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Abstract

A significant improvement in the creep properties of magnesium monolithic alloys at high
temperatures can potentially be achieved through processing various magnesium metal matrix
composites in which the matrix alloy is strengthened through the introduction of non-metallic
fibres or particulates. In this work, a comparison between the creep behaviour and character-
istics of an unreinforced high-strength creep-resistant QE22 matrix alloy and a QE22 alloy
composite reinforced with 20 vol.% Al2O3 (Saffil) short fibres was performed. Constant stress
tensile creep tests were carried out at 423, 473, and 523 K, and the applied stresses ranged
from 30 to 200 MPa. The creep strengthening of the composite by reinforcement arises mainly
from effective load transfer between matrix and fibres provided that no extensive debonding of
the fibre/matrix interfaces or substantial breakage of fibres during creep exposure occur. How-
ever, the beneficial effect of reinforcement and the improved creep resistance of the composite
is significantly influenced by the creep loading conditions.

K e y w o r d s: magnesium alloy, composite, creep, transfer load, fibre/matrix debonding,
fracture

1. Introduction

The creep resistance of the most magnesium al-
loys is rather limited at temperatures above 373K
due to their low melting points [1]. However, a sig-
nificant improvement in the creep properties of mag-
nesium monolithic alloys can potentially be achieved
through processing various discontinuous magnesium
metal matrix composites, where matrices consist of
conventional magnesium alloys that are strengthened
through the introduction of non-metallic fibres, par-
ticulates, or both to form metal matrix composites
(MMCs) [2–9]. In fact, an experimental study of the
creep behaviour of AZ91 alloy reinforced with 20 vol.%
Al2O3 short fibres and unreinforced AZ91 matrix alloy
showed that using short alumina fibres is very effec-
tive in considerably improving the creep properties of
squeeze-cast AZ91 monolithic alloy [6, 8].
It is now well established [8] that the creep of

metal matrix composites is controlled by the rate
of flow within the matrix alloys. Therefore, creep-
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-resistant precipitate strengthened magnesium QE22
alloy was selected for further attempts to clarify the
creep strengthening mechanisms in its short fibre rein-
forced magnesium composite. QE22 alloy was derived
from Mg-Re-Zr alloys by the addition of silver to im-
prove its mechanical properties due to both strength-
ening effect of matrix precipitates and the presence of
the grain boundary phases [6, 7]. Furthermore, it is
assumed that an additional improvement of its creep
resistance and thermal stability could be potentially
achieved by reinforcement with Al2O3 short fibres by
analogy with a previously studied reinforced AZ91 al-
loy [6, 8].
The present investigation was initiated to obtain

a better understanding of the role of possible rein-
forcement by short fibres in magnesium alloys. This
work reports a comparison of the experimental results
obtained in an investigation of the high temperature
creep properties of short fibre reinforced QE22 matrix
composite and its matrix monolithic alloy, which were
both produced by squeeze casting.
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2. Experimental materials and procedures

Short-fibre reinforced and unreinforced blocks of
high-strength silver-containing alloy QE22 (2.5 wt.%
Ag, 2.0 wt.% Nd rich mixture of rare earth elements,
0.6 wt.% Zr, balance Mg) were produced by squeeze
casting [1] at Technical University of Clausthal, Ger-
many. The orientation of fibres in the preform was pla-
nar with randomly distributed δ-Al2O3 short fibres,
Saffil� (97% δ-Al2O3, 3 % SiO2). Saffil fibres were
∼ 3 µm in diameter with varying lengths, up to an esti-
mated maximum of ∼ 150 µm measured after squeeze
casting. The preforms consisting of Al2O3 short fibres
and a binder system were preheated to a temperature
higher than the melt temperature of the alloy and then
inserted into a preheated die. The two-stage applica-
tion of pressure resulted in a composite with an about
20 vol.% final fibre fraction after squeeze casting. For
convenience, the composite is henceforth designated
QE22 + Saffil. After production, both unreinforced
QE22 alloy and its composite were subjected to a T6
heat treatment. The mean grain size of the unrein-
forced QE22 alloy was estimated to be about 50 µm
and for the composite ∼ 9 µm.
Flat creep specimens with a 25mm gauge length

and 3 × 3.2mm2 cross-sections were machined from
the blocks so that the longitudinal specimen axes were
parallel to the plane in which the long axes of the fibres
were situated. Constant stress tensile creep tests were
carried out at temperatures from 423 to 523 K and at
tensile applied stresses ranging from 30 to 200MPa.
The creep tests were performed in purified argon us-
ing tensile creep testing machines, making it possible
to keep the applied stress constant to within 0.1 % up
to a true strain of about 0.35 [10]. The testing tem-
perature was monitored during creep tests and main-
tained constant to within ± 0.5 K. Almost all the tests
were run to the final fracture of creep specimen. The
creep elongations were continuously measured during
the whole creep exposure using a linear variable differ-
ential transducer, W2K from Hottinger-Baldwin Co.,
Germany (the elongation was measured with a sensi-
tivity of 5 × 10−6), and they were recorded digitally,
and computer processed.
Metallographic and fractographic investigations of

creep specimens were conducted after creep testing us-
ing either a transmission electron microscope, Philips
CM 12 TEM/STEM, or a scanning electron micro-
scope, Tescan Lyra 3 XMU.

3. Experimental results and discussion

3.1. Creep behaviour in the unreinforced and
reinforced QE22 alloy

The creep test results can be plotted as standard

Fig. 1. Comparison of creep curves for QE22 alloy and
QE22 + Saffil composite at 473 K and 90 MPa: (a) stan-

dard creep curve and (b) modified creep curve.

creep curves, which graphically represent the time de-
pendence of strain, ε (elongation), over a gauge length
of the creep specimen. Representative standard creep
curves, ε vs. t, of the QE22 alloy and the QE22 + Saffil
composite at 473K and the same value of the applied
stress, σ = 90MPa, are shown in Fig. 1a. As demon-
strated in Fig. 1a by the shapes of standard creep
curves, significant differences were found in the creep
behaviour of the composite when compared to its ma-
trix alloy. Frequently, the standard creep curve of most
materials can be described by four stages of creep, con-
sisting of instantaneous strain, ε0, just after loading
the specimens and primary, secondary, and tertiary
stages during creep exposure to the final fracture of
the specimen. However, as is obvious from Fig. 1a,
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the following main differences in the behaviour of both
materials can be observed. First, the presence of short
fibre reinforcement leads to a significant decrease in
the creep fracture strain (creep fracture plasticity),
which is proved by the values of the total strain to
fracture, εf , for the composite. Second, the composite
exhibits a markedly longer time to fracture, tf (creep
life), than the matrix alloy under the same loading
conditions. Third, by contrast to the alloy curve, the
composite curve shows the primary stage is fairly ex-
tensive. Fourth, a brief inspection of Fig. 1a suggests
that the creep curve for the unreinforced alloy exhibits
a sharp creep rateminimum very early after specimen
loading.
It is obvious that the standard creep curves shown

in Fig. 1a do not clearly indicate the individual stages
of creep. Therefore, these standard ε vs. t creep curves
can be replotted in a different coordinate system in
the form of strain rate, ε̇ vs. t, as shown in Fig. 1b. A
dramatic difference is shown in the extent of primary
creep, which is extremely short in the unreinforced
alloy. In contrast, the primary stage in the compos-
ite is fairly extensive and practically covers the essen-
tial duration of the creep test. The decreasing creep
rate in the primary creep stage can be attributed to
strain hardening or a decrease in the density of mobile
dislocations. From inspecting Fig. 1b, it is clear that
neither curve exhibits a well-defined steady-state and
this stage is reduced to an inflexion point on the ε̇ vs.
t curve. In this case, the minimum creep rate, ε̇m, can
be defined instead of the steady-state creep rate, ε̇s.
The minimum creep rate, ε̇m, can be explained by the
process where hardening in the primary stage is bal-
anced by softening in the tertiary stage. The increase
in creep rate with time in the tertiary creep stage can
follow from microstructure instability and evolution,
which reflects the effect of plastic strain on the mi-
crostructure softness. As can be seen from Fig. 1b, the
softness development during the tertiary creep of both
materials significantly differs from each other. Necking
of the specimens, which could cause a significant in-
crease in the applied stress and thus an increase in the
creep rate exhibited in the tertiary creep stage of the
composite, can be omitted during the constant-stress
creep testing used in this work.
From Fig. 1, it is apparent that the creep resistance

of the composite can be significantly improved com-
pared to the unreinforced alloy. However, it cannot be
excluded that the creep behaviour and resulting creep
properties of both materials could strongly be influ-
enced by the creep loading conditions used. In fact,
it is apparent from Fig. 2, which shows the creep be-
haviour of both materials at the same temperature but
at increased applied stress only up to σ = 100MPa.
In a striking difference between Figs. 1 and 2, Fig. 2
shows an essential deterioration of the creep resistance
of the composite compared to monolithic alloy. Thus,

Fig. 2. Comparison of creep curves for QE22 alloy and
QE22 + Saffil composite at 473 K and 100 MPa: (a) stan-

dard creep curves and (b) modified creep curve.

to more generally analyse the creep behaviour of both
materials, we evaluated the applied stress and tem-
perature dependences of relevant creep parameters of
both materials under investigation.

3.2. Applied stress and temperature
dependences of creep parameters

The stress, σ, and temperature, T , the dependence
of the minimum creep rate, ε̇m, generally follow a sim-
ple Norton power-law constitutive equation [11–13]:

ε̇m = Aσn exp (−Qc/kT ) , (1)
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Fig. 3. Stress dependences of the minimum creep rate for
(a) QE22 alloy and (b) QE22 + Saffil composite.

where A is the microstructure parameter related to
the material, n = (∂ ln ε̇m/∂ lnσ)T and is the ap-
parent stress exponent of the minimum creep rate,
Qc = [∂ ln ε̇m/∂ (−1/RT)]σ is the activation energy
for creep, k is the Boltzmann constant and T the ab-
solute temperature. Summaries of the creep data for
the QE22 alloy and the QE22 + Saffil composite at
423, 473, and 523K are shown in Figs. 3, 4, where the
minimum creep rate, ε̇m, is plotted against the ap-
plied stress, σ, on a double logarithmic scale. Careful
inspection of Figs. 3, 4 leads to the following obser-
vations. First, as depicted in Fig. 3, the stress depen-
dences of the minimum creep rates for both materials
have different trends, which is clearly demonstrated by
the characteristic curvatures on the monolithic alloy
curves (n �= const). Generally, the slopes and, there-

Fig. 4. Stress dependences of the minimum creep rate for
QE22 alloy and QE22 + Saffil composite.

fore, the values of the apparent stress exponent, n, of
the minimum creep rate, ε̇m, of the unreinforced alloy
decrease with decreasing applied stress and increasing
temperature, in the range from 3.8 (30MPa, 523K) to
20.9 (190MPa, 423K). In contrast, no obvious curva-
tures indicating such dependences can be observed in
the plots for the composite under the chosen loading
conditions. The very high values of n for the compos-
ite are about 30–40. These anomalously high values
for the stress exponent, n, suggest that the creep be-
haviour of both materials may be controlled by precip-
itation strengthening due to the interaction of mobile
dislocations [12–16]. However, the values of n for the
composite are clearly higher by comparison to those
for the unreinforced alloy. Such higher values of n for
the composite may be explained in terms of a thresh-
old stress for creep, σ0 [5, 12]; in this case, the creep
behaviour of the composite is not driven by the to-
tal applied stress, σ, but rather by an effective stress,
σe = σ − σ0.
Two procedures are available for estimating the

magnitude of the threshold stress σ0 in high tempe-
rature creep [17, 18]. In the first procedure, the creep
data are extrapolated directly from the plots of the
creep rate ε̇m vs. the applied stress σ to a lower lim-
iting strain rate where the lines become vertical, typ-
ically at a strain order of 10−10 s−1 [18, 19]. However,
there is a second simple empirical method to deter-
mine the threshold stress σ0 in creep, which has been
proposed by Lagneborg and Bergman [17]. If thresh-
old stress σ0 exists, Eq. (1) at selected temperature
can be reduced to Eq. (3):

ε̇ = A (σ − σ0)
n , (2)
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or

ε̇1/n = A1 (σ − σ0) . (3)

Thus, the threshold stress, σ0, can be evaluated by
plotting ε̇1/n vs. σ and extrapolating the

(
ε̇1/n − σ

)

curve to ε̇ = 0 [17]. The intercept of this curve on the
stress axis is the threshold stress, σ0. In this second
procedure, possible values of the stress exponent, n,
are chosen in advance. In practice, it has been reported
that both procedures give consistent values for thresh-
old stress, σ0 [20]. To apply the first procedure, note
that Figs. 3 and 4 do not exhibit a characteristic cur-
vature for the true threshold stress creep behaviour.
Further, Čadek and Šustek [19] proposed that it is nec-
essary to obtain experimental data over no less than
five orders of magnitude of creep rate to evaluate the
appropriate values of the threshold stress. However,
most experimental data from this work describe the
creep behaviour of the composite only over four or
less orders of magnitude of creep rate. Thus, it is dif-
ficult to establish whether the stress exponent, n, is
genuinely constant or increasing with decreasing ap-
plied stress, indicating the threshold stress potential-
ity. Unfortunately, it is nearly impossible for techni-
cal reasons (unrealistic time-consuming creep tests) to
perform additional creep tests at such extremely low
stresses. Furthermore, the above-mentioned prerequi-
site of the creep rate interval can hardly be fulfilled
for the investigated composite due to the occurrence
of sudden fracture at creep rates lower than 10−9 s−1.
Having only a small number of experimental points,
it was appropriate to make use of the second proce-
dure and extrapolate the data to give the threshold
stress at a zero-creep strain rate [17]. Analyses were
undertaken using selected values, n = 5 and 15 for the
unreinforced alloy (Fig. 5a) and n = 30 for the com-
posite (Fig. 5b). Detailed inspections of the individual
plots in Figs. 5a,b show that, while no threshold stress
was found in the case of monolithic alloy (Fig. 5a) and
effective stress, σe, is equivalent to the applied stress,
σ, the values of the threshold stress for the compos-
ite at 473K and 523K were estimated as 22.2 and
18.5MPa, respectively. However, from the disputable
experimental reasons mentioned above and insufficient
data, these values should be considered only very in-
formative.
The comparison of the minimum creep rate values,

ε̇m, implies that the QE22 + Saffil composite exhibits
an increased creep resistance compared to its mono-
lithic alloy at low applied stresses (Fig. 4). However,
this benefit decreases with increasing stress and de-
creasing temperature, and there is even a tendency
for the reinforcement to have a deleterious effect on
creep strength (Fig. 2). Further, the presence of rein-
forcement leads to a substantial decrease in the overall
ductility of the matrix alloy. Thus, the values of strain

Fig. 5. Procedure for determining the threshold stress σ0
at 473 and 523 K in: (a) QE22 alloy (using the stress ex-
ponents n = 5 and 15), and (b) QE22 + Saffil composite

(using a stress exponent n = 30).

to fracture, εf , in the composite were only ∼ 1–2%
and were essentially independent of stress and tempe-
rature (Fig. 6). By contrast, strain to fracture in the
monolithic alloy was markedly higher, typically up to
∼ 40%. Experimentally determined times to fracture
correlate with minimum creep rates (Fig. 7) through
the empirical Monkman-Grant relationship [21–24]:

ε̇m = C0/t
β
f , (4)

where C0 is a parameter depending on the total strain
εf during creep and exponent β, which can be influ-
enced by C0. From Fig. 7, it is clearly seen that the
Monkman-Grant relationship is linear in the studied
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Fig. 6. Stress dependences of the creep fracture strain εf
for QE22 alloy and QE22 + Saffil composite.

Fig. 7. Dependences of the time to fracture on the min-
imum creep rate (Monkman-Grant relationship [21]) for

QE22 alloy and QE22 + Saffil composite.

stress range. Note, however, that εf itself could be
strongly influenced by the mechanisms of the fracture
process, which could explain a shift of the composite
dependence towards shorter times to fracture at the
sameminimum creep rates (Fig. 7).
In a similar way as in Eq. (1), the constitutive

equation for the time to fracture, tf , in its functional
form gives [25]:

Fig. 8. Stress dependences of the time to fracture for: (a)
QE22 alloy and (b) QE22 + Saffil composite.

tf = B (σ)−m exp (Qf/RT ) , (5)

where B is a material constant, m = − (∂ ln tf/∂ lnσ)
is the stress exponent of the time to fracture, tf , and
Qf is the activation energy for fracture life.
The double logarithmic plots of the time to frac-

ture, tf , as a function of applied stress for both mate-
rials, are shown in Figs. 8 and 9. The experimen-
tally determined values of the apparent stress expo-
nent of the time to fracture, m, of both the composite
and the alloy are similar to the relevant values of n,
which, together with a valid M-G relationship, imply
the close link between creep deformation and fracture
processes. The difference in the lifetimes of the rein-
forced and unreinforced material mainly depends on
the creep loading conditions, the course of the tertiary
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Fig. 9. Stress dependences of the time to fracture for QE22
alloy and QE22 + Saffil composite.

creep stage, final fracture mode, and fracture strain,
εf .

3.3. Microstructural observations

Detailed microstructural investigations of the
squeeze-cast QE22 monolithic alloy and the QE 22–20
vol.% Al2O3(f) composite were reported by Kiehn et
al. [26]. Therefore, special attention was given in this
work to a study of the microstructural changes aris-
ing from creep exposure in the monolithic QE22 alloy
and the QE22 + Saffil composite. In the composite,
the fibres can act as nucleation centres in the pre-
cipitation process, promoting precipitation of Al2Nd,
Mg(Ag)12Nd, and Mg3Ag phases; their morphologies
can be seen in Fig. 10a for the composite in the state
before creep. However, the concentration of the pre-
cipitates at the fibre/matrix was very small. During
creep exposure, the number of Mg(Ag)12Nd particles
at the fibres grew slightly (Fig. 10b) and changed their
composition; the Nd/Ag ratio (in at.%) of the initial
state, ≈ 0.8, changed to close to 0.5 for the crept spec-
imen (473K, 90MPa, and 6512 hours).
The Al content in the matrix was enhanced due to

the decomposition of an alumina preform binder. The
evolution of the particle population inside the grains
leads to the formation of Al2Nd-like cubic particles in
creep at 423 K. At temperatures above 423K, these
particles are replaced by hexagonal β-phase or tetrag-
onal Mg(Ag)12Nd precipitates, which often nucleate
on dislocations, as shown in Fig. 10c. The precipita-
tion process in the grain interiors of the unreinforced
alloys is different and involves only a change of the
morphological features of the tetragonal semi-coherent

Fig. 10. TEM micrographs of QE22 + Saffil composite:
(a) before creep exposure and (b), (c) after creep at 473 K,
90 MPa for tf = 6512 h showing precipitates at fibre surface

and a detail view of intragranular precipitates.

Mg12Nd particles existing in the alloy after the T6
heat treatment. It should be noted that the formation
of second-phase particles along the fibre-matrix inter-
face reduces the concentration of alloying elements in
the matrix so that there is a consequent decrease in
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the density of obstacles opposing dislocation motion.
The formation of Guinier-Preston zones between 423
and 523 K was not observed but cannot be fully ex-
cluded due to complicated changes overlapping in the
population of various Mg12Nd-based precipitates.

3.4. Fractography and load transfer

Creep behaviour and creep resistance in metal ma-
trix composites may be substantially influenced by
the development of creep damage and fracture pro-
cesses [27, 28]. Based on the experimental results on
a short fibre reinforced aluminium alloy, Dlouhý et
al. reported [29–31] that, in the case of good bond-
ing between the Al2O3 Saffil short fibres and matrix
and under conditions of power-law creep in the ma-
trix, the formation of work-hardened zones (WHZ)
occurred. Due to the WHZ at the matrix/fibre inter-
face, the fibres were broken as a result of overload-
ing. However, such behaviour was not frequently ob-
served in the present investigated magnesium short
fibre QE 22 composite. Very few fibres were broken
outside the final creep fracture, but this may have
occurred while manufacturing metal matrix compos-
ite by squeeze casting. A fractographic investigation
failed to reveal substantial fibre cracking and break-
age on the longitudinal metallographic sections along
the gauge length of the crept specimens. The rea-
son that the fibres were not broken may be the small
creep strain under load (only 1–2%) and/or missing
the work hardening zone. More intensive fibre break-
age was restricted only to the creep fracture surface
and/or the region very near the fracture path, sug-
gesting that creep fracture occurs by the propagation
of the main crack during the final stage of the creep
fracture process (Fig. 11).
However, an intensive debonding of the ma-

trix/fibre interfaces was revealed at the creep frac-
ture surfaces of the QE + Saffil composite at high
stresses (Fig. 12). Furthermore, detailed investigations
of the fracture surfaces proved that a considerable
amount of the fibres were pulled out (Fig. 13). Gener-
ally, the extent of interfacial debonding was markedly
increasing with decreasing creep testing temperature
and increasing applied tensile stress. The final brittle
creep fracture in the composite occurs by relatively
fast propagation of the main crack along individual
aggregates of fibre damage (Fig. 14a). In this case,
the inherent creep ductility of the matrix was not ex-
hausted due to premature fracture caused by reaching
the ultimate state of creep damage [32]. In contrast,
the final intergranular creep fracture of the QE 22 al-
loy was caused by a local strain-induced instability of
the dislocation microstructure leading to a loss of an
external section of the creep specimen. A mixed-mode
of transgranular/intergranular fracture was observed
on fractured creep specimens, Fig. 14b.

Fig. 11. SEM micrographs of QE22 + Saffil composite
showing (a) fibre breakage at the creep fracture surface
and (b) a detail (creep at 473 K and 120 MPa for tf =

0.07 h).

In general, creep strengthening of the magnesium
composites may occur by either direct or indirect
mechanisms. Direct strengthening is due to a load
transfer from the matrix to the reinforcements. Thus,
load transfer is accompanied by a redistribution of
stresses in the matrix, and this reduces the effec-
tive stress for creep. Indirect strengthening may be
caused by the microstructural changes in the matrix
of the composite, which retard and/or inhibit disloca-
tion motion and lead to threshold stress for the creep
that increases the creep resistance. The QE22 + Saf-
fil composite exhibits good creep resistance compared
to its monolithic alloy at low stresses; however, this
benefit decreases considerably with increasing stress.
Such behaviour may be explained by a load transfer in
the composite. The occurrence of load transfer during
the creep of mostly aluminium composites has been re-
ported [8, 33–38]. It should be stressed that composite
mechanics is a highly complex issue [39–41]. Neverthe-
less, in the presence of load transfer, it is possible to
describe its effect on creep by introducing the load
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Fig. 12. SEM micrographs of QE22 + Saffil composite
showing (a) an intensive debonding of the matrix/fibre in-
terfaces and (b), (c) details (creep at 423 K and 100 MPa

for tf = 2887 h).

transfer coefficient, α, which characterizes the bear-
ing and load transfer of short fibre. Using a simple
empirical method [8, 41, 42], the minimum creep rate
of the composite can be expressed as:

Fig. 13. SEM micrographs of QE22 + Saffil composite
showing the pull-out of fibres at creep fracture surfaces:
(a) creep at 473 K, 120 MPa for tf = 0.07 h, (b) creep at

523 K, 75 MPa for tf = 264 h.

ε̇c/ε̇m = (1− α)n , (6)

where ε̇c is the minimum creep rate of the composite,
ε̇m is the minimum creep rate of the alloy, and n is the
stress exponent under the same loading conditions. It
is assumed that the values of load transfer coefficient,
α, lie within the range from 0 (no-load transfer) to
1 (full-load transfer) [8, 41, 42]. Unfortunately, the
values of the load transfer coefficient α for the QE22
composite cannot be rigorously obtained due to insuf-
ficient creep data inferred from this study. Despite this
fact, an illustrative estimation can serve for the val-
ues of α inferred from the data in Fig. 3 for which the
rate ε̇c < ε̇m. The experimentally estimated values of
α were found to be 0.11 and 0.26 for 423 and 523K,
respectively. Thus, these small values of α imply a
weak bond between the matrix alloy and the reinforc-
ing fibres. In comparison, it is interesting to notice
that the creep characteristics of an AZ91 magnesium
alloy (Mg, 9 wt.% Al, 1 wt.% Zn) reinforced with 20
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Fig. 14. SEM micrographs of creep fracture surface: (a)
QE22 + Saffil composite (creep at 523 K, 75 MPa and tf =
264 h) and (b) QE22 alloy (creep at 523 K, 50 MPa and

tf = 98 h).

vol.% Al2O3 short fibres (Saffil) showed that the creep
resistance of the reinforced alloy was considerably im-
proved compared to the unreinforced matrix alloy over
the entire range of creep rate measured [8]. The deter-
mined values of α were within the 0.79 to 0.90 range.
It should be noted that the AZ91 magnesium alloy is
less creep-resistant than the high-strength QE22 alloy
[3, 5–7]. Thus, the results indicate the dominant im-
portance of the choice of the composite matrix alloy
and the reinforcement used in composite design.
Observed differences in the minimum creep rates

and the lifetimes of the composite and unreinforced
QE22 alloy (Figs. 3, 4, 8, and 9) imply a critical weak-
ening of the fibre/matrix interface at high stresses.
The substantial increase of acting stress is caused by
the loss of a loading section of the creep specimen
due to debonding at the fibre/matrix interface. With
extreme values of the stress exponent, n, of the com-
posite creep rate, this should lead to a considerable
increase of the creep rate (Eq. (1)). Thus, Figs. 3 and

4 reveal that independent of the testing temperature,
at high stresses, the minimum creep rate of the com-
posite becomes essentially equal or even higher to that
of the unreinforced matrix alloy. As a result, the com-
posite creep strength approaches that of the matrix
alloy at intermediate creep rates and falls below it at
high strain rates. Following the results of fractographic
observations, an extensive debonding occurs at 423K
(Fig. 12), while a less limited interfacial debonding
was revealed at 523K. Thus, it can be expected that
no direct effective strengthening due to load transfer
from matrix to the fibres occurs at 423 K. In fact, in
the limit of zero interface strength, where no stress
can be transmitted to the fibres, the composite may
be weaker than the matrix alone. These results sug-
gest that direct composite strengthening controls the
creep behaviour of the short fibre QE22 composite. In-
direct composite strengthening may be caused by an
additional temperature-dependent precipitation pro-
cess in the composite due to the presence of the rein-
forcement, which leads to an attractive interaction be-
tween dislocations and incoherent second-phase par-
ticles. This mechanism could dominate in low-stress
regions.

4. Conclusions

A comparison between the creep characteristics
of the high-strength creep-resistant QE22 alloy rein-
forced with 20 vol.% Al2O3 (Saffil) short fibres and un-
reinforced QE22 matrix alloy under comparable exper-
imental loading conditions implies that creep strength-
ening in the composite arises mainly from effective
load transfer from matrix to fibres, provided that no
extensive debonding of the fibre/matrix interfaces and
substantial breakage of fibres during creep exposure
occur. The creep behaviour and the creep resistance
of the composite may be substantially influenced by
the creep loading conditions, especially by the level of
applied stress. The creep resistance of the composite
was improved in comparison to the unreinforced alloy
in low-stress regions. Furthermore, the beneficial ef-
fect of the reinforcement on the creep rate and, thus,
improvement of the creep resistance was better with
increasing testing temperature. In contrast, the creep
resistance of the composite decreases with increasing
applied stress, and there is a tendency for the rein-
forcement to have no significant or even negative ef-
fect on creep resistance at the highest experimental
stresses.
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