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CZ-616 62 Brno, Czech Republic

T. G. LANGDON
Departments of Aerospace & Mechanical Engineering and Materials Science,
University of Southern California, Los Angeles, CA 90089-1453, USA
E-mail: Langdon@usc.edu

There are both similarities and differences between the creep behavior of f.c.c. metals and
an h.c.p. metal such as magnesium. This paper examines these differences and examines
the additional creep strengthening that may be introduced in a commercial magnesium
alloy such as AZ91 through the introduction of an array of short alumina fibers.
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1. Introduction
Magnesium is the lightest common metal so that
magnesium-based alloys make excellent light-weight
constructional materials. The characteristics of these
alloys include a low density, good machinability, excel-
lent recycling capabilities and damping capacities that
are exceptionally high by comparison with all other
materials [1]. As a consequence of these attributes,
magnesium alloys are now under very serious consid-
eration for a wide range of applications in the automo-
tive field [2–4]. In addition, and especially as a conse-
quence of the current need to reduce fuel consumption
and CO2 emissions in the automobile industry, there
are predictions that we are about to enter a “new age of
magnesium” [5].

Despite these advantages, the creep properties of
magnesium-based alloys are generally inferior to those
of the more conventional aluminum-based alloys. At-
tempts have been made to achieve better creep resis-
tance through the development either of special creep-
resistant alloys based on, for example, the MgSc and
MgGd ternary systems [6] or through the production
of composite materials where the matrices consist of
conventional magnesium alloys which are strengthened
through the introduction of fibers or particulates [7].
The present paper describes the results obtained in an
investigation that was undertaken to explore the po-
tential for introducing significant creep strengthening
into an AZ91 magnesium alloy through the presence of
20 vol% of alumina short fibers. Several earlier reports
described some of the creep data obtained with this and
other comparable Mg-based materials [8–11] and the
present paper builds on these results, supplements them
with additional data, and then presents an analysis of the
creep properties of the AZ91 metal matrix composite.

To place this paper in perspective, the following sec-
tion provides a brief comparison of the creep behavior

of f.c.c. and h.c.p. metals and the subsequent sections
describe the experimental material and the results ob-
tained in a comprehensive investigation of the creep
behavior.

2. Creep properties of h.c.p. metals:
a comparison with f.c.c. metals

Prior to examining creep data obtained for magnesium
composites, it is first necessary to consider the funda-
mental creep properties of magnesium and Mg-based
solid solution alloys since their h.c.p. crystal structure
limits the availability of easy slip and this limitation is
especially significant by comparison with metals, such
as aluminum, where there is an f.c.c. crystal structure.
Creep experiments on pure Mg at temperatures up to
∼600 K have shown that, as in f.c.c. metals, the steady-
state creep rate is related to the applied stress through
a power-law in which the stress exponent is ∼1 at very
low stresses, ∼5 over a wide range of intermediate
stresses and with a breakdown in the power-law behav-
ior at very high stresses [12]. All of these transitions
are consistent with conventional theory [13] and they
have been interpreted in terms of transitions from diffu-
sion creep at the lowest stresses, dislocation climb with
basal slip at intermediate stresses and power-law break-
down at very high stresses, where the diffusion creep
and dislocation climb regions have activation energies
of ∼135 kJ mol−1 which is equal to the value for lattice
self-diffusion in magnesium. The behavior at tempera-
tures up to ∼600 K is therefore similar to f.c.c. metals
but at higher temperatures, above ∼650 K, the power-
law region at intermediate stresses has a slightly higher
stress exponent of ∼6, there is extensive non-basal slip,
the activation energy becomes high and dependent on
the level of the applied stress and the rate-controlling
mechanism appears to be the cross-slip of dislocations
from the basal to the prismatic planes [12].
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In Mg-based solid solution alloys, experiments show
that, as in f.c.c. solid solutions [14, 15], the viscous glide
of dislocations is rate-controlling due to the presence
of solute atom atmospheres around the moving dislo-
cations and at the higher testing temperatures there is
a high activation energy due to the cross-slip of dis-
locations to the prismatic planes [16]. Thus, these re-
sults reveal both similarities and differences between
the creep of metals and metallic alloys having h.c.p.
and f.c.c. crystal structures.

3. Experimental material and procedures
For comparison purposes, the experiments were con-
ducted using two different materials: a conventional
AZ91 alloy (Mg-9 wt% Al-1 wt% Zn-0.3 wt% Mn)
and an AZ91 alloy reinforced with 20 vol% of δ-Al2O3
fibers, where the composite is henceforth designated
AZ91-20 vol%Al2O3(f) where f denotes fibers. The re-
inforcing alumina fibers used for the composite had
diameters of the order of ∼3 µm, varying lengths up
to a maximum of ∼150 µm and their compositions
were 97% Al2O3 and 3% SiO2. The composite was fab-
ricated using squeeze casting with an alumina binder
and in the as-cast condition it was found through micro-
scopic inspection that the fibers were arranged in a two-
dimensional array but with random orientations within
this array. The optical micrographs in Fig. 1a and b show
the fiber distributions in two mutually perpendicular

Figure 1 (a) and (b) Optical micrographs showing fiber distributions in
the composite in two mutually perpendicular directions.

Figure 2 Optical micrograph showing microstructure of the unrein-
forced AZ91 alloy.

planes of sectioning. Prior to creep testing, the unre-
inforced AZ91 alloy and the AZ91 composite were
subjected to a T6 heat treatment in which they were
annealed for 6 h at 803 K, air cooled, and then aged for
8 h at 477 K. The initial grain size in the unreinforced
alloy was measured as ∼200 µm as illustrated in Fig. 2.
A detailed description of the material was given in an
earlier report [11].

Creep tests were conducted in tension using samples
having gauge lengths of 25 mm and cross-sectional ar-
eas of 3 × 3.2 mm. Each specimen was machined so
that the longitudinal axis was parallel to the plane con-
taining the two-dimensional array of fibers. The creep
testing was conducted in an environment of purified ar-
gon under conditions of constant stress at temperatures
of 423 and 473 K with the testing temperatures main-
tained to within ±0.5 K of the desired value. Most of
the tests were continued until fracture.

Metallographic inspection was conducted after creep
testing using either a Philips CM12 transmission elec-
tron microscope (TEM) with an operating voltage of
120 kV or a Philips 505 scanning electron microscope
(SEM).

4. Experimental results
4.1. Creep behavior in the unreinforced

and the reinforced materials
Representative creep data are shown in Figs 3 and 4 for
the unreinforced AZ91 alloy and the AZ91 composite,
respectively: all of these plots were obtained at an ab-
solute temperature, T , of 473 K over a range of values
of the applied stress, σ , and they show (a) the varia-
tion of the strain, ε, with the time, t , (b) the variation of
the instantaneous strain rate, ε̇, with the time and (c) the
variation of the instantaneous strain rate with the strain.

Several important conclusions may be reached from
inspection of these data. First, it is important to note
there is an order of magnitude difference in the strain
levels for Figs 3a and 4a so that the total strains achieved
in the composite are very small by comparison with
the strains achieved in the unreinforced matrix alloy.
Thus, the specimens of the unreinforced AZ91 alloy
recorded in Fig. 3a pull out to failure at strains of ≥0.10
whereas the composite specimens fail at strains of the

1648



Figure 3 Creep results for the unreinforced AZ91 alloy showing: (a)
creep curves of strain versus time, (b) the variation of strain rate with
time and (c) the variation of strain rate with strain.

order of ∼0.01. Second, for constant values of the ap-
plied stress, it is apparent from Figs 3b and 4b that
the composite exhibits markedly longer times to failure
and, since the strain rate axes are different, the strain
rates in the composite are thus markedly slower. Third,

Figure 4 Creep results for the reinforced AZ91 composite showing: (a)
creep curves of strain versus time, (b) the variation of strain rate with
time and (c) the variation of strain rate with strain.

the fundamental creep curves are different in appear-
ance between the unreinforced alloy and the composite,
as illustrated in Fig. 3b and c and Fig. 4b and c where
it is apparent there is only a quasi-secondary stage in
the unreinforced alloy and in the composite there is
little more than an abrupt minimum in the curves of
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Figure 5 Minimum creep rate versus stress for the AZ91 alloy and the
composite.

strain rate versus strain followed by a rapid accelera-
tion to final failure. This difference is illustrated most
readily in Figs 3c and 4c where it is apparent the creep
behavior of the unreinforced alloy is dominated by a
long and gradually accelerating tertiary stage whereas
in the composite the creep behavior is dominated by a
prolonged and extensive primary stage.

These differences are easily demonstrated by loga-
rithmically plotting the minimum creep rate, ε̇m, against
the stress as shown in Fig. 5 for tests conducted at the
two temperatures of 423 and 473 K. Thus, the compos-
ite exhibits improved creep resistance, typically by >2
orders of magnitude, by comparison with the unrein-
forced alloy and, furthermore, the trend in these plots
is different because the unreinforced alloy exhibits a
decreasing value in the stress exponent, n, at the lower
stresses whereas the composite exhibits a higher value
of n with decreasing stress.

The increase in n at the lower stresses in the com-
posite is a fundamental property of many metal matrix
composites [17] and it is generally associated with the
presence of a threshold stress marking a lower limit-
ing stress below which no measurable strain rate can
be achieved [18]. The data for the unreinforced 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 [8] and data for an unreinforced AZ91 alloy
[19]. It is consistent also with results obtained recently
on the unreinforced AZ91 alloy using acoustic emis-
sion [20]. 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 [15].

Fig. 6 shows the variation of the time to fracture, tf,
with the applied stress for the specimens tested at 423
and 473 K. These results demonstrate the creep life-
times of the composite may be up to one order of magni-
tude longer than for the unreinforced alloy although this

Figure 6 Time to fracture versus stress for the AZ91 alloy and the
composite.

difference decreases with increasing applied stress so
that, ultimately, there is very little difference at stresses
greater than ∼150 MPa.

4.2. Microstructural characteristics
after creep

It is possible to obtain some information on the mech-
anisms associated with creep and fracture by inspec-
tion of the micrographs shown in Figs 7 and 8 for

Figure 7 (a) and (b) Examples of grain boundary sliding in the AZ91
alloy after testing at 473 K and 40 MPa.
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Figure 8 Intergranular creep fracture in the unreinforced AZ91 alloy:
(a) optical micrograph of the fracture surface and (b) the creep fracture
surface (SEM) after testing at 473 K and 50 MPa.

the unreinforced alloy and Fig. 9 for the compos-
ite, respectively. Fig. 7a and b show two clear ex-
amples of the occurrence of grain boundary sliding
in the unreinforced alloy, where these two samples
were tested at a temperature of 473 K under an ap-
plied stress of 40 MPa: in both examples, the tensile
axes are horizontal and the transverse marker lines
are clearly displaced at the grain boundaries. In prac-
tice, however, detailed measurements showed the over-
all contribution of sliding to the overall strain was
very small, typically <3%, primarily because the frac-
tion of boundaries revealing measurable offsets was
<10% and there was a large grain size in the unre-
inforced alloy (∼200 µm). These measurements there-
fore support the well-established trend that high slid-
ing contributions require fairly small grain sizes [21].
Fig. 8a and b show a typical fracture path and an in-
tergranular creep fracture surface in the unreinforced
alloy for a sample tested at 473 K under a stress of
50 MPa.

Representative micrographs for the composite are
shown in Fig. 9 using light microscopy, TEM and SEM.
In Fig. 9a for a sample tested at 473 K and 70 MPa, it
is apparent there is an absence of any significant crack-
ing of the fibers during creep testing. This is consis-
tent with a similar report in an earlier study [22]. In
addition, it appears for the same specimen in Fig. 9b
that there is also no debonding between the fibers and

Figure 9 Evidence for an absence of: (a) cracking, (b) debonding in the
AZ91 composite and (c) the creep fracture surface after testing at 473 K
and 70 MPa.

the matrix alloy. Fig. 9c shows the fracture surface of
this specimen and it appears that fiber breakage occurs
as a consequence of the propagation of the main frac-
ture crack through the material immediately prior to
failure.

5. Discussion
The creep data in Fig. 5 suggest the presence of a thresh-
old stress in the composite material. It is therefore ap-
propriate to extend the analysis by determining the mag-
nitudes of the threshold stresses at 423 and 473 K. It has
been shown that threshold stresses may be estimated by
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Figure 10 Procedure for determining the threshold stresses in the
composite at 423 and 473 K using a stress exponent of n = 3.

extrapolating extensive sets of creep data to strain rates
where the plots lie vertical [23] but in practice the data
for the composite in Fig. 5 are insufficient to make use
of this procedure since there are only a small number
of experimental points delineating the occurrence of an
increase in n at the very lowest stresses. Accordingly,
it is necessary to use an alternative procedure in which
the datum points are plotted, on linear axes, in the form
of the strain rate raised to a power of 1/n against the
values of the applied stress and then the results are lin-
early extrapolated to give the threshold stresses at a
zero strain rate [24]. Thus, taking a value of n = 3
for control by a viscous glide process, Fig. 10 shows
plots for the composite for the two different testing tem-
peratures. Extrapolating these lines to zero strain rate,
the two threshold stresses are estimated as ∼74 and
∼59 MPa for testing temperatures of 423 and 473 K,
respectively.

Finally, it is necessary to consider the origin of the
significantly greater creep resistance exhibited by the
composite. This creep resistance may arise in two sepa-
rate ways [25, 26]. First, because of a load transfer effect
in which part of the external load is carried by the re-
inforcement. Second, by a substructural strengthening
effect due to features such as the increased dislocation
density which is present in the composite because of
the thermal mismatch between the matrix and the re-
inforcement. Both of these processes probably make a
contribution to the increase in strength but in practice it
is difficult to estimate the separate contributions from
these two factors.
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682.
8. Y . L I and T . G . L A N G D O N , Metall. Mater. Trans. A 30A (1999)

2059.
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