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Abstract: The mixed grain structure and mechanical property anisotropy of AZ40 magnesium alloy bar with a diameter of 160 mm
manufactured by “multi-direction forging (MDF) + extrusion + online cooling” technique were investigated by optical microscopy
(OM), scanning electron microscopy (SEM), X-ray diffraction macro-texture measurement and room temperature (RT) tensile test.
The results show that mixed grain structure is caused by the micro-segregation of Al in semi-continuous casting ingot.
Homogenization of (380 °C, 8 h) + (410 °C, 12 h) cannot totally eliminate such micro-segregation. During MDF and extrusion, the
dendrite interiors with 3%—4% Al (mass fraction) transform to fine grain zones, yet the dendrite edges with about 6% Al transform to
coarse grain zones. XRD macro-textures of the outer, R/2 and center show typical fiber texture characteristics and the intensity of
[0001]//RaD orientation in the outer (11.245) is about twice as big as those in the R/2 (6.026) and center (6.979). The as-extruded
AZ40 magnesium alloy bar has high elongation (4) and moderate ultimate tensile strength (R,,) in both extrusion direction (ED) and
radius direction (RaD), ie., 4 of 19%-25% and R, of 256-264 MPa; however, yield strength (R,,) shows anisotropy and
heterogeneity, i.e., 103 MPa in RaD, 137 MPa in ED-C (the center) and 161 MPa in ED-O (the outer), which are mainly caused by

the texture. (155 °C, 7 h) + (170 °C, 24 h) aging has no influence on strength and elongation of AZ40 magnesium bar.
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1 Introduction

AZ40 alloy is a typical wrought magnesium alloy,
which can get moderate strength and high ductility after
hot deformation. WANG et al [1] investigated the
influence of hot rolling on AZ40 extruded plate and
found that the extruded plate possessed mixed grain
structure (grain sizes range from 10 to 60 pum) and
mechanical property anisotropy (longitudinal direction
(ED): Ry,=100 MPa and 4=20%; transverse direction
(TD): Ry,=230 MPa and 4=13%), but after five or more
rolling passes the mixed grain structure was eliminated
(about 10 pm) and Ry, and 4 in both ED and TD are
175 MPa and 20%, respectively.

Mixed grain structure is a usual phenomenon in
wrought magnesium alloy products, and its main reason
is uneven or incomplete dynamic recrystallization
(DRX) [2—4]. During hot deformation of magnesium
alloys, DRX is the most important grain refinement

mechanism [5—9]. Dislocation pile-up is a prerequisite
for DRX, so grain (twin) boundaries and particle
interfaces are preferred DRX sites. There are many DRX
mechanisms in magnesium alloys, such as discontinuous
DRX (DDRX), continuous DRX (CDRX), twinning-
induced DRX (TDRX), particle-stimulated DRX and
rotation DRX (RDRX). DDRX is the dominant
mechanism in most hot deformations, which involves
four steps: 1) dislocation pile-up causes local stress
concentration at grain (twin) boundaries; 2) grain
boundaries become serrated; 3) DDRX nuclei form on
serrated boundaries by bulging; and 4) DDRX nuclei
grow by the migration of high-angle boundaries [10,11].
In contrast, CDRX is generally considered as a recovery
process and its activation needs high stacking fault
energy (SFE) to enable dislocations of smaller core
width to constitute low-angle boundaries of sub-grains at
the polygonization stage [12]. The volume fraction and
average size of DRX grains are closely related to
Zener—Hollomon (Z) parameter and plastic strain (such
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as extrusion ratio and rolling reduction). Parameter Z is
defined as Z =cexp[Q/(RT)], where & is the strain
rate, T is the temperature, Q is the activation energy
and R is the mole gas constant [2,13,14]. THIRUMU-
RUGAN and KUMARAN [15] studied the influence of
temperature on DRX mechanism during extrusion of
AZ91 at 300 and 350 °C with a extrusion ratio of 4, and
the results show that the DRX grains of about 59 pm
only concentrate on grain boundaries and particle
interfaces at 300 °C, but DRX grains of about 120 pm
have covered the whole matrix at 350 °C. FATEMI-
VARZANEH et al [11] investigated the effect of
temperature (250—450 °C) and strain rate (0.0005—0.1 s")
on the DRX during hot compression of AZ31 alloy and
found that the volume fraction and size of DDRX grains
increase as parameter Z decreases and the volume
fraction of DDRX grains increases in a S-shape manner
as strain rises. TANG et al [10] investigated the influence
of extrusion parameters (extrusion ratio: 6.25 and 25;
temperature: 370, 400 and 430 °C; ram speed:
0.8—7 m/min) on grain size of AZ31 alloy. They found
that DRX grains of 5—15 pm look like “necklaces” along
grain boundaries in all conditions, and extrusion ratio is
the most important parameter for grain refinement, that is,
higher extrusion ratio leads to higher volume fraction of
DRX grains and lower average grain size.

Mechanical property anisotropy is caused by texture
which origins from grain rotation during plastic
deformation [16]. For single crystal, under compressive
stress, slip planes tend to be perpendicular to
compressive direction. During hot extrusion, grains in
deformation zone bear three-dimensional compressive
stress, i.e., the compressive stress, radial
compressive stress and circumferential compressive
stress. Since radial compressive stress is the largest
one [17], basal planes which are the dominant slip planes
in magnesium alloy are inclined to be normal to
radial direction, resulting in typical extrusion fiber
texture [10,16,18,19].

Although the mixed grain structure of wrought
magnesium alloys has been observed by many
researchers [1, 20], its origin has rarely been studied.
Moreover, before wrought magnesium alloys are used as
structure materials which sustain complex loads, its
mechanical property anisotropy must be carefully
analyzed. In this work, the origin of mixed grain
structure and mechanical property anisotropy of AZ40
magnesium alloy bar with a diameter of 160 mm were
investigated.

axial

2 Experimental

A d482 mm x 1500 mm AZ40 semi-continuous
casting ingot was used, and its chemical composition is

listed in Table 1. After two-step homogenization of
(380 °C, 8 h) + (410 °C, 12 h), a d160 mm bar was
produced by “multi-direction (MDF) + extrusion +
online water quenching” technique. MDF consisted of
three passes of “upsetting + stretching” at above 350 °C,
and then the forged billet was immediately extruded. The
extrusion parameters are listed in Table 2. In order to
avoid grain growth, online water quenching was applied
as soon as the bar went out the mold. Finally, (155 °C,
7 h) + (170 °C, 24 h) two-step aging was employed.

Table 1 Chemical composition of semi-continuous casting
AZA40 ingot (mass fraction, %)
Al Zn Mn Cu Ni Fe Mg
4.02 0.48 035 <0.01 <0.01 0.022 Bal

Table 2 Extrusion parameters of AZ40 forged billet in direct

extrusion
Temperature/  Extrusion ~ Ram speed/ Cooling
°C ratio (mm-s ") condition
380 165 04 Online water

quenching

OM and SEM were used for microstructure
observation, and element content was measured by
energy dispersive spectrometer (EDS) equipped on SEM.
The macro-texture was characterized by XRD pole
figures with a detection area of 8 mm x 8 mm. Samples
for microstructure observation and XRD macro-texture
were cut from the center, R/2 and outer of the bar, as
shown in Fig. 1, and microstructure samples were also
cut from the center and outer of the ingot. After grinding
and polishing, ingot samples were etched by nitric acid
and alcohol solution (4 mL nitric acid and 96 mL
alcohol), and bar samples were etched by a solution of
I mL nitric acid, 1 mL acetic acid, 1 g oxalic acid and
150 mL water. The average grain size was measured by
the linear intercept method. RT tensile test was
conducted at a speed of 2 mm/min. Six kinds of tensile
samples with a gauge of d5 mm x 25 mm were tested,
i.e., RaD-E (E: as-extruded), RaD-A (A: as-aged),
ED-O-E (O: outer), ED-C-E (C: center), ED-O-A and
ED-C-A, and three samples were measured for each
kind.

<~

H
Outer

T /
R2 'I

Center ED !

Fig. 1 Sampling positions and coordinate system of extruded
bar
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3 Results

3.1 Microstructures in outer, R/2 and center

Figure 2 shows the OM images of extrude bar in the
outer, R/2 and center, from which the following features
can be seen: 1) mixed grain structure exists in all three
positions; 2) coarse and fine grain zones in the outer are
narrow straight lines, but in R/2 and center, coarse grain
zones become necklace-shaped which surround fine
grain zones, indicating that the deformation degree
gradually reduces from the outer to the center; 3) on the
etched surfaces, coarse grain zones are concave zones,
but fine grain zones are convex zones, indicating that
coarse grain zones have higher corrosion rate than fine
grain zones, in other words, coarse and fine grain zones
have different chemical components.

Figure 3 shows the 3D morphologies of the mixed

RaD

grain structure in the outer. In Fig. 3(a) (the view filed |
ED), necklace-shaped coarse grain zones surround fine
grain zones; in Fig. 3(b) (the view field//ED and RaD),
both coarse and fine grain zones are straight lines; and in
Fig. 3(c) (the view field//ED and 1 RaD), necklace-like
coarse grain zones also surround fine grain zones.

Figure 4 shows SEM images of the mixed grain
structure in the outer, R/2 and center. It can be seen that
the coarse grain zones 4, C and E have faster corrosion
rate than fine grain zones B, D and F. The EDS results in
coarse and fine grain zones are listed in Table 3,
indicating that coarse grain zones have higher Al content
which is about twice as high as that of fine grain zones.

3.2 Microstructure after aging

After (155 °C, 7h) + (170 °C, 24 h) aging treatment,
precipitation reactions in coarse grain zones are more
sufficient than those in fine grain zones. In coarse grain

Fig. 2 OM images of outer (a, b), R/2 (c, d) and center (e, f) with view field parallel to both ED and RaD
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Fig. 3 Morphologies of mixed grain structure in outer: (a) View field 1 ED; (b) View field // ED and RaD; (c) View field // ED and

1 RaD; (d) 3D view

Fig. 4 SEM images of mixed grain structure in outer (a), R/2 (b) and center (c) (view field / ED and RaD)

Table 3 EDS results of coarse and fine grain zones in Fig. 4

Mass fraction/%
Zone
Al Zn Mn Mg
A 6.46 0.93 0.15 92.46
B 3.36 1.33 0.53 94.78
C 5.18 1.15 0.21 93.45
D 2.53 0.82 0.38 96.27
E 6.60 0.59 0.26 92.55
F 3.81 0.99 0.40 94.80

zones, all grain boundaries are wholly occupied by
discontinuously precipitated f-Mg;,Al;,, and in some
places such cellular precipitates expand inward, as
marked by arrows in Figs. 5(a) and (b). However, in fine
grain zones, only sparse f-Mg;;Al;; particles nucleate at

grain boundaries, particularly at triple grain boundary
junctions. Moreover, twins in coarse grain zones can act
as nucleation sites for f particles, as shown in Fig. 5(c).

3.3 Mechanical properties

Table 4 lists the RT tensile properties of six kinds of
samples and Fig. 6 compares their typical strain—stress
curves, from which it can be known that: 1) the AZ40 bar
has excellent elongation (19%<A4<28%) and moderate
ultimate tensile strength (252 MPa<R,<264 MPa), but
yield strength (R0,) shows anisotropy and heterogeneity,
that is, Ry, of ED is higher than that of RaD, and Ry, of
ED-O is higher than that of ED-C; 2) (155 °C, 7 h) +
(170 °C, 24 h) aging treatment has no strengthening
effect and does not reduce elongation; 3) ED and RaD
have totally different curve shapes, indicating different
plastic deformation mechanisms.
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Fig. 5 OM images of samples after (155 °C, 7 h) + (170 °C,
24 h) aging treatment: (a) Precipitate feature in outer;
(b) Precipitate feature in center; (c) Twins in coarse grain zones
acting as nucleation sites for S phase

Table 4 RT tensile properties of six kinds of samples

Sample Ry0,/MPa R.,/MPa Al%
ED-O-E 161 264 19
ED-O-A 149 258 20

ED-C-E 137 256 25
ED-C-A 135 252 28

RaD-E 103 260 23

RaD-A 101 262 24

4 Discussion

4.1 Microstructure heterogeneity

The AZ40 bar with a diameter of 160 mm shows
remarkable microstructure heterogeneity. Firstly, mixed
grain structure exists in the whole cross section; secondly,
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Fig. 6 Strain—stress curves of six kinds of tensile samples

the morphology of mixed grain structure changes from
the outer to the center. Such microstructure heterogeneity
is mainly caused by micro-segregation of Al and
different deformation degrees.

The micro-segregation of Al is inherited from ingot
with a diameter of 482 mm. Figure 7 shows its center
and outer microstructures, from which it can be seen that
the outer has refined a-Mg dendrites and dispersed
eutectic compounds as compared with the center. Such
microstructure  difference is caused by enormous
difference in solidification rate. During semi-continuous
casting, the outer has faster solidification rate and higher
undercooling degree than the center, resulting in
morea-Mg nucleus in the outer.



Guo-liang SHI, et al/Trans. Nonferrous Met. Soc. China 25(2015) 3944-3952 3949

Fig. 7 SEM images of semi-continuous casting ingots: (a) Ingot

outer; (b) Ingot center

Figure 8 and Table 5 show the element distribution
of an a-Mg dendrite in the center and outer of the ingot,
from which it can be found that: dendrite interiors
(marked by 4, B, C and G) have lower Al content of
0.74%-1.96% (mass fraction), much lower than its
additive amount of 4%, but, by contrast, dendrite edges
(marked by D, E, F and H) have higher Al content of
4.05%—12.83%. These results indicate that the semi-
continuous casting ingot has severe micro-segregation of
Al, which is mainly caused by the wide solid—liquid-
coexistence-zone of Mg—Al system.

Based on Tables 3 and 5, it can be seen that the
homogenization of (380 °C, 8 h) + (410 °C, 12 h) cannot
totally eliminate the micro-segregation of Al Such
micro-segregation of Al is the main reason for the mixed
grain structure. During hot extrusion, Al-rich zones have
higher deformation resistance than Al-poor zones
because of solid solution strengthening effect of Al so
Al-poor zones have higher stain rate (£) than Al-rich
zones. Since extrusion temperature remains consistent,
Al-poor zones have larger parameter Z than Al-rich
zones. The relationship between the average diameter of
DRX grains dprx and Z is dprx=kZ "[2,10,11], where k
and » are constants, thus Al-poor zones will have smaller
dprx than Al-rich zones.

On the other hand, during the direct extrusion, the
outer of the billet bears additional shear stress which is
derived from the friction between the outer material and

, SEl 20k wDiomm s&s8 -

SEl 20KV

WD10mm  SS58 x500 S0um

25 um|

Fig. 8 SEM images of a-Mg dendrite in center (a) and outer (b)
of ingot with detecting points for EDS analysis

Table 5 EDS results of a-Mg dendrites in different zones of
ingot in Fig. 8

Zone Mass fraction/%

Al Zn Mn
A 0.97 0.83 0.54
B 1.96 0.98 0.60
C 0.87 0.90 0.61
D 421 1.63 0.48
E 4.05 1.54 0.37
F 12.83 4.85 0.34
G 0.74 1.02 0.81
H 9.11 2.24 0.49

the mold, so the outer of the bar has higher deformation
degree than the center.

Figure 9 shows the formation of microstructure
heterogeneity. It can be deduced that such mixed grain
structure can be weakened by thorough refinement of
dendrites or by further homogenization.

4.2  Mechanical
heterogeneity
Table 4 and Fig. 6 show that the AZ40 bar with a
diameter of 160 mm has mechanical property anisotropy
and heterogeneity, which can be attributed to the intense
texture. XRD macro-textures of the outer, R/2 and center
in Fig. 10(a) show typical fiber texture characteristics,

property  anisotropy and
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Fig. 9 Schematic diagram demonstrating formation of microstructure heterogeneity (4: a-Mg dendrite edge with higher Al content; B:
a-Mg dendrite interior with lower Al content; C: Coarse grain zone; D: Fine grain zone)
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Fig. 10 XRD macro-textures of outer, R/2 and center of extruded bar (a), relation between orientation of unit cell and tensile stress o
of ED (b) and RaD (c) samples
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i.e., {0001}//ED and (1010)//ED [10,16,18,19]. During
the RT  deformation of magnesium alloy,
(0001) (1120) basal slip and {1012}1011) c-axis
tensile twinning are the major plastic deformation
mechanisms since they have much lower critical resolved
shear stress (CRSS) than prismatic slip, pyramidal slip
and {1011}1012) c-axis contraction twinning [12].
When ED samples are stretched, basal planes of most
grains are parallel to tensile stress direction, as shown in
Fig. 10(b), so both basal slip and c-axis tensile twinning
are extremely hard to be activated, which is the reason
why ED samples have much higher Ry,. On the other
hand, when RaD samples are stretched, axes of most
grains are parallel to tensile stress direction, as shown in
Fig. 10(c), which is adverse to basal slip but favors
c-axis tensile twinning, resulting in lower Rpg,.
Consequently, deformation texture is the key reason for
mechanical property anisotropy.

Table 4 demonstrates that ED-O samples have
higher strength but lower elongation compared with
ED-C samples. It can be seen from three (0001) pole
figures in Fig. 10(a) that the orientation of [0001]/RaD
has the maximum normalized intensity and the outer has
the highest intensity of 11.245, which is about twice as
large as those of the R/2 (6.026) and center (6.979).
Consequently, it can be deduced that there are much
more grains in the outer which has {0001}//ED
orientation than in the center, and then during stretching
along ED it is more difficult for basal slip and c-axis
tensile twinning to be activated in the outer, resulting in
higher strength but lower elongation of ED-O sample.
Moreover, Fig. 11 shows that the average grain size rises
from 8.8 to 10.9 um from the outer to the center,
indicating that the outer has higher deformation degree
than the center. Based on the Hall-Petch equation, the
yield strength of ED-O is higher than that of ED-C.

121

10+

Average grain size/um
(o2

Outer R/2
Fig. 11 Average grain sizes of different positions on cross

Center

section of extruded bar

After (155 °C, 7 h) + (170 °C, 24 h) aging treatment,
precipitation reaction in Al-poor zones (fine grain zones)

is especially weak and only fine and sparse f particles
are precipitated at grain boundaries. In Al-rich zones
(coarse grain zones), the precipitation reaction is also
slow, that is, only at several places discontinuous f
precipitates slightly grow into interiors. Consequently,
the aging treatment has no strengthening effect. Since S
particles only cover limited grain boundaries, stress
concentration is hard to happen, and thus aging treatment
does not decrease the elongation.

5 Conclusions

1) The AZ40 magnesium alloy bar with a diameter
of 160 mm manufactured by “MDF + extrusion + online
cooling” technique is of the mixed grain structure. Fine
grain zones contain 3%—4%Al (mass fraction), but
coarse grain zones contain about 6% Al. Such uneven Al
distribution is inherited from the Al micro-segregation of
the ingot. Dendrite interiors have 0.74%—1.96% Al (mass
fraction), but dendrite edges possess 4.05%—12.83% Al
(mass fraction). Homogenization cannot completely
eliminate such micro-segregation. During MDF and
extrusion, Al-rich and Al-poor zones undergo totally
different DRX processes. Moreover, the outer of the bar
suffers larger deformation degree than the center, so the
outer and the center have different average grain sizes,
morphologies of mixed grain structure and texture
intensity.

2) The as-extruded AZ40 magnesium alloy bar has
high elongation and moderate ultimate tensile strength,
i.e.,, elongation of 19%—25% and ultimate tensile
strength of 256—264 MPa; however, yield stress shows
obvious anisotropy and heterogeneity, i.e., 103 MPa in
RaD, 137 MPa in ED-C and 161 MPa in ED-O, which
are mainly caused by the texture. (155 °C, 7 h) + (170 °C,
24 h) aging treatment has no influence on strength and
elongation of the extruded bar.

3) XRD macro-textures of the outer, R/2 and center
of the extruded bar show typical fiber texture
characteristics, i.e., {0001}/ED and (lOTO) //ED. In
(0001) pole figures of all three places, [0001]/RaD
orientation has the maximum normalized intensity, and
the intensity of the outer (11.245) is about twice as large
as those of the R/2 (6.026) and center (6.979), which is
the main reason why ED-O samples have higher strength
but lower elongation than ED-C samples.
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FZ9[0001]/RaD M i) 553 3 (11.245)21°4 R/2 4b(6.026) LA ER(6.979) T £ o ¢ H A AZA0 BEE S MM % 5 77 1)
R 77 1) A 5 A R (A) R A BT R RS (Rn): A K 19%~25%, Riy A1 256~264 MPa: K11, Jif 58 (Ry0.0)
LI R 1) SR N AP A 1k, B RaD 24 103 MPa, ED-C(:Uh#B)24 137 MPa, ED-O(L#8)4 161 MPa, X 3-8
RS R . (155 °C, 7 h) + (170 °C, 24 h)IF 24 AL BEXT AZ40 B G HEAA 1 o BE FA K 2 LT3 52
KEIF: AZ40 BB 4 RAAL fisathRe; S bEs SO0 AT 23

(Edited by Wei-ping CHEN)
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