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A comparison between the creep characteristics of an AZ91 magnesium alloy rein-
forced with 20 vol.% Al2O3 short fibres and an unreinforced AZ91 matrix alloy shows
that the creep resistance of the reinforced material is considerably improved compared
to the matrix alloy. It is suggested that the creep strengthening in the composite arises
mainly from the existence of a threshold stress and the load transfer effect. The values
of the threshold stress in the creep of the composite at temperatures in the range from
373 to 673 K were estimated using standard methods. It is proposed that the threshold
stress arises from an attractive interaction between mobile dislocations and Mg17(Al,Zn)12
precipitates.
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1. Introduction

The magnesium AZ91 alloy, containing aluminium and zinc as major alloying
elements, has one of the best combinations of castability, mechanical strength and
ductility of all the magnesium-based alloys. However, the creep resistance of this
alloy is found to be rather limited at temperatures above 423 K. A considerable
improvement in the creep properties of the AZ91 alloy can be potentially achieved
through the incorporation of a non-metallic short-fibre reinforcement. Although a
number of studies has been reported on the creep behaviour of the AZ91 monolithic
alloy [1–13], the creep properties of short fibre reinforced AZ91-based composites
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have received only limited attention [5, 6, 9, 12, 14–20]. Recently, extensive exam-
ination of the creep properties of an AZ91 alloy reinforced with 20 vol.% Al2O3
short fibres and an unreinforced AZ91 matrix alloy were conducted [5, 12]. From
these investigations it follows that the creep resistance of the reinforced alloy is
considerably improved compared to the matrix alloy. The minimum creep rate for
the composite is two to three orders of magnitude less than that of the unreinforced
matrix alloy under the same loading conditions [6, 12]. Further, the creep life of
the composite is an order of magnitude longer than that of the unreinforced alloy
[12]. By contrast, the presence of the reinforcement leads to a substantial decrease
in the creep plasticity [6].

At present it is generally accepted that creep deformation in metal matrix com-
posites is controlled by flow in the matrix materials. This conclusion is supported
by recent experimental results on the squeeze-cast AZ91-20vol.%Al2O3 short-fibre
composite reported by Li et al. [15, 16]. When the creep data were interpreted
by incorporation of a threshold stress σTH into the analysis, it was shown that
the results are consistent with the behaviour anticipated for a magnesium solid
solution alloys [21]. Thus, it can be suggested that the creep strengthening in the
composite arises mainly from the existence of a threshold stress and/or the load
transfer effect [17, 22].

This work reports additional experimental results obtained in an investiga-
tion of the high temperature creep behaviour of a fibre-reinforced AZ91 matrix
composite and its matrix alloy. The objective of the present research is a further
attempt to clarify the creep strengthening mechanisms in short-fibre reinforced
magnesium alloys. Attention in this paper is focused primarily on the significance
of the threshold stress and the load transfer effect in creep of the AZ91 composite.

2. Experimental materials and procedures

Unreinforced and short-fibre reinforced blocks of an AZ91 alloy (Mg-9wt.%Al-
-1wt.%Zn-0.3wt.%Mn) were fabricated by squeeze casting at the Department of
Materials Engineering and Technology, Technical University of Clausthal, Ger-
many. The fibre preform consisted of planar randomly distributed δ-alumina short
fibres (Saffil fibres from ICI, 97 % Al2O3, 3 % SiO2, ∼ 3 µm in diameter with vary-
ing lengths up to an estimated maximum of ∼ 150 µm). The final fibre fraction
after squeeze casting in the composite was about 20 vol.%. For convenience, the
composite is henceforth designated AZ91-20vol.%Al2O3(f), where f denotes fibre.
Both materials were subjected to a standard T6 heat treatment (anneal for 24 h
at 688 K, air cool and then age for 24 h at 443 K).

Flat tensile creep specimens, having gauge lengths of 25 mm and cross-sections
3 × 3.2 mm, were machined from a composite block in such a way that the lon-
gitudinal specimen axes were parallel to the plane in which the long axes of fibres
are preferentially situated. The constant stress tensile creep tests were carried out
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at temperatures from 373 to 673 K, and with the testing temperature continu-
ously monitored and maintained constant to within ± 0.5 K of the desired value.
The applied stress ranged from 15 to 200 MPa. The creep tests were performed
in purified argon in tensile creep testing machines, making it possible to keep the
nominal stress constant to within 0.1 % up to a true strain of about 0.35. The
creep elongations were measured using a linear variable differential transducer and
they were continuously recorded digitally and computer processed. Almost all of
the specimens were run to final fracture.

Following creep testing, samples were prepared for examination by transmis-
sion electron microscopy (TEM). Observations were performed using a Philips CM
12 STEM transmission electron microscope with an operating voltage of 120 kV.
Fractographic details were investigated by means of light microscopy and scanning
electron microscopy (Philips SEM 505 microscope).

3. Results and discussion

3.1 C r e e p b e h a v i o u r i n m o n o l i t h i c a n d d i s c o n t i n u o u s
f i b r e - r e i n f o r c e d A Z 9 1 a l l o y
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Fig. 1. Minimum creep rate versus stress
for the AZ91 alloy and the composite.

Representative creep data of the AZ91 alloy and the AZ91-20vol.%Al2O3(f)
composite are shown in Fig. 1 for tests conducted at the two temperatures 423

and 473 K, respectively, where the min-
imum creep rate ε̇m is plotted against
the applied stress σ on a logarithmic
scale. Inspection of Fig. 1 leads to
two observations. First, the compos-
ite exhibits improved creep resistance
by comparison with the monolithic al-
loy over the entire stress range used ex-
perimentally; the minimum creep rate
for the composite is about two to three
orders of magnitude less than that of
the unreinforced alloy. Second, as de-
picted in Fig. 1, the stress dependences
of the minimum creep rates for both
materials are different in trend, which
is clearly demonstrated by the char-
acteristic curvatures on the curves at

low stresses. While the slopes and therefore the apparent stress exponent n =
(∂ ln ε̇/∂ ln σ)T for the alloy decrease slightly with decreasing applied stress, the
curvatures for the composite increase with decreasing applied stress.

The increase in n at the lower stresses in the composite is a fundamental
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property of many metal matrix composites [23] and it is generally associated with
the presence of a threshold stress marking a lower limiting stress below which no
measurable strain rate can be achieved [24]. The data for the monolithic alloy
suggest a transition to a value of n close to ∼ 3 at the lower stress levels and
this is consistent with earlier analyses of creep data for a composite with an AZ91
matrix [16] and data for an unreinforced AZ91 alloy [2, 6]. It is consistent also with
results obtained recently on the unreinforced AZ91 alloy using acoustic emission
[25]. A value of n = 3 suggests that viscous glide is the rate-controlling mechanism
in the matrix alloy and the increase in n at the higher stresses is then due to the
breakaway of the dislocations from their solute atmospheres [26].

3.2 M i c r o s t r u c t u r a l p r o c e s s e s i n c r e e p

The detailed microstructural investigations on the crept AZ91 alloy and the
AZ91-20vol.%Al2O3(f) composite have been reported in our previous papers [12,
17, 18]. The microstructure of the squeeze cast AZ91 alloy consists of the β-phase
(Mg17Al12 and/or Mg17(Al, Zn)12) intermetallic compounds in a matrix of α mag-
nesium solid solution. The microstructure of the AZ91-20vol.%Al2O3(f) composite
is more complex than that of the unreinforced matrix alloy [27]. The most frequent
morphology of the β-phase precipitates in the composite is coherent Mg17Al12 plate-
lets. The significant microstructural changes in the composite observed after creep
are a coarsening of the continuous β-phase and a partial dissolution of the massive
β-phase. This dissolution is probably responsible for an additional continuous pre-
cipitation of fine Mg17Al12 particles which has been observed during the creep of
the composite (Fig. 2). An apparent increase in the dislocation density in the
composite, especially in the vicinity of the fibres, is almost certainly caused by the
thermal mismatch between the fibres and the matrix.

Creep behaviour in the composite may be substantially influenced by the de-
velopment of creep damage and fracture processes. Fractographic investigations of
the composite failed to reveal either substantial creep fibre cracking and breakage
or any debonding at the interfaces between the fibres and matrix due to creep at
the lower applied stresses (Fig. 3). This result is supported by the response ob-
served through acoustic emission monitored during the creep testing of the AZ91-
-20vol.%Al2O3(f) composite [25].

3.3 T h r e s h o l d s t r e s s i n t h e c o m p o s i t e

Two procedures are available for estimating the magnitudes of the threshold
stresses in high temperature creep [28–30]. In the first procedure, the creep data
are extrapolated directly from the plots of the creep rate ε̇m versus the applied
stress σ to a lower limiting strain rate where the lines become vertical, typically
at a strain rate of the order of 10−10 s−1 [29, 30]. In the second procedure, known
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Fig. 2. TEM micrographs of AZ91-20vol.%
Al2O3 composite: (a) as received state –
platelets of Mg17(Al,Zn)12 in matrix, (b)
and (c) after creep (423 K, 90 MPa, 3484
h), the thin foil tilted to maximum con-
trast of roughened Mg17(Al,Zn)12 precipi-
tates and to visualize dislocation network,

respectively.

as the linear extrapolation method, possible values of the stress exponent n are
selected in advance and the creep data are replotted on linear axes in the form
of the creep rate raised to the power of 1/n against the applied stress [28]. In
practice, it has been shown that both of these procedures give consistent values for
the threshold stress [31].
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Fig. 3. SEM micrographs of AZ91-20vol.%Al2O3 composite taken at two different places,
(a) and (b), of the creep fracture surface after testing at 473 K and stress 70 MPa.
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Fig. 4. Stress dependence of minimum
creep rate for AZ91-20vol.%Al2O3(f) com-

posite at various temperatures.

Following the first procedure, the minimum creep rates ε̇m are plotted against
applied stress σ in double logarithmic coordinates in Fig. 4. The shapes of the ε̇m(σ)
relations exhibit a characteristic curvature for the true threshold creep behaviour.
However, the curves through the indi-
vidual datum points are not vertical at
a creep rate of 10−10 s−1. It should be
stressed that this strain rate represents
essentially the slowest rate which may
be conveniently measured in laboratory
experiments [30]. Further, Čadek and
Šustek [29] proposed that it is neces-
sary to obtain experimental data over
not less than five orders of magnitude
of creep rate in order to identify the
appropriate values of σTH. This pre-
requisite can be hardly fulfilled for the
investigated composite due to the oc-
currence of sudden fracture at creep
rates of the order of 10−7 s−1 at all test-
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ing temperatures. Nevertheless, in order to check the use of this procedure, the
stresses associated with a strain rate of 10−11 s−1 were read from the curves in
Fig. 4 and these extrapolated values will be used in a later analysis.

Having only a small number of experimental points delineating the occurrence
of an increase in n at the very lowest stresses in Fig. 4, it was appropriate to
make use of the second procedure. In this procedure, it is possible to estimate the
magnitude of σTH by plotting the data on linear axes as ε̇1/n against σ and linearly
extrapolating the data to give the threshold stresses at a zero strain rate [28]. A
plot of this type requires, a priori, a judicious selection of the appropriate value of
the true stress exponent, n. Analyses are usually undertaken using values of 3, 5
and 8, where these values are taken to represent the processes of viscous glide, high
temperature climb controlled by lattice self-diffusion or a constant-structure model
of creep controlled by lattice self-diffusion, respectively [29, 30]. The relations
between ε̇1/n and σ in double linear coordinates are shown in Fig. 5a,b for values
of n of 3 and 5, respectively. It can be seen that for values of 3 and 5 of the true
stress exponent, the ε̇1/n vs. σ plots can be well fitted by straight lines for almost
all the testing temperatures (the experimental datum points are fairly scattered at
the lowest temperature of 373 K). However, detailed inspection of the individual
plots shows that a true stress exponent of 3 yields the best linear fit – Fig. 5a.
Figure 6 summarizes the values of the true threshold stresses determined using
Fig. 5a with n = 3 and the extrapolation shown earlier in Fig. 4. Good agreement
between the threshold stress values confirms the validity of both procedures and
justifies the use of a value of 3 for the true stress exponent in Fig. 5a. Figure 6 shows
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Fig. 5. The linear extrapolation procedure for determining the threshold stress in the
composite at various temperature using values of stress exponent n of (a) 3, (b) 5, re-

spectively.
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Fig. 7. Temperature dependence of the
σTH/G ratio.

also the values of the threshold stress for temperatures of 573 and 673 K for an
identical composite to that used in this work but creep tested using a double-shear
configuration [16].

The finding of n = 3 over a wide range of effective stress provides support
for adopting the suggestion [15–17, 19] that the AZ91 composite exhibits creep
behaviour which is consistent with the behaviour anticipated for magnesium solid
solution alloys [15, 16, 21]. Although the precise interpretation of the threshold
stress is not well understood at the present time, several possible mechanisms are
available to explain the origin of the threshold stress occurring in materials where
mobile dislocations pass through arrays of particles [32]. In practice, the threshold
stresses in the squeeze – cast AZ91-20vol.%Al2O3(f) composite probably arise from
an attractive interaction between the mobile dislocations and Mg17(Al,Zn)12 pre-
cipitates occurring in the matrix lattice.

Figure 7 shows that the threshold stress decreases with increasing temper-
ature more strongly than the matrix shear modulus, G. This result implies that
the threshold stress values are closely connected with the development of a con-
tinuous precipitate morphology of Mg17(Al,Zn)12 particles (Fig. 2), the change
in the volume and/or planar density of precipitates and the change in the mat-
rix/precipitate orientation relationship. The strong temperature effect on the
volume density of Mg17Al12 particles has been reported by Celotto [33]. The
measured number of continuous precipitates per unit volume in aged AZ91 al-
loy decreased from 1.0 × 1012 mm−3 at 343 K to 1.5 × 109 mm−3 at 573 K. It
should be stressed that the change in the particle density and their shape can im-
mediately influence the values of the interparticle spacing and thus the values of
the threshold stresses.
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3.4 L o a d t r a n s f e r

Creep strengthening of the composite may occur by direct strengthening due
to a load transfer from the matrix to the reinforcement. Thus, load transfer is
accompanied by a redistribution of stresses in the matrix and this reduces the
effective stress for creep.

In the presence of load transfer, the creep data may be successfully reconciled
by taking, for the same loading conditions, the ratio of the creep rates of the
composite, ε̇c, and the matrix alloy, ε̇a, equals to a factor that is given by (1−α)n,
where α is the load-transfer coefficient having values lying within the range from 0
(where there is no load transfer) to 1 (where there is full transfer of the load) and n

is the appropriate value of the stress exponent [34]. Thus, taking n = 3 and using
the experimental data in Fig. 1, the values of α in the present investigation are
estimated to lie within the range of∼ 0.8 (473 K) to ∼ 0.9 (423 K), see Table 1. It is
possible to check the validity of this approach by estimating a theoretical value for
α by using the modified shear-lag model [35] and considering the load-transfer effect
at the end of short fibres for various reinforcement geometries and arrangements
(for example, the volume fraction of the fibres, their average aspect ratio, etc.)
[35]. The values of α predicted theoretically from this model, assuming 20 vol pct
of short-fibre reinforcement and an experimentally observed fibre aspect ratio given
by a length/diameter value of ∼ 50, are of the order of ∼ 0.8. It follows, therefore,
that the predicted values of α are in excellent agreement with the experimental
values inferred from the present analysis.

Ta b l e 1. The values of load transfer coefficients α for n = 3 (ε̇c/ε̇a = (1− α)n)

T [K] σ [MPa] ε̇c [s−1] ε̇a [s−1] α

423 90 2.45 × 10−10 1.10 × 10−7 0.87

100 6.97 × 10−10 2.34 × 10−7 0.86

125 6.40 × 10−9 1.15 × 10−6 0.82

150 3.90 × 10−8 4.27 × 10−6 0.79

473 50 7.50 × 10−11 8.61 × 10−8 0.90

70 1.36 × 10−9 5.48 × 10−7 0.86

90 1.18 × 10−8 2.18 × 10−6 0.82

100 2.94 × 10−8 3.89 × 10−6 0.80

4. Conclusions

Creep deformation in a short-fibre AZ91 alloy-based composite is controlled
by flow in the matrix and viscous glide is the rate-controlling mechanism. The
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results indicate that the creep resistance of the composite is considerably improved
compared to the matrix alloy due to the additional creep strengthening that is
introduced in the monolithic alloy due to the short-fibre reinforcement. This ad-
ditional strengthening may arise from the existence of the threshold stress, a load
transfer effect and/or a substructural strengthening effect because of the thermal
mismatch between the matrix and the reinforcement.
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