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Abstract: In the present study, creep properties of as-cast Mg-5AI-5Ca-2Sn (AXT552) alloy were investigated
by means of a GWT304 creep testing machine at temperatures of 175 °C and 200 °C in the stress range of 35—
90 MPa. Results show that creep rates increase with applied stress at an identical temperature. Creep strain at
100 hours is 0.0518% and 0.083% at creep conditions of 175°C/75MPa and 200°C/60MPa, respectively, which
is comparable to MRI230D and much lower than most of AX series alloys. By the observation and analysis for
samples before and after creep tests using a Shimadzu XRD-7000 type X-ray diffractometer (XRD) and a Hitachi
S-3400N type scanning electron microscope (SEM), it was found that Al,Ca (C15) phase precipitated out of C36
phase or matrix. The cavity formation and connection at the interface of soft matrix and hard intermetallics caused
the propagation of cracking along the eutectic phase during creep process and dislocation accommodated grain/
phase boundary sliding is expected to be the dominant creep mechanism.
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ncreasing attention has been paid due to increased
Idemand of heat resistant magnesium alloys by heat-
resistant parts, such as powertrain and transmission
components ™ for lightweight vehicles. Mg-Al system
is one focus for development of this kind of materials.
In alloying elements, calcium makes a most attractive
option since it provides acceptable levels of castability
and increased corrosion and creep resistance at low cost
in comparison with RE **. The addition of Ca to the Mg-
Al system resulted in high pressure die casting MRI230D
and MRI153 alloys, both of which present significantly
better creep resistance than AE42 alloy ™%, Mg-Sn-based
alloys have great potential for creep resistance because
of the formation of thermally stable Mg,Sn phase in
the as-cast condition, and many Ca-containing Mg-Sn
alloys exhibit good creep resistance ™ . Therefore, the
consideration for the development of Mg-Al-Sn-Ca alloy
becomes necessary. In our previous studies, Mg-5A1-5Ca-
2Sn (AXT552) presents good thermal stability ' due to

[13]

the formation of connected hard skeleton '~ composed of
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Al,Ca and (Mg,Al),Ca compounds. It was found that the
skeleton is able to effectively shield load from the softer
a-Mg matrix " and increase the creep resistance of the
alloys "', Therefore, the tensile creep property of as-
cast AXT552 alloy at temperatures of 175 °C and 200 °C
was checked and compared with other heat-resistant Mg

alloys in this study.

1 Experimental procedure

Mg-5A1-5Ca-2Sn (wt.%), or AXT552, alloy was
prepared using commercial Mg, Al, Sn (with purity of
99.9%) metals and Mg-20Ca master alloy. The alloy
was melted in a mild steel crucible under the protection
of a mixed gas atmosphere of 1% SF, and 99% Ar. After
the master alloy added was melted, the melt was held
at 750 °C for 10 min, and then poured into a cylindrical
mold made of cast iron with a diameter of 180 mm and
height of 250 mm. The chemical composition of the
ingots was determined by inductively coupled plasma
analyzer (ICP) and the results were well consistent with
the designed composition as shown in Table 1. The as-
cast microstructure and phase constituent were analyzed
and the details were given in the previous report ">'?,
Creep specimens with gauge dimensions of 3 mm
x 6 mm x 27 mm were machined from these castings.
Constant-load tensile creep tests were performed using
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Table 1: Chemical compositions of AXT552 alloy (wt.%)

Composition Mg Al Sn Ca impurity

Nominal composition  Bal. 5.0 20 5.0 -

Composition analyzed Bal. 4.97 1.95 4.85 <0.6

a GWT304 creep testing machine at temperatures of 175 °C
and 200 °C, respectively, in a stress range of 35-90 MPa. The
temperature of the furnace was maintained constant to within
+2 °C during creep loading. Creep strain was measured by
extensometers which were attached directly to the gauge section
of specimens. Most tests were run under constant load to the
final failure of specimens. The phase constituents before and
after creep tests were analyzed by Shimadzu XRD-7000 type
X-ray diffractometer (XRD). The surfaces of the fracture and the
side near fracture points were observed using Hitachi S-3400N
type scanning electron microscopy (SEM). Foils with 3 mm
diameter for transmission electron microscope (TEM, JEOL

JSM-7001F) observations were cut from the center of the creep
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specimens and then dimpled by a precision ion polishing system

(PIPS Gatan) equipped with cooling system of liquid nitrogen.

2 Results and discussion
2.1 Creep properties of as-cast AXT552 alloy

The typical creep curves (strain vs. time) of the as-cast
AXTS552 alloy tested at temperatures of 175 °C [Fig. 1(a)] and
200 °C [Fig.1(b)] in the stress ranges of 75-90 and 35-75MPa,
respectively, are shown in Fig. 1. For comparison, the creep
curve with the lowest creep life at 200 °C is shown in the inset
of Fig. 1(b). The creep life of 1,400 hours for the sample tested
at stress of 35 MPa and temperature of 200 °C is not shown here
due to one order longer than others. It is evident from the figures
that all the curves exhibited a distinct primary (transient) creep
regime followed by a steady state (secondary) creep and then the
tertiary stage of the creep fracture process. At 175 °C, the creep
rupture time had the following sequence for the three loading:
75MPa > 80MPa > 90MPa, with the creep rupture time of 127,
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Fig. 1: Creep strain-creep time curves for AXT552 alloy tested at temperature of 175 °C (a) and 200 °C (b), respectively

115 and 81 h, respectively. While at 200 °C, the creep rupture
time followed the same sequence of 1,400, 170, 111 and 12 hours
for the loading of 35, 50, 60 and 75 MPa , respectively. For the
same load of 75 MPa, the rupture time for the sample crept at 200
°C was quite lower than that obtained at 175 °C, indicating the
temperature sensitivity of the alloy. However, the strain increased
rapidly when the creep strain increased from 50 to 60 MPa at 200
°C, this also indicates the stress sensitivity of the alloy.

The creep rate (strain rate) was calculated from the steady
state region of the strain vs. time curves for all the specimens,
i.e., from the second stage in each case. The calculation of strain
rate values based on the linear fit in the steady state region of the
creep plots in Fig. 1 are shown in Fig. 2.

It was noticed from the values shown in Fig. 2 that the creep
rate increased with applied stress at an identical temperature. At
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Fig. 2: Calculation of strain rate by linear fit to strain
vs. time plots shown in Fig. 1
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the creep temperature of 175 °C, the creep rate increased by only
0.24 when the applied stress is increased from 75 to 85 MPa,
and the increase became significant at stress of 90 MPa. It is
obvious that the increase in the creep rate is more significant
for the samples crept at 200 °C. It was increased by a factor of
5.64 when the applied stress was increased from 50 to 75 MPa.
A similar trend was also found when the temperature was raised
from 175 to 200 °C at the same applied stress of 75 MPa. The
creep rates for the lowest and the highest ones varied by a factor
of 6.13. In general, the specimen tested at the lower temperature
or stress exhibits a relatively longer primary creep stage
than those tested at higher temperature or higher stress. For
comparison, the creep rate was obtained by differentiating creep
strain shown in Fig. 1 with respect to creep time and was plotted
against creep time () normalized by the rupture time (z,) (Fig. 3).
It was found that the creep rates decreased rapidly during initial
creep stage: the lower the creep life, the faster the decrease of
the creep rate. No constant creep rate was observed even if the
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steady stage was assumed, which indicated that strain and strain
(creep) rate followed different rules during creep processes.
Creep rates reached the minimum at about 1/2 of the rupture
time for the specimens tested at 175 °C independent of stress
[Fig. 3(a)], while the minimum creep rate was seen at about 2/3,
1/2 and 1/2 of the rupture time for the specimens tested 200 °C
under stress of 50, 60 and 75 MPa, respectively [Fig. 3(b)]. The
creep rate increased after the minimum creep rate was reached
and the increase became rapid during tertiary stage of creep. The
shape of the creep rate curves reflects microstructural changes
such as dynamic precipitation, which is related to the degree
of solute supersaturation in the matrix """, Therefore, it was
inferred no significant microstructure change for the samples
tested at creep temperature of 750 °C due to almost no shape
change for the time dependence of creep rate curves, while the
microstructure for the samples crept at 200 °C under stresses of
50 and 60 MPa, respectively, should be different, which will be
discussed in the following section.
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Fig. 3: Creep rate vs. time normalized by rupture time for AXT552 at 175 °C (a) and 200 °C (b), respectively

The creep properties of heat resistant magnesium alloy are
usually described by the secondary creep rate and creep strain
of 100 hours ™ > "1 therefore, the comparison between
different heat resistant magnesium alloys is necessary. Table
2 summarizes the most important RE-free magnesium alloys,
including the famous MRI230D *!, AJX series '"'* alloys. In
order to narrow the difference in experimental conditions, only
those with similar creep experimental conditions are given in
Table 2, including the present study on AXT552 alloys crept at
conditions of 175°C/75MPa and 200°C/60MPa for comparison.
At 175 °C, the applied stress used in the creep tests for most of
the alloys was 70 MPa. The stress applied to MRI153 alloy was
90 MPa, but it crept at a lower temperature of 150 °C, therefore,
the creep condition of 175°C/75MPa used in our experiments
was more severe than other alloys. However, at 200 °C, the
creep condition was less severe than other alloys. Considering
the corresponding creep rates for AXT552, MRI230D, MRI153

and ATX421 alloys, the creep properties for the four alloys were
comparable in terms of secondary creep rate. We also noticed
that the creep rate for AXT552 was about two order lower than
AJXS511, AJX611, AX52 and AX53 alloys. However, the creep
strain of 100 hours for AXT552 was smaller than that of most of
the alloys listed in the table except the creep strain of AJX611
at 175 °C. Therefore, we can say that AXT552 presents better
creep property in terms of creep rate and creep strain.

2.2 Microstructure observation before and
after creep tests

Figure 4 shows the XRD patterns obtained from AXTS52 alloy
in the as-cast (Fig. 4a), as-crept at conditions of 175°C/85MPa
[Fig. 4(b)], 200°C/50MPa [Fig. 4(c)] and 200°C/60MPa [Fig.
4(d)], respectively. From the XRD patterns, the constituent
phases of as-cast alloy are composed of a-Mg, (Mg,Al),Ca,
Al,Ca and CaMgSn, which is in accordance with our previous
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Table 2: Secondary creep rate and creep strain of 100 hours for some heat-resistant magnesium alloys

Creep rate (s™)/Stress (MPa)

MRI230D 3.92x10°/70 1.28x107/70
AJX511 ~9x107%/70 ~2.5x10°%/70
AJX611 ~5x107°/70 ~5x10°/70

AX52 6.95x107°/70 3.43x10°/56
AX53 8.64x107°/70 5.64x10°/56
AX53+0.15Sr 5.56x107"/70 1.11x10°%/56

ATX421 2.4x10%/70* -

AT42 2.39x107/70** -
MRI153 ~4x10°/90**
6.1x10%/75 6.63x10%/50
AXT552
6.34x10°/85 9.75x10°/60

*200 h creep strain; **creep at 150 °C; ***150 h creep strain

research'”. Comparison between the patterns obtained before
and after creep tests from the alloy revealed that there was
no new phase formation in the alloy during creep exposure.
However, the intensity of the peaks corresponding to the Al,Ca
phase is increased when the creep temperature is 200 °C, while
there is almost no change for the sample tested at 175 °C. It
should be noticed that the AXT552 alloy has a multi-phase
structure and the volume fraction of some intermetallic phases
is low, therefore, the XRD analysis for some phases, such as
CaMgSn, is not obvious. An additional complication is the
similarity of the crystal structures of the (Mg,Al),Ca (C36) and
Mg,Ca (C14) phases, resulting in the peaks belonging to these
Laves compounds overlapping in the XRD pattern. Therefore,
the co-existence of C36 and C14 phases is possible. The stability
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Fig. 4: XRD patterns for as-cast (a), as-crept at conditions of
175°C/85MPa (b), 200°C/50MPa (c) and 200°C/60MPa
(d), respectively

268

100 h creep strain (%)
Sources

0.24* - (3]
~0.1 ~0.18 [17]
~0.03 ~0.2 [17]
0.06 0.26 [18]
0.09 0.28 [18]
0.08 0.16 [18]
2. = [19]
15.4*** - [19]
3.8 (1]
0.0518 0.0521 Present work

0.0558 0.0830 Present work

of the intermetallic C36 phase during annealing at 300 °C
was examined in die-cast Mg-5A1-3Ca based alloys. The C36
phase transformed to the C15 (Al,Ca) phase by a shear-assisted
mechanism ™. Precipitates of the C15 Laves phase were also
found within the a-Mg grains in die-cast Mg-5A1-3Ca-0.15Sr
alloy as a result of aging in the temperature range from 175 °C
to 350 °C P, Therefore, the precipitates assisted by both the
temperature and applied stress under creep condition become
possible and the peak intensity corresponding to C15 phase will
increase in the XRD patterns. Figure 5 presents the TEM image
of the precipitates for the sample crept at 200 °C and applied
stress of 60 MPa. According to the electron diffraction pattern
(inset of Fig. 5) and the morphology described by the literatures
[22], the needle-like phase existed in or near C36 phase is C15

Fig. 5: TEM bright field image and electron diffraction
pattern (inset of the figure) of needle-shaped Al,Ca
(C15) phase, [110] zone axis
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phase. Therefore, the intensification of the Al,Ca phase peak
during creep test is attributed to its dynamic precipitation.

The microstructure changes before and after creep tests
are shown in Fig. 6. It is seen from Fig. 6(a) that the primary
a-Mg grains of as-cast AXT552 alloy are surrounded by the
interconnected network of the grain boundary phase. This

RN
100um

phase, which forms during the eutectic solidification process,
has a lamella-type or irregular morphology, which can be
found in the previous studies ">\ The crystal structure of the
eutectic compound (Mg,Al),Ca has been identified as irregular
C36 and/or lamellar C14 structure in many as-cast AX series
alloys "*****!. The microstructure near the rupture surface for

1.5mm

Fig. 6: Microstructures of as-cast (a) and as-crept samples at creep conditions of 175°C/75MPa (b),
175°C/85MPa (c), 175°C/90MPa (d), 200°C/35MPa (e), 200°C/50MPa (f), 200°C/60MPa (g), 200°C/75MPa (h)
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the samples crept at 170 °C under stress of 75, 85 and 90 MPa
is shown in Fig. 6(b), (c) and (d), respectively. It is obvious
that the size of a-Mg cells is increased by ~10%, but there is
no much change for the microstructure. The failure mode for
samples tested at 175 °C and different stresses is the cracking
between a-Mg and eutectic phase as indicated by the arrows
shown in Fig. 6(b), (c) and (d), respectively. At the same time,
the cracking sites shown in Fig. 6(b) are more numerous and
further away from the fracture compared to other samples as
shown in Fig. 6(c) and (d) due to exposures for the longest
time at the same creep temperature of 175 °C. A similar
situation was observed in Fig. 6(e) for the sample tested at
200°C/35MPa creep condition with creep life over 1,400 hours.
This phenomenon indicates that the lower the stress, the more
homogeneous deformation will occur for the creep sample at
an identical temperature. The microstructure changes for the
samples tested at 200 °C are somewhat dependent of the applied
stress, 1.e., the microstructure for the sample tested at the lowest
stress of 35 MPa [Fig.6(e)] is comparable to the as-cast alloy,
while at the higher stresses, such as 50, 60 and 70 MPa [Figs.
6(f), (g) and (h)], the microstructure changes have taken place
to some extent. The irregular eutectic phase in Fig. 6(f) became
discontinuous or the lamella-type eutectic phase in Fig. 6(g)
became indistinct, while shear flow in both the eutectic phase
and the matrix was observed in Fig. 6(h). The discontinuous and
indistinct eutectic phase is possibly related to the phase change
of eutectic, such as C15 precipitates from C39 as shown in
Fig. 5. The shear flow near fracture surface was blocked up by
eutectic phase which is shown in Fig. 7(a) as the magnification
of Fig. 6(h), indicating that the fracture for the sample is non-
uniform at high stress and high temperature. The microstructure

of eutectic phase in the shear area (left) and un-shear area (right)
is obviously different.

The rugged fracture surfaces shown in Fig. 6(e) and (f)
indicate that the cracks extend along the interface between
eutectic phase and the matrix. Figure 7(b) shows the crack
initiation in (Mg, Al),Ca compounds as indicated by arrows,
which was also observed by Xu et al * in a Mg-Al-Ca alloy
system. It is obvious that the many tiny cavities are induced to
form at or near the interface, between intermetallics and matrix,
where dislocations as indicated by an arrow can be seen. Cavity
formation was also observed as a precursor of creep fracture
as shown in Fig. 6(h). Most of the cavities formed owing to
stress concentration at phase boundaries, triple points and/or
interface between a soft phase and hard intermetallic phase. The
connection and extension for those cavities cause the fractue
of the creep samples. From the above analysis, we can see that
the dominant creep mechanism is phase boundary cracking
and sliding, which results in grain movements accommodated
with either diffusion or with dislocation motion. Therefore,
dislocation-accommodated grain boundary sliding is expected to
be the dominant creep mechanism.

The higher heat resistance for AXT552 alloy can be attributed
to the formation of hard connected skeleton structure with high

thermal stability as reported '>"

previously. The skeleton is
able to effectively shield load from the softer a-Mg matrix and
increase the creep resistance of the alloys "*'®!. Therefore, very
few dislocations could be observed as indicated by Fig. 7(b).
Certainly dislocation can be observed at fracture sites where
high stress concentration exists. Away from the fracture point,
however, cavity formation caused by dislocation piled up will in

turn result in the submergence of the dislocation.

Fig. 7: SEM image showing microstructure near fracture site for sample crept at 200°C/75MPa (a) and TEM
image showing cavity formation at interface between intermetallics and matrix (b)

3 Conclusions

(1) The secondary creep rates for AXT552 alloy tested at 175 °C are
6.1x10™, 6.34x10® and 1.1x107s™ under applied sresses of 75,

270

85 and 90 MPa, respectively, and they are increased to 6.63% 10,
9.75x10"* and 3.7x107 5" under applied sresses of 50, 60 and 75
MPa, respectively, at creep temperature of 200 °C.
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(2) The creep strain of 100 hours for AXT552 alloy at creep
conditions of 175°C/75MPa, 175°C/85MPa, 200°C/50MPa
and 200°C/60 MPa is 0.0518, 0.0558, 0.0521 and 0.083%,
respectively, which is much lower than most RE-free heat
resistant magnesium alloys in related to similar creep conditions.

(3) The cavity formation and connection cause the cracking
along the interface between eutectic phase and the matrix.
Dislocation-accommodated grain boundary sliding is the

dominant creep mechanism.
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