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Abstract: The effects of artificial aging (T6) on the creep resistance with tensile stresses in the range of 50—80 MPa at
175 °C were investigated for an extruded Mg—1.22A1-0.31Ca—0.44Mn (wt.%) alloy. The Guinier-Preston (G.P.) zones
primarily precipitate in the sample aged at 200 °C for 1 h (T6-200°C/1h), while the Al,Ca phases mainly precipitate in
the sample aged at 275 °C for 8 h (T6-275°C/8h). The T6-200°C/1h sample exhibits excellent creep resistance, with a
steady-state creep rate one order of magnitude lower than that of the T6-275°C/8h sample. The abnormally high stress
exponent (~8.2) observed in the T6-200°C/1h sample is associated with the power-law breakdown mechanism. TEM
analysis illuminates that the creep mechanism for the T6-200°C/1h sample is cross-slip between basal and prismatic
dislocations, while the T6-275°C/8h sample exhibits a mixed mechanism of dislocation cross-slip and climb. Compared
with the Al,Ca phase, the dense G.P. zones effectively impede dislocation climb and glide during the creep process,

demonstrating superior creep resistance of the T6-200°C/1h sample.
Keywords: Mg—Al—-Ca—Mn alloy; tensile creep; artificial aging; cross slip

1 Introduction

The magnesium (Mg) alloys have gained
considerable interest in response to the increasing
need for lightweight materials in the transportation
and aerospace industries. This is primarily because
of their favorable specific strength and low density
[1-3]. However, poor creep performance limits their
high-temperature applications [4,5]. In recent years,
research has focused mainly on enhancing the creep
resistance of Mg-based alloys by adding rare-earth
(RE) elements [6—8]. Many Mg—RE alloys with
excellent creep performance have been developed,
most of which involve Mg—Gd and Mg—Y based

alloys. However, the addition of RE elements
increases the cost of alloys, making them unsuitable
for widespread commercial applications. Therefore,
the development of low-cost, heat-resistant Mg
alloys is crucial. Among non-RE Mg alloys, the
Mg—Al—Ca—Mn alloy system has gained widespread
attention owing to its excellent creep resistance and
cost-effectiveness [9—11].

Creep is a critical consideration in engineering
applications in which components are subjected
to prolonged mechanical stress at elevated
temperatures. The principal creep mechanisms
include atomic diffusion, dislocation glide, and
climbing [12—15]. The evolution of the micro-
structure in Mg—Al—Ca—Mn alloys during the creep,
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specifically the alterations in the precipitate
morphology, distribution, and phase composition,
significantly impacts their mechanical properties and
resistance to creep. The addition of Ca can result
in the formation of thermally stable intermetallic
compounds, specifically, Mg,Ca (C14) and Al,Ca
(C15) [16]. ZHU et al [17] studied squeeze-cast
Mg—Al—Ca alloys and reported that the (Mg,Al),Ca
phases improve creep resistance. SUZUKI et al [18]
reported that the Al,Ca phase in a die-cast
Mg—Al-Ca alloy poses a significant obstacle
to non-basal dislocation slip. Moreover, artificial
aging treatments exert a notable influence on
the microstructural features of these alloys,
consequently affecting their creep behavior. Single-
layer ordered Guinier-Preston (G.P.) zones were
observed in aged Mg—0.5A1-0.3Ca (wt.%) alloy [19]
and Mg—3.6A1-3.4Ca—0.3Mn (wt.%) alloy [20].
HOMMA et al [21] demonstrated that the addition of
Mn significantly enhances the creep resistance of
Mg—6Al-3Ca (wt.%) alloys, and both the Al,Ca
phases and spherical precipitates (Al-Mn phases)
improve the creep properties. Furthermore, dynamic
precipitation in the G.P. zone also contributes to the
creep resistance of the alloy.

The precipitates resulting from the artificial
aging treatment may have a more complex impact on
creep performance. AMBERGER et al [22] found
that heat treatment did not significantly affect the
creep performance of AZ91 alloy with the addition
of 5 wt.% Ca. ZHANG et al [23] also observed that
Mg alloys exhibited superior creep resistance after
overaging. Although many studies have proposed
various factors that affect the creep performance of
Mg—Al—Ca—Mn alloys, there is still limited research
on the effects of different aging conditions on creep
performance. Because precipitates can be controlled
by adjusting the aging conditions, it is essential to
accurately identify the distinct influence of each type
of precipitate on creep resistance. Hence, the
Mg—1.22A1-0.31Ca—0.44Mn (AXM100) alloy was
selected as the focus of this research to analyze the
effects of the G.P. zones and precipitate phases on the
creep properties through different aging treatments.
This study aims to fill the existing research gap
concerning the creep behavior of AXM100 alloy
under different aging conditions and establish the
relationship between aging treatments and creep
properties. The findings of this study provide
valuable insights into the development of cost-

effective, novel, high-temperature, and creep-

resistant magnesium alloys.
2 Experimental

The composition of the Mg—1.22A1-0.31Ca—
0.44Mn (AXM100) alloy was determined using an
optical spectrum analyzer (ARL 4460, Switzerland),
and the results are presented in Table 1.
Commercially pure Mg (99.90 wt.%) was first
melted in an electric furnace at ~690 °C under a
protective gas mixture of 99.5% CO, and 0.5% SFe.
Then, pure Al (99.90 wt.%), Mg—23.5Ca (wt.%),
and Mg—3.5Mn (wt.%) were added into the Mg melt.
The homogenization treatment process for the
AXM100 alloy ingots included treatment at 300 °C
for 3 h, followed by treatment at 420 °C for 8 h, and
then at 450 °C for 4 h. The billets were subsequently
extruded to form plates 40 mm wide and 5 mm thick
at 390 °C, with an extrusion ratio of ~35:1. The
extruded sheets were subjected to solid-solution (T4)
treatment at 500 °C for 0.5 h. Subsequently, the T4
samples were subjected to artificial aging (T6) at 200
and 275 °C.

Table 1 Composition of AXM100 alloy (wt.%)
Al Ca Mn Fe Si Mg
1.22 0.31 044  <0.01 <0.02 Bal.

The gauge length of the tensile creep samples is
25 mm (along the extrusion direction), with a gauge
width of 6.5 mm and thickness of 5 mm, as shown in
Fig. 1. Tensile creep tests were conducted using an
electronic creep test machine (RDL50) equipped
with an environmental chamber capable of
controlling the temperature to be within +1 °C. The
samples were heated to 175 °C, held for 20 min, and
then pulled under four constant applied stresses
of 50, 60, 70, and 80 MPa, respectively. The creep
deformation within the gauge length of the sample
was measured using two symmetrically arranged
grating rulers with a precision of £0.5 pm.
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Fig. 1 Dimensions of tensile creep specimen (Unit: mm)
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The Vickers microhardness of the alloy after
the aging treatment was measured using a
microhardness tester (HVS—1000A). The average
hardness values were recorded based on at least
ten measurements. Electrical conductivity was
measured using a D60K digital test instrument. The
microstructure was characterized using a scanning
electron microscope (SEM, ZEISS Sigma 500)
equipped with an EBSD (Oxford Instrument). The
EBSD samples were electro-polished at 20 V for
90—120 s at —30 °C. The EBSD data were analyzed
using AZtec and Channel 5.0. The precipitation
behavior and dislocation characterization were
observed using transmission electron microscopy
(TEM, JEM—2100F). Circular test samples with a
thickness of approximately 80 pm and diameter
of approximately 3 mm were prepared for TEM
observation. Subsequently, the samples were thinned
using a precision ion thinning instrument (Gatan
691), and the temperature was maintained below
—120 °C using liquid nitrogen.

3 Results

3.1 Initial microstructures

SEM backscattered electron (BSE) images
illustrate the phases of the as-extruded and T4-
treated AXM100 alloys. Surface scans conducted
using energy-dispersive X-ray spectroscopy (EDS)
reveal the presence of Al-Mn and small Al-Ca

R T

Al-Ca phases .

\T

Al-Mn phases

phases within the extruded sample. From Fig. 2(b),
it is observed that after 0.5 h T4 treatment at 500 °C,
nearly all the Al-Ca phases dissolve back into the
Mg matrix, with the remaining phases primarily
consisting of Al-Mn phases.

ZHANG et al [24] determined that the
formation of G.P. zones was still evident after aging
at T6 treatment (250 °C, 8 h). As a result, aging at
200 and 275 °C was selected to compare the effects
of G.P. zones and AlCa on the creep behavior.
Figure 3(a) presents the Vickers hardness of the
AXM100 alloy at various aging temperatures over
time. The hardness decreases noticeably after T4
treatment. After heating at 200 °C for 1 h, a peak-
aging hardness of ~HV 61 is reached, indicating
a rapid aging response. The hardness remains
relatively stable for 100 h. At 275 °C, a peak aging
hardness of HV 53 is achieved at 0.5 h, which is
lower than the peak hardness at 200 °C.

In terms of electrical conductivity, as depicted
in Fig. 3(b), there is minimal wvariation in the
electrical conductivity at 200 °C with increasing
aging time. However, at 275 °C, the electrical
conductivity continues to increase with increasing
aging time. When the G.P. zones precipitate and
remain stable, the electrical conductivity remains
relatively constant. After aging at 275 °C, particles
precipitate from the matrix and continue to grow.
This reduction in supersaturated solute atoms results
in a decrease in the lattice distortion of the matrix,

Fig. 2 SEM image and EDX mappings for extruded (a, a;—a3) and T4-treated (b) AXM100 alloy
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leading to an increase in electrical conductivity
[25,26]. The sample aged at 200 °C for 1 h is labeled
as T6-200°C/1h, and the sample aged at 275 °C for
8 h is labeled as T6-275°C/8h. To investigate the
influence of the G.P. zone and precipitates on the
relative creep rates and rupture strains, T6-200°C/1h
and T6-275°C/8h samples were chosen for further
analysis.

TEM was employed to characterize the
aging precipitates with different T6 treatments.
Observations were made from the zone axes of
[1010] and [2110], as shown in Fig. 4. Figure 4(a)
shows the presence of high dense G.P. zones through
T6 (200 °C, 1h) treatment, which are parallel
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to the (0002)mg basal plane. The corresponding
Fast Fourier Transform (FFT) pattern in Fig. 4(b)
displays four distinct continuous stripes at the 1/3
and 2/3 {1120} positions (yellow arrows), indicating
the presence of G.P. zones. The HRTEM image in
Fig. 4(c) reveals that the G.P. zone, with a length
of ~5nm and a monatomic layer thickness of
~0.51 nm, exhibits a coherent interface with the Mg
matrix. The observed characteristics of the G.P. zone
align with those reported by OH-ISHI et al [27] and
PING et al [28]. In Fig. 4(d), many Al,Ca phases
with an average length of ~60 nm and thickness
of ~2.87 nm are dispersed along the (0002)y, basal
plane. The absence of stripes in Fig. 4(e) indicates
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Fig. 3 Hardness (a) and electrical conductivity (b) changes of alloy aged at various temperatures
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Fig. 4 Bright field (BF) TEM images (a, d), FFT patterns (b, e), and HRTEM images (c, f) of T6-200°C/1h (a—c) and

T6-275°C/8h (d—f) samples
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that the G.P. zones cannot maintain stability during
T6 (275 °C, 8 h) treatment.

Furthermore, EBSD analysis was performed on
alloys subjected to two different aging treatments, as
depicted in Fig. 5. It is evident that the alloy exhibits
a typical fiber basal texture, with the c-axes of the
majority of grains being perpendicular to the ED.
The grain size of the T6-200°C/1h sample is
approximately 54 pm, while that of the T6-275°C/8h
sample is nearly 60 um. Both aged samples display
similar grain sizes and texture strengths, indicating
that these factors do not influence the creep
properties of the alloy.

3.2 Tensile creep properties

Figure 6 presents the creep strain versus time
curves at 175 °C with tensile stresses in range of
50—80 MPa. The G.P. zones can be stably present at
175 °C, and a stress range of 50—80 MPa is also a
common research scope for low-content non-rare
earth Mg alloys [14]. Tables 2 and 3 present a
summary of the steady-state creep rates and the
corresponding creep strains over 50 and 100 h for
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AXM100 alloy under various conditions. As the
stress increases, the steady-state creep rate increases.
Under the same stress and temperature conditions,
the T6-200°C/1h sample exhibits excellent creep
resistance, with a steady-state creep rate one order
of magnitude lower than that of the T6-275°C/8h
sample. With the tensile stresses of 50 MPa, the
creep strain over 100 h for the T6-275°C/8h sample
s ~2.13%, almost ten times that of the T6-200°C/1h
sample (~0.22%). The T6-275°C/8h samples with
the tensile stresses of 70 and 80 MPa exhibit the
third stage of creep with fractures occurring at 96
and 49 h, respectively. These results indicate that
the creep resistance of the T6-200°C/1h samples is
significantly superior to that of the T6-275°C/8h
samples and that the presence of G.P. zones
contributes to improving the creep resistance.
Furthermore, the creep resistance of the
T6-200°C/1h sample exhibits certain advantages
compared to commercial alloys such as AZ31, AZ61,
and AZ91 [29]. CHEN et al [29] conducted tensile
creep experiments on peak-aged AZ91 alloy and
found that the steady-state creep rate with the tensile

Fig. 5 Inverse pole figure of samples: (a) T6-200°C/1h; (b) T6-275°C/8h
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Fig. 6 Tensile creep curves of samples at 175 °C: (a) T6-200°C/1h; (b) T6-275°C/8h
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Table 2 Creep data of T6-200°C/1h sample at 175 °C

o/MPa & /87! eson/%  €1000/%  Efvacture/%0
50 3.08x107° 0.17 0.22 -
60 3.45x10°% 0.76 1.39 -
70 6.51x107% 1.56 3.05 -
80 1.67x1077 3.69 - 11.70

Table 3 Creep data of T6-275°C/8h sample at 175 °C

o/MPa /87! eson/%  €1000/%  Efracture/ %0
50 5.30x1078 1.21 2.13 -
60 1.03x1077 2.09 4.08 -
70 3.19x107 6.62 - 15.17
80 6.57x107 - - 19.74

stress of 70 MPa at 180 °C was ~1.50x1077s™!. In
contrast, the creep resistance of the T6-200°C/1h
sample is more superior under similar stress and
temperature conditions compared to the peak-aged
AZ91 samples. Additionally, ZHANG et al [30]
conducted creep experiments on a high-alloy content
die-cast AXM90302 alloy at 150 °C and 70 MPa,
where the alloy exhibited a steady-state creep rate of
~1.24x1077s! and a creep deformation of ~6.28%
over 100 h. In comparison, the T6-200°C/1h sample,
with its lower alloying content, demonstrates a
steady-state creep rate nearly an order of magnitude
lower under the same stress and temperature
conditions. Creep strain over 100 h is only ~3.05%,
indicating more superior creep resistance.

3.3 Creep stress exponent

The influence of stress and temperature on the
steady-state creep rate (€, ) can be expressed using
the power-law relationship [31]:

¢,=Ac" exp[-Q/(RT)] )

where 4 is a constant that depends on the material,
o is the applied stress, # is the stress exponent, O is
the activation energy for creep, R is the molar gas
constant and T is the thermodynamic temperature. A
double logarithmic plot of the steady creep rates as a
function of the applied stress at 175 °C is shown in
Fig. 7. According to Eq. (1), the stress exponent n
can be determined using the following equation [31]:

n:[alnem} )
Olno |,
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Fig. 7 Double-logarithmic plots of steady-state creep rate
versus applied stress for T6-200°C/1h and T6-275°C/8h
samples

The T6-200°C/1h and the T6-275°C/8h samples
have the n values of ~8.2 and ~5.5, respectively. The
value of n=1 corresponds to diffusion based creep;
when n=2, grain boundary sliding plays a dominant
role in controlling the rate. When n=3—7, dislocation
movements (glide and/or climb) become the primary
deformation mechanisms during the creep [32,33].
Hence, the creep behavior of the T6-275°C/8h
samples is primarily governed by dislocation motion.
When n>7 in the T6-200°C/1h sample, a power-law
breakdown may occur. Therefore, further analysis is
required to determine the stress exponent.

SHERBY and BURKE [34] proposed a
criterion for material creep power-law breakdown.
The conditions under which power-law breakdown
occurs are as follows:

¢/D>10"m™ (3)

D 1is the lattice diffusion coefficient for rate-

controlled creep and satisfies the following
relationship [35]:
D=Dyexpl - Oy (RT)] )

where Dy is 107*m?/s, and QO (lattice self-diffusion
energy) is 135 kJ/mol [36]. The applied stress is
normalized using the shear modulus, and the
temperature dependence of the shear modulus of Mg
can be determined by u=1.92x10*-8.6T [37]. The
steady-state creep rate normalized by the activation
energy for the self-diffusion of Mg is plotted against
the effective stress normalized by the shear modulus
in Fig. 8. All data are within the range of the power-
law breakdown. Therefore, the abnormally high stress
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exponent obtained under 448 K and 50—80 MPa
conditions is attributed to the dominant role of the
alloy power-law breakdown. ZHU et al [17] investigated
the creep mechanism of squeeze-cast Mg—Al—Ca
alloys in the range of 30—120 MPa and 423—473 K.
It was found that there is a high stress exponent that
corresponds to a power-law breakdown mechanism.

4 Discussion

4.1 Creep deformation mechanisms

To further elucidate the creep mechanism, TEM
observations were performed to examine the
microstructural evolution and dislocation patterns.
Figures 9 and 10 present typical TEM images of
the samples crept at 70 MPa for 50 h, with the
corresponding incident beam directions being
B=[2110].

With the diffraction vector g=[0110], only {(a)
dislocations were detected based on the g-b=0
criterion (Fig. 9(a)) [38,39]. The straight lines
parallel to the basal plane trace represent the basal
(a) dislocations, as indicated by the short red arrows.
The other short segments perpendicular to the basal
plane trace correspond to prismatic (a) dislocations
[40]. In addition, some kinked or curved dislocation
lines (in yellow) are observed, and their angles
with respect to [0002]mg were neither 90° nor 0°,
indicating that these line segments may lie in
pyramidal planes and/or exist as mixed dislocations
[41]. The dark-field image (Fig. 9(b)) clearly shows
a significant occurrence of basal (a) and prismatic {a)
slips. With the diffraction vector g=[0002], only (c)

dislocations are visible, suggesting that the {(c)
dislocations are barely activated (Figs. 8(c, d)). It
is evident that the presence of G.P. zones has
an inhibitory effect on the prismatic (a) slip on
pyramidal planes. Hence, for T6-200°C/1h samples,
the primary creep mechanism involves the cross-slip
of basal (@) and prismatic (@) dislocations. The G.P.
zones are shown to inhibit {(c) slip. Additionally, in
Fig. 9(e), HRTEM images reveal the stable presence
of G.P. zones in the T6-200°C/1h sample. There is
virtually no precipitation of AlbCa during creep
deformation. This observation indicates that the G.P.
zones consistently maintain a smaller size for their
monatomic layer, contributing to the improvement in
the creep resistance of the alloy. Therefore, the cross-
slip of screw dislocations from the basal plane to the
prismatic plane may be the controlling mechanism
for the power-law breakdown creep observed in the
T6-200°C/1h samples.

The incident beam direction for T6-275°C/8h
sample is B=[2110]. Under g=[0110], a cross-slip
containing basal and prismatic dislocation is
observed in Fig. 10(b) (indicated by the yellow
arrows). The number of cross-slips is higher than that
in the T6-200°C/1h sample, indicating that the G.P.
zones exert a stronger hindrance to cross-slip than
Al>Ca phases. For the observation under g=[0110],
in Figs. 9(a, b), clusters of short slip lines are
parallel to basal plane trace. These are basal (a)
dislocations arranged as dislocation channels (as
indicated by the green dotted rectangles), which
result from the climbing of dislocations [23]. In
Figs. 9(c,e), no obvious {c) dislocations are
observed. Figure 10(d) shows that a large amount
of Al,Ca phases are uniformly distributed within
the grains. During creep deformation, there is an
increased quantity of the Al,Ca phases. Therefore,
the creep deformation in the T6-275°C/8h sample is
induced by the collective mechanism involving the
cross-slip of basal (a) and prismatic {a) dislocations
along with the climb of basal {(a) dislocations.

4.2 Influence of G.P. zones and Al,Ca phases on

creep properties

Both the T6-200°C/1h and T6-275°C/8h
samples exhibit AlI-Mn phases. Therefore, the
differences in creep properties are primarily
determined by the G.P. zones and Al,Ca phases. In
summary, at 175 °C and 50—80 MPa, the creep
mechanisms for the T6-200°C/1h and T6-275°C/8h
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Fig. 9 Bright (a, ¢) and dark (b, d) field TEM images of T6-200°C/1h sample crept at 70 MPa to 50 h with incident beam
direction B=[2110] and diffraction vectors g= [0110] (a, b) and g=[0002] (c, d); HRTEM image (e) and FFT pattern (f)

of G.P. zones after creeping

samples differ. The power-law breakdown caused by
the cross-slip of screw dislocations from the basal to
prismatic plane represents the steady-state creep
mechanism in the T6-200°C/1h samples, whereas in
the T6-275°C/8h sample, the creep deformation is
dominated by both dislocation climbing and cross-
slip motion. The presence of G.P. zones and Al,Ca
phases act as effective barriers, hindering the
movement of non-basal dislocations.

By comparing the degree of cross-slip observed

in Figs. 9(a) and 10(a), it can be concluded that
the G.P. zones are more effective on inhibiting
dislocation glide and suppressing dislocation
climbing. This is also consistent with the observation
of ZHANG et al [42] that the ordered G.P. zones can
serve as an effective barrier for dislocations to climb
and glide during creep deformation. This can be
attributed to the higher density of G.P. zones, as
shown in Fig. 11 (the number densities of the
G.P. zones and the Al,Ca phases before creep are
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Fig. 11 Schematic diagram of creep mechanism in
different samples: (a) T6-200°C/1h; (b) T6-275°C/8h

measured as (1.4+0.3)x10% and (1.2+0.6)x10*' m3,
respectively. After creep, the number densities are
(2.3+0.2)x10* and (8.1+0.4)x10*'m™ for the
G.P. zones and the Al,Ca phases, respectively).
Furthermore, compared with Al,Ca phases, the G.P.
zones maintain a stable monolayer morphology.
When precipitates are finer and more uniformly
distributed, the average distance of the dislocation
glide is reduced, effectively inhibiting dislocation
motion and enhancing the creep resistance.

Consequently, it is plausible that the creep properties
of alloys can be controlled through adjusting
the density of high-density G.P. zones. However,
obvious dislocations are observed near the Al.Ca
phase (Fig. 10). The precipitation of larger Al,Ca
phases may induce local structural heterogeneity and
introduce stress gradients within the crystals. These
gradients can lead to local stress concentrations,
particularly at the interfaces between the precipitate
and the matrix, serving as a significant driving force
for dislocation climbing. Areas with high levels of
stress in the local stress field may induce dislocation
climbing, allowing the crystal to adapt better to
the stress distribution [43]. Conversely, G.P. zones
have smaller sizes and a more uniform distribution,
which reduces the likelihood of localized stress
concentrations and thus hinders the initiation
of the dislocation climbing. This phenomenon
simultaneously delays the occurrence of creep
fractures. However, the interaction between the
dislocations and G.P. zone further
investigation.

requires

5 Conclusions

(1) In addition to AI-Mn phases, the G.P. zones
are the dominant precipitates in the T6-200°C/1h
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sample, whereas the Al,Ca phases are the main
precipitates in the T6-275°C/8h sample.

(2) The T6-200°C/1h samples exhibit steady-
state creep rates ranging from 3.08x107%s™! to
1.67x1077s! in tensile stress range of 50—80 MPa at
175 °C, nearly an order of magnitude lower than the
steady-state creep rates of the T6-275°C/8h sample.

(3) The stress exponents for the T6-200°C/1h
sample and T6-275°C/8h sample are ~5.5 and ~8.2,
respectively. The unusually high stress exponent
observed in the T6-200°C/1h sample is associated
with the power-law breakdown creep mechanism.

(4) The power-law breakdown creep of the
T6-200°C/1h sample is primarily caused by cross-
slip of screw dislocations from the basal to prismatic
plane, whereas the T6-275°C/8h sample exhibits a
collective mechanism involving both dislocation
cross-slip and dislocation climb. Compared to the
Al,Ca phases, the dense G.P. zones can effectively
inhibit dislocation climb and dislocation glide during
creep deformation. Therefore, it is plausible that the
creep properties of alloys can be controlled through
adjusting the density of high-density G.P. zones.
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AEIA LA IR E RS E Mg-Al-Ca—Mn §&
R T AR

FHF!, 2EF!, RE®R!, faik!, et £ A2 F 4#2 Z9%E!, FER!

1. FRKE MRS TR REMEEE R E SRS, K& 130022;
2. —RMESIEERAT, K&H 130000

B OE: BT AT R(Te)X R Mg—1.22A1-0.31Ca—0.44Mn(Jii &35, %) & 4:/E 175 C. 50~80 MPa $i i
JIE R T HFAEYERE R . 7E 200 ‘CI R 1 h (T6-200°C/Ih)IFE e, EZHT i Guinier-Preston (G.P)IX, Ti7E
275 CIN 3 8 h(T6-275°C/8h)fIFE M 1, 14T HiAH A Al:Ca. T6-200°C/1h Ff i R ILH AL Uik B ERE, HAaE
IEARH R EL T6-275°C/8h B &b MK — MR DL . T6-200°C/1h Ff ik LS FI ) 55 i B 46 5(~8.2) 5 A AR 25ebL
HIAHSG . 23S i T BB (TEM) AT R I, T6-200°C/1h A i I AR L bh 2% HRIAE T A 8 2 IR A8 i RS 9,
1Ml T6-275°C/8h #f i KRB ALEE SIS AR KR A WL 5 AlCa AHAILL, %EEM G.PIXAER AT R F A 2
BELBSG O (R BB RV RS, T6-200°C/8h FF i R Bt 5 A0 52 Ay PUsds A e i o
%1A: Mg-Al-Ca-Mn 4 Fufiifide: AN TR 2 28H#
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