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a b s t r a c t

Y, (Y þ Nd), and (Y þ Ca) multi-microalloying, which has potential to mediate the grain growth and
texture evolution, played an important role in the mechanical properties of the studied extruded AZ80
sheet. Quasi-in-situ electron backscattered diffraction results revealed that grain boundary migration
and grain rotation simultaneously occurred during the grain growth. All these three microalloying
combinations effectively lowered the grain growth rate. In particular, the AZ80 þ 0.2Yþ0.15Ca main-
tained the lowest growth rate and the most uniform fine grain structure. The rare-earth (RE) texture
components, which temporarily formed in AZ80 þ 0.2Y and AZ80 þ 0.1Yþ0.1Nd, weakened their basal
texture intensity. In contrast, continuously enhanced basal texture, accompanied by grain growth,
dominated the texture evolution in AZ80 þ 0.2Yþ0.15Ca. As a result, all microalloyed combinations
exhibited lower Vickers hardness than that of AZ80. The microalloying also reduced the hardness
anisotropy of the sheets.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Alloying is often performed to modify the microstructure and
mechanical properties of magnesium (Mg) alloys. For example,
heavy RE additions, such as yttrium (Y), gadolinium (Gd), have
contributed to high strength (tensile strength: 417e542 MPa) Mg
alloys (e.g., Mg-3.9Zn-1.6Gd [1], Mg-10Gd-5.7Y-1.6Zn-0.6Zr [2]).
However, such Mg alloys are expensive and lead to risks associated
with progressive resource exhaustion and unavailability of critical
elements [3,4]. Therefore, low-cost Mg alloys, containing either low
RE content or no RE elements, should be appropriately considered
in the materials design.

For example, 0.03 wt% Nd addition makes pearlite denser and
increases the hardness of Fe-0.66C-0.67Mn-0.20Si (wt.%) alloys [5].
Low Metamorphic Coal Clean
ering, Yulin University, Yulin,

Ren), quangf@swjtu.edu.cn
For MgeAl based alloys, more than 14 elements have been studied
to reveal the effects of microalloying on the microstructure and
mechanical properties [6e12]. Table 1 briefly summarizes the
mechanical properties (UTS, YS, and εf ) of some microalloyed
MgeAl based alloys. Trace alloying additions (e.g., Ca, Sr, Y, La,
Gd < 0.5 wt%) to MgeAl alloys significantly refine the eutectic b-
Mg17Al12 phase and change its volume fraction [7e13]. Appropriate
microalloying can improve the strength by either refining the grain
size or stabilizing disperse, fine secondary phases. However, an
excess of elemental additions will result in a degradation of the
mechanical properties, which has been observed in
Mge4Ale4Laþ0.5Sr (wt.%) or AZ80 þ 0.8Y (wt.%) [6,12]. An
example of appropriate alloying addition is (Y þ Ca) dual micro-
alloying (<0.5 wt%), which effectively increased the AZ80 ignition
temperature to about 820 �C (for a 0.1 g chip) resulting from the
double-layered structure of CaOþ Y2O3 and MgO þ CaOþ Al2O3 on
the molten surface [11].

Solute segregation at the interfaces (grain boundary (GB), twin
boundary, etc.) plays an important role in the interface mobility by
accommodating the interface energy and the solute drag force [14].
For example, the periodic segregation of Gd or (Nd þ Ag) atoms at
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Table 1
Mechanical properties (UTS, YS, and εf) of microalloyed MgeAl alloys after different processing conditions.

Alloy (wt.%) Processing condition Grain size (mm) f (b-Mg17Al12) (vol%) UTS (MPa) YS (MPa) εf (%) Ref.

Mge4Ale4La As-cast e e 224 148 7 [6]
Mge4Ale4La (0.25Sr) As-cast e e 254 160 10 [6]
Mge4Ale4La (0.50Sr) As-cast e e 240 155 7 [6]
Mge4Al-0.3Mn Extruded (350 �C) 15 e 282 198 9 [7]
Mge4Al-0.3Mn (1.0Y) Extruded (350 �C) 9 e 293 212 8 [7]
AZ61 As-cast þ T4 150 11* 190 120 4 [8]
AZ61 (1.0Sm) As-cast þ T4 100 7* 220 140 4 [8]
AZ80 As-cast 350 8 170 65 6 [9]
AZ80 (0.2Y) As-cast 410 14 230 70 10 [9]
AZ80 (0.8Y) As-cast 420 16 210 60 11 [9]
AZ80 Extruded (230 �C) 2 7 362 282 14 [10]
AZ80 (1.07Laþ0.52Gd) Extruded (230 �C) 1 13 397 341 11 [10]
AZ80 (0.2Yþ0.3Ca) LTSS Extruded (200 �C) e 1 421 380 11 [11]
AZ80 Extruded (350 �C) 9 10 340 160 13 [12]
AZ80 (0.8Y) Extruded (350 �C) 40 1 348 127 18 [12]

All the properties listed were from tensile tests performed at a strain rate of 10-3s-1; *Volume percent of the b; T4: 420 �C/24 h solution treatment; LTSS: Low-temperature-
slow-speed extrusion.

Table 2
Nominal chemical compositions of the AZ80 and microalloyed AZ80 alloys (wt.%).

Alloy Al Zn Mn Y Nd Ca Mg

AZ80 8.0 0.5 0.2 e e e Bal.
AZ80þ0.2Y 8.0 0.5 0.2 0.2 e e Bal.
AZ80þ0.1Yþ0.1Nd 8.0 0.5 0.2 0.1 0.1 e Bal.
AZ80þ0.2Yþ0.15Ca 8.0 0.5 0.2 0.2 e 0.15 Bal.
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twin boundaries during annealing leads to enhanced stability (low
mobility) of the twin boundary (TB) [14,15]. Besides, the GB
segregation of Yor Ca, revealed through HAADF-STEM observations
[16,17], generates a significant drag effect and retards both grain
growth and GB migration. It has also been reported that co-
segregation (e.g., Ca þ Zn) improves GB stability during static
recrystallization [18]. This microalloying-elements-segregation
enhanced stability in TB or GB resulted in additional strength-
ening [15] and suppression of abnormal dynamic recrystallization
grain growth during high-speed extrusion.

Stanford et al. [19] reported that RE addition can effectively
weaken the texture intensity due to the appearance of a new
texture component (termed “RE texture”) during extrusion, in
which the peak texture intensity reduced and the <0001> poles
tilted toward the transverse direction (TD) after subsequent
annealing [20,21]. The concentration of the Y and Nd required for
texture weakening of binary Mg-RE alloys was less than 0.7 wt%,
and 0.2wt%, respectively [22], which implies that microalloying has
potential to modify the texture. Barrett et al. [23] indicated that Y
segregation at the GB homogenizes the GB energy andmobility. The
migration of some special boundaries is deterred thereby allowing
other orientations to thrive before grain growth saturates, which
results in a less intense texture than that typically observed in RE
containingMg alloys. Thus, trace additions of RE elements might be
an effective approach to modify the crystallographic texture during
extrusion, leading to an increase in εf . Furthermore, trace Ca
addition can both relieve the misfit strain near precipitates and
reduce the energy barrier for precipitate nucleation [24].

As mentioned above, both the high-solubility (12.5 wt%)
element, Y, and two low-solubility (<3.6 wt%) elements, Nd and Ca,
have a significant effect on the GB migration and texture evolution.
However, there was little knowledge to clarify the tailoring effect of
these alloying elements on the static recrystallization of AZ80. In
this work, we first added Y, (YþNd) and (YþCa) in AZ80 to estimate
the microalloying effect on the grain growth kinetics during long
term (~480 h) annealing; Second, the texture evolution was eluci-
dated; Third, wemeasured the hardness anisotropy sensitivity. This
will give insight into developing a low-cost tailoring methods (e.g.,
grain size refinement and texture weakening) for high-
performance extruded AZ80 alloys.
1 The sample coordinate system was constant throughout this paper.
2. Materials and experimental procedures

2.1. Materials and processing

Four Mge8Al-0.5Zn based alloys were studied (see Table 2). The
alloys were prepared by resistance melting pure Mg (99.9 wt%),
pure Al (99.9 wt%), pure Zn (99.9 wt%), Mge30Y (wt.%), Mge30Nd
(wt.%) and Mge25Ca (wt.%) master alloys. The molten Mg was
protected from oxidation by a covering flux and CO2þ2 vol% SF6
mixed gas. The melt was held at 740 �C for 50e60 min, then poured
into a steel die of 95 mm diameter. The homogenization annealing
for these billets was conducted at 420 �C for 8 h, followed by air
cooling. The billets were then machined into 88 mm diameter
round bars. Before extrusion, the billets were preheated at 350 �C
for 3e4 h. The extrusion container and the extrusion die were
preheated to 300 �C and 400 �C, respectively. Subsequently, the
billets were extruded to 80 mm � 5 mm sheets with a 16:1
extrusion ratio and a 0.5e1.0 mm/s ram speed.
2.2. Annealing heat treatments

Rectangular plates 12 (ED)� 8 (TD)� 4 (ND)mm3were cut from
the center of the as-extruded sheets using electrical discharge
machining (where ED, TD, and ND represent the extrusion direc-
tion, transverse direction, and normal direction, respectively1). The
samples were first ground using silicon carbide (SiC) papers
through 400, 800, and 1200 grits (US standards) to remove the
surface damage and pollution, followed by ultrasonic bath cleaning
with ethanol. For the 420 �C/4 h and 420 �C/7 h annealing treat-
ments, the cleaned samples were put in themiddle of a quartz glass
tube, and a thermocouple was welded along the sample thickness
to monitor the temperature. The glass tube was evacuated using a
mechanical pump for about 10 min to minimize thick oxidation
during the annealing treatment. The sealed quartz glass tube was
put in a tube furnace and heated to 420 �C, then held for either 4 h
or 7 h. The glass tube was then taken out of the furnace, and the
sample was cooled to less than 50 �C using compressed air (20 psi).
The long term (410 �C/480 h) annealing treatment was conducted



Fig. 1. (aed) Secondary electron SEM photomicrographs for as-extruded AZ80, AZ80 þ 0.2Y, AZ80 þ 0.1Yþ0.1Nd, and AZ80 þ 0.2Yþ0.15Ca sheets in the ND plane, respectively.
(eeh) Energy dispersive spectroscopy (EDS) map for the as-extruded sheets in the ND plane, respectively, and the arrows in the EDS maps highlighting the intermetallic compounds
in (aed). All EDS maps have scale bars of 10 mm in (eeh).
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in a creep furnace. The samples were then cooled in air and ground
to less than 3 mm thickness to avoid characterizing the oxide-
influenced surface.
2.3. Microstructure characterization and hardness test

The microstructure of the alloys was observed using a Nikon
120C optical microscope (OM) and a TESCANMIRA III FEG scanning
electron microscope (SEM) equipped with an energy dispersive
spectroscopy (EDS) system. The average grain sizewas estimated by
the line intercept method (GB/T 6394e2017) and the phase volume
percents were measured by the grid point method. The EDAX-TSL
electron backscattered diffraction (EBSD) system was used to
identify the grain orientation and texture features on the ND plane
containing at least 1000 grains. The scanning step size was 0.2e0.4
mm/step and data post-processing was performed using EDAX OIM
Analysis 7 software. The SEM accelerating voltage was 30 kV, and
the working distance was 16 mm. Metallographic samples were
ground using SiC planar grinding papers through 400, 800, 1200
grits, respectively. The samples were then polished through 1.0 mm,
0.25 mm diamond pastes, and 0.04 mm colloidal silica solution was
used for the final polishing. The samples were etched using a so-
lution containing 60 ml ethanol, 20 ml water, 15 ml acetic acid, and
5 ml nitric acid. The phase compositions were identified using a
Bruker D2 PHASER X-ray diffraction (XRD) system in the sample’s
ND plane, and the scanning speed was 0.05�/step with 2q ranging
between 20 and 90�. Room-temperature hardness tests were con-
ducted using a LECO M-400-G1 microhardness tester with 500 g
load and 10 s dwell time. 5 indents tests were performed on the
mechanically polished ND plane and the results were averaged.
3. Results and discussion

3.1. As-extruded microstructure

Fig. 1 shows the microstructure of the as-extruded sheets in ND.
As Fig. (aed) shown, the grain size of the microalloyed AZ80 sheets
was larger than that of AZ80. AZ80 þ 0.1Yþ0.1Nd exhibited a finer
grain size than that of the AZ80 þ 0.2Y and AZ80 þ 0.2Yþ0.15Ca.
The average diameter of the GB precipitates in AZ80 þ 0.1Yþ0.1Nd
(0.8 ± 0.2 mm) was less than that of AZ80 þ 0.2Y (1.8 ± 0.5 mm) and
AZ80 þ 0.2Yþ0.15Ca (2.2 ± 0.6 mm). The GB precipitate volume
percents in AZ80, AZ80 þ 0.2Y, AZ80 þ 0.1Yþ0.1Nd, and
AZ80þ 0.2Yþ0.15Ca were 27 %, 6 %, 12 %, and 5 %, respectively. Less
than 1 vol% of the polygonal particles was distributed at the GBs
and grain interiors of the alloys.

First-principles calculations revealed that the Al2Y, (Mg,Al)2Ca
and Al2Nd Laves phase have the low enthalpies of formation in
MgeAleY, MgeAleCa or MgeAl-Nd system, respectively, which
thermodynamically favor the formation of these stable interme-
tallic compounds [25e29]. Fig. 1(eeh) present the EDS results for
as-extruded AZ80, AZ80 þ 0.2Y, AZ80 þ 0.1Yþ0.1Nd, and
AZ80 þ 0.2Yþ0.15Ca, respectively. Al and Mn-rich particles were
observed in all studied alloys, and Y or Nd containing compounds
were also detected in the corresponding alloys (Fig. 1(geh)).
3.2. Grain growth kinetics and GB migration

Fig. 2 provides a comparison between the as-extruded and
420 �C/7 h annealed microstructures. Fig. 2(eef) shows that the
annealed AZ80 and AZ80 þ 0.2Y exhibited larger grain sizes than
that of AZ80 þ 0.1Yþ0.1Nd and AZ80 þ 0.2Yþ0.15Ca. For example,
the grain size of AZ80 þ 0.2Yþ0.15Ca increased from 32 ± 3 mm to
52 ± 3 mm while the grain size of AZ80 þ 0.2Y increased from
32 ± 3 mm to 96 ± 13 mm (see Table 3). The recrystallization kinetics



Fig. 2. (aed) Optical photomicrographs for extruded AZ80 þ 0.2Y, AZ80 þ 0.1Yþ0.1Nd, and AZ80 þ 0.2Yþ0.15Ca sheets in the ND plane. (eeh) Optical photomicrographs for the
420 �C/7 h annealed samples in the ND plane. The average grain size values are labeled in yellow for each condition. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Table 3
The average grain size after different processing conditions (mm).

Alloy As-extruded 420 �C/4 h annealing 420 �C/7 h annealing 410 �C/480 h annealing

AZ80 5±1 65±2 84±5 >2000
AZ80þ0.2Y 32±3 79 ±5 96±13 184±65
AZ80þ0.1Yþ0.1Nd 15±1 57±5 72±5 112±42
AZ80þ0.2Yþ0.15Ca 32±3 40±1 52±3 e
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were analyzed based on Eq. (1) [30], where d is the annealed grain
size, mm; d0 is the as-extruded grain size, mm; t is the annealing
time, h; and n is the grain growth exponent. The constant, k, varies
with temperature according to the relationship described in Eq. (2),
where R and k0 are constant, T is annealing temperature, and QG is
the activation energy for grain growth. It was found that n ¼ 2
provided a good fit for the grain growth behavior (see Fig. 3).



Fig. 3. d 2-d02 value as a function of the annealing time for different alloys. d and d0 are
the average grain size of the annealed and as-extruded samples, respectively; t is the
annealing time; short time (0e7 h) conditions are presented in the inset.
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dn � dn0 ¼ kt (1)

k¼ k0 expð�QG =RTÞ (2)

The average grain growth velocity (Dðd2 � d20Þ=Dt) for the
420 �C/7 h annealing treatment was labeled in the inset of Fig. 3.
Fig. 4. X-ray diffraction (XRD) patterns for the as-extruded and 420 �C/7 h annealed alloy
information is referenced on the bottom.
The greatest velocity was observed in AZ80 þ 0.2Y, followed by
AZ80, AZ80 þ 0.1Yþ0.1Nd, and AZ80 þ 0.2Yþ0.15Ca. The (Y þ Ca)
alloy exhibited the greatest grain growth suppression and exhibited
a growth velocity of 231 mm2/h which was less than one quarter
that of the AZ80 (1020 mm2/h) and AZ80 þ 0.2Y (1183 mm2/h). For
the 410 �C/480 h annealing treatment, AZ80 exhibited the largest
average grain size (>2000 mm), which wasmore than ten times that
of AZ80 þ 0.2Y (184 mm) and AZ80 þ 0.1Yþ0.1Nd (112 mm) (see
Table 3).

Assuming that the boundary migration rate is equal to the grain
growth rate, we can show that [31]:

VGB¼(DGBU/kTdGB)gGB(a/d) (3)

where VGB is the GB migration velocity, DGB corresponds to a
diffusion coefficient through the GB for all solutes, U is the atomic
volume through the GB, dGB is the thickness of the GBs, gGB is the GB
energy, a is a proportionality constant dependent on the grain
shape, and d is the grain diameter.

The microalloying elements (Y, Nd, Ca) segregation into the GB
influenced the GB mobility and thus the grain growth kinetics
[18,23]. Barrett et al. [23] reported that Y segregation at the GB
greatly reduced gGB, and thus a small percentage of Y addition can
homogenize the energy and mobility of GBs, resulting in a less
intense texture. The texture evolution will be discussed in section
3.3. The presence of Ca atoms next to Y atoms reduces the basal
plane strain imposed on the Mg matrix [32]. Thus, according to Eq.
(3), the co-segregation of Ca and Y may further reduce the gGB and
decrease the GB mobility, which is consistent with the experi-
mental results shown in Fig. 3. As stated above, the grain size for the
s in the ED-TD plane. “X” represents unidentified peaks. The PDF compounds phase



Fig. 5. Quasi-in-situ SE SEM photomicrographs of the (a) as-extruded AZ80 þ 0.2Y; (d) after 420 �C/4 h annealing. (b, c) and (e, f) Corresponding grain boundary images and EBSD
orientation maps for (a, d), respectively. (g, h) Grain boundary migration in grain G1 and G2, respectively.

Fig. 6. EBSD orientation maps in (aec) as-extruded, (deg) 420 �C/4 h, and (hek) 420 �C/7 h conditions in the ED-TD plane. The (dek) annealed EBSD maps have the same scale bar.
The white and black lines represent the low-angle (2e15�) grain boundaries (LAGB) and high-angle (>15�) grain boundaries, respectively; (0002) pole figures and the maximum
intensity values are provided in the insert of the corresponding EBSD maps; (l) LAGB and the (0002) basal texture maximum intensity as a function of the annealing time.
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AZ80 þ 0.2Yþ0.15Ca was indeed smaller than those in the two
counterpart alloys (AZ80 þ 0.2Y, AZ80 þ 0.1Yþ0.1Nd) at each stage
of recrystallization, and the grain size distribution in the
AZ80þ 0.2Yþ0.15Ca alloy was significantly narrower than those for
the two counterpart alloys, see Table 3. This was attributed to the
decreasing GB energy and increasing solute drag effect resulting
from the co-segregation of Ca and Y. This led to a more uniform
growth of the recrystallized grains.
On the other hand, the grain growth during annealing led to a

decrease of the GB density (rGB, grain boundary area per unit vol-
ume). For grains assumed to be spherical with a diameter d, the GB
density can be written as [31]:

rGB ¼ [4p � (d/2)2]/ [2 � 4p/3 � (d/2)3] ¼ 3/d (4)



Fig. 7. EBSD orientation maps and (0002) pole figures showing the grains whose size are (a, c) larger or (b, d) smaller than the average grain size in 420 �C/7 h annealed (a, b)
AZ80 þ 0.2Y, and (c, d) AZ80 þ 0.1Yþ0.1Nd.
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Thus, the GB solute concentration increases with grain growth
according to:

C¼Cv þ CGBrGB ¼ CV þ CGB(3/d) (5)

where C, Cv, and CGB are the solute concentrations in the whole
material, in the grains, and at the GBs, respectively. Increasing GB
solute concentration further enhances the drag force for the GB
migration and retards the grain growth. This is consistent with the
annealing results, especially for the long-term annealing condi-
tions. For example, the grain size of the microalloyed AZ80 is less
than one-tenth of that of AZ80 after 410 �C/480 h annealing
(Table 3), which demonstrates that increasing the Y or (Y þ Nd)
concentration at the GB dramatically retards the grain growth.

The comparison of the XRD patterns for the as-extruded and
420 �C/7 h annealed microstructures is presented in Fig. 4. For the
as-extruded sheets, b-Mg17Al12 peaks were prevalent in the AZ80,
and AZ80 þ 0.1Yþ0.1Nd alloys, while they were rarely observed in
AZ80 þ 0.2Y and AZ80 þ 0.2Yþ0.15Ca. After the 420 �C/7 h
annealing treatment, the b-Mg17Al12 peaks were not evident.
However, the undetermined phase peaks, X (highlighted by circles),
were stable in the alloys after annealing, and they disappeared in
the annealed AZ80.

The grain growthwas investigated using EBSD in theMMAAZ80
alloys. Here we take AZ80 þ 0.2Y as a model alloy to quasi-in-situ
reveal the process of GB migration as well as grain rotation dur-
ing annealing. The corresponding SEM map, GB map and EBSD
orientation map of the in-situ region prior to annealing are pre-
sented in Fig. 5(a-c), respectively. Four Al2Y particles and the
indentation center composed a constellation-like marker to help
reference the in-situ EBSD test region. Twins were distinguished in
as-extruded EBSD map (see Fig. 5 (c)). Fig. 5 (d) shows the 420 �C/
4 h annealed microstructure of AZ80 þ 0.2Y. The constellation-like
markers were stable: “P1” Al2Y particle was enwrapped in the
grown grain, while “P2” remained at a GB (see Fig. 5(e)). The
interaction between the A2Y particles and the GB migration above
implies that the resistance of the micron-size intergranular Al2Y to
GB migration is poor. Tracking the “G1”, “G2” grain evolution
throughout the annealing, it is suggested that grain growth and
grain rotation occurred concurrently during the static recrystalli-
zation (SRX). Grain rotation is prevalent in the plastic deformation
of polycrystalline metals, which contributes to the change of the
average spacing of the GB dislocations [33]. The grain maps in
Fig. 5(geh) indicate that grain rotation occurred in the “G1” grain
accompanied with GB migration, while the “G2” grain exhibited
less rotation. Thus, diffusion at the GB may result in a change of the
dislocation spacing with GB migration.
3.3. Texture evolution during the static recrystallization

Texture serves as another key microstructural variable to tailor
the mechanical properties of the extruded profile and thus the
microalloying effect on texture variation accompanied by grain
growth need to be clarified as well. Fig. 6 shows EBSD orientation
maps for the as-extruded and annealed alloys and the corre-
sponding (0002) pole figures (PFs), which are consistent with the
SEM and OM results in Figs. 1 and 2. The maximum (0002) texture
intensity was labeled in each EBSD orientation map as well. In
Fig. 6(a and b), the <0001> poles in the PFs of the as-extruded
AZ80 þ 0.2Y and AZ80 þ 0.1Yþ0.1Nd tilted away from ND and
extended toward the TD, which represents a typical RE texture.
After 420 �C/4 h annealing, Fig. 6(e and f) show additional <0001>
poles tilted toward TD for AZ80þ 0.2Yand AZ80þ 0.1Yþ0.1Nd, and
the enhanced RE texture in AZ80 þ 0.1Yþ0.1Nd resulted in a large
decrease in texture intensity, which is consistent with a previous
report [20,21]. When the annealing duration was extended to 7 h
(Fig. 6(i and j)), the RE texture in AZ80 þ 0.2Y became weaker and
more <0001> poles tilted toward ED. Less <0001> poles tilted
toward TD for AZ80 þ 0.1Yþ0.1Nd, and a higher maximum texture
intensity was observed. For AZ80 þ 0.2Yþ0.15Ca EBSD orientation
maps (Fig. 6 (c, g, k)), the as-extruded and 420 �C/4 h annealed PFs
show two separated <0001> pole peaks situated away from the
center of the PF and toward the ED. This split of the <0001> pole
peaks became inconspicuous after 420 �C/7 h annealing. (Y þ Ca)
addition resulted in a very different texture evolution compared
with only Y addition. The basal texture intensity was continuously
strengthened from 14.6 to 22.6 with increased annealing time,
which was also found in rolled AZ31 [34]. Fig. 6 (d, h) shows that all



Fig. 8. EBSD orientation maps of 410 �C/480 h annealed (a) AZ80, (cee) AZ80 þ 0.2Y, and (feh) AZ80 þ 0.1Yþ0.1Nd, where the white and black lines represent the low-angle
(2e15�) grain boundaries (LAGB) and high-angle (>15�) grain boundaries, respectively; (d) and (e) are EBSD orientation maps of the smaller grains (<183 mm) and larger grains
(>183 mm) represented in (c), respectively; (g) and (h) are EBSD orientation maps of the smaller grains (<112 mm) and larger grains (>112 mm) represented in (f), respectively;
(0001), (10-10), and (10e11) pole figures and the maximum texture intensity are provided under the corresponding EBSD orientation maps; (b) indicated the sample coordinate
system, grain boundary angle classification, and the inverse pole figure, respectively.
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annealed AZ80 base alloys exhibited a basal texture andmaintained
higher texture intensity than the Y and (Y þ Nd) microalloyed
alloys.

Fig. 6 (l) briefly summaries the volume percent of the low angle
grain boundaries (LAGBs) and the (0002) basal texture intensity as
functions of the annealing time for the studied alloys. For the as-
extruded conditions, AZ80 þ 0.1Yþ0.1Nd and
AZ80 þ 0.2Yþ0.15Ca exhibited higher LAGB volume percent than
AZ80 þ 0.2Y, which had lower grain growth kinetics (see Fig. 3).
AZ80 and AZ80 þ 0.2Yþ0.15Ca maintained higher LAGB volume
percent for both as-extruded and annealed conditions. Besides, the
variation trend was similar between LAGB volume percent and
(0002) basal texture intensity in the ND plane of the microalloyed
sheets indicating that the <0001> pole of the grain pair containing
LAGB possibly preferred to align along the ND direction, while the
AZ80 didn’t follow this pattern. As discussed above, the



Fig. 9. Schmid factor, m, distribution for {0001}<-2110> basal <a> slip along ED in the large grains and small grains in the 410 �C/480 h annealed (a) AZ80 þ 0.2Y and (b)
AZ80 þ 0.1Yþ0.1Nd. The large and small grains were consistent with the EBSD results in Fig. 8.

Fig. 10. (a) Vickers hardness comparison between ED and ND for the as-extruded sheets; (b) Vickers hardness difference between ED and ND and the (0002) basal texture intensity
for each of the extruded sheets; (c) Variation in Vickers hardness in ND with d-1 after different processing conditions.
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combination of abundant LAGB and enhanced (0002) basal texture
in AZ80 þ 0.2Yþ0.15Ca favored the lowest grain growth velocity
(see Fig. 3) and narrower grain size distribution (low standard
deviation of grain size in Table 3). Zeng et al. [18] reported that the
co-segregation of (Zn þ Ca) to GBs is more effective to reduce the
GB energy and enhance the solute drag effect than sole Zn or Ca
additions which resulted inmore uniform grain growth and a lower
migration rate. In the present study, the dual (Y þ Ca) was superior
to sole Y addition in lowering the grain growth of the AZ80 base
alloy, and future work will concentrate on the effort to clarify if can
be attributed to the similar (Znþ Ca) GB co-segregation effect. After
420 �C/7 h annealing, the larger grains, which have a larger grain
size than the average grain size, exhibited stronger (0002) basal
textures than the small grains. For example, Fig. 7 compares the
basal texture of big or small grains in 420 �C/7 h annealed
AZ80 þ 0.2Y (Fig. 7(a and b)) and AZ80 þ 0.1Yþ0.1Nd (Fig. 7(c and
d)). Both alloys exhibited random <0001> pole distributions and
weak texture density in the small grains, while more <0001> poles
in the larger grains of AZ80 þ 0.2Y and AZ80 þ 0.1Yþ0.1Nd tilted
toward ED and ND, respectively, which appeared to cause the
texture enhancement [18].

To determine the effect of long-term annealing on the recrys-
tallized grain growth and texture, 410 �C for 480 h (20 days)
annealed samples were investigated and compared. Fig. 8(a) shows
that the abnormal grain growth was prevalent in AZ80 and the
average grain size increased to approximately 2000 mm. Similar to
that shown in Fig. 7, characterization was performed on the long-
term annealed AZ80 þ 0.2Y and AZ80 þ 0.1Yþ0.1Nd alloys. Both
alloys show that the <0001> poles tilt away from ND and extended
toward the ED, which indicates the RE texture disappeared after the
long-term annealing. Meanwhile, there was a significant difference
in the texture between the smaller and the larger grains. For the
AZ80 þ 0.2Y, less <0001> poles tilted away from the ND and
extended toward the ED in smaller grains (Fig. 8 (d)), while the
larger grains contained considerable ED oriented <0001> poles
(Fig. 8 (e)). Similar texture differentiation was also observed in
AZ80 þ 0.1Yþ0.1Nd (Fig. 8(g and h)), but less difference in texture
intensity between the smaller and larger grains was exhibited
compared to that for AZ80 þ 0.2Y. Both PFs and the texture
component distribution indicated that there was more grain
growth of some special orientations (e.g., toward ED) after long
term annealing, which enhanced the texture and weakened the
homogeneity of the grain structure. Similar grain growth was also
observed in WE43 alloys after annealing at 545 �C for 840 s [35].

The Schmid factor, m, which serves as one of the typical orien-
tation sensitivity parameters for a given slip system, can be used to
illustrate the grain orientation distribution. Fig. 9(a and b) provides
the m frequency distribution of the {0001}<-2110> basal <a>
dislocation slip along ED for the long-term annealed AZ80 þ 0.2Y
and AZ80 þ 0.1Yþ0.1Nd according to Fig. 8(cef). Both annealed
alloys exhibited a relatively random m distribution in the small
grains, while a bimodal m distribution was exhibited in the large
grain region. For example, the peak positions of m ¼ 0.05, 0.3, and
m ¼ 0.05, 0.35 were observed in the larger grain regions for
AZ80 þ 0.2Y and AZ80 þ 0.1Yþ0.1Nd, respectively, which implied
preferred orientation of the grain growth during SRX. Further, the
highm-value peaksmay sharpen the basal slip in some large grains,
but harden the basal slip when in the low m-value peaks.

3.4. Hardness response to the microstructure evolution

The hardness response varied with the microstructure features
(grain size, precipitates, and texture). A comparison of the Vickers
hardness results for all the as-extruded sheets in ED and ND is
provided in Fig. 10 (a). AZ80 exhibited the highest hardness value in
both the ED (79 Hv) and the ND (88 Hv), while AZ80þ 0.2Yþ0.15Ca
maintained the lowest hardness value. The hardness anisotropy
prevalent in the studied alloys has also been reported in previous
work [36], and the difference in hardness between ND and ED,
Hv(ND)-Hv(ED), is depicted in Fig. 10 (b). The variation trend was
similar between hardness difference and (0002) basal texture in-
tensity. This implies the texture strengthening or the hardness
sensitivity to crystal orientation plays an important role in the
macro-mechanical properties, and the higher (0002) basal texture
component introduced more hardness anisotropy (e.g.,
AZ80 þ 0.2Yþ0.15Ca).

In addition to the texture, the hardness response varied with the
grain size. Generally, there is a positive correlation between the
hardness and d-n value [37e40]. Fig. 10 (c) shows that the Vickers
hardness (ln(Hv)) increases linearly with ln(d�1) for AZ80 and the
microalloyed alloys. AZ80 exhibited higher hardness than that of
microalloyed AZ80 at the same grain size. The Al solute depletion
(or dilution) in the matrix tend to weak the deformation resistance
in MgeAl series alloys [41,42]. For example, the Al depletion caused
by the higher volume fraction of AleZr compounds decreases the Al
solid solution hardening effects [43]. As a result, the formation of
Al2X (X ¼ Y, Nd, Ca) compounds in the microalloyed AZ80 alloys
may result in the decrease of the Al solute strengthening and
reduction in hardness. It is noted that the Ca-containing AZ80 alloys
exhibited the lowest grain growth velocity and enhanced basal
texture, which leads to a finer-grain, textured microstructure.
However, the Ca containing sheets maintained the lowest Vickers
hardness, which may be related to the modified dislocation slip
behavior [44].

4. Conclusions

In this work, Y, (Y þ Nd), and (Y þ Ca) microalloying effects on
the grain growth, texture evolution and the consequent hardness
response of AZ80 were investigated during the high-temperature
static recrystallization. Some remarks and conclusions are pro-
vided as follows:

(1) The microalloying effectively lowered the grain growth rate,
in particular, the AZ80 þ 0.2Yþ0.15Ca maintained the lowest
growth rate (231 mm2/h), which was less than one quarter
that of the AZ80 (1020 mm2/h). Quasi-in-situ EBSD results
revealed that the grain boundary migration and grain rota-
tion simultaneously occurred during the grain growth.

(2) The rare-earth (RE) texture components temporarily formed
in AZ80 þ 0.2Y and AZ80 þ 0.1Yþ0.1Nd which weakened
their basal texture intensity. More <0001> poles of larger
grains preferably tilted away from the normal direction and
extended toward the extrusion direction resulting in
bimodal Schmid factor distributions. In contrast, continu-
ously enhanced basal texture accompanied by grain growth
dominated the texture evolution in AZ80 þ 0.2Yþ0.15Ca.

(3) The microalloying, and especially the Y sole addition,
reduced the hardness anisotropy. All the microalloyed alloys
exhibited lower Vickers hardness than that of AZ80 for the
same grain size. Ca containing microalloyed sheets main-
tained both the lowest Vickers hardness and a fine-grain,
textured structure, which may be related to the modified
dislocation slip behavior induced by Ca addition.
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