructural adjustments is derived by contrasting the nonlinear power dissipation
which occurs instantaneously in the workpiece with that of a linear dissipater (m =

1.
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The energy dissipation map represents the three-dimensional variance of temper-
ature and strain efficiency that is generally viewed as a contour map of iso-efficiency.
Furthermore, the extreme principles of irreversible thermodynamics applied to
continuum mechanics of large plastic flow were explored to establish a criterion
for the onset of flow instability provided by the parameter of instability & (&)
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The variance of the parameter of instability as a function of temperature and stress
level is a map of instability that delineates instability regimes where £ is negative.
A superimposition of the instability map on the energy dissipation map provides a
processing map showing domains where individual microstructural processes domi-
nate and limiting flow instability conditions for regimes. Processing maps help to
identify hot working temperature—strain rate windows where the material’s intrinsic
workability is maximum (e.g., superplasticity or dynamic recrystallization (DRX))
and also prevent flow instability regimes (e.g., flow location or adiabatic shear bands)
or cracking. Previously, the processing map technique was used to research the
mechanisms of warm deformation in Al and its alloys [9, 11] including dynamic
recrystallization (DRX) and flow instability.

The standard equation of the kinetic rate relative to the flow stress (o) and the
strain rate (£€) is given by [12, 13]:

é = Ac" exp(—Q/RT) %)

where A = constant, n = stress exponent, Q = activation energy, and R = gas
constant. The rate-controlling mechanisms are identified on the basis of the activation
parameters n and Q.

2 Experimental Work

Stir-casting technique was used to produce 7075A1 alloy, 7075 Al alloy with rein-
forcement size was 5 pm, 20 wm, and 63 pm SiCp with 15% silicon carbide
composite volume fraction. The aluminum alloy matrix content was 7075. Using a
revolving impeller in Argon setting, preheated SiCp (250° C) was applied to the melt
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and mixed and poured in permanent mold. The cylindrical samples were made from
the extruded rods, 10 mm in diameter and 10 mm in height. The hot compression tests
were carried out on a universal testing machine controlled by 10T servo for different
strains (0.1-0.5), strain rates (0.001 s~!~1.0 s~!), and temperatures (300-500° C).
The specimen’s temperature was monitored using a chromel/alumel thermocouple
embedded in a 0.5 mm hole drilled half of the specimen’s height [14]. The samples
were immediately quenched in water after compression analysis and microstruc-
ture were examined for the cross section. Specimens have been deformed to half
of their original height. Parallel to the compression axis, deformed specimens were
sectioned, and the cut surface was prepared for metallographic testing. Specimens
have been etched with the solution from Keller [15]. The specimen microstructure
was obtained through an optical microscope, and the deformation mechanism was
studied. For different strain levels, temperatures at a constant strain of 0.5 were eval-
uated using the flow stress information, power dissipation efficiency, and flow insta-
bility. Processing maps for 7075 Al alloy and Al 7075/SiC/15 percent composites
were produced for 0.5 strains.

3 Result and Discussions

3.1 Interpretation from Flow Curves

It is well known that mechanical performance also depends on the size of the rein-
forcement particle in particulate-reinforced metal-matrix composites. If the rein-
forcement particle size is larger, yield and flow stresses will be increased while the
strength and ductility of the fracture will often be decreased. Therefore, reinforce-
ment particles of large size have a high fracture propensity during low temperature
deformation. This pattern may also tend to be at a moderately high temperature. In
such a situation, under terms of flow pressure enhancement, the impact of additional
reinforcement becomes less. Nonetheless, flow pressure is linear at high stress levels,
indicating the effect of increased density of dislocation in the matrix [16].

Figure 1a—d shows the flow curves of 7075 aluminum alloy and 7075A1/15%SiCp
composites deformed at 0.1 s~! and different temperatures ranges from 300-500 °C,
respectively. The materials flow stress increases as the stress rate increases and the
temperature decreases. The typical behavior of warm working conditions deformed
metals [17]. For the reinforced composites, the flow pressure is lower in all situations.
In the curves, it is clearly observed that there is considerable softening of the flow in
composites, especially at higher strain values. This shows that the variance in flow
pressure with change in particle size for a constant 15 percent composite volume
fraction. It is interesting to note that the flow pressure rises at 400° C with particle
size, whereas at a higher deformation temperature of 450° C it shows a decreasing
pattern. It is well known that enhancing the mechanical properties of hard ceramic
particles in a soft metallic matrix [18]. Larger SiC particle size added in composites
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shows higher strain durability index and lower strength coefficient values due to
better SiC load transfer rate to the aluminum matrix compared to lower particle size
[19]. Therefore, the flow pressure of composites increases with increased particle size
of reinforcement. With increased size of SiCp of composites, the better densification
increases.

Because of a steep rise in the same way as the particle size is finer; the fraction of
smaller particles will create a high dislocation density relative to larger particles [20].
Due to this crucial variation in dislocation size, a large number would be generated
locally in homogenous areas, which in turn would affect local flow behavior. This can
lead to a non-uniform reduction in flow and flow stress, making the system plastically
unstable. Experiments in which a steep increase in dislocation density is observed
with a decrease in particle size can describe a critical size. An increase in particle
size, on the other hand, reduced composite strength and increased ductility [21].

3.2 Interpretation from Processing Map

The ultimate goal is to produce components with regulated microstructure and
properties on a repeatable basis in a manufacturing environment, without macro-
or microstructural defects [9]. Microstructures of deformed samples showed that
under these storage conditions, dynamic recovery is the mechanism. The approach
to processing maps was found to be useful in achieving optimum processing parame-
ters and preventing microstructural defects like flow instability [22]. Figure 2 shows
the processing maps for 7075 Al alloy, and 7075A1l/SiCp with 5 wm, 20 pm, and
63 wm composites obtained by superimposing the instability map on the 0.5 strain
efficiency is shown in Fig. 2a—d, respectively. The contour numbers represent the
efficiency of power dissipation, and the shaded domains show the flow instability
regions. The difference of microscopic stress and strain distributions is lower in finer
microstructure composites. Temperature rises in the DRX domain as the particle size
increases [23]. It is in good agreement with the findings reviewed as, Fig. 2a the map
exhibits a DRX domain in the temperature range 350-395 oC and strain rate range
0.013-0.12 s~! with a peak efficiency of about 28% occurring at 350 °C and 0.1 s,
In Fig. 2b, the map exhibits that the DRX domain is obtained at the temperature, and
strain rate ranges are 345-385 °C and 0.01-0.1 s~! with a peak efficiency of about
26% at 365 °C and 0.05 s~!(5 wm). In Fig. 2c, the DRX domain occurs in the region
of 355-420 °C for a strain rate range of 0.01-0.1 s~!. The maximum efficiency in
this domain is 44%, increasing from 20%. In Fig. 2d, the DRX domain occurs in the
region of 435-495 °C for a strain rate range of 0.02-0.16 s~!. The maximum effi-
ciency in this domain is 36%( 63 pwm). In the 7075A1/SiCp with 20 wm composites
(Fig. 2c), the maximum efficiency is due to the high bonding area when compared
with the small particle size, i.e., 5 wm reinforcement size.
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Fig. 1 a Flow curves of 7075 Al alloy for different temperatures at constant strain rate of 0.1 s~
b Flow curves of 7075 Al/15%SiCp (5 wm) for different temperatures at constant strain rate of
0.1 s~ ¢ Flow curves of 7075 Al/15%SiCp (20 wm) for different temperatures at constant strain
rate of 0.1 s~ d Flow curves of 7075 Al/15%SiCp (63 pm) for different temperatures at constant
strain rate of 0.1 s~

The stable efficiency value as a strain function indicates that the dissipation of
power occurs through microstructural equilibrium processes that occur during defor-
mation, i.e., dynamic restoration processes such as DRX and DRV. However, for veri-
fication, thorough microstructural analysis will still be required. A high efficiency in
the stable environment suggests better conditions for process. Deformation efficiency
of composites improves with an increase in reinforcement particle sizes up to 20 pm
(5 pm—efficiency is 26%, 20 pm—efficiency is 44%), then the efficiency decreases
for composites with a reinforcement particle size of 63 wm (36%), as larger particles
fragment more easily during deformation than smaller ones [23].

3.3 Microstructural Examination

Interpretations of the various domains of deformation must be based on microstruc-
tural validation [22]. Figure 3a shows the micrograph of deformed 7075Al alloy at
350 °C and 0.1 s~! and Fig. 3b, ¢ deformed 7075A1/SiCp with 5 jum and 20 pum at
400 °C and 0.1 s~!. Fig. 3d shows deformed 7075A1/SiCp with 63 wm at 450 °C
and 0.1 s~!. With wavy grain boundaries typical of grain processing by dynamic



Effect of Different SiCp Particle Sizes on the Behavior ... 1239

Log strain rate, 57!
Log strainrate, §*

P st N
300 320 340 360 380 400 420 440 450 480

N0 30 340 360 380 400 470 440 460 480 600

Temperature,”C

Temperature, “C

(b)

Log Strain Rate in §
Log strainrate, §

3.{!3 20 30 30 380 400 420 440 &BD  4B0 SO0

Temperature in °C Temperature, "C

(© (d)

Fig.2 aProcessing map for 7075 alloy b Processing map for 7075A1/15%SiCp (5 um) composites

¢ Processing map for 7075A1/15% SiCp (20 pwm) composites d Processing map for 7075A1/15%
SiCp (63 pm) composites

recrystallization (DRX) [24], fine grains are observed in the above micrographs. The
occurrence of dynamic recovery and dynamic recrystallization at higher tempera-
tures and moderate strain rate deformation results in a significant reduction in flow
stress. DRX is more successful than the DRY, however. DRX is a domain chosen
to optimize hot workability and control good microstructure [24]. It is found that
in the composites the dynamically recrystallized volume of grain is smaller than in
alloy. This is done in the matrix by strong particles. The maximum power dissipation
efficiency in the DRX domain of the 7075 A1/20 wm of SiCp is higher than that of
7075 Al alloys and 7075 Al/S wm, 63 pm of SiCp. Large reinforcement particles are
prone to fracture compared to smaller ones [25]. This particle fracture phenomenon
is not expected to be an effective mechanism at high temperatures but to increase the
relaxation temperature for a given strain rate for a large particle size composite rein-
forced lower temperature compared to temperature restoration can result in pressure
accumulation at the particle/matrix interfaces. In the end, this leads to more fracture
events involving the reinforcement of large particles and matrix cavitations [25, 26].

It is well agreement with the present study that particle cracking is identified in
7075A1/15% SiCp composites of higher reinforcement particle sizes (20 and 63 pm)
which are as shown in Fig. 4a, b. Overall, during deformation, larger particles fracture
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Fig.3 a Dynamic recrystallization for 7075A1 alloy at 350 °C at a strain rate of 0.1 s~ b Dynamic
recrystallization for 7075A1/15% SiCp (5 wm) composites at 400 °C at a strain rate of 0.1 s~!
¢ Dynamic recrystallization for 7075A1/15% SiCp (20 pm) composites at 400C and at a strain rate
of 0.1 s~! d Dynamic recrystallization for 7075A1/15% SiCp (63 wm) composites at 450 °C at a
strain rate of 0.1 s~

~ 500um

(b)

Fig. 4 a SEM image of particle breakage for 7075A1/15% SiCp (20 pm) composites at 400C and
at a strain rate of 1.0 s~! b Particle cracking for 7075A1/15% SiCp (63 pm) composites at 500
052C and at a strain rate of 1.0 57!
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more easily than smaller ones [23]. Larger particles have a larger interface area with
the matrix and are therefore subject to higher concentration of stress. The force of
the particle fracture is regulated by the intrinsic defects in the particle. Because the
particle size of a flaw is small, larger particles are more likely to break because they
are more likely to have a flaw greater than a certain critical size [27]. In addition, the
composite containing large-size reinforcement particle shows more particle breakage
at a higher strain rate. Srivastava et al. [20] stated that smaller particles increase
the hardening of composites by plastic work, while particle/matrix interfacial de-
cohesion does the contrary. Similarly, smaller 17 pm particle size may also result in
poor workability. Large particle size with moderate volume reinforcement fraction
would therefore give improved workability.

It was also pointed out that smaller particles lead to debonding of the interface,
while larger ones often fractured during loading [20]. This argument is confirmed
in the present investigation, i.e., debonding occurs in 7075 Al/15%SiCp (5 pwm)
composites as shown in Fig. 5, particle fracture occurs in7075 Al/15%SiCp (63 pum)
composites. The particle size of reinforcement dominates MMC rupture, for example,
cracks usually occur in particles with a dimension greater than 5 pm, whereas small
particles (< 5 pm) tend to be deboned at the matrix—particle interface [28]. Matrix
stress is inhomogeneous during the initial deformation stage due to the discrepancy
between the particles and the matrix of the elastic modulus. In the matrix, which
closes to the tip of the particles along the loading axis, high stress also develops. In
the vicinity of the particles, the stress concentration is due to the stress restriction in
the presence of SiC particles [29].

Due to inhomogeneity in the stress distribution, fracture and debonding occur
locally at the interfaces. This can be avoided by processing the composites between
reinforced particles that do not form deformation zones. It is well known in
particulate-reinforced composites that debonding particle damage is easy to occur on
large particles of reinforcement and difficult to occur on small particles of reinforce-
ment. In order to consider the effect of particle size on damage, debonding damage
is assumed to be controlled by a critical energy criterion for interfacial debonding
of particle-matrix. The particle size is smaller, dislocation reinforcement is more

Fig. 5 Deboning for g R 1] W 4 ¢ T A
7075A1/15% SiCp (5 jm) ] B e - M
composites at 450 °C and at 3 . ¥ A i ; \%:‘
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Fig. 6 a Matrix cracking for 7075A1/15% SiCp (5 pm) composites at 500 °C and a strain rate of
1.0 s~ 1. b Interface crack for 7075A1/15% SiCp (20 wm) composites at 500C and at a strain rate of
1.0 s~ ¢ SEM image of interface cracking for 7075A1/15% SiCp (63 pm) composites at 500 °C
and a strain rate of 1.0 s7!

dominant, and debonding damage is more difficult to occur. The debonding damage
occurs from larger particles to smaller particles in composites containing different
sizes of particles, and the stress—strain relationship shifts to the lower side of stress
[30].

The dynamic interplay of particle size, volume fraction, and strain frequency
results in variability in the creation of voids and damage to particles. Low stress
levels may relate large variation in the difference in porosity to the low value of
matrix flow pressure, resulting in localized stress fields in turn. At a higher strain
rate, high matrix flow stress does not allow large plastic strain around particles
and thus fewer instances of particle breaking. At high stress frequency, particle
breakage may be expected to be lower, but in such situations, the matrix cavitation
phenomenon may become dominant due to inhomogeneous stress distribution in the
matrix; hence matrix cracking or interface cracking may occur. Matrix cracking and
interface cracking that occurs at higher strain rate and higher temperature in all the
7075A1/SiCp composite materials investigated are as shown in Fig. 6a—c.
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4 Conclusions

The following conclusions were drawn from the investigation.

Temperature rises in the DRX domain as the particle size increases. As the content
of silicon carbide increases, the pore size becomes smaller, resulting in an increase
in the value of the formability pressure index.

During deformation, larger particles fracture more quickly than smaller ones.
Larger particles have a wider interface with the matrix and are therefore subject
to higher concentration of pressure.

Higher reinforcement particle size of SiCp composites (7075A1 (5 pm)) does
not consider particle cracking. Since smaller particles improve the hardening of
composites in the plastic work.

Debonding particle damage on large reinforcement particles is easy to occur and
is difficult to occur on small reinforcement particles due to the more prevalent
dislocation reinforcement. Significant particle fracture and interface debonding
at large strains can be related due to the low flow pressure of large particle size
reinforced composites. Due to inhomogeneity in the stress distribution, fracture
and debonding occur locally at the interfaces.

Deformation efficiency of composites increases with an increase in reinforcement
particle sizes up to 20 pm (5 pm—efficiency is 26%, 20 wm—efficiency is 30%),
then the efficiency decreases for composites with a reinforcement particle size of
63 wm (28%)
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