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ABSTRACT

Aluminum-silicon carbide (Al-SiC,) metal matrix composite (MMC) materials were
fabricated using the powder metallurgy (PM) techniques of hot compaction followed
by hot extrusion. Different reinforcement weight fractions were used, i.e. 0, 2.5, 5,
and 10 wt% SiC,.

Hot tensile deformation tests were used to characterize the ductility deformation and
strength at different temperatures, i.e. T =0.3 T, 0.4 Ty, 0.5 Ty, and 0.6 T, (where
Tm is the absolute melting point of the matrix material), and at different strain rates,
i.e. & =2x10° st and 0.6 T, 100x 10° s™. Brief microscopic examination was used
to support the analysis of results.

It was found that the stress-strain behavior is dominated by work-hardening at the
lower temperature range. The work-hardening exponent (n) decreased as T
increased and as reinforcement weight fraction increased but increased as ¢’
increased.

As reinforcement weight fraction increased, considerable strengthening was
achieved compared to the unreinforced matrix. The reinforcement particles
dominated the plastic flow and reduced the effect of high temperature in reducing the
flow stress. However, as reinforcement weight fraction increased, the tensile strength
oy, as well as the yieled strength, oy were negatively affected specially at high
deformation temperatures and at high strain rates. ¢, was found to be more
negatively affected than e,. 6, and o, of the unreinforced material increased as ¢’
increased, for all tested temperatures. As reinforcement particles were introduced to
the matrix, the two parameters increased with strain rate up to ¢’ = 50 x 10 s™, then
decreased as ¢’ = 100 x 10°° s Maximum reduction in 6, was obtained at T = 0.4 T,
at & = 100 x 10° s™*. Ductility expressed by the strain to facture, &, decreased with
the increase in ¢, for all investigated materials. Minimum ¢ was obtained for Al-10
Wt% SiC, as T = 0.4 t,, and ¢ =100 x 10 s™ was applied.
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1- INTRODUCTION

Development of high temperature resisting materials has always been a challenge to
materials scientists. The search for such materials in the last few decades resulted-in
the development of several materials starting from monolithic single crystals for use
in turbine blades, to superalloys used in aircraft turbine component and nuclear
reactors [1, 2].

During the last two decades, the search for a metal matrix composite material (MMC)
to serve as a high temperature material received considerable interest. Most of this
research concentrated on aluminum-based MMC's. The obvious advantages of these
materials being their light weight, high strength/ wight ratio, which is comparable to
that of steels [3], high resistance to corrosion and oxidation, etc.. Al-based MMC's
are being used or being considered as a potential material for manufacturing of car
engine linings, connecting rods, piston heads, small gears, etc. [4].

Several methods have been developed for the manufacturing of MMC's, e.g. liquid
phase processing [5, 6], semisolid processing [7], and powder metallurgy (PM)
techniques [8]. PM processing proved to produce better quality MMC's, since better
control on reinforcement distribution is possible which produces materials with
superior mechanical properties [8].

Many problems can develop in materials serving under high temperature conditions.
High temperature materials experience high mobility of dislocations which could lead
to unfavorable conditions of loss of resistance to deformation and loss of strength.
Several deformation mechanisms are operative at high temperatures. These include
static recovery, static recrystallization and their dynamic counterparts [9]. Depending
on the deformation conditions, one or more mechanisms may operate
simultaneously.

The main objectives in studying high temperature deformation characteristics of Al-
based MMC's are to determine their strength and ductility characteristics, and-more
importantly to determine the proper processing parameters to produce a sound
defect-free secondary product.

The goal of the present work is to present an experimental study of the high
temperature deformation behavior of Al-SiC, MMC manufactured by powder
metallurgy (PM) techniques. Effects of high temperature and strain rates on the
behavior of Al-SiC, MMC having different reinforcement weight fractions are
investigated. This is the first of a two-part research aiming at studying the mechanical
characteristics of Al-SiC, MMC, and the constitutive equation controlling their high
temperature deformation behavior.

2. EXPERIMENTAL DETAILS :
2-1 Materials

Preweighed amounts of silicon carbide (SiCp) powder (average grain size, 50 pm)
were added to preweighed amounts of pure aluminum powder (average size, 63 um),
to produce mixtures of the following compositions:

Al- 2.5 wt% SiC,, Al- 5wt% SiC,, and Al- 10wt% SiC,. Besides, pure (unreinforced)
aluminum powder was used to produce reference material designated as Al-Owt%
SiC,.
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The mixtures were hot pressed in a single acting hard dies made of heat resisting
steel, at a temperature of 450°C (723k) which was maintained for 3 hrs at a
compaction stress of 150 MPa.

The produced hot pressed billets were then hot extruded at an extrusion ratio of 5: 1
for densification and closure of residual internal porosity. The extruded bars were
used as raw stock, out of which, tensile test specimens, Fig.1, were machined.

2.2 Testing and Microscopic Examinations :

Tensile tests were conducted in an Instron universal testing machine equipped with
data acquisition system (DAS). The machine is also equipped with a movable split-
furnace whose accuracy was + 5°C.

Testing was conducted at the following temperatures: RT (298 k), 100°C (373 k),
200°C (473 k), and 300°C (573 K).

This temperature range encompasses cold working up to hot working deformation
temperature range, i.e. 0.3 T, up to 0.6 Ty At each of these deformation
temperatures, the following strain rates were used 2 x 102 s, and 100 x 10 s™.
Optical microscopy was used to examine the microstructures of the specimens
before and after deformation, while scanning electron microscopy (SEM) was used to
examine the fracture surfaces of the tested specimens.

3. ANALYSIS AND DISCUSSION OF RESULTS :
3.1 Stress- Strain Behavior

Figure 2 through Fig. 5 show the stress-strain curves of the investigated MMC
materials. These curves were calculated from the load-elongation curves obtained
from the Instron universal testing machine.

The curves show a general form of metallic stress-strain behavior, i.e. elastic
deformation, gradual yielding, plastic deformation, and fracture. The plastic
deformation range is strongly affected by the reinforcement weight fraction,
deformation temperature, and applied strain rate.

All curves exhibit post yielding initial hardening at low strains. As deformation
continues, the effect of the above-mentioned variables becomes clear.

At lower temperature range (0.3 < T/ T, < 0.5), the plastic deformation range is
dominated by work-hardening. Work-hardening of MMC's is known to be the result of
piling-up of dislocations against barriers to their motion which leads to entanglement
of these dislocations, causing increased resistance to further slip and deformation,
i.e. strain hardening [10]. Barriers to dislocation motion in MMC's microstructure
consist of submicron solute atoms or impurities in the matrix material, matrix grain
boundaries, and the hard brittle reinforcement particles.

The work-hardening rate of the composite is usually higher than that of the
unreinforced matrix at the early stages of deformation. As deformation proceeds, the
stress induced at the particle/matrix interface leads to the relaxation of the Orowan
loops [11].

At higher strains, for low reinforcement weight fractions, the particles will contribute to
work hardening due to the creation of geometrically necessary dislocations [12].
These dislocations are necessary to allow compatible deformation in the composite
without formation of voids around the hard particles.

The stress-strain data of the present work were fitted to the power law :
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5 T K 8T e, (1)

where o, g, K, n, are the true plastic stress, true plastic strain, strength coefficient, and
work-hardening exponent, respectively. Table 1 shows the derived n-values based
on this equation.

Table 1 : Variation of Exponent "n" ® With Different Conditions:

, T,=0.3Ty T,=04Th T3=05Th, T4=06Th
Material

81() € 2 € 3 €1 €2 €3 €1 €2 €3 €1 €2 €3

Al-Owt% [ 0.210| 0.3 {0.28|0.19|0.28|0.210.19 | 0.20|0.18 | 0.17 | 0.16 | 0.16

Al- 0.210/0.19|0.260.180.15/0.18{0.16 | 0.20|0.17|0.14 | 0.18 | 0.17
2.5wt%

Al-5wt% | 0.17 | 0.23 (0.27 | 0.16 | 0.28 | 0.24 | 0.15| 0.17 | 0.15| 0.03 | 0.06 | 0.10

ff\\:t‘}/? 0.14 |{0.20|0.07|0.17|0.19|0.16 | 0.16 | 0.24 | 0.13 | 0.06 | 0.09 | 0.23

(1) n = work hardening exponent,
(2) £1=2x10%s",¢,=50x10°s™, &3 =100x 10° s™

It is clear that the exponent n decreases as the deformation temperature increases,
and at higher reinforcement weight fraction. It also increases as the strain rate
increases. These factors involve softening and nucleation of voids, micro cracking of
reinforcement particles due to higher deformation stresses, or presence of residual
porosity and voids in-between clusters of particles at higher reinforcement weight
fractions.

3-2 Effect of Reinforcement Weight Fraction :

Table 2 shows a comparison of the yield strength, ey, tensile strength, o,, and strain
to fracture, ¢ for the different MMC's tested at T = 0.3 T, (room temperature), and &’
= 2 x 10° s™'. Figs. 6a through 6d show variation of the same parameters, i.e. oy, o,
and &;, with deformation temperature as a function of the strain rate.

Table 2 : Comparison of 6y, 6y, and & (At T=0.3 T and & =2x 102 s

Material oy, MPa oy, MPa & %
Al- Owt% 77.10 130.20 24.60
Al-25wt% 102.80 146.60 18.80
Al-5wt% 46.15 137.50 18.50
Al-10wt% 89.50 117.90 11.50

It is clear that adding hard particles to the soft aluminum matrix caused considerable
strengthening compared to the unreinforced aluminum (Al- Owt% SiCp). The flow
stress at low strain rates (¢ = 2 x 10 s™) for both unreinforced and reinforced
aluminum decreased monotonically as the deformation temperature increased, Fig.6.
However, the reduction in flow stress of the unreinforced aluminum is greater than
that of the reinforced aluminum. Thus, it may be concluded that over most of the
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temperature range, at ¢ = 2 x 10° s, the reinforcement particles dominated the
plastic flow behavior, and compensated for the reduction caused by the temperature
effect.

The improvement achieved in yield strength is greater than that achieved in the
tensile strength. Also, as the reinforcement weight fraction increased, the
improvement in both yielding and tensile strengths diminished following the same
trend, Fig. 6. Compared to unreinforced aluminum properties at ¢° = 2 x 10° s, T =
0.3 Tm, we find that yield strength improvement ranged from 33.3 % for Al-2.5 wt%
SiC,, to 16% for Al-10 wt%. SiC,, the tensile strength, on the other hand, improved
by 12.59%. For Al-2.5 wt% SiC,, and decreased by 9.44% for Al-10 wt% SiC,.

The mechanisms controlling the strength of MMC's can provide a possible
explanation for these observations. Two different competing mechanisms interact to
determine the strength of a composite material. Positive mechanisms that lead to
strength improvement include : dislocation-particle interaction (Orowan's
mechanism), this mechanism has significant effects only if the reinforcement particles
are very small (less than 1 micron) [13], dislocations pile-up against barriers to their
motion which was explained above, and strengthening due to thermal processing and
thermal mismatch between the soft metallic matrix and the hard ceramic particles. On
the other hand, several factors play a negative role and reduce the strength or cause
softening of the material. These include residual porosity which is a characteristic of
PM materials, presence of clusters of particles which could: (i) incorporate voids
within the cluster, (ii) hinder good bonding between the matrix and the reinforcement
particles, and (iii) could promote stress triaxiality in the nearby area of the composite
[14, 15]. Another factor that could negatively affect the strength of the composite is
reinforcement particle cracking during processing or during deformation [16]. Fig.7a,
shows a micrograph of Al-5 wt% SiC, showing cracked reinforcement particles and
residual porosity close to them. Fig.7.b shows an SEM fractograph showing cluster of
particles and dimples of different sizes.

Thus, it may be concluded here that as reinforcement weight fraction increases, the

tensile strength is negatively affected because it is plastic-strain dependent, while
yielding strength improves as it is more of elastic deformation dependent then it is of
microstructural features of the matrix and its strain path.

3.3 Temperature Dependence of Ductility and Strength
As mentioned above, yield strength, Sy, tensile strength, S,, and Strain to fracture, &,
are all affected strongly by the increase in deformation temperature.

It can be seen from Figs 6 and 7 above that as the temperature increased from 0.3
Tmto 0.5 Ty, at a strain rate of & =2 x 10 s, the yield and tensile strengths of Al-0
wt% SiC, were reduce by 27% and 16%, respectively. For the same increase in
temperature, the strain to fracture increased by 20%.

Table 3 : Changes in Sy, Sy, and & ( As a function of temperature change *)

) 0.3-0.5Tm 05Tmto 0.6 Tm
Material

A 6% A 6,% A & Aoy Aoy A g

Al- Owt% -27.7 -16.0 +19.5 -26.7 -39.6 +1.36
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Al- 2.5wt% -46.2 951.0 +23.9 -13.6 -27.9 +1.28
Al- 5 wt% -20.0 -33.0 +324 -46.8 -54.8 -28.5
Al-wt% -13.4 -25.5 +13.4 -37.3 -42.0 +50.0

* ¢'=2x10°%s?

As the temperature increased from 0.5 to 0.6 T, the yield strength was reduced by
26.7% while the tensile strength was reduced by about 40%. This proves that the
tensile strength is more sensitive to temperature changes than the yield strength.
Table 3 indicates that as the temperature increased from 0.5 Tm to 0.6 Tm, the
decrease in tensile strength was minimum for Al-2.5 wt% SiC,, while the decease
under the same circumstances reached 54.8% for Al-5 wt% SiC,, and 42% for Al-10
wt% SiCp. This shows that materials with lower reinforcement weight fractions are
more effective in temperature resistance than materials without reinforcement or
materials with higher reinforcement weight fraction.

At a temperature of 0.6 T, all investigated composites showed short initial hardening
followed by constancy or even reduction in the flow curve, i.e. strain softening. Such
behavior can be noticed for all compositions at all strain-rates. Thus, it could be
considered as a rate independent, matrix-dependent behavior.

The main softening mechanisms operative in hot working (T > 0.5 T,) are dynamic
recovery (DRV), and dynamic recrystallization (DRX). In DRV, the [17] dislocations
are rearranged into a substructure consisting of sub grains through the disintegration
and reformation of subboundaries of constant spacing, thus, maintaining equiaxed
subgrains [18]. In metals with high stacking fault energy (SFE), such as aluminum
DRV appears to be quite effective. Mazen [19] found that in high temperature
deformation of Al-Al, O3 MMC, both DRV and DRX seam to be operative. However,
in most monolithic aluminum alloys, DRX was not reported because the level in most
monolithic aluminum alloys because the level of DRV is so high that nucleation
cannot occur during straining [20]. However, it was reported in case where
constraints from hard particles enhance strain hardening and reduce DRV [21].

3.4 Strain Rate Dependence of Ductility and Strength :

As the applied initial strain rate increased from ¢ = 2 x 107 s™ to 100 x 102 s, the
Al- Owt % SiC, composites showed an increase in oy and ¢, for all tested
temperatures. The same trend was shown by o, for Al-2.5 wt% SiC,. However, the 6u
of the latter composite was reduced by 7.8% as the strain rate increased from 50 x
10°s™, to 100x 10° s, at T = 0.4 Tp,

For Al-5 wt% SiC,, at T = 0.3 Ty, the yield strength increased as a function of strain
rate. However, at T > 0.3 Ty, the Sy decreased as the strain rate increased. The
maximum decrease in S, was shown at T = 0.4 Ty, & = 100 x 10° s™. the tensile
strength for Al-5 wt% SiCp increased as ¢’ increased from 2 x 10° to 50 x 102 s, at
all temperatures, then S, decreased as ¢ increased from 50 x 10° s to 100 x 107 s°
! at all testing temperatures. The maximum reduction in S, was obtained at T = 0.4
Tm, & =100 x 10° s™.

For Al-10 wt% SiC,, a general trend of decrease in oy and oy was shown as ¢
increased from 50 x 10° s™ to 100 x 10 s™*. Maximum decrease of 9.1% in ¢, was
shown for T=0.4 T, & =100x 10°s™.
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The ductility expressed by strain to fracture, &, showed a general decreasing trend as
the strain rate increased for all investigated materials. The minimum g;, was obtained
for AlI-10 wt% SiC,, at € =100 x 10° s, T = 0.4 T, figs. 8a through 8.d. showed the
experimental results showed that the minimum yield and tensile strengths were
always obtained for high strain rates, i.e. ¢ = 100 x 10 s coupled with moderate
deformation temperature, T = 0.4 T,. High strain rates at such deformation
temperatures are conducive for cavitations at matrix/particle interfaces [22].
Cavitations usually lead to premature termination of deformation. This may be a
plausible explanation for the minimum ductility obtained at T = 0.4 T,. On the other
hand, high deformation temperature coupled with moderate strain rates are suitable
conditions for restoration processes which lowers the flow stress and increase the
ductility.

4- CONCLUSION :

An experimental study was conducted on Al-SiC, PM metal matrix composites. The

following conclusions can be derived based on this study :

1- the stress-strain behavior showed considerable strain hardening at room
temperature, which was reduced as deformation temperature increased, and as
higher reinforcement weight fractions were used. The hardening exponent
increased as the strain rate increased, and decreased as deformation
temperature increased, and as reinforcement weight fraction increased.

2- Over most of the temperature range, at low strain rates (¢ = 2 x 107 s™), the
reinforcement particles dominated the plastic flow behavior and compensated for
the reduction caused by the temperature effect.

3- The yield and tensile strengths increased as reinforcement weight fraction
increased (up to 5 wt% SiCp) and as the strain rate increased. The two variables
decreased as the deformation temperature increased and as reinforcement
weight fraction increased above 5 wt% SiC,. However, the reduction in tensile
strength was greater than that in the yield strength. This was attributed to the fact
that tensile strength is more plastic strain dependent than the yield strength.

4- The yield and tensile strengths of unreinforced aluminum increased as the strain
rate increased for all tested temperatures. The two parameters increased for
reinforced aluminum up to a strain rate of 50 x 103 s™.

5- Ductility increased as deformation temperature increased. It decreased with the
increase of strain rate and reinforcement weight fraction. This was shown to be
due to cavitations at matrix/particle interfaces.
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Fig. 1 Tensile Test Specimen
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Fig. 6 Variation of Yield and Tensile Strengths with Deformation Temperatures
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Fig. 7- a
Micrograph of Al 5wt% SiC, (X80)
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Fig. 7-b
SEM Fractograph of Al 10wt% SiC,
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Fig. (8) Variation of Elongation to Fracture with Deformation Temperatures
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