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Abstract: The creep anisotropy behavior under different stresses at 180 °C of hot-extruded AZ91-2Y magnesium alloy
with pre-compression (PC) and without pre-compression (NPC) was studied. Microstructure, texture and mechanical
properties of the alloy were examined by scanning electron microscopy (SEM), electron backscatter diffraction (EBSD),
transmission electron microscopy (TEM) and tensile creep tests. The results revealed that the creep resistance was
proportional to the volume fraction of spherical MgsAli> precipitates. The dynamic precipitation of large volume
fraction of lamellar Mg;7Ali» in NPC samples leads to the basal (a) slip as the dominant creep mechanism, and the NPC
samples have obvious anisotropy. In the PC samples, dynamic precipitation of large volume fraction of spherical
Mgi7Al;; has inhibitory effect on the basal (@) slip. The pyramidal {c¢+a) slip and twinning improve the creep anisotropy

resistance significantly.
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1 Introduction

AZ91 Mg alloys are widely used in aerospace
and automotive industry owing to their high
specific strength [1-3]. However, the basal texture
and the onset of f-Mgj7Al;; dynamic precipitates
with a lamellar morphology and spherical structure
at 150-350 °C results in basal and other slips
with different activities depending on the loading
modes [4—7]. As a result, AZ91 Mg alloys show
high creep anisotropy, which limits the current
applications of these materials. The addition of rare
earth elements can reduce the formation of
precipitates in Mg alloys, thereby favoring
non-basal slip and reducing the anisotropy [8—11].
In this sense, the addition of a rare earth such as

yttrium (Y) to Mg alloys can change the basal and
non-basal slips as well as the twinning activities,
thereby changing the creep mechanism and creep
properties [12]. For example, ZHANG et al [13]
found that the pyramidal {ct+a) slip introduced in
Mg—5.5wt.%Y alloy resulted in strain hardening
during the creep process, allowing the alloy to show
excellent creep resistance in both the rolling and
transverse directions (RD and TD, respectively).
LU et al [14] showed that a higher proportion of
non-basal slip systems were activated at 300 °C for
Mg—5wt.%Y as compared to Mg—1wt.%Y, with the
former showing superior yield strength anisotropy.
Nevertheless, it is difficult to avoid anisotropy
completely in Mg—Y alloys, especially with a low
content of Y. In addition, anisotropy is influenced
by the type of Mg;7Ali; precipitates formed [15].
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Depending on the precipitation mechanism,
two kinds of precipitates are formed in the AZ
series of Mg alloys, namely, lamellar and
spherical-structured precipitates [5,15—17]. JIANG
et al [18] studied the high-temperature creep
resistance of AZJ911 alloy and found two kinds of
precipitates formed during the creep test. They
pointed out that a strong stress concentration on
the lamellar Mg;7Ali2 precipitate deteriorated the
creep properties, while spherical Mg;7Al, showed
a higher deformation resistance. SRINIVASAN
et al [5] revealed that the coarsening of lamellar
Mg7Al;; had limited effect on pinning both
dislocations and boundaries, resulting in a poor
creep resistance at later stages. ZHA et al [19]
investigated the effect of the volume fraction of
spherical Mg;7Ali> on the tensile behavior of Mg
alloys, and they found that a high volume fraction
of spherical structure can transform grain
boundaries effectively. Thus, reducing the amount
of lamellar Mg;7Al;z; or increasing the volume
fraction of spherical Mgj;Al;; can be used to
enhance the creep resistance and improve the creep
anisotropy of AZ series Mg alloys. JIANG et al [20]
used equal-channel angular extrusion technology to
pre-deform and machine remelted AZ61 Mg alloys,
obtaining a high volume fraction of spherical
Mg7Al; semisolid billets. XU et al [21] machined
an AZ91D Mg alloy through a repetitive upsetting—
extrusion process, and found a structure containing
highly spherical Mg;;Ali» precipitates. However,
the complex machining process limits the
applications of this method.

In recent years, twins introduced by
pre-deformation  have received considerable
attentions as a method to improve the mechanical
properties of alloys [22—24]. SHI et al [25] found
that pre-compression activated both large amounts
of classical and concomitant {l012} twins in
hot-rolled Mg—4Y binary alloys. A cross-slip was
successfully inhibited by the concomitant {1012}
twin boundaries, while pyramidal (ct+a) slip
dominated the creep process of pre-compression
samples. CHEN et al [26] discovered that
pre-twinning led to a hardening effect in an AZ31
Mg alloy, resulting in a higher yield stress
compared to non-extruded samples. Furthermore,
pre-deformation can induce noticeable effects on
the anisotropy of these alloys. XIAO et al [27]
successfully enhanced the creep anisotropy of a

hot-extruded Mg—2Y alloy by presetting the twins
to suppress the dislocation slip. Despite these
advances, the published studies are either aimed at
enhancing the creep properties or reducing the
anisotropy of Mg alloys. The effect of twinning on
the volume fraction of different dynamic
precipitates has been scarcely studied in the
literature. In addition, the improvement of the creep
properties and anisotropy of these alloys by
pre-deformation still remains to be solved.

In the present work, tensile creep tests along
the extrusion direction (ED) and TD of an
AZ91-2Y alloy with and without pre-deformation
were carried out at 180 °C under varying applied
stresses. This study was aimed to ascertain the
effects of twins introduced by compression on the
formation of dynamic precipitates and the creep
anisotropy. We believe that this work can provide a
valid method to maximize creep resistance and
decrease the anisotropy of low-RE AZ series
magnesium alloys, and meanwhile provide a
reference for the application of AZ magnesium
alloys in high-temperature automobile parts (such
as gearbox body).

2 Experimental

The AZ91-2Y alloy used herein was obtained
by the method of water-cooling semi-continuous
casting. The cast ingots were prepared by melting
pure Mg (99.9%), pure Al (99.9%), pure Zn
(99.9%), and Mg—33.3wt.%Y master alloy. The
resulting alloys were machined into cylindrical
specimens of 250 mm in length and 168 mm in
diameter. After being heated at 400 °C for 12 h, the
specimens was extruded at 400 °C with an extrusion
ratio of 16:1 at an extrusion speed of ~17 mm/s.
The extruded bar was cut into dimensions of 30 mm
in length along the ED at room temperature (RT).
The bars were then solution-treated at 380 °C for
5 h, followed by quenching in water. A compressive
straining of 0.05 along the ED (thickness reduction
of 5%) was applied on a part of the solution-treated
bars with a strain rate of 1x107s™' at RT. A
schematic diagram of the preparation method and
the dimension of samples is shown in Fig. 1.

All samples were dog-bone shaped, and the
tensile direction was either TD or ED. For
convenience, the solution-treated (NPC) and
pre-compression (PC) after solution-treated samples



3552 Wei LI, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3550—3562

Solution

D treatment

ﬂ
IED 380°C,5h

&=5%

I

2 mm

sl PC-TD
Pre-compression
ﬁ
s - PC-ED

Fig. 1 Schematic diagram of preparation method and dimension of samples

were labeled as PC sample, and NPC sample,
respectively. Creep tests were performed at 180 °C
under constant applied stresses ranging from 50 to
70 MPa with a crosshead speed of 0.04 mm/min
(initial strain rate of 3.75x107°s™"). Before carrying
out the elevated-temperature tensile or the creep
tests, the samples were heated to 180 °C and hold at
this temperature for 30 min until the temperature in
each sample was uniform and stable.

The microstructure and texture evolutions
were followed by scanning electron microscopy
(SEM), and electron backscatter diffraction (EBSD).
Transmission electron microscopy (TEM) was used
to observe the internal microstructures. The OM
samples were first mechanically ground with 1200,
2000%, and 3000” abrasive papers, polished with an
Al O3 polishing agent and finally etched in a
solution containing 2 g of oxalic acid, 1 mL of nitric
acid, 2 mL of acetic acid and 100 mL distilled water.
The samples for TEM observations were prepared
by cutting a disk of 3 mm in diameter, which was
mechanically ground to a thickness of 80 um and
finally ion-milled to perforation.

3 Results

3.1 Microstructures before creep
Figure 2 shows typical orientation imaging

microscopy (OIM) graphs and the corresponding
{0001} pole graphs of the initial NPC and PC
samples. As shown in Fig. 2(a), the basal colors of
NPC samples were blue and green, with an average
grain size of about 80 pm. These results indicated
that the basal plane of the material was parallel to
the ED direction. After pre-compression (Fig. 2(b)),
numerous twins appeared in the samples. Most of
these twins were arranged parallel to the single
crystal particles, and some were arranged in cross
shape. The grain size of the SP samples remained
unchanged, revealing that the main effect of
pre-compression was to introduce twins into the
sample in advance. The {0001} pole graph of the
NPC (Fig.2(c)) and PC (Fig.2(d)) samples
revealed a typical fiber texture. Due to the
introduction of twins, the relative maximum
strength of the matrix texture increased from 15.461
to 17.311.

3.2 Uniaxial tensile properties

The true stress—strain curves of PC and NPC
samples obtained from uniaxial tensile tests at
180 °C are shown in Fig. 3, and the uniaxial tensile
properties are listed in Table 1. The yield stress of
NPC-TD, NPC-ED, PC-TD and PC-ED are 53, 76,
72 and 85MPa, respectively. It can be seen that
the tensile curve has obvious correlation with the
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Fig. 2 Typical OIM graphs (a, b) and corresponding {0001} pole graphs (c, d) of initial NPC (a, ¢) and PC (b, d)
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Fig. 3 True stress—strain curves obtained from uniaxial
tensile tests along different directions at 180 °C

Table 1 Yield strength, ultimate tensile strength and
fracture elongation measured by uniaxial tensile tests at
180 °C

Sample Yield Ultimate tensile Fract.ure
strength/MPa strength/MPa elongation/%
NPC-ED 76 265 12.1
NPC-TD 53 160 5.9
PC-ED 85 290 10.8
PC-TD 72 215 5.7

loading direction, and the NPC samples have an
obvious mechanical anisotropy. After pre-
compression, the mechanical properties of PC-TD
sample were improved, and the anisotropy of PC
samples was weakened. Note that due to the short
duration of tensile test, there are almost no
precipitates in the samples, so the influence of
dynamic precipitates on the anisotropy during creep
cannot be reflected in uniaxial tensile test.

3.3 Tensile creep properties

According to the yield strength of the samples,
the tensile creep tests were carried out at varying
stresses (50, 60 and 70 MPa) on the four samples
studied. Figure 4 shows the typical creep strain
versus time curves for the PC and NPC samples
crept along the TD and ED directions (180 °C,
60 MPa). NPC samples showed a noticeable creep
anisotropy, with NPC-TD showing the highest
steady creep rate among the samples studied. As a
result, this sample was fractured quickly and
showed a creep life less than 45h. After pre-
compression, the PC samples only showed the
primary and steady stages in 45 h of experiment,
revealing an improved creep anisotropy. The creep
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curves of the PC-TD and PC-ED samples showed
similar trends, suggesting equivalent creep
resistance at this stage. Furthermore, as a result of
pre-compression, the PC samples showed lower
creep strains and a better creep resistance compared
with the NPC samples.
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Fig. 4 Typical creep strain versus time curves of PC and
NPC samples crept at 180 °C under 60 MPa

The steady creep rates of all samples under
varying applied stresses are summarized in Table 2.
As can be seen, the steady creep rate increased and
the creep resistance decreased with the applied
stress. At elevated temperatures, the steady creep
rate as a function of the stress (o) and temperature

(T) is generally described by the following

equation [28,29]:

. " 0

&= Ao "exp(——— 1
p( RT) (1)

where A is a material constant, ¢ is the applied
stress, n is the stress exponent, O is the activation
energy for creeping, R is the molar gas constant,
and T is the thermodynamic temperature. In the
present study, the temperature remains unchanged,
and » can be attained by Eq. (2):

dlné .
— min 2
" ( dlno JT @

Figure 5 shows the stress exponent n obtained
from the slope of a In—In plot of the steady creep
rate versus the applied stress of the four samples.
Normally, the stress exponent can respond
differently to dominant creep mechanisms (n=1, 2,
and 3—-7 for diffusional creep, grain boundary
sliding dominated creep, and dislocation movement
dominated creep, respectively). When n is 7-8, the

power-law breakdown happens, as a result of
cross-slip in precipitation-hardened alloys or
long-range plastic strain [23,30,31]. In this work,
we found several stress exponents for the different
samples at the same stress range (1.6, 2.4, and 2.2
for PC-ED, PC-TD and NPC-ED, respectively).
The dominant mechanism in all cases was grain
boundary sliding. For the NPC-TD sample, the
stress exponent n was 3.9, and dislocation slip
became the main deformation mechanism. In order
to study the creep mechanism accurately, SEM and
TEM observations were performed after the test.

Table 2 Values of steady creep rate measured by creep
tests at 180 °C (s™")

Sample 50 MPa 60 MPa 70 MPa
NPC-ED 1.49%10°° 3.25x107° 5.90x1073
NPC-TD 4.28x107° 7.40x1073 1.20x107*

PC-ED 6.70x107° 1.91x1073 3.74x107°

PC-TD 1.48x1073 3.52x1073 6.31x1073
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Fig. 5 Variation of steady creep rate versus applied stress
at 180 °C for PC and NPC samples to calculate stress
exponent n

4 Discussion

4.1 Microstructure after creep

SEM examinations were carried out to
investigate the microstructure evolutions of the PC
and NPC samples after creep test at 180 °C and
60 MPa (Fig. 6). Two kinds of precipitates were
found in the samples, namely ALY (block-shaped
and sparsely distributed in the alloy) and dynamic
precipitates f-Mgj7Al 1, (with lamellar and spherical
structure clearly from the magnified view
Figs. 6(f, g)). For NPC samples, lamellar Mg;7Al:»
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Fig. 6 SEM images of four samples after creep under 60 MPa at 180 °C: (a) NPC-TD sample; (b) NPC-ED sample;

(c) PC-TD sample; (4, e, f, g) PC-ED sample

almost covered the entire surface of the NPC-TD
sample (Fig. 6(a)), while the volume fraction of this
precipitate in the NPC-ED sample (Fig. 6(b))
decreased significantly. In the NPC-ED samples,
lamellar Mgi7Ali; was more inclined to grain
boundary aggregation. MAO et al [10] showed that

large strain and dislocation during creep would
accelerate the precipitation process. In this study,
the NPC samples had creep anisotropy. As shown
in Fig. 7, the average basal slip Schmidt factor
of the NPC-TD sample before creep (0.329) was
larger than that of the NPC-ED sample (0.188).
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Therefore, creep in the NPC-TD sample was
dominated by basal slip, which was easier to
deform than the NPC-ED sample (non-basal
slip) [32]. In this case, the basal slip provided an
effective diffusion path for dissolved atoms, with
lamellar Mgi7Ali> being easier to precipitate in the
basal slip direction. Therefore, the volume fraction
of lamellar Mgi7Ali> in NPC-TD sample was higher
than that in NPC-ED sample.

Figures 6(c, d) present the microstructures of
PC samples. Obviously, the volume fraction of
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Fig. 7 Schmid factor distribution maps for NPC samples: (a, ¢, €) NPC-TD samples; (b, d, f) NPC-ED samples
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lamellar Mg7Ali»  decreased significantly as
compared to NPC samples, especially PC-TD
sample. Furthermore, the volume fraction of
spherical Mg;7Al;» increased in these samples,
precipitating mainly in the grain interior and twins.
Based on the Schmidt factor distribution of the PC
samples before creep (Fig. 8), the average basal
slip Schmidt factor values of PC-TD and PC-ED
specimens were 0.325 and 0.151, respectively.
These values were not significantly different from

those of the NPC specimens. However, the volume
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Fig. 8 Schmid factor distribution maps for PC samples: (a, ¢, ¢) PC-TD samples; (b, d, f) PC-ED samples

fraction of lamellar Mgj;Al;; in the PC-TD
sample was significantly reduced. Undoubtedly,
this phenomenon cannot be explained only by
considering the Schmidt law, and other creep
mechanisms need to be included. ZHANG et al [33]
introduced the twins into the Mg—4Y alloy, finding
dislocation climb and frequent twin intersection
became the dominant mechanism of creep, which
significantly improved the creep resistance of the
sample in the RD direction and played a role in

improving the creep anisotropy. Based on this, we
believe that the twins produced by pre-compression
play an important role in the generation of the
precipitation morphology during the creep process
and the twinning hindering dislocations and
effectively cutting off the diffusion paths of
dissolved atoms. There is a competitive relationship
between lamellar Mg;7Al;; and spherical Mg;7Al;
precipitates. Under the combined action of

dislocation and temperature, the amount of



3558 Wei LI, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3550—3562

spherical Mg;7Al;; increased in PC samples, so the
volume fraction of spherical Mgi7Al;; in PC
samples is higher than that in NPC.

By analyzing the behavior of lamellar
Mg 7Al 1 in samples versus the creep anisotropy, we
found that the creep anisotropy is related to the
volume fraction of this precipitates. During the
creep deformation, dislocation slipping ordinarily
occurred in the soft a-Mg grain interior, leading to
large amounts of dislocations being piled up on the
lamellar Mg;;7Al;2, thereby causing strong stress
concentration [16]. As a result, reticular f-Mgi7Al2
skeleton is forced to disintegrate, consequently
deteriorating the creep properties of samples [18].
Among the NPC samples, the basal slip NPC-TD
sample contains the highest volume fraction of
lamellar Mg;7Al», and this sample showed the
worst creep performance. After pre-compression,
although the Schmidt factor of the PC sample
changed slightly since the high volume fraction of
dynamic precipitates of spherical Mgi7Al2
inhibited the basal slip of PC-TD sample. At the
same time, spherical Mgi7Al;; prevented the
movement of dislocations and grain boundary

during creep via pinning effect [34,35]. Therefore,
contributed by pre-compression, the creep
anisotropy was greatly improved to increase the
volume fraction of the dynamic precipitates of
spherical Mg;7Al).

4.2 Tensile fracture behavior

Figure 9 shows the creep fracture morphology
of the NCP and PC samples under a stress of
60 MPa at 180 °C. With the limit of the slip system,
Mg alloys usually undergo brittle fracture such as
cleavage or quasi-cleavage fracture. In the case of
the NPC-TD sample (Fig. 8(a)), minor cleavage
fracture was observed, and some large and
continuous cracks and holes were observed. Due to
the fragile bonding at the Mg/Mgi7Ali, phase
interface [9,16], cracks are more likely to be
generated in stress concentration due to the
coarsening of lamellar Mgi;Ali2, so the NPC-TD
sample with the most lamellar Mg;7Al» has a poor
creep resistance. As shown in Fig. 9(b), the fracture
of the NPC-ED sample showed striation besides
cleavage fracture. This can be explained by the
presence of a certain volume fraction of spherical

Fig. 9 SEM images of fracture surfaces after creep tensile testing of AZ91-2Y alloy in different directions: (a) NPC-TD;

(b) NPC-ED;;, (c) PC-TD; (d) PC-ED



Wei LI, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3550—3562 3559

Mgi;7Al;; distributed at grain boundaries and within
grains, with an dislocation slip resistance of the
NPC-ED sample being enhanced as a result.

Figures 9(c, d) show the fracture morphologies
of PC-TD and PC-ED samples, respectively.
Compared with the NPC sample, the fracture
surface of the PC sample contained a large number
of cleavage planes and a certain number of dimples.
Due to the lack of independent slip systems,
especially at low deformation rates, twins played
an important role in the plastic deformation
mechanism of hexagonal-close-packed (hcp) metals,
showing a positive effect on dislocation obstruction.
On the other hand, the size of Mg;7Al;, precipitates
was reduced by the twins generated through
pre-compression, increasing the number of
spherical precipitates closely distributed within the
grain, which hindered cleavage by trans-granular
fracture. Therefore, the anisotropy of AZ91-2Y
alloy was mostly improved by pre-compression
through changing the volume fraction of spherical
Mgi7Al, precipitates, which was consistent with
the above results.

4.3 TEM analyses

In order to further study the influence of
pre-compression on the anisotropy, TD samples

)

<0110
B=[1120]

with an obvious improvement in anisotropy were
selected for TEM analysis. The bright-field TEM
images under the two-beam mode of the NPC-TD
and PC-TD samples, fractured under 60 MPa at
180 °C, are shown in Fig. 10. The incident beam
direction for these images is B=[1 120] and two
perpendicular diffraction directions g=[01T0] and
[0002] are selected where {c) and {(a) dislocations
become invisible for g-B criterion, respectively [23].
A large number of lamellar Mg;7Al;> precipitates
can be seen in NPC-TD sample (Figs. 10(a—c)), and
there is an obvious slip deformed regions in
Fig. 10(a). Furthermore, as shown in Fig. 10(b),
with g=[0110], the majority of long and straight
(a) dislocations become parallel to the traces of
(0002) planes, as marked by the yellow-colored
arrows, indicating that these dislocations are
originated from the basal {(a) slip. In Fig. 10(c),
barely (c) dislocations can be seen with g=[0002],
indicating that {c) dislocations are not activated and
pyramidal (c+a) slip does not exist in NPC-TD
sample. Thus, the dormitory creep mechanism for
the NPC-TD sample is basal {a) slip.

For the PC-TD sample, twinning must be one
of the creep mechanisms and it can be obviously
seen from Figs. 10(d—f) that dynamic precipitation
is mainly of spherical-type. In the direction of

'a=[0002]

Fig. 10 Bright-field TEM images of NPC-TD (a, b, ¢) and PC-TD (d, e, f) samples fractured under 60 MPa at 180 °C
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g=[01T0] (Fig. 10(e)), the basal (@) slip (marked
by yellow-colored arrows) and prismatic {a) slip
(marked by red-colored arrows) can be observed in
PC-TD sample, so the cross-slip is activated during
creep. A small amount of curly dislocations are
presented and identified as (c) dislocations under
g=[0002] in Fig. 10(f), as a consequence of
pyramidal {ct+a) slip. Therefore, the creep
mechanism of PC-TD specimen is cross-slip and
twinning, accompanied by some pyramidal {c+a)
slip. The activation of non-base slip greatly
improved the creep resistance of PC-TD sample.

Overall, the pyramidal {c+a) slip is activated
during the creep of PC samples after
pre-compression. Combined with the above
analysis, it can be considered that the dislocation
mechanism is affected by the type of Mgi;Al»
precipitates. The lamellar Mg;7Al, precipitates are
parallel to the trace of (0002) planes in the NPC
samples, facilitating the basal {(a) slip and
contributing to the rapid increase in creep strain.
Instead, the spherical Mg;7Ali> precipitates in the
PC sample can hinder the movement of basal
dislocations and activate the pyramidal (c+a) slip,
resulting in dislocation entanglement and hardening
to improve the creep resistance [33,36—38]. The
creep anisotropy is greatly improved by increasing
the amount of spherical Mg;7Ali».

5 Conclusions

(1) The NPC samples showed an evident creep
anisotropy at 180 °C. The NPC-TD samples showed
the lowest creep resistance. After pre-compression,
the creep resistance was sharply improved along the
TD, and was slightly improved along the ED.

(2) Lamellar Mg;7Al;> phases dynamically
precipitated in NPC samples during the creep
process. The more the amount of this precipitate is,
the worse the creep resistance will be. PC samples
precipitated spherical Mg;7Al, with a large volume
fraction in the twin crystals. This large-volume-
fraction spherical Mg;7Al;, was mostly responsible
for improving the creep anisotropy of AZ91-2Y
alloy.

(3) The several types of Mg;7Al;, precipitates
contributed  differently to the dislocation
mechanisms. Thus, basal (a) slips were easily
activated by lamellar Mgi;Al;>; found in large
amounts in NPC samples. The spherical Mg7Al:»

exerted a pinning effect mainly in PC samples, with
the creep mechanisms being pyramidal (c¢+a) slips
and twinning.
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