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a b s t r a c t

The recrystallization and grain growth behaviour of Mg–3Al–1Zn alloy sheets with a deformation
microstructure, obtained by a combination of high-temperature rolling and subsequent warm rolling,
was investigated at different stages of annealing. The basal texture was significantly weakened as a result
of the formation of new grains with a largely altered c-axis orientation relative to the initial basal ori-
vailable online 23 February 2011
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entation owing to discontinuous static recrystallization during primary recrystallization. The new grains
nucleated mostly at the pre-existing grain boundaries rather than at the intersections of twins or within
the twins. Subsequent grain growth led to further progression of the texture weakening accompanied by
an enhancement in the basal pole inclination.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

In the study of magnesium (Mg) alloys, a large amount of effort
as been devoted to dynamic crystallization (DRX) studies, e.g.

nvestigation of the influence of thermomechanical parameters
n the DRX grain size [1] and elucidation of the DRX mechanism
2], owing to the fact that DRX leads to grain refinement during
eformation and, in turn, to enhancements of hot workability and
echanical properties. In contrast, little work has been done on

tatic recrystallization (SRX) during annealing after deformation
specially on the texture evolution and elucidation of the mecha-
ism of SRX in wrought Mg alloys. The lack of information on SRX
ay be related to the fact that the basal texture, which is detri-
ental to formability, cannot be changed markedly by annealing,

n most cases [3–12]. The final annealing texture is dominated by
rimary recrystallization and grain growth. It is generally observed
hat, in wrought Mg alloys, there is a slight weakening of the tex-
ure during initial recrystallization, followed by the development

f basal texture during subsequent grain growth [13]. In addition,
ecrystallization and particularly grain growth tend to result in a
ingle peak replacing a double peak in the basal pole during anneal-
ng [5,7]. Yang et al. [3,4] reported that annealing mainly results in
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grain coarsening accompanied by a scarcely changed texture, i.e.
continuous SRX, in the case of hot deformed Mg–3Al–1Zn (AZ31)
alloy with a continuous DRXed microstructure. Twins generally
play an important role during SRX and may serve as nucleation
sites. Yi et al. [9] reported that new grains are formed at the inter-
sections of two double twins but the orientation of new grains is
characterized by a rotation around the c-axis with respect to the
matrix grains, which leads to persistence of a strong basal tex-
ture. Even though new grains forming within compression twins
exhibit non-basal orientation, the deformation texture is retained
because of the restricted growth of the new grains formed from the
compression twins into the matrix grains [10]. Particle-stimulated
nucleation (PSN) may occur in Mg alloys containing second-phase
particles with sizes larger than about 1 �m, and new grains induced
by PSN tend to exhibit random orientations [13–16]. However, the
influence of PSN on the overall texture is generally quite weak in
most Mg alloys, including the most common wrought Mg alloy (i.e.
AZ31 alloy) because these alloys contain small amounts of second-
phase particles [13,16,17]. Addition of rare-earth (RE) elements is
an effective way to weaken the texture and split the basal pole
largely, resulting in remarkable improvements in the formability
of Mg alloys. This texture favoured for deformation results from
solute effects and possibly combined with the PSN effects [18,19].
Nonetheless, the addition of RE elements substantially increases

the cost of the raw material. Recently, a significantly weakened tex-
ture with a largely tilted basal pole was achieved by annealing of an
AZ31 alloy sheet obtained by a combination of high-temperature
rolling and subsequent warm rolling, which led to a superior stretch
formability comparable to aluminium alloys [20]. This anomalous

dx.doi.org/10.1016/j.jallcom.2011.01.189
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. Optical micrographs for longitudinal section with horizontal RD and (0 0 0 2)
pole figures (intensity levels: 0.5, 1, 1.5, etc.) of (a) as-rolled sheet [20] together with
X. Huang et al. / Journal of Alloys a

nnealing texture implies that the annealing behaviour is different
rom those mentioned above, and it is therefore important to reveal
t from the viewpoint of both scientific and industrial significances.
n this study, the microstructural and textural evolution of the AZ31
lloy sheet with the superior stretch formability was investigated
t different stages of annealing.

. Experimental

The rolling procedure of the AZ31 alloy sheet used for the investigation has
een described previously [20]. In short, the sheet was processed by three-pass dif-
erential speed rolling with a rotation speed ratio of 1.36 at a high temperature of
23 K, followed by final warm rolling at 498 K with a thickness reduction per pass
f 33%. Both rolls were heated to 498 K or 573 K when the billet temperature was
98 K or 823 K, respectively. The DRXed microstructure of the sheet rolled at 823 K
or three passes (i.e. the state prior to the final warm rolling) was characterized
y a relatively weak basal texture intensity of 4.8 and a large grain size of 18 �m,
hich was attributed to the effects of high temperature rolling [21]. The macro- and
icro-textures were investigated using the Schulz reflection method and electron

ackscattered diffraction (EBSD), respectively. The macro-textures were investi-
ated at the mid-layer of the sheet. The EBSD analyses were carried out at the central
egion of the longitudinal section, and the rotation of the orientation was conducted
n order to obtain the same observation direction as that of the macro textures. The
ample preparation method for the EBSD analyses was the same as that reported
reviously in Ref. [22]. Transmission electron microscope (TEM) was used to observe
he substructure of the as-rolled sheet.

. Results and discussion

The microstructures and the (0 0 0 2) pole figures of the as-rolled
heet together with those of the sheets annealed at 523 K and 773 K
or 3.6 × 103 s are shown in Fig. 1(a–c), and the changes in the basal
exture intensity and grain size with increasing annealing temper-
ture are shown in Fig. 1(d). The as-rolled sheet exhibits a strong
asal texture with a deformation microstructure including twins
nd deformed grains. There is no indication of the occurrence of
RX, which results from the microstructure with a relatively weak

exture and coarse grains prior to final warm rolling [20]. Anneal-
ng at 523 K results in the completion of SRX, and the basal texture
ntensity weakens significantly from 7.9 to 4.3. At this annealing
tage, almost no change occurs in the inclination angle of the basal
ole, which remains at ∼12◦, close to that (∼10◦) of the as-rolled
heet, as indicated by the arrows in the (0 0 0 2) pole figures. As
he annealing temperature is increased from 523 K to 773 K, the
hange in the microstructure is dominated by grain growth, which
ncreases the grain size from 8 �m to 21 �m. It is interesting to
ote that the basal texture intensity weakens further from 4.3 to
.7 and the inclination of the basal pole toward the rolling direction
RD) is also enhanced from ∼12◦ to ∼25◦ as grain coarsening pro-
resses. These phenomena are opposite to those generally observed
n pure Mg and its alloys, in which the grain growth tends to induce
trengthening of the basal texture and disappearance of the basal
ole inclination [5–7,23].

Fig. 2 shows the inverse pole figure maps, the (0 0 0 1) and
1 0 1̄ 0) pole figures, together with the distributions of the grain
oundary misorientation of the as-rolled sheet and the sheets
nnealed under various conditions. The rolling texture exhibits a
trong basal fiber and a large spread of the (0 0 0 1) orientation in the
ransverse direction (TD). The low image quality (IQ) of the as-rolled
pecimen is due to a large residual strain. In addition, the grains in
hich the c-axis is largely tilted toward the TD (e.g. the circled area

n Fig. 2(a)) tend to show higher IQs, indicating relatively lower dis-
ocation densities compared with the basal oriented grains. For the
pecimen annealed at 573 K for 5 s, some bright, small, and equiax-

al grains with grain sizes of 1–5 �m are observed and the fraction
f low angle grain boundaries (LAGB) also decreases correspond-
ngly, indicating the beginning of SRX. Annealing at 623 K for 10 s
educes the fraction of the LAGB to a quite low level and the twins
lso disappear, indicating the completion of SRX. The basal texture
sheets annealed at (b) 523 K and (c) 773 K for 3.6 × 103 s. (d) Basal texture intensity
and grain size as function of annealing temperature (hold time: 3.6 × 103 s). The
arrows indicate the maxima of the (0 0 0 2) pole figures.

is significantly weakened at this annealing stage. Severe annealing
at 773 K for 3.6 × 103 s results in significant grain growth from 9 �m
to 23 �m (measured using EBSD) and a further weakening of the
basal texture, accompanied by an enhancement of the basal pole
inclination. These tendencies are consistent with those of the macro
textures, as shown in Fig. 1. The 〈101̄0〉 direction tends to be ori-
ented parallel to the RD, and this orientation is retained even after
severe annealing, indicating that the change in the c-axis orienta-
tion is the major feature of texture evolution. With the exception
of the specimen annealed at 773 K for 3.6 × 103 s, all the specimens
exhibit a dominant misorientation angle of high angle grain bound-
aries (HAGB) at ∼30◦, which is typically found for Mg alloy sheets
with a strong basal texture [23]. The fraction of the HAGB larger

than 30◦ is significantly increased upon the completion of SRX,
which contributes to the weakening of the texture, however, the
peak at ∼30◦ persists (see Fig. 2(c)). In contrast, severe annealing
results in a significant shift of the peak of the misorientation angle



4856 X. Huang et al. / Journal of Alloys and Compounds 509 (2011) 4854–4860

F evels:
o aled a
E the sp
3 a of th

t
c

s
s
w
f
g
e
o
n

t
w
t
s

ig. 2. Inverse pole figure maps with horizontal RD, (0 0 0 1) pole figures (intensity l
f grain boundary misorientation of (a) as-rolled sheet together with sheets anne
BSD. Compared with the other specimens with an analyzed area of 9 × 104 �m2,
.6 × 105 �m2 because of its much larger grain size. The arrows indicate the maxim

o 60–65◦, which accompanies severe grain coarsening after the
ompletion of SRX (see Fig. 2(d)).

As shown in Fig. 3(a), the textures associated with the grains
maller than 5 �m and larger than 10 �m, which mainly corre-
pond to the new SRXed and non-recrystallized grains, respectively,
ere extracted from the texture of the specimen annealed at 573 K

or 5 s with the initial state of SRX (see Fig. 2(b)). The new SRXed
rains exhibit dispersed orientations and a significantly weak-
ned basal texture owing to the considerable change in the c-axis
rientation from the initial basal orientation compared with the
on-recrystallized grains.
In order to obtain more detailed information on texture evolu-
ion during grain growth after the completion of SRX, the grains
ere separated into two categories: smaller than and larger than

he average grain size. Figs. 3(b–d) show the textures of the grains
maller than or larger than 9 �m, 12 �m, and 23 �m, which are the
1, 2, 3, etc.), (1 0 1̄ 0) pole figures (intensity levels: 0.5, 1, 1.5, etc.) and distributions
t (b) 573 K for 5 s, (c) 623 K for 10 s, and (d) 773 K for 3.6 × 103 s, measured using
ecimen severely annealed at 773 K for 3.6 × 103 s was analyzed at a larger area of
e (0 0 0 1) pole figures.

average grain sizes for the specimens annealed at 623 K for 10 s,
623 K for 3.6 × 103 s, and 773 K for 3.6 × 103 s, respectively. All the
textures of the smaller grains exhibit the inclination of the basal
pole toward the RD. These textures are similar to that associated
with the new SRXed grains primarily appearing at the initial stage
of annealing (see Fig. 3(a)). In contrast, the maxima tend to be dis-
tributed in the TD for the textures of the larger grains. This may
be due to a larger stored energy for the basal oriented grains com-
pared with those in which the c-axis is largely tilted toward the
TD, as indicated by the different IQs for the grains belonging to
the two texture components (see Fig. 2(a)). The textures of both

the smaller and the larger grains weaken as grain coarsening pro-
gresses. This weakening is especially pronounced for the smaller
grains. The texture of the smaller grains exhibits a large decrease
in the basal texture intensity from 5.7 to 4.1, whereas the intensity
for the larger grains drops from 5.0 to 4.3. In addition, it is obvious



X. Huang et al. / Journal of Alloys and Compounds 509 (2011) 4854–4860 4857

F and d
p 3 K fo
3 ole fig

t
t
t
t

F
s
t

ig. 3. Inverse pole figure maps, (0 0 0 1) pole figures (intensity levels: 1, 2, 3, etc.),
art) and (b, d, f, and h) larger grains (right part) in sheets annealed at (a and b) 57
.6 × 103 s, measured using EBSD. The arrows indicate the maxima of the (0 0 0 1) p
hat the inclination of the basal pole toward the RD originates from
he smaller grains and the grain growth of the smaller grains leads
o the enhancement of the basal pole inclination. For the specimen
reated under severe annealing conditions at 773 K for 3.6 × 103 s,

ig. 4. Inverse pole figure maps, (0 0 0 1) pole figures (intensity levels: 1, 2, 3, etc.), and d
maller than 16 �m and (b) larger grains with grain sizes of 16–23 �m in sheets annealed
he (0 0 0 1) pole figures.
istributions of grain boundary misorientation of (a, c, e, and g) smaller grains (left
r 5 s, (c and d) 623 K for 10 s, (e and f) 623 K for 3.6 × 103 s, and (g and h) 773 K for
ures.
the grains with a size less than 23 �m and an average grain size
of 16 �m are further separated into grains smaller or larger than
16 �m, as shown in Fig. 4. The texture associated with the larger
grains (16–23 �m) exhibits a greater inclination of the basal pole,

istributions of grain boundary misorientation of (a) smaller grains with grain sizes
at 773 K for 3.6 × 103 s, measured using EBSD. The arrows indicate the maxima of
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ig. 5. (a) Optical micrograph and (b and c) inverse pole figure maps of two differe
.2–0.3 �m. HAGB (>15◦), LAGB (4–15◦), boundaries of tensile, compression, and d
For interpretation of the references to color in this sentence, the reader is referred

ndicating preferential growth of the grains with the c-axis largely
ilted toward the RD.

As mentioned above, the main peak of the misorientation angle
s significantly shifted from ∼30◦ to 60–65◦ following grain coars-
ning, which occurs under severe annealing conditions. The reason
or this phenomenon is not yet clear. Among the limited liter-
ture on the relationship between grain boundary energy and
isorientation angle for pure Mg, it has been reported, on the

asis of molecular dynamics simulation, that the grain boundary
nergy of the [1 1̄ 0 0] symmetric tilt boundary decreases grad-
ally as the misorientation angle increases and becomes stable
t ∼60◦ with apparent drops near the misorientation angles of
win boundaries [24]. Therefore, it is suggested that grain rota-
ion that increases the misorientation angle and thereby lowers
he grain boundary energy and/or preferential growth of the
rains having large misorientation angles might occur during grain
oarsening, thus contributing to the weakening of the texture.

similar possibility of the formation of preferential misorienta-
ions related to coincidence site lattices during grain growth in a
eformed and subsequently annealed zirconium alloy has also been
ointed out by Zhu et al. [25]. The greater weakening of the tex-
ure associated with the smaller grains may be explained by the
reference for the smaller grains for grain rotation during grain
oarsening.

Fig. 5 shows the optical micrograph and the inverse pole figure
aps measured at two different areas of the specimen annealed at

73 K for 5 s with the initial state of SRX. The fractions of 86◦ {1 0 1̄ 2}
ensile, 56◦ {1 0 1̄ 1} compression, and 38◦ {1 0 1̄ 1} − {1 0 1̄ 2} dou-
le twins are 6%, 1%, and 3%, respectively. Compression twinning
nd double twinning occur in the grains belonging to the basal fiber
s a result of the favoured orientation for increasing the compres-
ion stress component along the c-axis during rolling. Conversely,
ensile twinning occurs mainly in the grains with non-basal orien-
ations. The largest fraction of the tensile twins can be attributed to
he relatively weak basal texture prior to final warm rolling and the
owest critical resolved shear stress among twinning systems. The
ew grains nucleate mostly at the pre-existing grain boundaries
ather than at the intersections of twins or within the twins (see
rrows in Fig. 5(a)) owing to discontinuous SRX. In spite of the large
umber of twins in the deformed grains, this phenomenon is dif-

erent from the previously reported twin-related SRX, in which the

ew grains mostly formed at the intersections of twins or within
he twins [8–10,26,27]. The new grains around the grain bound-
ries tend to exhibit a largely altered c-axis orientation away from
he basal orientation, leading to significant weakening of the basal
exture.
as in specimen annealed at 573 K for 5 s, measured using EBSD at fine step sizes of
twins are characterized by black, red, white, green, and yellow lines, respectively.
web version of the article).

Nucleation at the grain boundaries during annealing has also
been observed in hot compressed Mg–Mn alloy with an initial cast
structure as well as in cold deformed AZ31 alloy [13,28]. There
are two possible mechanisms responsible for this phenomenon.
Firstly, it is known that the grain boundaries result in inhomo-
geneous deformation and non-basal slips may be activated near
the grain boundaries to relieve strain incompatibilities [29–31].
This induces large orientation gradients and large local dislocation
densities with dislocations on various slip planes in the vicin-
ity of the pre-existing grain boundaries, which provide favoured
nucleation sites and may result in new grains with a random orien-
tation [30,31]. Another possibility is strain induced grain boundary
migration (SIBM), as indicated by the serrated pre-existing grain
boundaries (see Fig. 5), which has also been observed and reported
in Ref. [13]. The driving force for SIBM usually arises from a dif-
ference in the dislocation content on opposite sides of the grain
boundary and results in bulging from a grain with a lower stored
energy toward a grain with a higher one [31]. The microstructure
of the as-rolled sheet is quite heterogeneous as shown in Fig. 6.
The dislocation densities inside the grains are quite different even
among the large elongated grains that are free of twins, suggest-
ing a slip dominated deformation (see Figs. 6(a and b)). This may
be attributed to the relatively weak basal texture prior to final
warm rolling, which leads to different Schmid factors for basal
slip and thus different deformation capabilities among the indi-
vidual grains. In addition, the grain that contains twins appears
to have a relatively low dislocation density (see Fig. 6(c)), which
suggests that the grains deformed by twinning less accommodate
external strain by the slip dominated mechanism. Moreover, the
parent grains may be almost completely consumed by the ten-
sile twins due to the ease of operation [9]. The large grains that
are reoriented by tensile twinning undergo a relatively low level
of deformation to accommodate external strain [32], which low-
ers the dislocation densities of those grains that appear to be free
of twins. Moreover, the thin double twins may form in the newly
reoriented grains generated by tensile twinning [33]. The exten-
sive twinning is thus beneficial for enhancing the heterogeneity
of the microstructure. Therefore, it can be considered that SIBM
may be induced by the heterogeneity of the microstructure with
different dislocation densities among the deformed grains, which
originates from the microstructure of the sheet hot rolled at 823 K

exhibiting a relatively weak texture and coarse grains prior to final
warm rolling. However, the new grains induced by SIBM are gener-
ally characterized by similar orientations with respect to the parent
grains from which they have grown [31]. Nucleation of some new
grains with a largely altered c-axis orientation is observed at the
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ig. 6. TEM images of three types of large elongated grains in as-rolled sheet: two
wins with low dislocation density, observed at low (left part) and high (right part)

order between the double twins and the pre-existing grain bound-
ries (see arrows in Fig. 5(b)). The bulging of the pre-existing grain
oundaries from the adjacent grains toward the double twins is also
bserved (see arrows in Fig. 5(c)). This bulging occurs because the
ouble twins generally have higher dislocation densities, as indi-
ated by their lower IQs, compared with the parent grains (see
ig. 5(b and c)) owing to its preferred orientation for the basal
lip. These observations indicate the possibility that the new grains
ight be induced by the SIBM mechanism followed by rotation,

f the bulging is considered to be an early stage of SRX. There-
ore, it is postulated that the rotation of the c-axis occurs in order
o lower the grain boundary energy, as mentioned above, and/or

s a result of the absorption of the non-basal dislocations near
he pre-existing grain boundaries after nucleation. Future work
bserving the microstructural and textural evolution in the same
rea may provide further information on whether the new grains
otate after nucleation and which mechanism dominates the tex-
s free of twins with (a) high and (b) low dislocation densities. (c) Grain containing
ifications.

ture randomization.Even though the direct contribution of twins
to the texture randomization during SRX appears to be low, it
should be emphasized that twinning plays an important role in
the restriction of DRX and in the enhancement of the heterogene-
ity of the microstructure during final warm rolling [20]. It is well
known that the addition of RE elements has a remarkable effect
on the weakening of the texture of Mg alloys. Hantzsche et al.
[23] demonstrated that this weakening of the texture is related
to the presence of deformation bands containing twins as well as
the restriction of grain growth because of grain boundary pinning
effects caused by solute segregation or particles during anneal-
ing. In contrast, the present work shows that discontinuous SRX

occurring at the grain boundaries can lead to a significantly weak-
ened texture even after severe grain coarsening in the typical Mg
alloy (AZ31) without the addition of RE elements. This grain growth
behaviour is somewhat different from that generally observed in
hexagonal metals, in which the grain growth often results in a tex-
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ure evolution corresponding to a ∼30◦ rotation around the c-axis
25,34].

. Conclusions

In summary, the AZ31 alloy sheet obtained by a combina-
ion of high-temperature rolling and subsequent warm rolling
xhibits a different annealing behaviour from that which is gener-
lly observed in Mg alloys. The microstructure of the as-rolled sheet
s quite heterogeneous and contains a large number of deformation
wins. The new grains nucleate mostly at the pre-existing grain
oundaries rather than at the intersections of the twins or within
he twins during primary recrystallization. The new grains formed
y discontinuous SRX tend to exhibit a c-axis orientation that is

argely altered from the initial basal orientation and, in turn, leads
o a significant weakening of the basal texture. Further progression
f the texture weakening, accompanied by the enhancement of the
asal pole inclination, occurs during the subsequent grain growth
ven after severe grain coarsening.
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