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Creep deformation mechanism of magnesium-based alloys
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Abstract Two heat-resistant magnesium alloys AJC421
and Mg-2Nd were prepared. Both as-cast Mg-2Nd and
AJC421 alloys exhibited good creep resistance in
comparison with commonly used magnesium alloys. The
improvement in creep properties through Nd addition to
pure magnesium is attributed to both solid solution and
precipitation hardening. The stress exponents of 4.5-5.5
and activation energies of 70.0-96.0 kJ/mol obtained from
the as-cast Mg-2Nd alloy at low temperatures and low
stresses indicate the five power law can be used for pre-
dicting the creep mechanism. The additions of alkaline
earth elements Sr and Ca into Mg—Al alloys suppress the
discontinuous precipitation of Mg;;Al;, and form thermal-
stable intermediate phases at grain boundaries, leading to
effective restriction to grain boundary sliding and migra-
tion. However, the mechanism responsible for creep
deformation of Mg—Al based alloys with Ca and Sr addi-
tions is not consistent with the results of microstructure
observations performed on the alloys before and after creep
tests.
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Introduction

Magnesium alloys are of great interest as lightweight
materials in automobile industry because of their low
density and high specific strength and stiffness [1, 2].
However, compared with aluminum-based alloys, magne-
sium alloys have worse creep resistance at elevated
temperatures, which limits their application only in a few
selected components such as the instrument panel, steering
wheel and valve cover [3]. The further applications of
magnesium alloys in automobile industry such as power-
train require good performance at elevated temperatures
that may be up to 200-300 °C [1]. For automotive appli-
cations it is important that the development of new casting
alloys addresses creep resistance, castability, especially
die-castability, ductility, and corrosion resistance, besides,
cost effectiveness should be taken into consideration as
well [3, 4].

Concentrated effort has been expanded in developing
and optimizing magnesium alloys with good creep resis-
tance at elevated temperatures [1, 3-5]. Many creep-
resistant magnesium alloys have been developed and some
of them have been already commercially used (e.g., MRI,
modified AE and AJ alloy systems). The heat-resistant
magnesium alloys are commonly divided into two series,
Al-free and Al-containing. The Al-free magnesium alloys
often contain rare-earth elements such as Nd, Y, Ce, etc.
These alloys offer good creep resistance due to solid
solution and precipitation hardening. However, the appli-
cation of these alloys is restricted in few areas such as
space and aeronautics products owing to their poor cast-
ability and high cost. In comparison with Al-free alloys, the
Al-containing magnesium alloys are the most hopeful
candidates for application in automobile industry because
of their good performance, die-castability, and low cost,



J Mater Sci (2008) 43:6952-6959

6953

which is more important. Besides aluminum, the Al-con-
taining creep-resistant magnesium alloys usually contain
alkaline earth (Ca, Sr) or rare earth (misch metal) elements
for better microstructure stability at elevated temperatures.
The previous investigations [6] have attributed the poor
elevated temperature performance of Mg—Al-based alloys
to the discontinuous precipitation of  (Mg;7Al;,) from the
supersaturated o-Mg solid solution and coarsening of f in
the interdendritic eutectic regions at elevated temperatures.
Creep resistance of Mg—Al-based alloy have been signifi-
cantly improved by additions of alkaline elements because
of the complete suppression of the formation of f phase
and the presence, instead, of Al-Sr and/or Mg—Ca and
Mg—Al-Sr ternary phase [6]. Mg-2Nd and AJC421 are two
newly developed creep-resistant magnesium alloys.
Although both the alloys exhibit good creep resistance,
their castability and potential applications are different.
Mg-2Nd-alloy with 2 wt.% Nd addition is usually for
gravity casting applications and wrought products. How-
ever, AJC421 alloy is always considered as a structural
material for die-casting applications due to good fluidity.

In the previous investigations the creep mechanisms of
magnesium alloys were mostly identified by determining
the apparent activation energy Q for creep as well as the
stress exponent n from the Arrhenius relationship [1, 3].
However, more and more investigations [7, 8] have indi-
cated that it has difficulties in inferring the mechanisms
responsible for the creep deformation of h.c.p-structured
magnesium alloys using the Arrhenius equation. In the
present paper, two alloys, Al-containing alloy AJC421
(here, J represents Sr and C represents Ca) and Al-free
alloy Mg-2Nd, were prepared. The creep behaviors of these
two alloys were studied and the mechanism responsible for
creep deformation of them was also investigated and
compared.

Experimental procedure

Mg-2Nd and AJC421 with composition of Mg-4Al-2Sr-
1Ca-0.3Mn were prepared. The additions of Nd, Sr, and Ca
were conducted by adding master alloys of Mg-
30 wt.%Nd, Mg-27 wt.%Sr, and Mg-30 wt.%Ca, respec-
tively. Melting of the alloys was carried out in a mild steel
crucible under the protection of a mixed gas atmosphere of

Table 1 Chemical composition of the alloys

1% SF¢ and 99% CO,. After the master alloy added was
dissolved, the melt was held at 720 °C for 10 min and then
poured into a water-cooled mold made of cast copper. The
chemical compositions of the alloys prepared were deter-
mined by using inductively coupled plasma atomic
emission spectroscopy (ICP) and the results were well
consisted with the designed composition, as shown in
Table 1.

Some of the cast ingots with 60 mm in diameter were
hot extruded into 20 mm-thick bars at 360 °C. The as-cast
and as-extruded specimens for creep tests were cut from
the cast billets and extruded bars. Tensile-creep tests were
performed on specimens of cylindrical geometry with a
100 mm gauge length and 10 mm diameter cross section
using RD2-3 high temperature creep testing machine.
Microstructure observations were carried out using opti-
cal microscopy (OM), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM).
Microanalysis was performed on different phases in the
microstructure using energy dispersive X-Ray spectros-
copy (EDS). The crystalline structure of the precipitates
appearing in the microstructure was characterized using
selected area electron diffraction (SAD).

Results
Microstructure

The microstructure of the as-cast Mg-2Nd consists of the
o-Mg matrix and an intermediate phase distributing dis-
continuously at grain boundaries, as shown in Fig. la.
Figure 1b and ¢ are TEM micrographs and corresponding
electron diffraction pattern taken from the intermediate
phase, which can be indexed as arising from Mg;,Nd with
a body-centered tetragonal structure. Dynamic recrystalli-
zation has also occurred in this alloy during extrusion
process, as shown in Fig. 1d, optical micrograph taken
from extruded alloy of Mg-2Nd along the longitudinal
direction. The average grain size in extruded Mg-2Nd is
about 5-20 um. The intermediate phase Mg;,Nd shows
band morphology parallel to the extrusion direction as
shown in Fig. le.

A SEM micrograph taken from as-cast AJC421 is shown
in Fig. 2a, from which a network of interdendritic

Alloys Designed compositions (wt.%) Analyzed compositions (wt.%)

Nd Al Sr Ca Mn Mg Nd Al Sr Ca Mn Mg
Mg-2Nd 2.0 - - - - Bal. 1.85 - - - - Bal.
AJC421 - 4.0 2.0 1.0 0.3 Bal. - 3.79 222 1.01 0.31 Bal.
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Fig. 1 (a) SEM, (b) TEM
image, (c) selected area
diffraction pattern (SADP) of
as-cast Mg-2Nd (B = 111),
(d) optical, and (e) SEM
morphology of as-extruded
Mg-2Nd

20um

Fig. 2 (a) SEM micrograph
of as-cast AJC421 alloy,
(b) Optical, and (¢) SEM
micrograph of the extruded
AJC421 alloy

Wp“m
L A

compounds can be clearly seen. Our previous paper [6]
reported that the interdendritic network in the alloy
AJC421 consists of bulky Mg—AI-Sr ternary phases and
lamellar eutectic Mg,Ca or (Mg, Al),Ca phases. While the
alloy was extruded, its microstructure is similar to that of
as-extruded Mg-2Nd alloy. As shown in Fig. 2b the grains
of the «-Mg matrix are equiaxial and their average size is
about 4 pum in diameter, indicating that recrystallization
also occurred during extrusion. The intermediate phases
in as-extruded microstructure are arranged in bands parallel
to the extrusion direction. High magnification SEM
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observation, as shown in Fig. 2c, reveals that the ternary
phase of Mg—Al-Sr is a little elongated in comparison with
that in as-cast microstructure, while the Mg,Ca or (Mg,
Al),Ca phases are crushed into a large amount of small
particles.

Creep behavior
The creep behavior of the as-cast Mg-2Nd alloy was

studied at temperatures between 150 and 250 °C under
applied stresses between 30 and 110 MPa. Figure 3 shows
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Fig. 3 Creep curves of the as-cast alloys Mg-2Nd and AJC421 at
175 °C/70 MPa

the creep curve obtained at the temperature of 175 °C and a
constant stress of 70 MPa. The steady-state creep rate (&)
calculated by measuring the slope of the steady-state stage
of the curve is 8.5 x 107'°s™'. The 100 h total creep
extensions (g,) is only 0.043%.

The steady-state secondary creep rate (¢) of magnesium
alloys is generally described by a power-law equation [1, 9,
10]

& =Ad" exp (;?) (1)

where A is a material related constant, n is the stress
exponent, Q is the apparent activate energy for creep, R is
the gas constant. The Eq. 1 can be changed into

. -0
Iné =1nA Inoc —— 2
né=IA+nle— o (2)
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by taken logarithm at both sides. Thus, the stress exponent
n can be calculated from the slope of Iné versus In ¢ at a
given temperature from the above Eq. 2, and an Arrhenius
plot (Iné vs. 1/T) at a specific stress level will yield the
apparent activation energy (Q) value. The applied stress
and temperature dependence of the steady-state creep rate
of the as-cast Mg-2Nd alloy are shown in Fig. 4a and b,
respectively. The stress exponents calculated from the
double logarithmic plots of minimum creep rate against
applied stress (In¢ vs. In ¢) lie in the range of 4.5-7.1 at
low stresses and 9.8-29.5 at high stresses, as shown in
Fig. 4a. The activation energies for creep calculated from
the slope of the Iné vs. 1/T curve (Fig. 4b) can be divided
into two parts: 70.0-96.0 kJ/mol at lower temperatures
(150-200 °C) and 199.9-246.1 kJ/mol at higher tempera-
tures (200-250 °C).

Creep tests of the as-cast AJC421 alloy were performed
at temperatures between 150 and 250 °C under applied
stresses between 50 and 80 MPa. The creep curve obtained
at 175 °C/70 MPa is also shown in Fig. 3. The creep strain
of AJC421 is larger than that of Mg-2Nd in the primary
creep stage, which may be attributed to the difference in
yield strength at 175 °C of the two alloys. The steady-state
creep rate (¢) is 3.5 x 107'° s7! and the 100 h total creep
extensions (&) is 0.078%. Both the steady creep rate and
100 h total creep extension are much lower than the
commercial magnesium alloy AE42 (6 = 5.6 x 107® 57!,
& = 2.96%) [11], indicating a better creep resistance. The
relationship between the secondary creep rates and applied
stress and the temperature dependence of the minimum
creep rates are shown in Fig. 5a and b, respectively. The
stress exponents are 4.4 at 175 °C/50-80 MPa and 4.7 at
200 °C/50-70 MPa, respectively. However, when the
temperature is as high as 225 °C, the stress exponent is 6.6
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Fig. 4 (a) Stress and (b) temperature dependence of the steady-state creep rate of as-cast Mg-2Nd alloy
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Fig. 5 (a) Stress and (b) temperature dependence of the steady-state creep rate of as-cast AJC421 alloy

at low stresses, but 19.7 at high stresses. The apparent
activation energy for creep can also be divided into two
parts: 67.7-79.0 kJ/mol at low temperatures and 242.2—
335.9 kJ/mol at high temperatures, as shown in Fig. 5b.
Extrusion has different effect on the creep properties of
the alloys Mg-2Nd and AJC421. The changes of creep
properties of the alloys Mg-2Nd and AJC421 caused by
extrusion are much different. The creep curves obtained
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Fig. 6 Creep curves of the as-extruded Mg-2Nd and AJC421 at
175 °C/70 MPa

from the as-extruded specimens of these two alloys at the
temperature of 175 °C and a constant stress of 70 MPa are
shown in Fig. 6. The steady-state creep rates and 100 h
total creep extensions are listed in Table 2 together with
those obtained from the as-cast specimens. It can be seen
that the steady-state creep rate as well as the 100 h total
creep extension of as-extruded Mg-2Nd specimen is a bit
lower than those of as-cast specimen, indicating that the
change of the second phase distribution and size of the
matrix grain have no notable effect on the creep properties.
For alloy AJC421, however, the steady-state creep rate of
the as-extruded specimen is as high as 3.3 x 1077 s~ !,
which is three orders of magnitude higher than that of
as-cast one (3.5 x 1071 s™1). The total creep extension
increases by more the two orders of magnitude after
extrusion. This sharp reduction of creep properties after
extrusion implies that the morphology and distribution of
intermediate phases in this alloy are main factors control-
ling the creep deformation.

Figure 7a shows the SEM micrograph of as-cast
Mg-2Nd alloy after creep test. In Mg-2Nd specimen, the
interdendritic compounds (Mg;,Nd) distributed granularly
instead of those in the microstructure before creep. The
cracks are distributing along the grain boundaries but
cavities exist both in the grains and along the grain
boundaries. A large number of tiny needle-shaped

Table 2 Creep properties of as-cast and as-extruded alloy at 175 °C with applied stress 70 MPa

Mg-2Nd AJC421

As-cast As-extruded As-cast As-extruded
Steady creep rate (&, s~') 8.5 x 1071° 6.1 x 1071° 3.5 x 1071 0.078
100 h total creep extension (g, %) 0.043 0.027 33 x 1077 9.31?%

* This data was obtained after 76 h creep test as the specimen fractured

@ Springer
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Fig. 7 (a) SEM micrograph of
Mg-2Nd, (b) Precipitations, and
(c) corresponding selected area
diffraction pattern (B = 2110)
in Mg-2Nd after crept at

200 °C/70Mpa for 538 h, (d)
SEM micrograph of AJC421
after creep test at 175 °C/
70Mpa for 100 h
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precipitations with the size of about 300-400 nm are vis-
ible and have interaction with the dislocations, as shown in
Fig. 7b. Select area diffraction pattern (Fig. 7c) indicates
the precipitations are parallel to the basal plane. Figure 7d
shows the SEM micrograph of as-cast AJC421 alloy after
creep test. The microstructure is nearly the same as that
before creep test, indicating that the interdendritic com-
pounds network is much stable during creep.

Discussion
Strengthening of the alloys

The previous investigations indicate that the mechanism
for creep is either grain boundary sliding (or migration) or
dislocation motion (climb or cross-slip) controlled [1].
Thus, the creep resistance of magnesium alloys can be
improved by strengthening the grain boundaries or
restricting the movement of dislocations. The improved
mechanical properties through RE additions have been
attributed to solution hardening and precipitation harden-
ing, and particularly the precipitation of a fine dispersion of
intermetallic particles [5, 12]. According to the Mg-Nd

5 pm

binary phase diagram [13, 14], the solubility of the neo-
dymium in the «-Mg matrix is as high as 3.6wt% at 552 °C
and decreases sharply with the decrease of temperature. At
the ambient temperature the solubility of Nd in the «-Mg
matrix is negligible. Due to non-equilibrium solidification
the «-Mg in the alloy studied is oversaturated and part of
neodymium forms divorced eutectic Mg,Nd instead of
precipitates in the as-cast alloy. During creep tests, how-
ever, the tiny precipitates form from the oversaturated
matrix, which are stable and effectively restrict the
movement of dislocations. As a result, the as-cast Mg-2Nd
alloy shows good creep resistance.

For most Mg—Al based alloys, such as AZ and AE
series, discontinuous precipitation of the [ phase
(Mg,7Al;,) is thought to have deleterious effect on the
creep properties of magnesium alloys [3]. The additions of
alkaline earth elements strontium (Sr) and calcium (Ca)
into Mg—Al alloys suppress the precipitation of Mg;,Al;,
and cause the formation of thermal-stable compounds
(Mg—AI-Sr ternary phases and lamellar Mg,Ca or (Mg, Al)
»Ca phases) distributing along the grain boundaries. The
thermal-stable compounds enable effective restriction to
grain boundary sliding and migration so that the as-cast
AJC421 alloy exhibits good creep resistance.

@ Springer
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Creep mechanism

In the previous investigations, the stress exponent n and
apparent activation energy Q parameters obtained from
power-law equation

. Olné 3)
Olno T=constant
Olnég
Qe =R =~ 4
a(l/T) o=constant ( )

are usually used to infer the dominant creep deformation
mechanisms in specific ranges of stress and temperature [1,
9, 10]. It is usually regarded that a stress exponent value of
1 is due to diffusion creep, 2 due to grain boundary sliding,
and, 3-6 due to the motion of dislocations [1, 15]. An
activation energy value of Q. = 30—45 kJ/mol obtained in
Mg-Al-based alloys (AZ91D,AS21 and AE42) [16] is
reported to fit with the activation energy for discontinuous
precipitation of Mg;;Al;, which results in grain boundary
sliding. A value of 80 kJ/mol is reported for grain boundary
diffusion, 135 kJ/mol for self-diffusion, and 143 kJ/mol for
diffusion of Al in Mg [3, 17].

In the present study, the obtained stress exponent values
varying from 4.5 to 5.5 at low stresses at the temperatures
between 150 and 200 °C lie in the range of 4-6, which is
consistent with the five power law [18, 19] suggesting a
dislocation climb controlled creep. The higher stress
exponent values of 9.8-29.5 at higher stresses means
power-law breakdown. However, the apparent activation
energies lying between 70.0 and 96.0 kJ/mol at lower
temperatures (150-200 °C) does not match the activation
energy for self-diffusion, i.e., Q;; = 135 kJ/mol, which is
usually thought to be the activation energy for dislocation
climb controlled creep [19, 20]. In some previous investi-
gations on magnesium [17, 21-24], the authors still
attributed the creep to be dislocation climb controlled
based on the obtained stress exponents of 4.5-5.86 and
activation energies of 92—-117 kJ/mol, but few interpreta-
tions were given on the low activation energies. Nabarro
[25], Sherby, and Weertman [26] suggested that the low
activation energy was that for diffusion along the cores of
dislocations which usually had nearly the same value as
that for grain boundary diffusion. A decrease in activation
energy from high temperature to low temperature has been
found in many Mg-RE-based alloys [5, 12, 27]. The
operative mechanism was still interpreted to be dislocation
climb at low temperatures and the low activation energy
was regarded as that of diffusion of vacancies [5]. A large
number of tiny needle-shaped precipitations are visible and
have interaction with the dislocations in the microstructure
after creep test (Fig. 7b); indicating that the restriction
effect of precipitates on the movement of dislocations is the

@ Springer

main strengthening mechanism for good creep resistance.
After extrusion the microstructure of the Mg-2Nd alloy is
greatly refined due to dynamic recrystallization, as shown
in Fig. 1d; however, the creep resistance of as-extruded
sample is a bit better than that of as-cast sample, reflecting
that grain boundary sliding (or migration) is not the con-
trolling mechanism for creep. At high temperatures above
200 °C, higher stress exponents of 6.0 and 7.1 were
obtained at 225 °C and 250 °C, respectively, while
the apparent activation energies lie in the range from
199.9 kJ/mol to 246.1 kJ/mol. B.L.Mordike proposed: “The
stress dependence of the activation energy would suggest it is
probably the cross-slip mechanism” [5]. Suzuki et al. [28]
obtained a high activation energy over 230 kJ/mol and
observed cross-slip of dislocations from the basal to the
non-basal plane in Mg-Y binary alloys, which was
explained consistently by the cross-slip mechanism.

In the as-cast AJC421 alloy (Figs. 5a and b), the stress
exponents are 4.4 and 4.7 at the temperatures of 175 °C
and 200 °C, respectively, but 6.6 at low stresses and 19.7 at
higher stresses at 225 °C. The apparent activation energies
range from 67.7 kJ/mol to 79.0 kJ/mol at low temperatures
(150-225 °C) and 242.2-335.9 kJ/mol at high tempera-
tures (200-250 °C). According to the widely accepted
criterion as described above, the creep at low temperatures
and low stresses seems to be dislocation climb controlled
since the stress exponents are close to 5, which is consistent
well with the five power law. However, the apparent acti-
vation energy values range from 67.7 kJ/mol to 79.0 kJ/
mol, close to that for grain boundary diffusion, much lower
than that for self-diffusion. There have been few data
reported concerning the stress exponent and activation
energy for creep of Mg—Al-Sr—Ca alloys. Zhao et al. [29]
attributed the low activation energy of 74 kJ/mol at low
temperatures in Mg—Al-Sr alloy to grain sliding accom-
modated by grain boundary diffusion. Actually, grain
sliding has been found to play an important role in the
creep of Mg—Al-based alloys such as AZ91, AS21, and
AE42 due to the creep-induced precipitation of -Mg;Al;,
[1, 3, 16]. Our previous work [6] reported that the creep
properties of the AJC421 alloy, under the condition of
175 °C and 70 MPa, were three orders of magnitude higher
than that of Mg-4Al binary alloy without Ca or Sr addition.
As mentioned above, the remarkable improvement on
creep resistance of the Mg—Al-based alloys is attributed
to the elimination of discontinuous precipitation of f and
formation of a network consisting of (Mg, Al)-Ca inter-
mediate phases at grain boundaries, which are effective in
restricting grain boundary migration. As soon as this net-
work is damaged, the creep resistance drops rapidly. This
can be clearly seen by comparing the creep properties of
as-cast and as-extruded samples of the alloy AJC421,
shown in Table 2. After extrusion, the intermediate phase
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network was entirely destroyed, as shown in Fig. 2, leading
to the sharp decrease of creep resistance. Under the con-
dition of 175 °C and 70 MPa, the steady-state creep rate of
the extruded sample is 3.7 x 1077 s~!, three orders of
magnitude higher than that of as-cast sample, which is only
33 x 1070¢7L T herefore, it seems that the creep
behavior of the alloy is related mainly to grain boundary
structure and hardly to say that it is controlled by dislo-
cation movement. On the other hand, the apparent
activation energies range from 67.7 kJ/mol to 79.0 kJ/mol
at low temperatures (150-225 °C), close to the value for
grain boundary diffusion. It seems, therefore, that the five
power law might not be used to predict the creep mecha-
nism for this alloy. To wunderstand the mechanism
responsible for creep of different magnesium alloys, further
study is needed.

Conclusion

1. Both as-cast Mg-2Nd and AJC421 alloys exhibited
good creep resistance in comparison with commonly
used magnesium alloys.

2. The improvement of creep properties through Nd
addition to pure magnesium is attributed to both solid
solution and precipitation hardening. The stress expo-
nents of 4.5-5.5 and activation energies of 70.0-
96.0 kJ/mol obtained from the as-cast Mg-2Nd alloy at
low temperatures and low stresses indicates the five
power law can be used for predicting the creep
mechanism.

3. The additions of alkaline earth elements Sr and Ca into
Mg-Al alloys suppress the precipitation of Mg;;Al;,
and form thermal-stable compounds at the grain
boundaries, leading to effective restriction to grain
boundary sliding and migration. However, the mech-
anism responsible for creep deformation of Mg—Al-
based alloys with Ca and Sr additions is not consistent
with the results of microstructure observations per-
formed on the alloys before and after creep tests.
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