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In this work, tensile tests were conducted on two powder metallurgy materials based on the
AZ31 magnesium alloy. The first material, named AZ31-PM, was processed using atomized
powder, followed by isostatic cold compaction at 340 MPa, plus hot extrusion at 350 �C. The
second material, named AZ31-PMCM, used metal powder that was cryomilled in liquid
nitrogen environment and processed as for the AZ31-PM material. Creep mechanisms were
analyzed in the range 300 �C to 400 �C based on the creep laws determined previously for ingot
metallurgy AZ31. Two threshold stresses, one for grain boundary sliding and the other for slip
creep, both independent of temperature, were introduced, providing a consistent description of
creep for the different AZ31-based materials. The variations observed in threshold stresses in the
AZ31-PM material were attributed to an inhomogeneous distribution of dispersoids and
satisfactorily explained by a composite type model. This method of analyzing the data is
compared with the traditional one in the literature, demonstrating that the dependence of the
threshold stresses with the temperature, reported in those articles, could actually be derived
from the method used rather than from a real physical effect.
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I. INTRODUCTION

MAGNESIUM alloys are the lightest structural
metallic materials. Their good specific mechanical prop-
erties drive their use in the transportation industry with
the aim of replacing heavier components.[1] However,
they also have limitations regarding the elastic modulus,
low temperature ductility, corrosion resistance and low
creep resistance at high temperatures, limiting its use in
structural applications at temperatures > 150 �C.
Therefore, in the past 10 years a considerable effort
has been devoted to developing new alloys with the aim
of improving these properties. Primarily, these efforts
have been concentrated on processing new magnesium
alloys by rare earth addition. Currently, creep resistant
magnesium alloys contain relatively high amounts of
yttrium and/or rare earth elements[2–5] and transition
elements.[6–10] Another way to increase the yield
strength, is to strengthen the material by a dispersion
of oxides/particles made by powder metallurgy or metal
matrix composite techniques.[11–15] The improvement of

creep properties against high temperature is usually
attributed to the presence of finely dispersed precipi-
tates/particles that prevent the movement of disloca-
tions. Therefore, introducing a dispersion of fine
particles is an appropriate way to improve the creep
resistance of magnesium alloys.
However, the presence of second-phase particles often

carries an associated grain refinement effect that can
have an adverse effect on the creep resistance. As is well
known, the grain refinement encourages a grain bound-
ary sliding (GBS) deformation mechanism at increasing
strain rates. For example, GBS controls plastic defor-
mation at strain rates of 10�4 s�1 at high temperatures in
cast or forged AZ31 magnesium alloy with grain sizes<
20 lm.[16] In this case, it is possible to sustain high
tensile elongations because of the low stress exponent of
the related power creep law, phenomena termed super-
plasticity. In PM alloys with a microstructure that
combines a fine grain size and dispersion of sec-
ond-phase particles or oxides, the experimental evidence
shows,[11–15] on one hand, that the presence of particles
helps maintain a fine grain size at high temperatures
favoring superplastic creep with a stress exponent n = 2
at high strain rates and stresses. However, on the other
hand, data also show a sharp drop in the strain rates for
a narrow range of low stresses. That is, very high stress
exponents and low ductility are obtained for low
stresses. It is common in the literature to attribute the
behavior of high stress exponents to the presence of a
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threshold stress, which in most cases is reported to be
grain size and temperature dependent.[11,12,17]

From the technological point of view this phe-
nomenon is very interesting, because for a certain range
of high stresses the material allows superplastic forming
while for low stresses the material is highly creep
resistant. From the point of view of the study of the
deformation micromechanisms, the presence of a thresh-
old stress, related to GBS, also is of great interest since
the cause is not well understood at the present. GBS is
accommodated by glide dislocations but the controlling
mechanism of the GBS rate is the climb of dislocations
at the tip of pile-ups in grain boundaries.[18] Particles
can affect the slip creep because dislocations can suffer
an attractive detachment stress,[19,20] but it is not well
understood how this interaction could affect the rate of
climb at the tip of these pile-ups.

In this article the inclusion of threshold stresses in the
creep equations will be analyzed to explain the exper-
imental data obtained in two materials, one with a
heterogeneous microstructure, processed by powder
metallurgy, based on the alloy AZ31.

The AZ31 alloy has the advantage of having been
exhaustively studied in the form of rolled sheets.
Recently, a complete review of the creep mechanisms
that act at different temperatures and the influence of
grain size has been published.[21] It is our intention to
use this set of creep laws as a basis to analyze the
powder metallurgy of AZ31 by introducing only a single
constant threshold stress as an additional parameter in
each of the creep equations corresponding to the
principal mechanisms controlling the deformation rate,
GBS and slip creep. In the case of the material with a
heterogeneous microstructure, with the additional mod-
eling as a composite material, the experimental results
could be also explained with the same set of creep
equations used in the homogeneous material.

II. MATERIALS AND EXPERIMENTAL
PROCEDURE

In this work, two materials, named AZ31-PM and
AZ31-PMCM, based on the AZ31 magnesium alloy,
were processed by powder metallurgy methods. First,
the alloy powder was obtained from AZ31 cast bars
using the electrode induction-melting gas atomization
(EIGA) technique. The average powder size was< 100
lm. From the atomized powder, the AZ31-PM material
was processed through a path consisting of an isostatic
cold compaction at 340 MPa, plus a hot extrusion at 350
�C with an extrusion ratio and rate of 1:25 and 0.4 mm
s�1, respectively.

In the case of the AZ31-PMCM material, the metal
powder was cryomilled in liquid nitrogen environment
using a Union Process attritor ball mill model 01HD.
The milling conditions were: 1:10 ratio powder/balls
mass, ball size 3/16¢¢, milling speed 1000 r.p.m. and 1
hour milling time. Finally, the powders were consoli-
dated as for the AZ31-PM material.

In addition, the mechanical behavior of both powder
metallurgy materials was analyzed based on the avail-
able data on the cast and rolled AZ31 alloy. The data
were collected from the literature and from our own
experimental data published in previous works.[16,21,22]

The microstructures of the powder metallurgy mate-
rials in the different stages of processing were examined
by optical microscopy (OM). The sample preparation
consisted of grinding on SiC paper, followed by
mechanical polishing with 6 and 1 lm diamond paste
and final polishing using colloidal silica. The grain
structure was revealed by subsequent etching using a
solution of ethanol (100 ml), picric acid (2 g), acetic acid
(2 ml) and water (5 ml). The grain size was determined
by the linear intercept method, measuring about 1000
grains. The mean (true) grain size, d, was calculated
from the mean intercept length using a 1.74 factor. Thin
samples for transmission electron microscopy (TEM)
observations were prepared by electropolishing using a
solution of 25 pct nitric acid in methanol, and final
thinning by ion milling.
The mechanical behavior was studied using tensile

tests performed at temperatures of 300 �C, 350 �C and
400 �C and strain rates in the range 5 9 10�6 to 10�1 s�1.
Cylindrical dog-bone tensile samples of 10 mm gage
length and a radius of 3 mm were machined out of the
extruded bars with the tensile axis parallel to the
extrusion direction. Tensile tests were performed at
these different temperatures in a screw-driven testing
machine equipped with a parabolic furnace. The heating
time for temperature stabilization of the sample and
grips was 30 minutes.
Two types of tensile tests were performed. Continuous

tests at constant strain rate, and strain rate change tests
using a constant strain rate up to the peak stress and
then conducting the successive jumps to the different
examined strain rates were carried out to obtain the
steady-state stresses with minor changes in the
microstructure.[16,23]

For additional investigation of the grain size effect on
mechanical properties, some tensile samples of the
AZ31-PM material were annealed for 60 minutes in an
electric furnace previously to the tensile test at 400 �C
and 450 �C and those for the AZ31-PMCM material at
450 �C and 500 �C. These samples are termed PM +
HT400, PM + HT450, PMCM + HT450 and PMCM
+ HT500, respectively. In this way, the grain coarsens
statically up to larger values. The mean grain sizes were
determined before and after tensile testing by the linear
intercept method to evaluate the dynamic grain growth.

III. RESULTS

A. Microstructure of the AZ31PM and PMCM
Materials

Figure 1 shows optical micrographs, OMs, of the
various materials and heat treatment conditions.
Figures 1(a) and (b) shows the microstructure of the
extruded PM and PMCM materials, respectively.
Figures 1(c) and (d) shows the microstructure of the
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PM samples after 1 hour heat treatment consisting of a
static annealing at 400 �C and 450 �C, respectively.
Figures 1(e) and (f) shows OM of the PMCM samples
after 1 hour heat treatment of a static annealing at 450
�C and 500 �C, respectively. The microstructure of the
IM-AZ31 rolled and fully recrystallized material can be
seen in previous works.[16,22]

Table I shows an overall coverage of the microstruc-
tural data. Values for the mean grain size of the
materials are obtained after extrusion (as-extruded),
after heat treatments, and measured at the gauge length
of tensile samples after being tested in the mode strain
rate change tests. Typically, these tests reach a low total

strain of about 0.1 to 0.15. Once the stress correspond-
ing to the highest test speed has been reached, complet-
ing the strain rate changes, the test is stopped without
waiting for fracture. Most of the time spent in the test
corresponds to the low strain rate of 2 9 10�5 s�1 (stage
that lasts about 5 minutes).
As shown in Table I, the grain size of the annealed

samples is quite stable during subsequent tensile tests.
The static annealing in the PMCM + HT450 samples

did not produce significant changes in the microstruc-
ture with respect to the PMCM samples (Figures 1(b)
and (e)). Therefore, tensile tests were not conducted
after this treatment.

Fig. 1—Optical micrographs of the studied materials based on the AZ31 alloy: (a) PM, (b) PMCM, (c) PM + HT400, (d) PM + HT450, (e)
PMCM + HT450 and (f) PMCM + HT500.
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As can be seen, the powder metallurgy cryomilled
materials, AZ31-PM and PMCM, have a very similar
grain size, close to 3 lm, as a result of the extrusion
process at 350 �C. The grain size is stable during testing
at 300 �C and 350 �C, while the grain grows during tests
at 400 �C.

All powder metallurgy materials contained scattered
particles of magnesium oxide, MgO. However, there are
important differences in the distribution of MgO parti-
cles when PM and PMCM materials are compared.
Figures 1(a) and (b) shows dark traces orientated in the
extrusion direction in both PM and PMCM materials.
These traces, with a high density of oxide particles,
correspond to the oxide shell of the powder particles
which become cracked when particles elongate during
extrusion. In zones between these traces, the micro-
graphs obtained by TEM show a greater presence of fine
particles of magnesium oxide in the samples prepared
from milled powder (Figure 2(b)) than in samples
obtained from non-milled powders (Figure 2(a)).

From the observation of the microstructure by OM
and TEM, a schematic description of the microstructure
development and the distribution of oxide particles can
be made as shown in Figure 3. During milling, oxide
particles are forced into the material powders and then
subsequent extrusion results in a PMCM material with a
large amount of oxide particles and with a much higher
homogeneous distribution than the PM material. On the
other hand, AZ31-PM extruded bars made with as-re-
ceived powders have fewer oxide particles arising from
the oxide shells of powders, leading to an inhomoge-
neous distribution of the dispersoids. Grains that
recrystallize close to or inside the traces, coincident with
the surface of old powder particles, have oxide disper-
soids inside the material, while grains recrystallized in
zones between the traces should be free of oxide
particles.

It should be noted that the microstructure difference,
which gives the PM samples a duplex microstructure,
but not the PMCM samples, is given by the distribution

of fine oxide particles that cannot be seen by optical
microscopy. As shown below, through optical micro-
scopy an indirect inference of its presence due to the
stability of the grain size during thermal annealing
treatments can be made

B. Microstructure Changes During Static Annealing
Treatments

Static annealing treatments were performed to pro-
duce grain coarsening. The evolution of grains depends
on the distribution of oxide particles. In PMCM
samples, due to the presence of oxide particles in all
grains, grain coarsening was lower than in PM samples.
For example, comparing PMCM and PM samples both
treated at 450 �C (Figures 1(d) and (e)), these
microstructures, which were initially very similar under
the optical microscope, evolve very differently with the
heat treatment. In PM samples, grain growth occurs
rapidly in areas between oxide traces where the grains
are free of oxide particles, thus revealing the heteroge-
neous distribution of these particles.
Thus, with the help of the mentioned static annealing

treatment, it is possible to roughly determine the volume
fraction of the areas containing oxide particles. In
addition, two grain sizes, corresponding to zones with
and without oxide particles, were determined by the
linear intercept method, termed dox and df, respectively.
The volume fraction of zones with dispersoids fox has
been estimated from the areal fraction of the zones with
fine grains over several dozens of optical micrographs of
PM + HT400 samples. An estimation of about 0.2 is
derived as given in Table I. It is assumed that all PM
samples, independently of the heat treatment, have the
same volume fraction.
In the case of PMCM samples, heat treatments at 400

and at 450 �C (Figure 1(e)) do not result in noticeable
grain growth, except for minor zones. The fraction of
these zones is<5 pct of the total area indicating that the
oxide particles are present in almost all the material.

Table I. Microstructural Parameters of PM and PMCM Materials

AZ31—PM Samples d (lm) T (�C) d (*) (lm) df (lm) dox (lm) fox

PM
Fig. 1(a)

3 300 3 3 2.5 0.2
350 4 4 2.5
400 11.4 12 4

PM + HT400
Fig. 1(c)

8.8 300 9.5 17 4 0.2
350 10.9 17 4
400 11.5 17 4

PM + HT450
Fig. 1(d)

12.5 300 13.9 25 7 0.2
350 14.7 25 7
400 16.6 25 7

PMCM
Fig. 1(b)

3 300 3 3 > 0.95
350 4.2 4.2
400 7.1 7.1

PMCM + HT500
Fig. 1(f)

8.3 300 9.6 9.6 > 0.95
350 9.5 9.5
400 10 10

Mean grain size of the as-processed materials, d. Mean grain size in the deformed zone after tensile tests performed at 300, 350 and 400 ºC, d(*).
Grain size determined in zones free of oxide particles, df, and zones with oxide particles, dox. Volume fraction of zones with oxide particles fox.
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Therefore, it is not justified to treat the material as if it
had a duplex microstructure. In the case of the heavy
heat treatment at 500 �C (Figure 1(f)) the grains have
grown up to the traces of the powder particles as
described in Figure 3. This does not imply that the large
grains in Figure 1(f) do not have oxide particles inside.

During coarsening, the grains develop a brick struc-
ture with squared-shaped grains (Figures 1(c) through
(f) and schematically in Figure 3). In both PMCM and
PM samples, traces of a dense amount of oxide particles
form a barrier preventing the movement of the grain
boundaries, even at the 500 �C. Grain boundaries tend
to align parallel to these traces coincident with the

extrusion direction. In the areas between the traces, the
grain boundaries tend to align perpendicular to the
extrusion direction (Figures 1(c) through (f) and
Figure 3).

C. Monotonic Tensile Tests and Strain Rate Change
Tensile Tests

Figures 4(a) and (b) shows tensile curves for tests
performed at 300 �C, 350 �C and 400 �C at a strain rate
of 10�3 and 5 9 10�5 s�1, respectively, for the PM and
PMCM materials. Unlike rolled samples,[16,22,24] powder
metallurgy materials show little change in flow stress

Fig. 2—TEM micrographs of (a) PM and (b) PMCM samples, respectively.

Fig. 3—Scheme of the microstructures and their evolution under annealing treatments for the PMCM and PM materials.
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with temperature. The milling processing leads to a
significant reduction in ductility and an increase of the
flow stress for PMCM samples. During continuous
tensile tests, Figure 4, curves at 400 �C show higher peak
stress than curves at 350 �C. This effect is more
important in PM samples that have fewer oxide disper-
soids. As mentioned in Section III–A, the grain size is
stable for the mechanical tests carried out at 300 �C and
350 �C, while the grain grows to values of about 7 to 12
lm when testing at 400 �C, Table I. Additionally, when
GBS creep operates, an increase in flow stress is
expected because of dynamic grain growth. Therefore,
the higher peak stress of 400 �C testing temperature is
evidence of the operation of creep by GBS.

In Figure 5(a), two examples of strain rate change
tests at 400 �C, performed on samples of the PM and
PMCM materials, are shown. Tests start in Figure 5 at
10�3 s�1 like those in Figure 4(a), and the changes in
strain rate take place once the stress has reached the
peak. Then, the strain rate is first decreased to 2 9 10�5

s�1, and once the stress reaches a stationary value, the
strain rate is increased in sudden steps, and values of the

steady state stresses are obtained as a function of the
strain rates with minor changes in the microstructure.
During the jumps, the rate of 10�3 s�1 is again passed,

obtaining values close to the initial stresses, which is an
indication of the thermal stability of the microstructure
after reaching the peak stress and during the changes in
strain rate. Therefore the grain growth detected in
Figure 4(a) for tests at 400 �C must have occurred in the
heating stage of the tensile test and in the first part of
deformation, before reaching the peak stress.
Figure 5(b) shows several curves, corresponding to

strain rate change tests performed on samples of the PM
+ HT450 material. Performing tests at 10�3 s�1 and
then down to 2 9 10�5 s�1 or, alternatively, at 2 9 10�5

s�1 from the beginning and then increasing the strain
rate, yields values close to the stress levels because of the
strong microstructural stability of the annealed samples.
In case of deformation at 2 9 10�5 s�1 or below,
serrated flow stress is evident. In these cases, a range of
flow stress was measured instead of a single value.
In Figure 6(a) the strain rate is represented as a

function of stress for the PM and PMCM materials. The

Fig. 4—Tensile curves of PM and PMCM materials at 300 �C, 350
�C and 400 �C for the strain rates (a) 10�3 s�1 and (b) 5 9 10�5 s�1.

Fig. 5—Strain rate change tests. (a) Performed at 400 �C on samples
of the PM and PMCM materials. (b) Performed at 350 �C on
samples of the PM + HT450 material at different initial strain rates.
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effect of the annealing treatments is shown in
Figures 6(b) and (c). The aforementioned serrated flow
is depicted in Figure 6(c) by drawing two points for a
given strain rate corresponding to the minimum and
maximum stresses of the range. A power creep law type
_e ¼ krn gives a linear behavior in a double log graph
with a slope n = 2, related to the GBS mechanism,
which is drawn as a visual guide in Figure 6.

IV. DISCUSSION

The present discussion will be carried out progres-
sively, beginning in Section IV–A with a qualitative
evaluation of the results shown in Figure 6. In Sec-
tion IV–B the creep mechanisms for rolled AZ31 are
reviewed. In Section IV–C the quantitative analysis of
the data is started with the method usually applied in the

literature, linear regressions in representations _e
1=2

vs r,
which are insufficient to rationalize the data. In Sec-
tion IV–D the case of PMCM mechanical behavior is
analyzed on a phenomenological basis, introducing two
threshold stresses for GBS and slip creep, as fitting
parameters. In Section IV–E the case of the AZ31-PM
material is analyzed considering the heterogeneity of this
microstructure using a model for a composite-like
material. Finally, Section IV–F shows that our analysis
explains why the determinations performed by the
method of linear regressions in Section IV–C lead to
an apparent dependence on the temperature and grain
size of the threshold stress.

A. Qualitative Evaluation of the Data for AZ31-PM
and AZ31-PMCM Materials

Figure 6(a) highlights the importance of processing
using mechanical cryomilling. Grinding made the
PMCM material much more resistant at low strain
rates than the PM material. Both materials show a
region of drastic decrease in strain rate with a small
decrease in stress. This decrease occurs for all temper-
atures, with the stresses tending to values of about 7 and
20 MPa for the PM and the PMCM materials,
respectively.
In contrast, the flow stress of the two materials in the

region of strain rates between 3 9 10�3 and 10�1 s�1 is
similar. The stress exponent, n, has low values in this
range, about two to three. Both powder metallurgy
materials show their maximum ductility at high stresses
in the strain rate range in which they have the lower
stress exponent.
Creep is usually described by a diffusion-controlled

dislocation creep equation, although other mechanisms
may be important, for example, grain boundary sliding
(GBS), which may in fact dominate deformation espe-
cially in fine grained materials. Each of these mecha-
nisms is considered to operate independently of the
others and has a particular dependence of the creep rate
on the steady-state stress, temperature and the
microstructural parameters expressed by a constitutive
equation. The data presented in Figure 6 allow investi-
gating the effect of the main microstructural features,
grain size and oxide dispersion on the creep behavior of
powder metallurgy materials:

1. The extruded PM and PMCM materials have the
same grain size. Comparison of the two materials
(Figure 6(a)) gives a clue about the role of oxide
dispersoids.

2. The PMCM material has a more homogeneous
distribution of oxide dispersoids. During annealing
treatments, grain growth occurs, but it is assumed

Fig. 6—Strain rate vs flow stress data. (a) Comparison of PM and
PMCM materials tested in the same conditions. (b) Comparison of
PMCM materials to show the effect of annealing at 500 �C. (c)
Comparison of PM materials to show the effect of annealing at 400
�C and 450 �C.
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that any contribution of oxide particles inside the
grains and in their grain boundaries remains almost
unaltered during annealing. Therefore, changes in
mechanical behavior shown in Figure 6(b) for the
PMCM + HT500 material should be attributed to
a true grain size effect.

3. Figures 6(b) and (c) shows that the effect of the
annealing treatment is stronger in the PM material
compared with the PMCM material. At first glance,
one might conclude that there is a greater effect of
grain size on the PM material. However, this would
be an incorrect conclusion because the importance
of the heterogeneous microstructure of the PM
material would be overlooked. This material con-
sists of layers of grains with oxide particles and
layers of grains free of dispersoids, as shown in
Figure 3. Those grains can experience GBS like the
grains in the AZ31 alloy prepared by conventional
ingot metallurgy. Later, these results will be
explained based on a composite model.

The third microstructural factor of interest in mag-
nesium alloys is the texture.[23] In our case both, the
powder metallurgy and the rolled IM-AZ31 materials
have a basal fiber with basal planes parallel to the tensile
direction. Therefore, the texture is not expected to
introduce variations to be taken into account in the
comparative analysis of the different materials presented
here.

As is well known, GBS is a creep mechanism that
depends on the grain size. This is the mechanism related
to the stress exponent n = 2, which operates in the ingot
metal (IM) and rolled AZ31 material for fine grain sizes,
previously investigated in Reference 21. To perform a
quantitative study of all data of the PM and PMCM
materials, it is proposed in this work to rationalize the
creep behavior of the powder metal samples using as a
basis the creep equations describing the IM-AZ31
behavior with the addition of a minimum of new
parameters, as will be shown in the following.

B. The Creep Behavior of Rolled AZ31 Alloy as the Basis
for the Rationalization of the Creep Behavior of PM
AZ31

A previous study,[21] after performing an exhaustive
compilation of literature data for conventional
IM-rolled AZ31 alloy, showed that the creep behavior

can be described accurately by a set of equations, each
responding to a particular mechanism dominant in
certain ranges of stresses and temperatures. The
GBS-controlled deformation mechanism is described
by Eq. [1] in Table II. At high stresses, climb-controlled
dislocation creep, described by Eq. [2], governs defor-
mation. This last model was extended to larger stresses,
including the power law breakdown (PLB) region, based
on the Garofalo relationship (Eq. [3]). Table II gives the
lattice (DL) and grain boundary (Dgb) diffusivities,
respective activation energies, Burgers vector and the
Young modulus for magnesium. In Figures 7(a) and (b),
a collection of literature data[12,22,25–38] is given for 300
and 400 �C for a broad range of grain sizes. It should be
noted that the small grain size effect on the dislocation
creep of AZ31 comes from the analysis of Spigarelli
et al.[21] considering the creep data of>30 papers. It is a
matter of adjustments to have a good fit in the curves
and not a basic assumption.
Although each one is dominant in a range of stresses,

climb-controlled dislocation creep and GBS creep are
independent deformation mechanisms that act in paral-
lel. Therefore, the total strain rate is the sum of the two
contributions:

_e¼k4 Dgb

�
d2

� �
r=Eð Þ2þk8 sinh a r=Eð Þ½ �f g5 DL

�
b2

� �
b=dð Þp

½4�

The lines shown in Figures 7(a) and (b) correspond to
Eq. [4] using the parameters given in Table II. The
agreement is good for grain sizes < 50 lm. For the
purpose of comparison, Figure 7 also presents data for
coarse grain sizes (d>100 lm) where n is>2, and close
to n = 3. As it was shown[21] data for the coarse grain
size can be interpreted in terms of the solute-drag creep
mechanism. However, at the fine grain sizes of the
powder metallurgical samples, GBS is dominant over
solute drag, and there is no need to consider the
contribution of solute drag in our model of Eq. [4].
Finally, the most likely reason for the data scatter
observed in Figures 7(a) and (b) for coarse materials is
that microstructural changes, such as grain growth or
recrystallization, are occurring during creep. To accu-
rately adjust the elevated temperature flow data to a
constitutive equation, the actual grain size at the strain
used should be taken into account. However, the grain
size is not a controlled parameter in most creep tests,

Table II. Constitutive Equations for Creep in AZ31 Tested in Ref. [21]

Creep Process Equations [1], [2], and [3] AZ31 Parameters Ref. [21]

Grain Boundary Sliding _e ¼ k4 Dgb

�
d2

� �
r=Eð Þ2 [1] k4 = 1.5 9 103

Slip Creep (Climb) _e ¼ k5 DL

�
b2

� �
r=Eð Þ5 [2] k5 = 3.7 9 108

Slip creep (Climb-PLB) _e ¼ k8 sinh a r=Eð Þ½ �f g5 DL

�
b2

� �
b=dð Þp [3] p = 0.4, a = 714

k8 = 1.3 9 10�4

DL = 1 9 10�4exp(� QL/RT) (m
2/s), with: QL = 135 (kJ/mol).

Dgb = D0,gbexp(� Qgb/RT) (m
2/s), with: D0,gb = 5 9 10�12/2b and QGB = 92 (kJ/mol).

b = 3.21 9 10�10 (m), E = 43,000[1–(5 9 10�4(T � 300))] [MPa] Ref. [21].
R is the gas constant, d is the true Grain size, b is Burgers vector, p and a are material parameters, and E is the Young modulus.
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and only initial or final grain sizes are given in most
literature studies. The effects of these microstructural
variations were highlighted in Figure 1 of Reference 21;
for example, experimental results show a variation of k4
between 2.6 9 102 and 6.5 9 103, with an intermediate
value of k4 = 1.5 9 103.

C. Quantitative Evaluation of the Creep Data for PM
and PMCM Materials According to the Graphical
Method

Going back to the analysis of the creep behavior of
PM and PMCM materials, in the literature[11–13,15,17,39]

when data such as those shown in Figures 6(a) through
(c) are analyzed, two assumptions are undertaken. The
first is that the creep occurs by GBS, and the second is
that the downward curvature of the data is due to the
occurrence of a threshold stress, rth, which may be
included in Eq. [1] as follows[39]:

_e ¼ k4 Dgb

�
d2

� �
r� rthð Þ=E½ �2 ½5�

To obtain the threshold stress, a graphical method
derived from Eq. [5] is used in most works. The square
root of the strain rate is plotted as a function of the
stress, a linear fit is performed, and the threshold stress
is obtained by an extrapolation to zero strain rate.
Figure 8(a) shows the determination of the threshold
stresses by this graphical method for PM samples, and
Figure 8(b) shows the threshold stress obtained for PM
and PMCM materials.
For each test temperature, the grain size, measured

after testing, has been indicated for each point.
The result of applying this data analysis is that the

obtained threshold stress is dependent on temperature

Fig. 7—Strain rate vs flow stress data. (a) IM-rolled AZ31 at 300 �C.
(b) IM-rolled AZ31 at 400 �C.

Fig. 8—(a) Linear fits performed between 2 9 10�5 and 1 9 10�4

s�1 (dashed lines) leading to a set of threshold stresses for PM
samples. Measurements made at very low strain rates, in the range 5
9 10�6 s�1 up to 2 9 10�5 s�1 (open symbols), yield lower values of
rth. (b) Threshold stresses obtained by the linear extrapolation are
shown as a function of temperature and grain size for PM and
PMCM samples.

2352—VOLUME 51A, MAY 2020 METALLURGICAL AND MATERIALS TRANSACTIONS A



and grain size. Moreover, the dependence on these
parameters should be different for PM and PMCM
samples: The results of Figure 8 would lead to conclude
that there is a small dependence on grain size and
temperature in PMCM samples, while there is a large
grain size and temperature dependence on the threshold
stress for the PM material. Furthermore, for the same
grain size and temperature, PMCM samples have a
threshold stress that is more than double that for PM
samples. This could only be accepted as a phenomeno-
logical approach since there is no theoretical model that
allows rationalization of this dependency.

In addition to the difficulties encountered in inter-
preting these results, it is possible to make various
criticisms of the method of analysis by means of Eq. [5].
First, the procedure of calculating the threshold stress at

each temperature by plotting _e
1=n

vs r is uncertain since
many values of n may give the best fit.[40] Second, the
method to obtain the threshold stress assumes that the
contribution of slip creep can be ruled out. As shown in
the previous section, the slip creep equation in Eq. [3]
gives a non-negligible contribution in Eq. [4] in the case
of medium grain sizes and allows adjustment of the data
at high strain rates. This contribution should be taken

into account in the study of powder materials, and their
effect on the threshold stress should be analyzed.
The third criticism is that the average grain size has

been considered sufficient to fully characterize the
microstructure of the samples. This may be enough in
the case of PMCM samples that are mostly homoge-
neous, but not in the case of PM samples. The PM
material has an inhomogeneous distribution of oxide
dispersoids leading to zones of the microstructure with
oxides and fine grains and zones free of oxides with
larger grains, especially after the annealing thermal
treatments. Therefore, the PM material should be
properly treated as a composite material, as will be
shown in Section IV–F.

D. Deformation Mechanisms and Threshold Stresses
in Cryomilled Samples, PMCM AZ31

The analysis of PMCM data in terms of the creep
equations describing the IM-AZ31 is performed in this
section. Figure 9(a) shows the data and the adjusting by
Eq. [5] using the parameter k4 = 1.5 9 103 derived from
the study of rolled AZ31 (Table II) and the correspond-
ing grain sizes for each sample (Table I; measured in the

Fig. 9—Strain rate vs flow stress data for PMCM AZ31. (a) Fitting of Eq. [5] for PMCM + HT500 samples. (b) The predicted contribution of
the slip creep without threshold stress, Eq. [3]. (c) and (d) the PMCM data are displayed together with the fit of Eq. [7]; the values of threshold
stresses ro,g and ro,s are given.
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deformed zone after tensile tests). Data of PMCM
material are well adjusted for low strain rates, using rth
= 19.7, 21 and 20.3 MPa for the temperatures 300 �C,
350 �C and 400 �C, respectively. These threshold stresses
agree with those of Figure 8(b).

A slip creep contribution will now be taken into
account as presented in the IM-AZ31 material, given by
Eq. [3], using the corresponding grain sizes for each
sample (measured in the deformed zone after tensile
tests; Table I) and the parameters of Table II.
Figure 9(b) shows the expected contribution of slip
creep, according to Eq. [3].

As can be seen, the strain rates due to the slip creep
contribution should be much higher than the measured
strain rates. That is, if only the GBS is affected by a
threshold stress, the dominant deformation mechanism
should switch to a slip creep mechanism.

The only reasonable conclusion is that there is a slip
creep contribution that is also affected by a threshold
stress, named as ro,s, in the form:

_e ¼ k8 sinh a r� ro;s
� �

=E
� �� �5

DL

�
b2

� �
b=dð Þp ½6�

Therefore, to perform an analysis of the PM AZ31
data, consistent with the results from the conventional
rolled AZ31 alloy, i.e., using the same parameters k4 and
k8, the model should have the following equation:

_e ¼ k4 Dgb

�
d2

� �
r� ro;g
� �

=E
� �2

þ k8 sinh a r� ro;s
� �

=E
� �� �5

DL

�
b2

� �
b=dð Þp

½7�

where two threshold stresses have been differentiated:
ro,g for GBS and ro,s for slip creep.

In Figures 9(c) and (d) displays the PMCM data
together with the fit of Eq. [7]. The data of PMCM +
HT500 were adjusted using ro,g = 21 and ro,s = 12. For
PMCM data the model curves were generated with
slightly lower values: ro,g = 19 MPa and ro,s = 10
MPa. The fittings of the experimental data were very
good. The data for PMCM samples at 300 �C were
slightly higher than predicted by the model, probably
due to the current grain size during testing, which is
slightly lower than that measured after the tests.

Two important observations are derived from this
analysis. First, data can be adjusted using the set of
constitutive equations for creep in IM-rolled AZ31 with
the introduction of two threshold stresses, ro,g = 20 ± 1
MPa and ro,s = 11 ± 1 MPa, for GBS and slip creep
respectively. Second, these stresses are independent of
grain size and temperature.

The effect of particles on slip creep controlled by the
dislocation climb mechanism has been modeled by Arzt
et al.[19,20] One of their most significant results is the
appearance of a threshold stress associated with the
attraction between dislocations and particles. The threshold
stress, related to detachment of dislocations, is given by:

sd ¼ sO
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2

p
½8�

where k is the ‘‘relaxation factor’’ of the dislocation
line energy in the particle interface and so is the

Orowan by pass stress. As is usually recognized,[41–43]

the experimental measurements of the macroscopic
detachment stress show that it is a fraction of rO, the
macroscopic Orowan stress, in the range:

rd ¼ 0:4 . . . 0:7ð ÞrO ½9�

This macroscopic detachment stress should corre-
spond to our ro,s. Taking into account that the
threshold stress for GBS is almost twice the threshold
stress for slip, this means that ro,g should be close to the
Orowan by pass stress:

r0;g � 2r0;s � rO ½10�

It is worth noting that although this model seems to
be appropriate to explain the origin of the threshold
stresses, its predictions are not always consistent with
the experimental data. A quantitative analysis would
therefore be pertinent.

E. Deformation Mechanisms and Threshold Stresses
in PM AZ31

As mentioned in Sections IV–A and IV–C, the
as-extruded PM and PMCM samples have the same
grain size, and the comparison between both materials
in Figure 6(a), gives a clue about the role of oxide
dispersoids. From Figure 6(b) indicates that threshold
stresses are practically not dependent on grain size since
the grain growth produced by the annealing treatment
does not affect the threshold stresses mostly in PMCM
samples.
However, Figures 6(c) and 8(b) show that the effect of

the annealing treatment is strong in the PM material. At
first glance, if the experimental results of the PMCM
material were not known, it could be concluded that
there is a strong grain size and temperature effect on the
threshold stress in the PM material. However, it will be
shown, that the variation in threshold stress should be
attributed to the particularities of the microstructure of
the PM AZ31 material instead of a change of the
deformation mechanism. The PM material has a hetero-
geneous distribution of oxide dispersoids leading to
zones of the microstructure with oxides and fine grains
and zones free of oxides with larger grains. Therefore,
the PM material should be properly treated as a
composite material.
In the following, the model used in Section D will be

modified to deal with this PM material. As shown in
Figure 3, the PM AZ31 can be considered as composed
of two phases, one containing grains with oxide particles
and the other with grains free of oxide particles. These
two phases are stretched along the extrusion direction,
which is parallel to the tensile axis in the mechanical
tests. Therefore, the deformation model for this com-
posite material should consider that each phase deforms
at the imposed macroscopic strain rate, i.e., an isostrain
condition should be assumed:

_e ¼ _eox ¼ _ef ½11�
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where _eox is the strain rate of the phase containing oxide
particles and _ef is the strain rate of the phase free of
them. In each phase, the strain rate is a function of the
respective stress given by the constitutive equations:

_eox ¼ k4 Dgb

�
d2ox

� �
rox � ro;g
� �

=E
� �2

þ k8 sinh a rox � ro;sÞ
� �

=E
� �� �n

DL

�
b2

� �
b=dox
� �p

½12�

_ef ¼ k4 Dgb

�
d2f

� �
rf=E½ �2

þ k8 sinh a rf=E½ �f gn DL

�
b2

� �
b=df
� �p ½13�

where two grain sizes are differentiated, dox and df, for
the case that each phase has a different grain size. Fur-
thermore, the deformation of the phase free of oxide
particles is not affected by a threshold stress, Eq. [13].
The stress supported by these phases contributes to the
overall stress r weighted with their volume
fraction[44,45]:

r ¼ fox rox þ ð1� foxÞ rf ½14�

The procedure to obtain a curve (_e, r) is as follows:
for a given input value of _e, the stresses rox and rf are
numerically computed for each phase using Eqs. [12]
and [13]. The total flow stress r is next calculated with
Eq. [14] using the respective volume fractions. In
Figure 10, the stresses rox, rf and the resulting stress r
calculated with Eqs. [12] through [14] are shown for a set
of parameters: T = 350 �C, dox = df = 3 lm, fox =
0.25, ro,g = 20 MPa and ro,s = 10 MPa.

It is interesting to realize that the threshold stress for
creep in the composite material is derived in a straight-
forward way. As the strain rate decreases, the stress
contribution of the soft phase decreases more quickly,
and eventually foxrox >> (1 � fox)rf. Therefore, the
stress of the composite practically reduces to the

contribution of the hard phase r � foxrox. As shown
in Figure 10, when rox tends to the threshold stress rth
= ro,g � 20 MPa, the stress of the composite material
tends to be fox20 MPa. At even lower rates when the
curve tends to rth = ro,s � 10 MPa, the stress of the
composite material tends to be approximately fox10
MPa.
The procedure to analyze the experimental data seems

complicated, but it benefits from the knowledge of
almost all the parameters of the model thanks to the
previous study carried out in IM AZ31 and in the
PMCM samples:

1. The parameters, k4 and k8, and the diffusivities, a
and p, will be those previously used.

2. The threshold stresses are derived from the analysis
of the PMCM material. It was found that: ro,g = 20
± 1 MPa and ro,s = 11 ± 1 MPa.

3. Grain sizes, dox and df, for each phase were
determined by optical microscopy and are given in
Table I. The model was also applied by testing
average grain size dox = df = d.

4. The volume fraction fox can be estimated from
microstructural studies. From optical micrographs,
the volume fraction of those areas with small grains
characteristic of the presence of oxides can be
measured. An estimation of about 0.2 is derived.
Moreover, from Figure 8(b) the threshold stresses
for the PMCM and PM materials were determined
to be close to 20 and 5 MPa, respectively. Taking
into account that the composite model predicts a
threshold stress of foxrth for the PM material, a
volume fraction fox close to 0.25 is expected, in good
agreement with the experimental data.

In Figures 11(a) through (c), the PM material data are
displayed together with the fit of the composite model
calculated with Eqs. [11] through [14]. The model was
calculated using fox = 0.25, ro,g = 21 MPa and ro,s =
12 MPa. The grain sizes determined for each phase, dox
and df, given in Table I and Figure 11, were used in
Eqs. [12] and [13]. In Figure 11(d) the mean grain size
was used to calculate the model curves instead of
differentiating grain sizes for each phase.
The match between the isostrain model and experi-

mental data is very good considering the restrictions of
the parameters and use of the same values of threshold
stresses for the complete data set. The influence of
taking mean grain sizes or differentiated grain sizes for
each phase is not critical, although the adjustment seems
slightly better with the use of differentiated grain sizes
(Figures 11(c) against (d)).

F. On the Supposed Dependence of the Threshold Stress
on Temperature

A remarkable feature of the model represented by
Eq. [7] is that determination of a single threshold stress,
made by a method of linear regressions, gives stresses
apparently dependent on temperature. In this section,
our analysis explains why determinations performed by

the method of linear regressions in representations _e
1=2

vs

Fig. 10—Example of the calculation method of the strain rate vs
stress curve from the curves of the material without threshold stress
(Eq. [13]) and of the material with threshold stress (Eq. [12]) using
an isostrain composite model and the set of parameters: T = 350
�C, dox = df = 3 lm, fox = 0.25, ro,g = 20 MPa and ro,s = 10
MPa.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 51A, MAY 2020—2355



r led to an apparent dependence on the temperature and
grain size of the threshold stress.

For this purpose, in Figure 12(a) strain rate vs flow
stress curves were generated with Eq. [7] for various
temperatures. The respective linear fits performed on

representations _e
1=2

vs r are shown in Figure 12(b).
The addition of mechanisms in Eq. [7] causes the

curvature of the data at low stresses, Figure 12(b). Since
experimental data are not usually measured at suffi-
ciently low stresses to appreciate such curvature, linear
extrapolations, as those made in Figures 8(a) and 12(b),
result in apparent dependencies of rth on temperature,
shown in the insert of Figure 12(b). Additionally, in the
case of PM AZ31, the model given by Eqs. [11] through
[14] also leads to threshold stresses dependent on
temperature in determinations by the linear regression
method. Figure 13(a) shows curves that converges to an
unique threshold stress of foxro,s =2.5 MPa. Since
experimental data are not usually measured at suffi-
ciently low stresses to appreciate such curvature, linear
extrapolations, as those made in Figure 8(a), result in an
apparent temperature dependence. For the composite
material, the temperature and grain size dependence of
the apparent threshold stress is larger than in the
homogeneous material, as shown in the inserts in
Figures 12(b) and 13(b).

In summary, data for the PM AZ31 material can be
adjusted using a composite model based on the same
constitutive equations for creep found in PMCM AZ31,
including the same values of the threshold stresses, ro,g
and ro,s, and slip creep, respectively, and a realistic set of
microstructural parameters. This demonstrates that it is
not necessary to invoke a set of threshold stresses that
depend on the grain size or the temperature to explain
the experimental results in PM materials processed by
different routes.

V. CONCLUSIONS

The creep behavior of two powder metallurgical
materials, based in the AZ31 magnesium alloy, has
been analyzed. The first material, PM AZ31, obtained
by extrusion of the alloy powders, presents a heteroge-
neous distribution of oxide dispersoids in the
microstructure. For the second material, PMCM
AZ31, the metal powder was previously cryomilled,
leading to a homogeneous microstructure. In addition,
static annealing treatments give a clue about the role of
grain size in both materials. The data presented allowed
us to investigate the effect of the main microstructural
features, grain size and oxide dispersion on the creep

Fig. 11—Strain rate vs flow stress data for PM material and the composite model calculated with Eqs. [11] through [14]. (a) As extruded
material, (b) PM + HT400 samples, and (c) and (d) PM + HT450 samples. The parameters used in the model are given in the graphs. In (d), a
mean grain size was used to calculate the model curves instead of different grain sizes for each phase.
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behavior of powder metallurgy materials. A novel
approach avoiding the use of a threshold stress for each
temperature and grain size is introduced

First, it is shown that the creep laws of rolled AZ31
were able to describe the results of the PMCM samples
by introducing one single constant threshold stress for
each of the mechanisms contributing to the deformation
rate, GBS and slip creep, namely ro,g = 20 ± 1 MPa
and ro,s = 11 ± 1 MPa, respectively. According to the
Arzt-Rossler model, the threshold stress for slip creep,
ro,s, is a fraction of the Orowan stress; therefore, it was
concluded that the threshold stress for GBS is close to
the Orowan stress.

Regarding the PM AZ31 samples having a heteroge-
neous microstructure, it was found that the decrease in
threshold stresses, compared with PMCM samples, is
explained exclusively by the differences in the
microstructure homogeneity without the need to invoke
a threshold stress depending on grain size or

temperature. Creep data can be modeled considering
the material as a compound of a soft phase without
dispersoids together with a hard phase with dispersoids
under an isostrain condition. In this way, data can be
adjusted using the same constitutive equations for creep
found in PMCM AZ31, with the same constant values
of ro,g and ro,s. Additionally, our analysis explains why
determinations performed by the linear regression

method in representations _e1=2 vs r lead to an apparent
dependence on the temperature and grain size of the
threshold stress.
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Fig. 12—(a) Strain rate vs flow stress curves generated with Eq. [7]
for various temperatures. (b) Representation _e

1=2
vs r; the linear fits

performed between 2 9 10�5 and 1 9 10�4 s�1 leads to threshold
stresses dependent on temperature.

Fig. 13—(a) Strain rate vs flow stress curves generated with Eqs. [11]
through [14] for various temperatures. (b) Representation _e

1=2
vs r;

the linear fits performed between 2 9 10�5 and 1 9 10�4 s�1 lead to
threshold stresses dependent on temperature and grain size.
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