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Abstract 

The microstructures and mechanical properties of the composite extruded AZ31/AZ31 and AZ31/4047 Al sheets were investigated and 
made a comparison to the conventional extruded AZ31 sheet. Owing to the introduced intense shear deformation at the interface during the 
composite extrusion, grain refinement and tilted texture were detected in AZ31 layers of the AZ31/AZ31 and AZ31/4047 Al sheets, while 
the conventional extruded AZ31 sheet exhibited a relative coarse, inhomogeneous microstructure and strong basal texture. The compression- 
tension yield ratio was increased gradually from the AZ31 to the AZ31/AZ31 and AZ31/4047 Al sheets. Besides, the AZ31/4047 Al sheet 
could successfully accomplish the whole bending forming process at room temperature, while the AZ31 and AZ31/AZ31 sheets were both 
bend-formed to failure with significant cracks in the outer tensile region under the identical bending parameters. Moreover, under the same 
bending strain, both the outward offset degree of strain neutral layer and the sheet thickening were more serious in the AZ31/4047 Al 
composite sheet than those of the AZ31 and AZ31/AZ31 sheets. The foremost reason was the quite wide gap of material properties between 
Mg alloy AZ31 layer (tensile loading in the outer region) and Al 4047 layer (compressive loading in the inner region). 
© 2019 Published by Elsevier B.V. on behalf of Chongqing University. 
This is an open access article under the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Magnesium alloys have attracted more and more attention
n many application fields, such as automotive, aerospace,
viation, and consumption electrical products, due to the ad-
antages of low mass density, excellent castability and effi-
ient recyclability, etc. [1–6] . Unfortunately, inherent hexag-
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nal close-packed (HCP) crystal structured Mg alloys pos-
ess limited available numbers of activated slip systems and
esulting poor ductility and unsatisfactory forming ability at
oom temperature [7 , 8] . Significant yield anisotropy has been
eported for strong basal-textured Mg alloys, such as the ex-
ruded or rolled commercial AZ31 alloys, due to the different
ctivated eases between deformation twinning and slip sys-
ems [9] . Besides, the conventional extruded AZ31 sheet fea-
ured undesirable bending performance at room temperature,
n which fracture cracks tended to initiate on the surface of
he outer tensile region [10] . 

In comparison to Mg alloys, Al alloys usually own ex-
ellent formability and corrosion resistance, whereas Mg/Al
omposite materials possess good combined mechanical 
. This is an open access article under the CC BY-NC-ND license. 
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Table 1 
Actual chemical composition of the Mg alloy (AZ31) and Al alloy (4047), 
respectively. 

Nominal alloys Composition (wt%) 

Mg Al Zn Mn Si 

Mg alloy(AZ31) Bal. 2.777 0.634 0.213 –
Al alloy(4047) – Bal. 0.028 – 9.916 
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properties, which are difficult to be achieved by the individual
constituents [11] . Correspondingly, in the recent years, many
researchers have concentrated on fabricating Mg/Al composite
materials to improve the room temperature mechanical prop-
erties of Mg alloys. For instance, Feng et al. [12] stated the
Mg/Al composite rods have much higher tensile or compres-
sive yield strength than that of monolithic Mg rod. Similarly,
Wu et al. [13] fabricated Mg AZ31/Al 7050 laminate compos-
ites via extrusion process. They concluded that an Al fraction
of 40.2% could significantly enhance the yield strength (from
155 MPa to 300 MPa), while weight increased by only 20%.
Hence, Mg/Al composite material is a promising candidate
to greatly extend the potential usage of Mg alloys. Compared
with the conventional way of combinations (accumulative roll
bonding [14] , twin-roll casting [15] and continuous casting
[16] ), hot extrusion is always served as a simplicity and econ-
omy process to produce effectively Mg alloy sheet, and the
related investigations are abundant. However, investigations
concerning microstructures and mechanical properties evolu-
tion of composite Mg/Al alloy during or after co-extrusion are
seldom reported, owing to complicated flowing behaviors of
the two alloys in a coexisting condition during hot deforma-
tion. In the present work, composite extrusion technology was
adopted to successfully fabricate Mg–3Al–Zn/Mg–3Al–Zn
(AZ31/AZ31) and Mg–3Al–Zn/4047 Aluminum (AZ31/4047
Al) sheets. Subsequently, the effect of the introduced Mg/Mg,
Mg/Al interfaces on the microstructure and texture evolution
during hot extrusion was examined in detail. Meanwhile, a
further intention of the present research was to assess the
role of introduced interface and Al laminate superposition dur-
ing composite extrusion on the ultimate tension-compression
yield asymmetry (TCA) and bendability of sheets at room
temperature. 

2. Experimental procedures 

The actual chemical compositions of the as-cast AZ31
Mg and 4047 Al alloys were inspected by X-ray fluores-
cence spectrometer (XRF-1800CCDE) and corresponding re-
sults were shown in Table 1 . Subsequently, the as-cast in-
gots were machined into cylinder-shaped ones with 80 mm in
diameter and 60 mm in height, and then were homogenized
at 400 °C for 12 h prior to the extrusion. Extrusion process
was carried out at 400 °C under a ram speed of 3 mm s −1 

with an extrusion ratio of 36:1. Its specific details were illus-
trated in Fig. 1 , the AZ31/AZ31 and AZ31/4047 Al sheets
were produced successfully by composite extrusion, mean-
hile, the conventional extruded AZ31 sheet was also con-
ucted for comparison. The composite extrusion process, in-
ented by Pan et al. [17 , 18] , which could improve effectively
he mechanical properties of AZ31 Mg alloy sheets. The core
oint was that the entire AZ31 ingot was divided into spe-
ific pieces prior to extrusion through wire-electrode cutting,
hich eventually introduced additional composite interfaces

nd additional shear deformation during extrusion. Details of
he composite extrusion process include the following sev-
ral parts: (1) one whole ingot was cut into average half
long the axis direction. (2) Removed the oxide layer on
he surface of blocks by using a grinding machine. (3, 4)
hese separate pieces were bundled as a whole cylinder in-
ot and then using a thick silver paper to cover these fresh
urfaces. 

Tensile and compressive tests were carried out by us-
ng CMT6305-300KN testing machine with a strain rate of
0 

−3 s −1 at room temperature. Tensile samples with a gage
ength of 14 mm, width of 6 mm and thickness of 2.5 mm
ere machined from three sheets along extrusion direction

ED). Rectangular specimens with nominal dimensions of
0 mm × 8 mm × 2.5 mm were prepared for the compres-
ive tests. At least three samples for each condition were
epeatedly tested and the resulting data were averaged. The
ield strength was measured as 0.2% proof stress and the
xtent of yield asymmetry was described as the ratio of com-
ressive yield stress to tensile yield stress (C/T). Specimens
or V-bending tests were machined from three sheets along
he ED with the dimensions of 55 mm × 12 mm × 2.5 mm.
ig. 2 presents the schematic diagrams of V-bending process
or three sheets. The radius and angle of the punch were
 mm and 90 °, respectively, meanwhile the velocity of punch
as set as 3 mm/min. Besides, five samples were conducted

n each group to warrant the experimental precision. 
The micro-structural characterization of AZ31 layer of

he three extruded sheets was examined from the extru-
ion direction (ED)-normal direction (ND) plane by means
f Optical microscopy (OM). Specimen preparation for OM
bservation was ground, polished and then etched with a so-
ution of 100 ml ethanol, 10 ml water, 5 ml acetic acid and
 g picric acid. Average grain sizes were obtained by the lin-
ar intercept method via Image-Pro Plus 6 software. In or-
er to disclose the effect of the introduced Mg/Mg, Mg/Al
nterfaces on texture evolution of AZ31 layers in compos-
te sheets, the macro-texture was evaluated by using X-ray
iffraction (XRD, Rigaku D/Max 2500) with Cu Ka radia-
ion. The condition of intermediate diffusion layer was as-
essed by scanning electron microscope (SEM; Tescan Vega
 LMH) equipped with an energy-dispersive X-ray spectrom-
ter (EDS; OXFORD INCA) system. Sample preparation for
lectron backscatter diffraction (EBSD) analysis consisted of
etallurgical polishing and followed electro-polishing in an
C2 electrolyte, using a voltage of 20 V for ∼70 s at −20 °C.
BSD measurements were taken in the ED-ND plane of three
ended samples at 20 KV and a scan step of 0.6 μm for the
ake of observing the offset degree of strain neutral layer
ntuitively. 

fufufu123
高亮
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Fig. 1. Schematic diagrams of the fabrication for three sheets and the details of composite extrusion process. 

Fig. 2. Schematic diagrams of V-bend forming for three sheets. 
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. Results and discussion 

.1. Simulation results 

A finite element model (FEM) is employed using
EFORM-3D software to investigate and compare the effec-

ive strain evolution during the conventional and composite
xtrusion processes, and the related results are demonstrated
n Fig. 3 . Remarkably, it can be seen that an additional effec-
ive strain (marked by a black ellipse) exists at the interface of
Z31/AZ31 and AZ31/4047 Al sheets (see Fig. 3 (b) and (c)),
hile the counterpart in AZ31 sheet is missed (see Fig. 3 (a)).
oreover, it is noteworthy that the additional effective strain

t the interface of AZ31/4047 Al sheet is higher than that
f AZ31/AZ31 sheet. The possible reason is ascribed to the
ifferent flow behavior between AZ31 and 4047 Al alloys. 

The effective strain evolutions in the top and bottom sur-
aces of the conventional and composite extruded AZ31 sheets
re presented in Fig. 3 (d)–(f). The results indicate that the ef-
ective strain distribution of the conventional extruded AZ31
heet is almost the same on its top and bottom surfaces.
n contrast, an evident effective strain gradient is formed
hroughout the thickness direction of the composite extruded
Z31/AZ31 and AZ31/4047 Al sheets. 

.2. The morphology of Mg/Al bonding interface and 

lement diffusion 

Fig. 4 illustrates the SEM image of diffusion reaction layer
n AZ31/4047 Al composite extruded sheet. The results in-
icate that there are no voids and cracks between these two
issimilar metals adjacent to the transition layer. In addition,
he thickness of the transition layer is approximately 3.6 μm.
ahiro et al. [19] stated that the bonding strength is not re-
uced in the case where the thickness of a diffusion layer is
–5 μm, but it is deteriorated where the thickness increases
o 10 μm or more and then making the clad sheet ineffec-
ive. Therefore, a sound interfacial bonded Mg/Al laminate is
uccessfully fabricated by the proposed composite extrusion
irectly from the as-cast alloys. The EDS line analysis across
he Mg/Al interface is plotted in Fig. 4 . It reflects that, in the
ransition layer, the concentration of Al is decreased gradu-
lly from Al matrix to Mg matrix, while the Mg concentra-
ion presents an opposite tendency. The above phenomenon is
n concordance with the research of Chen et al. [20] , which
mplied that 6063 Al and AZ91 Mg alloys materials were

iscible and the intermetallic was not formed in the inter-
ace of Mg/Al composite laminate fabricated by porthole die
xtrusion. 

.3. Microstructure characteristic of Mg alloy AZ31 layer of 
hree extruded sheets 

Fig. 5 presents the optical micrographs in the ED-ND plane
f AZ31 layer of three extruded sheets. The conventional
Z31 sheet is characterized by an inhomogeneous microstruc-

ure with fine dynamic recrystallized grains embedding in a
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Fig. 3. The distribution of effective strain and effective strain evolution of top and bottom surfaces during extrusion processes: (a, d) conventional extruded 
AZ31 sheet. (b, e) composite extruded AZ31/AZ31 sheet. (c, f) composite extruded AZ31/4047 Al sheet. 

Fig. 4. SEM image of inter-diffusion reaction layers of AZ31/4047 Al com- 
posite extruded sheet. 
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relatively large region of elongated deformed grains, and its
average grain size is ∼10.3 μm (geometric standard deviation,
σ = 3.2). In contrast, the AZ31/AZ31 sheet has a relatively
higher microstructural homogeneity and smaller average grain
size of ∼9.4 μm ( σ = 2.0). Besides, it is worth noting that
obvious grain refinement ( ∼5.6 μm, σ = 0.9) occurs in AZ31
layer of the AZ31/4047 Al sheet. The possible reason may
e explained by as follows: (1) Strong sense of mixing and
hearing force exists at the interface of two materials (see
ig. 3 ). The additional internal stress, especially the shear
tress, can effectively refine the microstructure of Mg alloys
uring hot extrusion [21 , 22] . (2) Larger effective strain can
e introduced during the process of hot co-extrusion, which
s beneficial to acquire a homogeneous and fine microstruc-
ure eventually. (3) Owing to a higher thermal conductivity
f Al alloy layer, the adiabatic heating localized near the in-
erface during extrusion is mainly conducted by the Al alloy
ection and then contributes to the grain refinement of Mg
ayer [23 , 24] . 

The (0002) pole figures obtained in AZ31 layer from the
Z31, AZ31/AZ31 and AZ31/4047 Al sheets by XRD mea-

urements are shown in Fig. 6 . Compared with the AZ31
heet with a typical basal texture in which the basal poles
oncentrating in the center of (0002) pole figure, a double-
eak texture appears in the AZ31 layer of the AZ31/AZ31
heet and its basal pole has an inclination of ∼3 ° from the
D to the ED. The c -axis of most grains in the AZ31 layer of
Z31/4047 Al sheet is not collinear with the ND, rather, they

re tilted towards the ED by approximately 6–7 °. Apparently,
he above phenomenon is essentially attributed to the intro-
uced interface and different flow behaviors between AZ31
nd 4047 Al alloys during the composite extrusion process.
ccording to Fig. 3 , it can be observed that more intense ef-

ective strain (at the interface) and strain gradient (throughout
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Fig. 5. Optical microstructures of Mg alloy AZ31 layer of three extruded sheets: (a) the AZ31 sheet. (b) The AZ31/AZ31 sheet. (c) The AZ31/4047 Al sheet. 

Fig. 6. (0002) pole figures obtained in AZ31 layer from three extruded sheets: (a) the AZ31 sheet. (b) The AZ31/AZ31 sheet. (c) The AZ31/4047 Al sheet. 
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(  
he thickness direction) are introduced during the composite
xtrusion process of AZ31/AZ31 and AZ31/4047 Al sheets.
o not only strong normal pressure stress caused by the ex-

rusion mold (which can cause intense c -axis ‖ ND and lead
o a strong basal texture), but also an additional mixing and
hearing stress existing at the interface would in favor of the
hermal plastic deformation during the composite extrusion.
elated internal shear strain may influence the orientation of

he recrystallized new grains by rotating the c -axis to some
xtent [25] , thus producing tilted basal texture. 
.4. Tensile and compressive tests 

Fig. 7 (a) depicts the true tensile ( T ) and compressive ( C )
tress–strain curves of AZ31, AZ31/AZ31 and AZ31/4047 

l sheets. Fig. 7 (b) presents the stress-strain curves of
he total AZ31/4047 Al sheet and the monolayer AZ31
nd 4047 Al sheets under uniaxial tensile and compressive
ests. Yield strengths derived from Fig. 7 and the ratio
etween compressive yield strength and tensile yield strength
C/T) are given in Table 2 . It is obvious that there is a
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Fig. 7. (a) The true tensile ( T ) and compressive ( C ) stress–strain curves of three extruded sheets. (b) The true tensile ( T ) and compressive ( C ) stress–strain 
curves of the total AZ31/4047 Al sheet and the monolayer AZ31 and 4047 Al sheets. 

Table 2 
The summary of yield strength (YS) of several sheets which suffer from 

tensile and compressive tests, besides the ratio of compressive yield stress to 
the tensile yield stress ( C / T ) is also calculated. 

Specimen TYS (MPa) CYS (MPa) C / T 

AZ31 141.5 82.2 0.58 
AZ31/AZ31 130.8 78.6 0.61 
AZ31/4047 Al 92.3 69.3 0.75 
4047 Al 60.9 47.2 0.77 
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decreasing trend for tensile, compressive yield strengths and
tension-compression yield asymmetry (TCA) from AZ31 to
AZ31/AZ31 and AZ31/4047 Al sheets. Particularly, the C/T
value of AZ31/4047 Al sheet reaches up to 0.75, much higher
than that of AZ31 (0.58) and AZ31/AZ31 (0.61) sheets. 

For the conventional extruded AZ31 sheet with a typical
basal texture, its significant TCA was originated from the
combinations of deformation twining polarity and different
activated stress between deformation twinning and slip sys-
tems [9 , 26] . Correspondingly, extensive investigations have
been devoted to reduce TCA by restraining {10–12} twins
via grain refinement or texture modification [27] and so on.
Dogan et al. [28] argued that grain size dependence of ten-
sile twinning mode was more pronounced than that of dis-
location slip. Hence, the reduced tension–compression yield
asymmetry in the current work can be partly pertained to
the twin suppressing induced by grain refinement. Besides,
a tilted basal texture could not only facilitate the activity of
basal slip under tension loading, but also delay twining ac-
tivity during the compression process [29] . As a result, the
slightly larger value of C/T in AZ31/AZ31 sheet compared
to that of AZ31 sheet is assigned to the synergistic effects of
refined grains and titled texture. Furthermore, the C/T value
of AZ31/4047 Al composite sheet (0.75) in Table 2 is signif-
icantly higher than that of AZ31/AZ31 sheet (0.61). Hence,
except for grain refinement and tilted texture in AZ31 layer
(caused by the varied stress and strain states during compos-
ite extrusion via introduced Mg/Mg or Mg/Al interface), the
existence of 4047 Al layer also contributes to the reduction of
TCA in AZ31/4047 Al sheet. The possible reason is related
o the high crystal symmetry of Al alloys (face-centred cubic
tructure, fcc) with abundant operable slip systems in tension
nd compression. 

Fig. 8 presents the curves of strain hardening rate
= ( ∂ σ / ∂ ε) versus true stress after yielding of three extruded

heets in the tensile and compressive tests, where σ and ε are
he true stress and true strain of the alloys, respectively. As
howed in Fig. 8 (a), the strain hardening rate of three sheets
n tension all displays a monotonic decreasing trend, and the
ardening extrapolation ( θⅢ 0) is gradually decreased from
he AZ31 sheet to the AZ31/AZ31 and AZ31/4047 Al sheets.
el Valle et al. [30] stated that work hardening behavior was

losely associated with the blocks and tangles of dislocations,
hich in turn reflected the magnitude of flow stress. Hence,

he above phenomenon manifests that strength of AZ31/4047
l sheet is lower than the corresponding value of AZ31 sheet

n a tensile test. Besides, the curve slope of stage III (lin-
ar reduction stage) for three sheets in Fig. 8 (a) are identical,
hich implies that their similar dynamic recovery ability in

ension. When deformation was dominated by {10–12} twin-
ing, the strain hardening rate could be divided into three
istinct stages. Stage I was characterized by a falling strain
ardening rate, followed by stage II with an inflection rising
rend, again, there was a falling (stage III) [31] . Stage II is
ermane to the twinning activity. Once the twins are formed,
win boundaries will act as barriers for dislocation slip and
hen become a source of work hardening [32] . Hence, the
ength of stage II is predominantly related to the volume frac-
ion of grains which are favorable for {10–12} twining [33] .
t is worth noting that both the AZ31 and AZ31/AZ31 sheets
ave an inflection rising plateau in Fig. 8 (b). The emergence
f inflection rising plateau means that the main deformation
echanism has transformed the slip to twining. As for the

omposite extruded AZ31/4047 Al sheet, its essentially ab-
ent of inflection rising plateau in strain hardening rate curve
an be attributed to the following two aspects: (1) Refined
rains and tilted texture of Mg alloy AZ31 layer in compos-
te AZ31/4047 Al sheet will restrict the formation of twins.
2) The 4047 Al layer also plays a critical role in the vari-
tion of strain hardening behavior. Coincidently, Feng et al.
12] also expressed that when the proportion of Al alloy layer
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Fig. 8. The strain hardening rate curves of three extruded sheets: (a) in tension. (b) In compression. 

Fig. 9. (a) Load–displacement curves of three sheets under the same bending parameters at room temperature. (b) Appearance of the three sheets after bending 
forming and the specific location of crack initiation in AZ31 sheet during bending forming. 
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as large, the work hardening behavior of the whole Mg/Al
heet will be more prone to the characteristic of Al alloy. 

.5. The bending performance 

Fig. 9 (a) illustrates the load–displacement curves of three
heets under the same bending parameters at room tempera-
ure. As for curves of AZ31 and AZ31/AZ31 sheets, when
he displacement is around 8 mm, the load decreases with
he further increase of displacement (i.e., crack initiation and
esulting stress release). In contrast, no fracture cracks are
bserved during the overall 90 ° bending process of extruded
Z31/4047 Al composite sheet, which indicates that it has a
uch better bendability than that of other two sheets. Fig. 9 (b)

epicts the appearance of three sheets after bending forming
nd the specific location of crack initiation in AZ31 sheet dur-
ng bending forming. For the sake of simplicity, the condition
f crack initiation in AZ31/AZ31 sheet is not repeated, owing
o the similar situation between AZ31 and AZ31/AZ31 sheets.
s a result, it can be observed that the cracks of AZ31 and
Z31/AZ31 sheets are initiated on the surface of the outer

ensile region, while the counterparts of the inner compres-
ive region are absent. Firstly, the phenomenon that cracks
nitiate at the edge region is related to the heterogeneous dis-
ributed stress and strain during the bending process. Jin et al.
34] reported that a strain gradient existed along the thickness
irection of the sheet during bending forming via a commer-
ial finite element (FEM). With more details, the maximum
tress and strain were distributed in the inner or outer edge
f the bending deformation region. Moreover, it is generally
ccepted that during bending of a sheet, the outer region is
trained under tensile mode, whereas the inner region under-
oes compressive deformation. Thus, when the tensile loading
xis is parallel to the basal plane in the outer tensile region,
winning is not admissible, basal slip is also restricted, and
nly the prismatic 〈 a 〉 slip can coordinate the main deforma-
ion in the outer tensile region. However, slip direction of
rismatic 〈 a 〉 is parallel to the basal plane and perpendicular
o the direction of c -axis, which is unable to effectively co-
rdinate the strain along the c -axis. As a result, due to the
ack of coordination of the strain in the thickness direction,
racks on the surface of the outer tensile region initiate. In
ontrast, the existence of the {10–12} twins in the inner com-
ressive region can effectively release the crack tip stress and
ventually suppress the crack propagation [35 , 36] , which is
ccountable for the fact that no significant cracks distribute
n the inner compressive region. 

As for AZ31/4047 Al composite sheet, the much better
endability can be summed up into several factors: (1) a tilted
exture, basal poles tilted by about 6–7 ° away from the ND to-
ard the ED, exists in the AZ31 layer of AZ31/4047 Al sheet.

n this case, basal slip can be readily activated and then con-
ributes to the improvement of thickness-direction strain ac-
ommodative ability in the outer tensile region. Aslam et al.
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Fig. 10. (a) The EBSD inverse pole figure maps of Mg alloy AZ31 layer near the center of three bended samples. (b) Schematic illustration of the mechanism 

of sheet thickness variation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 
The list of thickness (include initial and bended state) and calculated k -value 
for AZ31, AZ31/AZ31 and AZ31/4047 Al sheets. 

Specimen Thickness 
[mm] (Initial) 

Thickness [mm] 
(Punch displacement 
is 6 mm) 

k -value 

AZ31 2.51 2.54 0.58 
AZ31/AZ31 2.47 2.48 0.56 
AZ31/4047 Al 2.51 2.57 0.63 
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[37] also declared that the excellent bendability of ZEK100
alloy was originated from the addition of rare earth elements
inducing weakened and tilted basal texture. (2) In general,
refined grains are in favor of the dislocation slip and strain
coordination between grains during plastic deformation [38–
41] . Hence, obvious grain refinement in the AZ31 layer of
the AZ31/4047 Al sheet is beneficial to the deformability
advancement of the outer tensile region. Besides, the low
area fraction of elongated grains and the relative regular mi-
crostructures are in agreement with the better deformation
compatibility. Similarly, Huang et al. [42] stated that the more
homogenous microstructure, which was achieved by differen-
tial speed rolling, would contribute to the much higher duc-
tility for the AZ80 alloy sheet. (3) The role of the 4047
Al layer cannot be ignored. Coincidently, Tokunaga et al.
[43] concluded that, due to the interaction effect (suppres-
sion of necking) between Mg and Al layers, Al-coated Mg
alloy sheet presents a superplastic behavior during low strain
rate hot deformation. 

3.6. The offset degree of bending strain neutral layer and 

sheet thickening 

According to a theory of stamping process manual [44] , the
computational formula of the k -value (bending neutral layer
coefficient) is shown as follows: 

n = t 1 /t (1)

k = 0. 5 n 

2 − (1 − n) r/t (2)

Where n is the thicken coefficient, t 1 is the thickness of sheet
metal after bending, t is the original sheet thickness and r
is the inside radius size of sample after bending. In general,
k -value can be used to quantitatively evaluate the deviation
between strain neutral layer and geometric neutral layer af-
ter bending forming. When k -value is 0.5, the strain neu-
ral layer coincides with the geometric neutral layer. Besides,
train neutral layer shifts to the outer tensile region in the
ase of k -value greater than 0.5 and vice versa. In order to en-
ance the comparability of data, the sheet thickness variation
nd the k -value of three sheets are described under the cir-
umstances that bending test is interrupted at 6 mm of punch
isplacement. The relative result is shown in Table 3 . 

Generally speaking, the initial tension-compression yield
symmetry (TCA) degree of sheet can effectively reflect the
ariation of k -value in the subsequent bending forming. Ac-
ording to Tables 2 and 3 , the C/T value is increasing from the
Z31 sheet to the AZ31/AZ31 sheet, while the k -value shows
 downward trend instead. Similarly, Wang et al. [45] also
xpressed that the k -value of AZ31B alloys decreased as
 result of the weakened TCA performance. However, it is
orth mentioning that an abnormal phenomenon is appeared,
herein both the C/T value and k -value of AZ31/4047 Al

heet are larger than the corresponding values of AZ31 sheet.
n fact, the C/T value of composite AZ31/4047 Al sheet
n Table 2 is obtained via uniaxial tensile and compressive
ests for the total sheet, while k -value in Table 3 reflects the
ifference between the inner compressive region (4047 Al
ayer) and outer tensile region (AZ31 layer) during bending
orming. Hence, it is rational to speculate that C/T value
TCA performance) is not suitable to reflect the subsequent
ariation of k -value (the offset of bending strain neutral layer)
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n composite AZ31/4047 Al sheet during bending forming.
ig. 10 (a) illustrates the EBSD maps of Mg alloy AZ31 layer
ear the center of three bended samples. Apparently, the strain
eutral layer of composite AZ31/4047 Al sheet has moved to
he outer tensile region (AZ31 layer) after bending forming
nd this outward offset degree is much greater than that of
Z31 and AZ31/AZ31 sheets. The possible reason is ascribed

o the quite wide gap of material properties between Mg
lloy AZ31 layer (tensile loading in the outer region) and Al
047 layer (compressive loading in the inner region). Yilamu
t al. [46] also stated that when a clad sheet metal consisting
f strong and weak layer was bent, the strain neutral surface
ould lie in the strong layer. Fig. 10 (b) schematic elaborates

he mechanism of sheet thickness variation during the bending
orming process. As the outward migration of strain neutral
ayer, distribution of the stress state along the thickness di-
ection of sheet changes correspondingly, in which the range
f compressive stress expands and eventually crosses the ge-
metry neutral layer, leading to the sheet thickening. Hence,
t is revealed that the thickness increase of the AZ31/4047
l sheet in Table 3 is affinitive with the phenomenon that the
ffset of its strain neutral layer to the outer tensile region. 

. Conclusions 

1. A sound interfacial bonded AZ31/4047 Al sheet was suc-
cessfully prepared via composite extrusion process. Com-
pared with the conventional extruded AZ31 sheet (coarse
grains and basal texture), refined grains and tilted texture
in the AZ31 layer of AZ31/4047 Al sheet was mainly as-
cribed to the introduced interface and different flow behav-
iors between AZ31 and 4047 Al alloys during the compos-
ite extrusion process. 

2. The tension-compression yield asymmetry presented a
descend trend from the AZ31 to the AZ31/AZ31 and
AZ31/4047 Al sheets. As for the room temperature bend-
ability, the AZ31/4047 Al sheet could successfully accom-
plish the whole bending forming process, while the AZ31
and AZ31/AZ31 sheets were both bend-formed to failure.
The bendability improvement of AZ31/4047 Al sheet was
ascribed to 4047 Al laminate superposition and deforma-
bility advancement of the outer tensile region (AZ31 layer)
via grain refinement and texture tilting. 

3. Under the same bending strain, both outward offset degree
of strain neutral layer and sheet thickening were more se-
rious in the AZ31/4047 Al composite sheet than those of
the AZ31 and AZ31/AZ31 sheets. The foremost reason
was the quite wide gap of material properties between Mg
alloy AZ31 layer (tensile loading in the outer region) and
Al 4047 layer (compressive loading in the inner region). 
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