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Abstract: The micro-sized ceramic whiskers or particulates can greatly
increase the specific modulus and other mechanical properties of aluminium
alloys. However, the strength at high temperatures depends on micro-
structures of the matrix. The nano-sized fine dispersoids can markedly
increase the high temperature strength of aluminium alloys, but elastic
modulus of these dispersion-strengthened alloys is not significantly
improved. Therefore, a new kind of metal matrix composite reinforced by
combining nano-sized dispersoids with micro-sized ceramic whisker- or
particulate-reinforcements, has been developed. This paper presents the
experimental results and analysis on the effects of micro-sized ceramic
whiskers or particulates on creep strain rates in the composites by taking
account into the load transfer model from matrix to reinforcements. In
particular, comparison of creep behavior between titanium and aluminium
matrix composites is conducted. Technological barriers and trends
associated with practical utilization, development and research of metal
matrix composites are also addressed.
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1 Introduction

The particulate- or whisker-reinforced metal matrix composites (MMCs) are of
interest because they can be fabricated through conventional metal processing
technique and exhibit near-isotropic properties [1±20]. The composites are being
considered for structural and functional applications at elevated temperatures.
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Therefore, an understanding of their high-temperature behavior, i.e., creep
deformation, is important.

The investigations on creep of discontinuously reinforced MMCs were carried
out in the 1980s. The anomalous creep behavior of aluminium matrix composites,
that is, the unusually high apparent stress exponent and apparent activation energy
for creep, was attractive since they were inconsistent with the existing theoretical or
phenomenological models for dislocation creep [9±34]. Most investigators made their
analysis of creep data by incorporating a threshold stress into the power-law creep
expression to get the true stress exponent and activation energy for creep [9±34]. Park
et al.'s study [16,17] showed that the threshold stress introduced by the presence of
SiC particulate was much lower than the experimental value. Therefore, they
suggested an alternative source for the threshold stress was associated with the
detachment of dislocations from fine oxide dispersoids, formed as a result of
processing the composites by powder metallurgy. However, the temperature
dependence of detachment stress is much weaker than that of experimental threshold
stress. Mohamed et al. [17] proposed that the detachment process might be affected
by impurity segregation at the matrix/incoherent dispersoid interfaces. Cadek et al.
[22] proposed that the creep mechanism of MMCs was lattice-diffusion-controlled
dislocation creep in aluminium matrix. Further research demonstrated that creep of
MMCs was controlled by creep mechanisms of the matrix alloys [23±30]. The effects
of the micro-sized reinforcements on creep were interpreted by a load transfer model,
although there have been contradictory arguments on the contributions [24].

On the other hand, limited experimental data on creep behavior of particulate or
whisker reinforced titanium matrix composites showed that the stress exponent and
activation energy for creep of MMCs were similar to those of the matrix alloys [1±8].
This is quite different from the results observed in aluminium matrix composites.
Furthermore, it did not hold true in the case of titanium matrix composites, where
either strengthening or weakening was reported [35, 36]. This implies that the micro-
sized reinforcements are not very effective to increase creep resistance and the
microstructure of the matrix is important for controlling creep deformation of
MMCs.

The objectives of the present article are threefold: (1) to show creep behavior in a
new kind of metal matrix composite reinforced by combining nano-sized dispersoids
with micro-sized ceramic whisker- or particulate-reinforcements; (2) to understand
the contributions of nano-sized dispersoids on creep resistance in micro-sized ceramic
whisker- or particulate-reinforced MMCs; and (3) to demonstrate the role played by
the micro-sized ceramic reinforcements in the creep deformation of composites.

2 Creep of discontinuous titanium matrix composites

The prohibitive cost of continuous fibers, complex fabrication routes and highly
anisotropic properties of continuously reinforced titanium matrix composites have
motivated the development of discontinuously reinforced composite. Among the
alternative discontinuous reinforcements, TiC and TiB2 particulates or whiskers are
particularly attractive due to their complete compatibility with titanium and its
alloys. The most widely used matrices are designed to contain both � and � phases to

216 L. M. Peng and S. J. Zhu



provide the highest combination of strength and ductility. As a result, Ti-6Al-4V,
which contains both � and � stabilizers is chosen as matrix since it exhibits good
fluidity, excellent weldability, good tensile strength and ductility [37]. In this section,
the limited experimental data and analysis for creep deformation in TiC and/or TiB2

reinforced titanium matrix composites will be presented.
Zhu et al. [1±3, 7] studied the creep deformation of 15 vol.% TiCp/Ti-6Al-4V

(TiCp stands for TiC particulate) and 15 vol.% TiB2w/Ti-6Al-4V (TiB2w stands for
TiB2 whisker) composites between 823 and 923 K in both tension and compression
conditions. The composites were fabricated by a powder metallurgy technique.
Figures 1(a) and (b) show the microstructure of Ti-6Al-4V alloy and 15 vol.% TiCp/
Ti-6Al-4V, respectively. It is seen that the microstructure of matrix is refined by TiC
particulates with inhomogeneous distribution throughout the matrix.

The variation of steady-state creep rate, _", with applied stress, �, is shown in
Figure 2 for these two composites together with Ti-6Al-4V alloy at different
temperatures ranging from 823 to 923 K [1±3, 7]. The steady-state creep rate can be
described through an Arrhenius-type equation of the form

_" � ADGb

kT

�

G

� �n

; �1�

where n is the apparent stress exponent, D (� D0 exp�ÿQ=RT�, D0 is a frequency
factor) the diffusion coefficient, Q the apparent activation energy for creep, G the
shear modulus, b the Burgers vector, k the Boltzmann's constant, A a dimensionless
constant, and T the absolute temperature. The compressive (solid circle) and tensile
(empty circle) data points at 873 K fall quite close to each other, which implies that
the flow behavior of the 15 vol.% TiCp/Ti-6Al-4V composite exhibits no tension/
compression asymmetry. It is obvious that the presence of TiC particulates and TiB2

whiskers is quite effective in improving the creep resistance of the matrix. The former
decreases creep rate of the matrix alloy by one order of magnitude and the latter by
about two orders of magnitude at a given testing temperature, i.e., 873 K. The data
indicate that there are two distinct regimes (designated as regions I and II) depending
on the applied stress. It can be noted that the stress exponent for creep deformation
increases with an increase in the applied stress at the three testing temperatures. For
instance, the stress exponent changes from 3� 4 in region I to 7� 9 in region II for
the titanium matrix alloy and its composites.

The recent investigations of Ranganath and Mishra [4, 6] on Ti, Ti-Ti2C, and Ti-
TiB-Ti2C composites reveal that the creep rate decreased with increasing volume
fractions of reinforcement and that the creep rate of the composites were 2� 3 orders
of magnitude lower than the unreinforced Ti in the temperature range of 823� 923 K.
Furthermore, the creep strengthening is more significant in the case of high volume
fraction of reinforcement. It was also observed that the stress exponents of the
composites were between 6� 7 at 823 K (in case of higher volume fraction of
reinforcements, i.e., 0.15 and 0.25) but similar to unreinforced Ti (n � 4:1 � 4:3) at
higher temperatures, i.e., 873 and 923 K. For unreinforced Ti and 10 vol.%
TiB � Ti2C composite, n seems to be independent of temperature. This implies that
the stress dependence of the composites depends on both the volume fraction of
reinforcements and testing temperature.
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Figure 1 Microstructures of (a) a standard Ti-6Al-4V alloy in the � phase region and
(b) the composite showing the underlying microstructural details of the matrix [7].
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On the other hand, the above results show that the effect of reinforcements on the
stress exponent of Ti matrix composites is quite different from the trends observed in
aluminium matrix composites. As will be demonstrated in Section 3, the stress
exponent for creep in aluminium matrix composites is 15 or above and the activation
energy much higher than the anticipated value for lattice self-diffusion in pure
aluminium (142 kJ molÿ1) is often observed. It is documented that the change of
stress exponent of composites with stress, temperature and volume fraction of
reinforcements is due to a change in the creep mechanism from lattice-diffusion
controlled dislocation climb (n � 4:3) to pipe-diffusion controlled dislocation climb
(n � 7) [4].

Since the diffusion (self- or pipe-) coefficient in the h.c.p. �-Ti is much lower than
that in b.c.c. �-Ti [38], the diffusion in �-Ti should be the rate-controlling process for
creep in �� � alloys. Therefore, in Equation (1) the D and G values corresponding to
�-Ti are to be employed to analyze the data. Taking G [MPa]� 4:95� 104 ÿ 25T
[39], lattice self-diffusion DL [m2 sÿ1]� 1:3� 10ÿ2 exp�ÿ242; 000=RT�, and pipe-
diffusion DP � 3:6� 10ÿ16 exp�ÿ97; 000=RT� for �-Ti [38], the relations between the
creep rate normalized by corresponding diffusion coefficient and applied stress
normalized by shear modulus are shown in Figure 3(a) and (b) for Zhu et al.'s
original creep data, respectively. There are two points worth noting. Firstly, the creep
data in both region I and II can be reconciled so that all of the experimental datum

Figure 2 A comparison of the creep rate between TiCp/Ti-6Al-4V and TiB2w/Ti-6Al-4V
composites under tensile (open symbols) and compressive (solid symbols) conditions at 823, 873,

and 923 K.

Creep of metal matrix composites 219



Figure 3 A comparison of the normalized creep data of �-Ti with those of TiCp/Ti-6Al-4V and

TiB2w/Ti-6Al-4V composites for low stress exponent regime (Region I) and (b) high stress
exponent regime (Region II).

(a)

(b)
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points fall onto a single line in a normalized plot. The stress exponent in region I for
TiCp/Ti-6Al-4V composite is 4.0, very close to that (n � 4:3) for power-law creep
controlled by lattice self-diffusion in �-Ti whereas it is less than 4.0 for TiB2w/Ti-
6Al-4V due to the limited data. In region II it is 6.3 and 7.0 for these two composites,
respectively. Again, they are close to the value for creep where the pipe-diffusion
process is the operative mechanism in �-Ti. Secondly, the creep strengthening effects
of reinforcements arise again on these normalized plots. Moreover, at a given volume
fraction of reinforcement, the whisker composite exhibits superior creep resistance to
particulate composite (c.f. Figure 3(a) and (b)). It is also apparent that at high
stresses or strain rates, strengthening by particulates or whiskers is less effective,
which may be attributed to the debonding between reinforcement/matrix interface or
fracture of reinforcements.

It is supposed that there exist two possibilities responsible for the creep
strengthening of composites without a change in the stress exponent value [4, 6, 7].
The first possibility is the presence of load transfer from the matrix to the stiffer
particulates and/or whiskers. From Eq. (1) it is clear that an increase in the modulus
of composites yields lower creep rate [1]. The other possibility originates from
microstructural strengthening in composites [7]. The addition of reinforcements to
titanium alloy leads to a refined �� � colony microstructure as compared to the
unreinforced titanium [7]. It is well known that �� � morphology has a very strong
effect on the strength properties in titanium alloys [40]. In this case, the dislocation
generation and annihilation can easily occur at the �=� boundaries, which also serve
as barriers to dislocation slip. As for the effect of volume fraction, Ranganath et al.
[4, 6] suggest that a modification in the dimensionless constant, A � 3:2� 105 exp
�ÿ24:2Vf� for the lattice diffusion region and A � 4:4� 105 exp�ÿ28:1Vf� (where
Vf is the volume fraction of reinforcements) for the pipe-diffusion region to take
the influence of reinforcements into account on the creep kinetics. As a result, it
was established that the high creep strength of composites is achieved through
combined effects of an increased modulus of the composites and the refined
microstructure.

3 Creep of dispersion-strengthened aluminium matrix composites

Large improvements in high temperature performance, i.e., creep resistance of
metallic materials especially aluminium alloys can be achieved by the formation of
non-shearable, nano-sized (usually dispersoid radius <100 nm as dislocation theory
required) dispersoids exhibiting chemical stability and low coarsening tendency.
Dispersoid strengthening in metals results from dispersoids impeding the motion of
matrix dislocations within the grains or at grain boundaries [41±44]. However, the
moduli of these dispersion-strengthened (DS) aluminium alloys are not markedly
improved. A promising approach to achieve this objective is to combine nanometer-
scale dispersoids and micro-sized ceramic reinforcements. The latter strengthening
rests on the load transfer from the soft matrix onto the hard reinforcements. As a
result, a new family of materials±dispersion-strengthened aluminium matrix
composites has been developed with superior performance such as higher specific
modulus, higher specific strength and higher creep resistance than the corresponding
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monolithic alloy [45±56]. They are now being considered for high temperature
applications. Therefore, the creep behavior of these metal matrix composites
(MMCs) has attracted considerable interest in recent years.

Despite different size scales, there are still some fundamental similarities in creep
behavior between DS matrix alloys and their discontinuously reinforced composites
by ceramic particulates or whiskers. Their creep behavior is often characterized by
exceptionally high and variable values for the apparent stress exponent
na�� �@ ln _"=@ ln��T, where _" is the creep rate and � is the applied stress) and the
apparent activation energy Qa�� �R@ ln _"=@�1=T���, where R is the universal gas
constant and T is the absolute temperature).

In order to assess the potential of these advanced composites for use as structural
materials for high temperature application, it is necessary not only to systematically
investigate the creep properties of these composites but also to conduct a close
comparison between the creep behavior of a composite and that of its unreinforced
matrix alloy under similar experimental conditions. As a consequence, the objective
of the present section is to examine whether the incorporation of ceramic whiskers
(SiC, Al18B4O33 and Si3N4) or particulates (SiC) into DS alloys (PM Al-Fe-V-Si and
MA Al-C) results in a strengthening effect and to identify the role of the
reinforcements and the matrix alloy during the creep of the composites. Moreover,
some other relevant fundamental aspects with respect to the creep deformation will
also be addressed.

3.1 Creep in PM Al-8.5Fe-1.3V-1.7Si MMCs reinforced by whiskers

Detailed creep experiments were carried out by Peng et al. [48±51] on PM Al-8.5Fe-
1.3V-1.7Si (wt.%, denoted Al-Fe-V-Si in the following) alloy and its several
composites over the temperature range from 573 to 823 K. They are reinforced with
15 vol.% of SiC, Al18B4O33 and Si3N4 whiskers, respectively (hereafter denoted as
SiCw/Al-Fe-V-Si, Al18B4O33w/Al-Fe-V-Si and Si3N4w/Al-Fe-V-Si). The details
regarding to fabrication of the composites and experimental descriptions can be
found elsewhere [48±51]. From several previous investigations [44, 46, 47, 57±59], the
microstructure of PM Al-Fe-V-Si consists of very fine grain size (about 0.4 �m) and
small and round dispersoids. The vast majority of dispersoids have the composition
of Al12(Fe,V)3Si phase with an average radius of 47 nm, which are homogeneously
distributed throughout the aluminium matrix. The dispersoids made up a volume
fraction of about 0.27 and were found to be thermally stable. The representative
microstructure of SiCw/Al-Fe-V-Si composite is illustrated in Figure 4. The
Al18B4O33w/Al-Fe-V-Si and Si3N4w/Al-Fe-V-Si composites had the similar micro-
structure. It can be found that the dispersoids and whiskers are aligned along the
extrusion direction. The aspect ratio of SiC whiskers is reduced from 100 (before
extrusion processing) to 10 by processing.

A logarithmic plot of the steady-state creep rate, _" vs the applied stress, �, is
shown in Figure 5 for (a) the unreinforced Al-Fe-V-Si alloy and (b) the SiCw/Al-Fe-
V-Si composite. Inspection of the creep data for both materials demonstrates that the
steady-state creep rate can be related to stress and temperature through Eq. (1). As
can be seen in the figures, the datum points for any temperature and any composite
can be approximated by a straight line, whose slope is defined as the apparent stress
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exponent, na. The present results differ from those of other investigations on PM
2124 and 6061 Al alloy [60, 61] and their SiC reinforced aluminium composites [24,
26] where na is variable with the applied stress, i.e., increasing with decreasing the
applied stress. One possibility responsible for this discrepancy is that the present
creep data are obtained only over four orders of magnitude (10ÿ7±10ÿ4 sÿ1) instead
of 10ÿ9±10ÿ2 sÿ1 available in other investigations [26, 60, 61]. Owing to the very
strong stress dependence of creep rate, it is difficult to estimate the apparent
activation energy of creep, Qa. However, Qa can be estimated by using the data of
Figure 5 and by the following equation

Qa � ÿR ln� _"1= _"2�
�1=T1 ÿ 1=T2�
� �

�

: �2�

The values of na and Qa for Al-Fe-V-Si and its composites are summarized in
Table 1. For both Al-Fe-V-Si matrix alloy and its whisker reinforced composites, the
values of apparent stress exponent, na, and the apparent activation energy, Qa, vary
with testing temperature and applied stress, respectively. These values lie within the
range of na � 11±18.1 and Qa � 195±395 kJ molÿ1, respectively. They are very high
by comparison with the stress exponents of n � 3±5 reported for the creep of pure Al
or traditional solid solution Al alloys and with the anticipated activation energy for
creep which should be close to the value for self-diffusion in Al (142 kJ molÿ1 ) or for

Figure 4 Microstructure of SiCw/Al-Fe-V-Si composite [48].
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Figure 5 Steady-state or minimum creep rate vs applied stress for (a) the Al-Fe-V-Si alloy and
(b) SiCw/Al-Fe-V-Si composite.

(a)

(b)
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interdiffusion of relevant solute atoms, i.e., Mg in the Al lattice (i.e., 130 kJ molÿ1 for
Mg in Al [25]). In general, the incorporation of ceramic whiskers into DS Al-Fe-V-Si
alloy does not evidently influence either the stress or temperature dependence of the
creep rates of the matrix alloy. This is different from the effects of SiC whiskers or
particulates on the creep behavior of pure aluminium or traditional aluminium alloy
matrix composites [18, 19]. However, it is consistent with the results on the creep
behavior of SiC whiskers reinforced PM 6061 Al composites [24] or SiC particulates
reinforced PM 2124 Al composites [26], where the matrix alloy contains oxide
dispersoids generated due to the P/M route.

3.2 Creep in MA Al-C MMCs reinforced by SiC particulates

Recently, mechanical alloying technique has been extensively applied to fabricate
another class of advanced metal matrix composites, among which the matrix alloys
were strengthened by fine and stable aluminium carbide, Al4C3 and alumina, Al2O3

[52, 53]. Experiments were conducted to determine the creep properties of Al-SiCp/
Al4C3 composites. The volume fraction of SiC particulates with an average diameter
of 10 �m was fixed to 10 vol.%, the volume fraction of Al4C3 dispersoids was defined
by the content of carbon in the Al-C matrix alloys. Therefore, SiC/AlCX (X � 1, 2
and 3) denotes the Al-C alloy reinforced by 10 vol.% SiC particulates; X wt.%
carbon was added to the aluminium powder before the mechanical alloying. A more
detailed description of the material processing and creep tests can be found in Refs
[52, 53].

The steady-state (minimum) creep rate is plotted as a function of stress for DS Al-
C matrix alloy in Figure 6(a) and for SiC/AlC composites in Figure 6(b). Using the
power-law equation to describe the stress dependence of the creep rate, the apparent
stress exponents range from na � 25:7 to na � 32:3 for the DS Al-C alloys and from
na � 15:2 to na � 35:2 for the SiC/AlC composites. It can be found that at any given
temperature, the exponent na for the SiC/AlC composites increases with the volume
fraction of aluminium carbide dispersoids. At the same time, the value of na at 723 K
is higher than at 623 K. Also, the creep resistance of both Al-C alloys and SiC/AlC
composites increases with increasing volume fraction of Al4C3 dispersoids at the
same applied stress. The apparent activation energy, Qa for creep is estimated on the

Table 1 Summary of creep investigations on Al-Fe-V-Si and its composites reinforced by

whiskers (Qexp
a in kJ molÿ1 and � in MPa).

T

(K) Al-Fe-V-Si

SiCw/

Al-Fe-V-Si

Al18B4O33w/

Al-Fe-V-Si

Si3N4w/

Al-Fe-V-Si

na Qexp
a Qcalc

a na Qexp
a Qcalc

a na Qexp
a Qcalc

a na Qexp
a

573 16.7 195 200 13.7 264 293 12.6 240 227

623 17.6 (��160) (��160; 18.1 (��146) (��146, 14.1 (��200) (��80)

673 13.3 296 T�673 K)16.0 303 T�623 K) 236 246 336

723 15.4 (��105) 278 15.0 (��120) 270 13.5 (��129) (��129, (��60)

773 395 (��105, (��120, T�723 K) 12.3

823 (��95) T�673 K) T�723 K) 11.0
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Figure 6 Steady-state or minimum creep rate vs applied stress for (a) the AlC1 and AlC2 alloys
and (b) the SiC/AlCX (X = 1, 2 and 3) composites.

(a)

(b)
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basis of Eq. (2), with a value ranging from 286 to 446 kJ molÿ1 for Al-C alloys and
from 200 to 322 kJ molÿ1 for composites, respectively. Again, these materials exhibit
anomalous creep characteristics as have been described in the Al-Fe-V-Si system
materials.

In order to eliminate the influence of temperature on creep rate and compare the
strengthening effect of different ceramic reinforcements, Figures 7 and 8 show the
relations between _"=DL and �=G for the two systems of DS aluminium alloys and
their composites, where DL (� 1:71� 10ÿ4 exp�ÿ142:12=RT [m2 sÿ1] [62]) and G
(� 3:0� 104 ÿ 16T [MPa] [63]) are the coefficient of self-diffusion and shear modulus
of pure aluminium, respectively. Inspection of these figures reveals the following
features. Firstly, the datum points of each material at different temperatures can be
represented by a single line with a slope of still more than 10 or collapse within a
narrow band. This implies that creep deformation of all the materials may be
controlled by lattice diffusion of aluminium. Secondly, at any given value of
normalized stress, �=G, the normalized creep rate, _"=DL in the composites reinforced
either by ceramic whiskers or particulates are more than two and three orders of
magnitude lower than those in their matrix alloyÐAl-Fe-V-Si and Al-C, respectively.

The parallel curves of the matrix alloy and the composites suggest the possibility
of the occurrence of load transfer during the creep of composites, which will be
addressed in the succeeding part. However, there are two points worth noting.
Firstly, when the Si3N4/Al-Fe-V-Si composite is tested at the temperature higher
than 773 K, the creep strengthening effect of whisker diminishes before a threshold
stress is incorporated into the analysis (c.f. Figure 7(b)). Secondly, for the SiC/AlC1
composite, the normalized creep curve exhibits concave-upward shape and the stress
exponent increases with increasing normalized stress when the creep test is carried
out at 823 K (c.f. Figure 8(d)).

3.3 Interpretation of the creep data using a threshold stress

As stated previously, the creep behavior of dispersion strengthened PM Al-Fe-V-Si,
MA Al-C alloys and their composites, unlike that of pure Al or solid solution
strengthened Al alloys, cannot be described by the simple power-law creep Eq. (1).
However, the anomalous stress dependence of creep rate in these materials suggests
that it is appropriate to incorporate a threshold stress, �th, into the simple power-law
equation; the observed creep deformation is driven by an effective stress
�e�� �ÿ �th� instead of the applied stress, �. In this case, the creep behavior is
controlled by a rate equation of the form

_" � ADGb

kT

�ÿ �th

G

� �n

: �3�

Then, these high values for na and Qa will be reduced to lower and constant
values for the true stress exponent and the true activation energy, and these lower
values are usually close to those anticipated from creep of pure metals and solid-
solution alloys. Accordingly, it is appropriate to examine the rate-controlling
mechanisms in the creep of MMCs based on the well-established creep processes for
metals and alloys. On the other hand, it is usual to anticipate that the value of the
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Figure 7 Diffusion-compensated strain-rate vs modulus-compensated stress for (a) Al-Fe-V-Si,

SiCw/Al-Fe-V-Si and Al18B4O33w/Al-Fe-V-Si and (b) Si3N4w/Al-Fe-V-Si. A value of
142 kJ molÿ1 was used for the activation energy.

(a)

(b)
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(a)

(b)
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Figure 8 Diffusion-compensated strain-rate vs modulus-compensated stress for (a) AlC1 and

SiC/AlC1, (b) AlC2 and SiC/AlC2, (c) SiC/AlCX (X = 1, 2 and 3), and (d) SiC/AlC1 at
823 K. A value of 142 kJ molÿ1 was used for the activation energy.

(c)

(d)
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true stress exponent, n will take values of 3, 5, or 8, representing the viscous glide of
dislocations [64, 65], high temperature climb of dislocations [66], or a constant
substructure model [67], respectively. When n � 3, the anticipated activation energy
is close to the value for the interdiffusion energy of solute atoms, whereas when n � 5
or n � 8, the anticipated activation energy is close to the value for lattice self-
diffusion in the crystalline.

The standard procedure in determining the most appropriate value for the true
stress exponent is to replot the log _" vs log � data onto a linear-scale diagram of _"1=n

vs � using different values of n and then to select the value of n giving the best linear
fit to the datum points [24, 49±56]. At the same time, the straight fitting line's
intersection with the horizontal axis of zero strain rate provides the value of �th.

Thus, in Figure 9, _"1=5 is plotted against � in double linear coordinates for Al-Fe-
V-Si alloy and SiCw/Al-Fe-V-Si composites on the basis of analysis of creep data for
the matrix alloy. Using the third power of creep rate, the curves exhibit an upward-
curvature, and do not fit the linear relationship. Simultaneously, the supersaturation
of Fe, V, and Si in the Al matrix has been reported to be around 0.5 pct, 0.1 pct, and
0.1 pct, respectively [57]. Therefore, viscous glide is unlikely to control the creep of
Al-Fe-V-Si alloy and its composites because the high volume fraction of stable
intermetallic dispersoids Al12(Fe,V)3Si leads to a severe depletion in the level of
alloying elements in solid solution. Using the eighth power, the curves are linear, but
it should be noted that the present data cover only four orders of magnitude. Park et
al. [16] and Cadek et al. [22, 23] found that the eighth power exhibit downward-
curvature curves provided the creep rates in aluminium and aluminium alloys
reinforced by SiC particulates and/or whiskers cover more than five orders of
magnitude. Moreover, a value of n � 5 is consistent with published creep data both
for pure Al and, at least over limited ranges of stress, for Al-Mg and Al-Cu solid
solution alloys.

Taking the values for �th listed in Table 2, logarithmic plots of the creep rate vs
the effective stress, ��ÿ �th� are presented in Figure 10 for (a) SiCw/Al-Fe-V-Si and
(b) Al18B4O33w/Al-Fe-V-Si composites. It can be seen that all of the datum points fit
well to a series of nearly parallel lines having an average slope of 4.5 and 4.4 for these
two composites, respectively. This, in turn, supports the assumed value of the true
stress exponent n close to 5 rather than close to 3 or 8.

Since the true stress exponent for creep in Al-Fe-V-Si and its whiskers reinforced
composites is equal to 5, it is reasonable to conclude that creep of these materials is
controlled by high-temperature dislocation climb (lattice diffusion) of Al matrix. The
true activation energy for creep is close to the value for self-diffusion of Al. To
confirm the validity of this conclusion, Figure 11 shows a logarithmic plot of the
normalized creep rate, _"=DL, against the normalized effective stress, ��ÿ �th�=G. It is
apparent that all the datum points of both matrix alloy and composites are now
brought on or very close to their own line with a slope of �5. This figure also
indicates that even after normalizing the data with the threshold stress and modulus,
the normalized creep rate of the whiskers reinforced composites is still lower than
that of the matrix alloy, by a factor of �60. Furthermore, unlike the results as shown
in Figure 7(b), Si3N4 whiskers exhibit creep strengthening in this figure.
Comparatively, the three kinds of whiskers have almost the identical contribution
to increasing the creep resistance of matrix alloy. The similar analysis conducted by
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Figure 9 The linear extrapolation approach for estimating the threshold stresses using n � 5 for
(a) Al-Fe-V-Si and (b) SiCw/Al-Fe-V-Si.

(a)

(b)
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the present authors [52] reveals that the value of n � 8 is preferred to the value of
n � 5 at the true stress exponent for Al-C alloys and their composites. Again, at any
given selected value of the normalized effective stress, ��ÿ �th�=G, the normalized
creep rate, _"=DL in composites is more than three orders of magnitude lower than
that in their corresponding Al-C alloy (Figure 12).

3.4 Significance of the threshold stress

3.4.1 The origin of the threshold stress
The preceding analysis shows that the anomalous stress dependence of creep rates in
two systems of DS Al alloys and their composites can be interpreted in terms of a
threshold stress. The origin of such a threshold stress is attributed to the presence of
fine and stable incoherent dispersoids (Al12(Fe,V)3Si in DS Al-Fe-V-Si alloy or its
composites and Al4C3 in DS Al-C alloys or its composites) which act as effective
barriers of dislocation movement. It is reasonably speculated that the ceramic
reinforcements are not directly responsible for the threshold stress measured in the
composites due to their large size. This is consistent with some other investigators'
suggestions [24, 26, 60, 61] that the threshold stress for creep in PM 6061 Al, 2124 Al
and their composites is associated with the interactions between moving dislocations
and fine oxide dispersoids. These dispersoids form as a result of processing the
matrix alloys and composites by powder metallurgy.

For DS alloys, three theoretical deformation models [68±73] that explain the
nature of the interaction between incoherent non-shearable dispersoids and
dislocations, and give the magnitude of thresholds stresses have been proposed. In
these models, the threshold stress is equal to: (a) the stress required to cause
dislocation bowing between dispersoids [68, 69] (the Orowan stress), �Or; (b) the
extra back stress �b, required to create an additional segment of dislocation as it
surmounts the dispersoid by local climb [70, 71]; and (c) the stress associated with
detachment of dislocation from an attractive dispersoid after climb is completed [72,
73]. The expressions of the above threshold stress as well as the characterization of
various parameters are summarized in Table 3. The estimated values of �th=G by
substituting the relevant structural parameters into the three threshold stress

Table 2 Estimated values for the threshold stress in Al-Fe-V-Si and its composites (n � 5 and

�th in MPa).

T

(K) Al-Fe-V-Si

SiCw/

Al-Fe-V-Si

Al18B4O33w/

Al-Fe-V-Si

Si3N4w/

Al-Fe-V-Si

�th 103 ��th=G� �th 103 ��th=G� �th 103 ��th=G� �th 103 ��th=G�
573 112.4 5.40 131.9 6.33 131.7 6.32
623 91.6 4.57 122.4 6.11 109.1 5.45

673 64.3 3.34 100.9 5.25
723 55.0 2.98 76.3 4.14 67.5 3.66
773 42.4 2.41

823 32.0 1.90
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Figure 10 Steady-state or minimum creep rate, _" vs effective stress, ��ÿ �th� for
(a) SiCw/Al-Fe-V-Si and (b) and Al18B4O33w/Al-Fe-V-Si.

(a)

(b)
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equations of Table 3 together with the experimental values for Al-Fe-V-Si and SiCw/
Al-Fe-V-Si composite are given in Table 4 and semi-logarithmically plotted in Figure
13 as a function of the reciprocal of the absolute temperature for the purpose of
comparison. It can be found that the experimental values follow within the range of
�b=G < �th=G < �d=G. Also, the relationships between all the normalized thresholds
stress data obtained experimentally for the materials under consideration and the
reciprocal of the absolute temperature are shown in Figure 14.

3.4.2 The temperature dependence of the threshold stress
As evident from Figures 13 and 14, the experimental values of the normalized
threshold stress are sensitive to temperature (decreasing with increasing tempera-
ture) and such a sensitivity cannot be accounted for by the temperature dependence
of the shear modulus. Conversely, the temperature dependence of the predicted
threshold stress based on three deformation models arises from the variation of G
with T since their normalized values, �th=G are plotted as horizontal lines in Figure
14. Moreover, according to Figures 13 and 14, the variation of experimental �th=G
with T can be described by the following expression of the Arrhenius form [23, 24,
26, 29, 60, 61]

Figure 11 Normalized creep rate, _"=DL vs normalized effective stress, ��ÿ �th�=G for
Al-Fe-V-Si and whiskers reinforced composites.
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Figure 12 Normalized creep rate, _"=DL vs normalized effective stress, ��ÿ �th�=G for AlC1

and SiC/AlC1.

Table 3 Creep deformation models proposed for the origin of the threshold stress in DS alloys.

Model Magnitude of �th=G References

Orowan stress �Or=G � 0:84Mb ln�r=b�=����ÿ 2r��1ÿ ��1=2�� [68, 69]
Local climb (back stress ) �b=G � 0:3Mb=� [70, 71]
Detachment stress �d=G � �Or=G � �1ÿ k2d�1=2 { [72, 73]

*M is the Taylor factor (� inverse of the Schmidt factor of single crystalline materials).
{kd is a relaxation parameter taking values between 0 (maximum attractive interactions) and 1 (no
attractive interactions).

Table 4 The experimental and estimated values of �th=G for Al-Fe-V-Si alloy based on the

relevant proposed models for dispersoid-dislocation interactions in DS alloys.

T

(K)

103�Or=G 103�b=G 103�d=G 103�th=G
for Al-Fe-V-Si

103�th=G
for SiCw/Al-Fe-V-Si

573 46.7 2.36 10.6 5.40 6.33
623 46.7 2.36 10.9 4.57 6.11

673 46.7 2.36 10.8 3.34 5.25
723 46.7 2.36 11.1 2.98 4.14
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Figure 13 Comparison of magnitude and temperature dependence of normalized experimental
and theoretical threshold stress for Al-Fe-V-Si and SiC/Al-Fe-V-Si.

�Or/G

Figure 14 Normalized threshold stress vs reciprocal of absolute testing temperature for all
materials under investigations.
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�th

G
� B0 exp

Q0

RT

� �
; �4�

where B0 is a constant, and Q0 is an energy. By taking the slope of the straight lines in
Figure 14, the estimated values of Q0 are 14.4, 9.6 and 12.8 kJ molÿ1 for Al-Fe-V-Si
alloy, SiCw/Al-Fe-V-Si and Al18B4O33w/Al-Fe-V-Si composites, respectively. Since
creep tests were conducted at only two temperatures, it is inappropriate to estimate
Q0 for other materials.

The origin of the strong temperature dependence of the thresholds stress is still
not completely clear at the present time. Nevertheless, it is interesting to note that Eq.
(4) takes the similar form to that reported for the temperature dependence of �th in
superplastic materials. For these materials it has been suggested that there is an
interaction between impurity atoms segregated at boundaries and dislocations. Thus,
a threshold stress proportional to exp�E=RT� (E is the binding energy between an
impurity atom and a lattice dislocation with a value of 8.7±26 kJ molÿ1 [74]) is
introduced by such an interaction. The estimated values of Q0 [Eq. (4)] for other DS
alloys and some Al matrix composites are summarized in Table 5. There are two
main findings worth noting. Firstly, the values of Q0 is relatively insensitive both to
the nature and to the volume fraction of reinforcement in MMCs and similar values
of Q0 are obtained in Al-based alloys without any reinforcements. Secondly, the
range of experimental values of Q0 lies within the reported binding energies between
dislocations and impurity atoms in the glide plane [74].

However, some investigations, i.e., on 15 vol.% SiCp/Al-8.5Fe-1.3V-1.7Si [75] or
20 vol.% SiCp/2124Al [76], demonstrated that the true threshold stress creep
behavior may disappear above a critical testing temperature when the threshold
stress is described by a linear decrease relation with the testing temperature. In this
case, a transition occurs from athermally to thermally activated detachment of
dislocations from fine dispersoids existing in aluminium matrix of composites [75,
76]. For 20 vol.% SiCp/2124Al composite, the derived critical temperature is 740 K
[76]. For the present materials, the critical temperatures are much higher than this
value (Figure 15). In particular, for SiCw/Al-Fe-V-Si, the critical temperature is
934 K, which approaches the melting temperature of pure aluminium (933 K [38]).

Table 5 Estimated values of Q0 (in kJ molÿ1) for DS alloys and MMCs based on Eq. (4).

Materials Q0 (kJ molÿ1) References

15 vol.% SiCw/Al-Fe-V-Si 9.6 Present investigation

15 vol.% Al18B4O33w/Al-Fe-V-Si 12.8 Present investigation
PM Al-Fe-V-Si 14.4 Present investigation
PM 2124 Al 27.5 [61]

PM 6061 Al 19.3 [60]
MA 754 10.6 [77]
RS Al-Si-Ni-Cr alloy 21 [78]
30 vol.% SiCp/6061 Al 19.3 [24]

30 vol.% SiC/Al 23 [23]
20 vol.% Al2O3p/6061Al 25 [15]
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One can exclude the possibility that the threshold stress decreases linearly with testing
temperatures. Instead, it is more reasonable to use Eq. (4) to describe this relation.

3.5 Effect of matrix alloy on creep behavior of MMCs

It is well established that the creep behavior of solid solution alloys is divided into
two distinct types, namely class M (metal type) and class A (alloy type) [79]. In the
former case, the creep deformation is controlled by dislocation climb with a stress
exponent of �5 and an activation energy close to the value for lattice self-diffusion.
While in the latter case, the rate-controlling process is viscous glide where dislocation
drag solute atoms atmosphere characterized by a stress exponent of �3 and an
activation energy related to the interdiffusion of the solute atoms. However, there
usually exists a transition from class M to class A behavior under some conditions
[80].

Extensive investigations have demonstrated that the creep of MMCs is controlled
by the rate of deformation within the matrix alloy. Li et al. [28, 29, 32] investigated
the creep behavior of 20 vol.% Al2O3 particulates reinforced 6092 Al (Al-1.05Mg-
0.83Cu-0.75Si in wt.%) and 7005 Al (Al-4.5Zn-1.0Mg-0.4Fe-0.35Si in wt.%)
composites in which Mg and Zn are the major alloying element, respectively. Their
results have shown that the former composite exhibits creep behavior of class A type
with a true stress exponent of �3 and the same true activation energy as matrix alloy

Figure 15 Threshold stress vs absolute testing temperature for all materials to estimate the
critical temperature above which the threshold stress diminishes.
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close to the value of �130 kJ molÿ1 for creep controlled by viscous glide (or for
interdiffusion of Mg in the Al lattice); whereas the creep behavior of the latter
composite is characterized by a true stress exponent of �4.4, which is similar to the
value of n in pure Al, and a true activation energy of �120 kJ molÿ1, which is
consistent with the value anticipated for lattice self-diffusion in a dilute Al-Zn alloy
[28]. Therefore, it is reasonable to conclude that the creep of discontinuously
reinforced metal matrix composites is controlled by deformation within the matrix.

For the two systems of materials in the present investigations, the creep behavior
of whiskers or particulates reinforced composites is similar to that of their
corresponding matrix with regard to: (a) the value of true stress; (b) the value of
true activation energy; (c) the interpretation of creep in terms of a threshold stress;
and (d) the temperature dependence of the threshold stress as described by Eq. (4). It
can be inferred from these similarities in creep behavior between the composites and
the unreinforced matrix alloy that deformation in the matrix alloy controls the creep
of its composites. Moreover, the origin of the threshold stress for creep in the DS
matrix alloy is also responsible for the threshold stress behavior in the composite,
which rules out the possibility that ceramic reinforcements (whiskers or particulates)
serve directly as a source of �th.

3.6 Role of ceramic reinforcements

3.6.1 The magnitude of the threshold stress

As shown in Figure 14, the values of the threshold stress for creep in the composites
are higher than those for their corresponding matrix alloy. There are two possibilities
responsible for this discrepancy. Firstly, although the identical procedure is applied
to produce the composite and the matrix alloy, the incorporation of hard ceramic
reinforcements may exert an effect on the size and distribution of dispersoids in the
composites. For instance, the presence of ceramic reinforcements may result in
further breaking up of large dispersoids during hot pressing and extrusion process,
which in turn could cause a reduction in both the size and spacing of dispersoids in
the composites. The second possibility is associated with the fracture of ceramic
reinforcements into smaller ones with sizes comparable to those of dispersoids. As a
consequence, the volume fraction of dispersion dispersoids could be increased.
Therefore, it may be concluded that both the incoherent dispersoids and nanometer-
scale ceramic fragments introduced by the extrusion process interact with moving
dislocations in the composites.

3.6.2 The role of load transfer
As demonstrated previously, at any selected normalized (effective) stress, the
normalized creep rates in the composites are lower than in their corresponding
matrix alloy by �2 or 3 orders of magnitudes, depending on the strengths of matrix
in the case of DS Al-C alloys. Therefore, it is evident that the ceramic reinforcements
exhibit additional creep strengthening except a contribution to an increase in the
magnitudes of threshold stresses. The strengthening mechanism of composite
materials based on the load transfer from the matrix to reinforcements was first
proposed by Kelly and Street [81]. Their original analysis leads to the following
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expression that gives the ratio between the creep rates in the discontinuous fiber
reinforced composite and matrix alloy

_"c

_"m
� �

L

d

� �n�1
n

Vf � �1ÿ Vf�
24 35ÿn; �6�

where _"c is the composite creep rate, _"m the matrix creep rate at the same temperature
and stress, L=d the aspect ratio of the reinforcement, Vf the volume fraction of the
reinforcement, n the stress exponent, and � the load transfer coefficient determined
by
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For the whiskers reinforced Al-Fe-V-Si composites, taking Vf � 0:15, L=d � 10
and the apparent stress exponent at respective testing temperature, Eq. (7) yields the
values of load transfer coefficient for each composite as shown in Table 6 with an
average value of 0.461, 0.455 and 0.448 for SiC, Al18B4O33 and Si3N4 whiskers
reinforced Al-Fe-V-Si composites, respectively. It follows from Eq. (7) that the load
transfer coefficient is dependent only on the stress exponent at a given volume
fraction of reinforcements. Therefore, it is almost constant when the stress exponent
does not vary markedly with the testing temperature. Incorporation of the relevant
value of � into Eq. (6) leads to the average ratio of _"c= _"m as 3:82� 10ÿ4, 1:12� 10ÿ3

and 2:56� 10ÿ3 for the three composites, respectively. It is evident that the
theoretical predictions overestimate the creep strengthening effect of whiskers. The
factors responsible for this discrepancy rest on the assumption included in the shear-
lag model that the short fibers (whiskers) have the uniform aspect ratio and are
aligned along the load direction. In fact, some whiskers will inevitably be broken
resulting in a whisker length distribution with an asymmetric character. At the same
time, whisker misorientation also occurs during the extrusion process.

Considering the actual distribution of whiskers in the composites, two
parameters, �1 and �2 are introduced to characterize the whisker length and
orientation distribution, respectively, and they are defined as follows [49, 51, 82]

Table 6 Theoretical and experimental load transfer coefficient for whiskers reinforced
Al-Fe-V-Si composites (�0 � �1�2�).

T (K) SiCw/Al-Fe-V-Si Al18B4O33w/Al-Fe-V-Si Si3N4w/Al-Fe-V-Si
� �0 � � �0 � � �0

573 0.456 0.296 0.350 0.452 0.294 0.369
623 0.466 0.303 0.185 0.457 0.297 0.312
673 0.462 0.300 0.234

723 0.459 0.299 0.251 0.455 0.296 0.358
773 0.451 0.293
823 0.445 0.289
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where Lc is the critical whisker length, Lm the mean whisker length and f�L� the two-
parameter Weibull probability density function to describe the whisker length
distribution and given by [83]

f�L� � mnLnÿ1 exp�ÿmLn� for L > 0; �9�
where m and n are scale and shape parameters, respectively. Similarly, the whisker
orientation coefficient �2 is expressed by [49, 51, 84, 85]

�2 � 2

��max

�min

g��� cos2���d�ÿ 1; �10�

where g��� is the whisker orientation distribution function given as [82, 85]

g��� � �sin ��2pÿ1�cos ��2qÿ1� �max

�min
�sin ��2pÿ1�cos ��2qÿ1d�

; �11�

where p and q are the shape parameters determining the shape of the distribution
curves, 0 � �min � � � �max � �=2 and p � 1=2 and q � 1=2. Then Eq. (6) can be
modified as [49, 51]

_"c

_"m
� �1�2�

L

d

� �n�1
n

Vf � �1ÿ Vf�
24 35ÿn: �12�

Based on the relevant geometric factors and the above equations, several effective
strengthening factors of whiskers are presented in Table 7 and the modified load
transfer coefficient, �0 � �1�2� listed in Table 6. The experimental values of load
transfer coefficient seem to vary with temperature while the shear-lag approaches do
not consider the temperature dependence of load transfer. Incorporation of
�1�2 � 0:65 into Eq. (12) yields an average ratio of _"c= _"m � 1:16� 10ÿ2 for SiCw/
Al-Fe-V-Si composites, which implies that at any selected (normalized) stress, the

Table 7 The effective strengthening factors of whiskers [49, 51].

No. p q �1�2

1 0.5 1.0 0.228
2 1.0 4.0 0.415

3 1.0 8.0 0.540
4 1.0 16.0 0.609
5 0.5 10.0 0.630

6 4.0 100.0 0.637
7 0.5 16.0 0.650
8 0.5 32.0 0.671
9 1.0 100.0 0.678

10 0.5 100.0 0.685
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(normalized) creep rate of the composite is lower than that of the matrix alloy by a
factor of �86 and consistent with the experimental results (see Figure 11). The
similar relations hold for the other two whisker reinforced composites.

By incorporating both a threshold stress and a modified load transfer coefficient,
creep Eq. (3) for metal matrix composites is then re-written as [49, 50, 52]

_" � ADGb

kT

�1ÿ �0���ÿ �th�
G

� �n
: �13�

It follows from Eq. (13) that for a given value of ��ÿ �th� and at the same
temperature, the load transfer coefficient obtained experimentally, � is available
through the expression

� � 1ÿ _"c

_"m

� �1=n

; �14�

where n is the true stress exponent with values of 5 and 8 for whisker-reinforced Al-
Fe-V-Si and SiC/Al-C composites, respectively.

Figure 16 shows an example for comparison of the creep data between Al-Fe-V-Si
alloy and SiCw/Al-Fe-V-Si composite plotted at a single temperature of 723 K in the
logarithmic form of _" vs effective stress ��ÿ �th�. The estimated values of � by means
of this method for whisker-reinforced Al-Fe-V-Si and SiC/Al-C composites are
summarized in Tables 6 and 8, respectively. It is instructive to note that the predicted

Figure 16 Direct comparison on creep rate vs effective stress curve at 723 K determining the load
transfer coefficient between Al-Fe-V-Si and SiCw/Al-Fe-V-Si.
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values of load transfer coefficient are in reasonable agreement with those obtained
experimentally.

Further confirmation is provided in Figures 17 and 18 where the normalized
creep rates for the matrix alloy and composites, _"=DL are plotted against the
apparent normalized effective stress �1ÿ �0���ÿ �th�=G or �1ÿ ����ÿ �th�=G (�0

and � are load transfer coefficient and both equal to zero for the matrix alloys). It

Table 8 The load transfer coefficient for SiC/AlC composites.

T (K) Experimental value Predicted value*
SiC/AlC1 SiC/AlC2 SiC/AlC1 SiC/AlC2

623 0.638 0.507 0.460 0.468
723 0.432 0.416 0.467 0.474

*Predicted by Eq. (7) using L=d � 1:0 for particulates.

Figure 17 Creep strain rates normalized with the lattice diffusion coefficient of aluminium,
_"=DL vs the apparent effective stress normalized with the shear modulus of aluminium,

�1ÿ �0� ��ÿ �th�=G for Al-Fe-V-Si and its whiskers reinforced composites
(� � 0 for Al-Fe-V-Si matrix alloy).
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Figure 18 Creep strain rates normalized with the lattice diffusion coefficient of aluminium,
_"=DL vs the apparent effective stress normalized with the shear modulus of aluminium,

�1ÿ �� ��ÿ �th�=G for (a) AlC1 and SiC/AlC1 and (b) AlC2 and SiC/AlC2
(� � 0 for AlC matrix alloys).

(a)

(b)
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follows from these figures that the normalized creep rates of the composites are very
close to those of their corresponding matrix alloy.

In summary, as schematically depicted in Figure 19, dual scale dispersoids and
ceramic reinforcements strengthening is an attractive means to improving the creep
resistance of metals without changing the stress dependence of creep rates in
composites. A creep strength parameter is defined by RoÈ sler et al. to determine the
combining strengthening effect as [43]

� �
������
Vd

p
1� 2�2� L=d�V3=2

f

h i
; �15�

where � is the creep strength parameter, Vd is the volume fraction of fine dispersoids
present in the matrix alloy and other symbols have been defined previously. For
moderate creep strength levels, it is noted that dispersion strengthening alone is
insufficient since dispersoids are not capable of load transfer strengthening at high
temperature in addition to their pinning effect on dislocation motion. However,
combining ceramic reinforcements with realistic volume fractions can achieve
satisfactory creep strength through load carrying capacity of reinforcements.

Figure 19 Schematic illustration of steady-sate creep rate vs applied stress for a typical

dispersoid free matrix, dispersion strengthened (DS) material and ceramic reinforcement
strengthened composite.
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4 Concluding remarks

The creep behavior in titanium matrix composites, two systems of DS aluminium
alloys and their discontinuously reinforced composites was reviewed. The conclu-
sions are drawn as follows.

(1) In the discontinuous titanium matrix composites, there are two creep
mechanisms: lattice-diffusion controlled dislocation climb (n � 4:3) at low
stresses, and pipe-diffusion controlled dislocation climb at high stresses. There is
no threshold creep behavior as in the aluminium matrix composites. The creep
strengthening in MMCs originates from combined effects of an increased
modulus of the composites and the refined microstructures.

(2) Analysis of the creep data of DS alloys and their composites indicates the
presence of a threshold stress, that depends strongly on temperature. Available
threshold stress models proposed for DS alloys cannot account for the
temperature dependence of the threshold stress. A possible origin for the
thresholds stress in both the DS alloys and their composites is related to the
interactions between dislocations and fine dispersoids in the matrix. Creep
behavior in the composites and the unreinforced matrix alloy is controlled by the
deformation in the matrix and the presence of ceramic reinforcements is not
responsible for the source of the threshold stress. The threshold stress disappears
at very high temperatures which means a transition of creep mechanism.

(3) The addition of ceramic reinforcements to DS alloys results in enhancing the
creep resistance of their matrix alloys over the entire range of strain rates. It is
proposed that the creep strengthening is associated with the load transfer from
the matrix to reinforcements, which can be described quantitatively based on the
modified shear-lag approach where the effect of distribution for both length and
orientation of reinforcements is taken into account. Therefore, dual-scale
dispersoids and reinforcements strengthening is a promising means to achieve
high creep resistance without change of the high stress sensitivity of creep rate.

(4) When a threshold stress and the contribution of load transfer are incorporated
into the analysis, the creep rate for composites can be described by the equation

_" � ADGb

kT

�1ÿ ����ÿ �th�
G

� �n
where � is the load transfer coefficient. One of the effective ways for
development of creep-resistant MMCs is to combine the nano-sized particles
and micro-sized reinforcements.

(5) It is noted that creep fracture of MMCs has not been well studied compared to
creep deformation. The creep damage mechanism and creep life prediction
method have not been established. These need to be investigated in the future.

5 Outlook

Although there have been a lot of applications of discontinuous MMCs in
automotive and aerospace industries, a number of technological barriers, such as
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low fracture toughness, high cost of raw materials and machining for components,
exist for widespread applications. Moreover, the data bank of mechanical properties
is not enough for designers to evaluate how to balance the performance and cost.

Several new trends for development are noteworthy of mentioning as follows:

* Functionally gradient metal matrix composites (FGMMCs) appeared and are
being studied. FGMMCs are the same idea as functional gradient materials with
continuous change in composition and/or microstructure. Accordingly,
FGMMCs have become attractive and have the potential to be utilized in a
wide range of engineering applications, such as advanced engines, armor,
medical implants, and electronic devices [86, 87]. The main advantages of the
compositionally graded composites are the gradual change of properties such as
coefficient of heat conductivity and electrical conductivity, thermal stress, etc.
[88, 89]. The concept of FGMMCs has also been applied in protective coatings in
metal matrix composites [90].

* The laminated approach [91±96] has been identified as a promising technique to
improve the toughness of discontinuously reinforced metal matrix composites,
where delamination along the interface is considered as a mechanism for crack
blunting and the spreading of deformation. The level of improvement is
dependent on the test orientation [95].

* In order to meet specific requirements, such as high flexural strength, high
stiffness, and wear-resistance, or a low coefficient of thermal expansion, MMCs
with high volume fraction of reinforcements up to 50% are being developed [97±
99]. High-pressure [98±102] or pressureless [103] infiltration and squeeze-cast
[104, 105] have been considered as a promising process to fabricate these
composites using ceramic preforms. By using these two techniques, the
distribution of reinforcements is quite uniform. Elimination of residual
porosities and absence of interfacial reactions between the reinforcements and
the matrix can be ensured in the final products. Furthermore, the resulting
properties of MMCs can be adjusted to the required values via additions of
appropriate additional alloying elements. Additionally, when suitable barriers
are used to prevent the infiltration of molten metal it is also possible to fabricate
net- or near-net-shaped MMCs.

* The magnesium alloys and their matrix composites are now hot topics due to
their high specific properties. Since a high reactivity between the magnesium and
the reinforcement results in better interfaces than by using an aluminium alloy
matrix, much work has already been done on reinforcing magnesium with
graphite fibers, SiC particulates and whiskers, Al2O3 fibers and particulates [106].
However, in several magnesium matrix-reinforcement combinations, this
reactivity leads to limitations in elevated temperature applications due to severe
interfacial reactions. For example, in contrast to aluminium matrices, magnesium
and magnesium alloys show excellent wetting with Al2O3. From the thermo-
dynamical point of view, Al2O3 is not stable against chemical reaction with
magnesium, resulting in the formation of an MgAl2O4 spinel or MgO. Therefore
some approaches, such as the modification of the matrix composition, coating of
the reinforcement, specific treatments to the reinforcement and control of process
parameters are proposed to obtain desired interfaces with better properties [90].
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* The recycling technology of MMCs is a very important subject. This difficulty is
also an obstacle for the wide applications of MMCs, although research on the
recycling is going on. It is noted that the research on performance should be
emphasized in the future, compared to attempting high values of some
mechanical properties only at present.
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