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Influence of interface shape on microstructure and mechanical properties
of Mg/Al composite plates fabricated by hot-pressing
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Abstract: A new method was proposed for preparing AZ31/1060 composite plates with a corrugated interface, which
involved cold-pressing a corrugated surface on the Al plate and then hot-pressing the assembled Mg/Al plate. The results
show that cold-pressing produces intense plastic deformation near the corrugated surface of the Al plate, which promotes
dynamic recrystallization of the Al substrate near the interface during the subsequent hot-pressing. In addition, the initial
corrugation on the surface of the Al plate also changes the local stress state near the interface during hot pressing, which
has a large effect on the texture components of the substrates near the corrugated interface. The construction of the
corrugated interface can greatly enhance the shear strength by 2—4 times due to the increased contact area and the strong
“mechanical gearing” effect. Moreover, the mechanical properties are largely depended on the orientation relationship

between corrugated direction and loading direction.
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1 Introduction

In the past few years, the use of lightweight and
high-strength laminated metal composites (LMCs)
has surged due to the expanding new energy vehicle
market and the increasing demand for high-thrust
spacecraft in the aerospace industry [1,2]. Multi-
layer composite materials like Ti/Al [3], Ti/Mg [4],
Al/Cu [5] and Mg/Al [6,7] etc., have been developed.
Among these, the Mg/Al LMCs have garnered
significant attention [6—8]. Mg and its alloys boast
high specific stiffness, specific strength and
exceptional damping performance as the lightest
structural metal materials [9—12]. Conversely, Al and
its alloys demonstrate excellent corrosion resistance

and remarkable plastic formability [13,14].
Therefore, Mg/Al LMCs are anticipated to
amalgamate the strengths of Mg alloys and Al alloys,
thus widening their potential applications.

Mg/Al LMCs have been produced through
various methods such as composite casting [15,16],
explosive welding [17-19], diffusion bonding
[20—22], and plastic processing bonding (e.g., hot-
pressing [23,24], hot extrusion [25—30] and hot
rolling [2,31-34]), etc. It is reported that achieving
strong interface bonding for Mg/Al LMCs may be
challenging due to their different physical and
chemical properties [35,36]. The interface bonding
strength comes mainly from two sources, i.c.,
metallurgical bonding and mechanical bonding [37].
Metallurgical bonding strength can be influenced by
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controlling the compositions and thickness of the
diffusion layer [37]. For Mg/Al LMCs, the brittle
Mg—Al intermetallic compounds are easy to form at
the interface, which will largely deteriorate bonding
strength [37]. The addition of an intermediate layer
(e.g., zinc foil, silver foil, nickel foil and copper foil)
at the Mg/Al interface can effectively change the
structures and compositions of the diffusion layer
and is proven to be highly effective in strengthening
the metallurgical bonding [20,38—40]. Besides, the
mechanical bonding strength can also be enhanced
by tailoring the interface shapes. Explosive welding
and CFR (corrugated roll/flat roll rolling + flat
roll/flat roll rolling) roll-bonding can generate a
corrugated interface in the Mg/Al LMCs [41].
Moreover, WANG et al [42] fabricated A/Mg/Al
LMCs with a trapezoidal-shaped interface by pre-
wire cutting and subsequent multi-pass hot rolling.
It has been confirmed that the three-dimensional
(3D) interface exhibits higher mechanical bonding
strength than the two-dimensional interface.

In this work, a new method is proposed to
fabricate the Mg/Al LMCs with a corrugated
interface. It involves cold-pressing a corrugated
surface on the Al side and then hot-pressing
the assembled Mg/Al plate. The microstructure
evolution and interface features were investigated
systematically. It is noted that the 3D interface often
exhibits significant anisotropy. However, there has
been less report in previous studies examining the
effect of 3D interfaces on mechanical properties.
Here, the influence of interface shape on mechanical
properties was studied. Related mechanisms were
discussed.

2 Experimental

The materials used in this study were a hot-
extruded AZ31 Mg plate with a thickness of 3 mm
and a rolled 1060 Al plate with a thickness of 3 mm.
AZ31 and 1060 plates were cut into 40 mm (RD) %
I15mm (TD) x 3 mm (ND) plates by the electric
spark wire cutting machine. Here, RD, TD and ND
represent the rolling direction, transverse direction
and normal direction of plate, respectively. The
surface of the plate was polished with 1000” silicon
carbide abrasive paper to remove the oxide layer.
In this work, a steel mold with a corrugated surface
was prepared. The waves in the horizontal direction
have a peak—peak separation of about 4 mm and a

peak—valley distance of approximately 2 mm, as
shown in Fig. 1(a). Part 1060 plates were cold-
pressed at room temperature by using the steel mold
to generate a corrugated surface with a peak—valley
distance of 2 mm. The directions of corrugation are
set in two ways, i.e., the horizontal direction of
corrugation is parallel to the RD (marked as HD),
and the vertical direction of corrugation is parallel
to the RD (marked as VD). Before hot-pressing,
the AZ31 and the 1060 plates were put into the
ultrasonic cleaner for cleaning for 10 min.

In this work, three types of assemblies were
performed to prepare Mg/Al composite plates, as
shown in Figs. 1(b—d). One is that both plates have a
flat surface (named as flat—flat (FF) plate), as shown
in Fig. 1(b). The other two types are that the AZ31
plate has a flat surface and the 1060 plate has a
corrugated surface (flat—corrugated (FC) plate).
According to the relationship between corrugated
direction and the RD, the FC plates are marked as
FC-HD plates and FC-VD plates, respectively (see
Figs. 1(c, d)). Finally, three types of plates were
laminated together by the hot-pressing process.
Before hot-pressing, the two hot-pressing molds
were first heated to 350 °C. The molds were then
placed in contact with the Mg/Al sample and held
for 10 min to allow heating of the sample. Finally,
the Mg/Al composite plates were assembled and
underwent a hot-pressing process with a thickness
reduction of 40% at a speed of 2 mm/min.

The composite plates were analyzed for
interface microstructure using scanning electron
microscopy (SEM) with an energy dispersive
spectrometer (EDS). The
characterized using electron backscatter diffraction
(EBSD, NordlysMax3 equipped). For SEM analysis,
the samples were ground and then subjected to
ultrasonic cleaning for 10 min. The AZ31 and 1060
substrates for EBSD measurement were ground
and then electropolished with AC-2 solution and a
solution of 10% perchloric acid and 90% absolute
ethanol, respectively. Tensile tests along the RD were
conducted using a material test machine. The tensile
specimens with a dimension of 15 mm (RD) x 3 mm
(TD) x 3.6 mm (ND) were cut from the plates. The
room temperature tensile tests were carried out
at a constant strain rate of 1x10s™!. The shear
properties were evaluated by a previously reported
methodology [35,38], as depicted in Fig. 2(a).
Figure 2(b) illustrates the schematics of longitudinal
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Horizontal direction
of corrugation
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Vertical direction
of corrugation
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FF plate

FC-HD plate
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FC-VD plate
Hot-pressing at 350 °C

Assembling

(d)

Sample preparation
Fig. 1 (a) Steel mold with corrugated surface and fabrication of Al plate with corrugated surface; Processing schematic

diagrams of (b) FF plate, (c) FC-HD plate and (d) FC-VD plate (The orientation of tensile sample is also marked)
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~
Flat Corrugated

interface interface
Fig. 2 (a) Test method of shear property and (b) schematic diagram of shear samples
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sections of shear samples. In this study, the shear
samples contained three corrugation cycles at the
interface. Shear tests were performed at a loading
speed of 1 N/s. Each set of experiments was repeated
at least three times.

3 Results

3.1 Initial microstructure

Figure 3(a) shows the EBSD maps and the pole
figures of the initial AZ31 plate. EBSD maps
indicate that the AZ31 plate displays a mixed grain
structure, i.e., both equiaxed fine-grains and
elongated coarse-grains. Compared with equiaxed
fine-grains, the elongated coarse-grains have higher
KAM values and are therefore considered as the
deformed grains. The IPF map shows that the c-axes
of most grains (whether deformed grains or
recrystallized grains) are concentrated in the ND.
Thus, the initial AZ31 plate has a strong basal texture
(see basal pole figure).

For the initial 1060 plate, most of the grains
exhibit elongated grains. In order to better assess the

ND

{0001 {1120} {1010}

=

Max=9.25

morphological characteristics of elongated grains,
EBSD maps on ND—TD plane and ND—RD plane
were characterized, as shown in Figs. 3(b, c¢). For the
elongated grains, major and minor axes of the ellipse
usually correspond to the TD (RD) and the ND,
respectively. According to the line intercept method,
average grain sizes are 17.1, 14.3 and 9.0 um along
RD, TD and ND, respectively. The average aspect
ratio (R) of elongated grains was also calculated by
the ratio of major axis to minor axis. The R values
are 1.9 and 1.6 on the ND—RD plane and ND—-TD
plane, respectively. The elongated grains have an
average KAM value of ~1.00°. It is well known that
the texture of hot-rolled pure Al usually consists of
two main components: the cube component and S-
fiber rolling orientations [43]. The cube component
is the predominant texture observed in recrystallized
grains, while the rolling orientations dominate in the
deformed grains [44]. Pole figures indicate that the
dominant component is cube {001}(100) texture
component, as shown in Figs. 3(b, ¢). Thus, as-
received 1060 plate has a typical recrystallization
texture.

IPF ~ KAM

Fig. 3 Pole figures and EBSD maps of (a) ND—TD plane of initial AZ31 plate, (b) ND—TD plane of initial 1060 plate and

(c) ND—RD plane of initial 1060 plate
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3.2 Microstructure evolution during hot-pressing

Figure 4 shows the EBSD data of the ND—TD
plane in the FF plate. For the Mg-layer, hot-pressing
with a thickness reduction of 40% at 350 °C seems
to increase the area fraction of equiaxed fine-grains,
as shown in Fig. 4(a). In order to quantitatively
assess the effect of hot-pressing on the micro-
structure of Mg-layer, the grain size distributions
of initial AZ31 plate and the Mg-layer in the FF
plate are shown in Figs. 5(a, b), respectively. The
equiaxed fine-grains are typically less than 10 um in
grain size and have a low average KAM value
(KAM<1°) for both samples. Thus, it is considered
that they are the dynamic recrystallized grains. Hot-
pressing increases the area fraction ( /) of equiaxed

{0001} __ {1120} {1010} ND

(@)

Max=8.37
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fine-grains (<10 pm) from 75% to 93%, and slightly
decreases the average grain size (d) of equiaxed fine-
grains from 3.7 to 3.1 um. Moreover, hot-pressing
also reduces the average KAM value from 1.12° to
0.82° (see Figs. 3(a) and 4(a)). This indicates that
hot-pressing induces the dynamic recrystallization
process, resulting in the refinement of grains [45].
Moreover, after hot-pressing, typical basal texture
can be maintained. The dynamic recrystallization
can generate fine grains with different orientations
[46]. Thus, compared with the initial sample, the
pole intensity slightly decreases and the {0001} pole
exhibits more scatter distribution (see the pole figure
in Fig. 4(a)).

For the Al-layer, hot-pressing can also reduce

F KAM

Fig. 4 Pole figures and EBSD maps of (a) ND—TD plane of FF-AZ31 plate and (b) ND—TD plane of FF-1060 plate
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Fig. 5 Grain size distributions of (a) initial AZ31 plate and (b) AZ31 layer in FF plate (The grain size is the diameter of

the equivalent circle)
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the average KAM value and grain size, as shown
Fig. 4(b). According to line intercept method,
average major and minor axes on the ND—TD plane
are 11.2 and 8.0 pm (R=1.4), respectively. After hot-
pressing, the grain boundary exhibits a distinct wavy
shape. This characteristic is commonly observed
in the process of the discontinuous dynamic
recrystallization. Moreover, the KAM map shows
that the banded regions with high KAM values
divides the grain into several cell-like regions
with low KAM values. These results demonstrate
that the hot-pressing can also initiate dynamic
recrystallization in the Al layer. Clearly, present
hot-pressing cannot cause profuse dynamic
recrystallization in the Al alloy.

For the FC-HD plate and FC-VD plate, the
relationship between corrugated direction and the
RD is different, as shown in Fig. 1. This may affect
the texture evolution during hot-pressing. However,
the initial AZ31 plate has a typical basal texture (c-
axis//ND) and their a-axes randomly rotate around
the ND, as shown in Fig. 3(a). The initial 1060 plate
has a typical cubic texture ({100}(001) texture), as
shown in Fig. 3(b). In other words, for initial 1060
plate, the (100) axis is parallel to both the RD and the
TD. Thus, it is considered that the texture of the
FC-HD and FC-VD plates shows similar textural
changes during hot-pressing. Here, the ND—TD
plane of the FC—VD plate is selected to analyze the
microstructure evolution during the hot-pressing
process.

Figure 6 shows the SEM images of the interface
on the ND-TD plane of the FC—VD plate. After
the hot-pressing, a corrugated interface is formed.
The distance between adjacent wave valleys is

Max=10.68

AFW for Mg

WEL WB-R

‘ 1 mm
TD

Fig. 6 SEM image of interface in FC-VD plate

approximately 5 mm. And there is a plateau with a
length of ~1 mm between the two corrugations. The
formation of the platform is caused by the plastic
deformation of the wave peak on the 1060 surface
during the hot-pressing process. The microstructure
of typical positions was characterized by EBSD to
examine the microstructure evolution. The typical
positions include the wave peak (WP) position near
the platform, the wave valley region (WV), the
midpoint position between the wave peak and wave
valley (WB) and the position which is away from
waveform (AFW), as shown in Fig. 6. For the WB-
R and WB-L positions, R and L represent the right
and left sides, respectively.

Figure 7 shows the EBSD maps and {0001}
pole figures of the Mg-layer on the ND—TD plane
of the FC-VD plate. For the AFW, WP and WV
positions, the long-axis direction of elongated grains
is parallel to the TD and the c-axis of texture is still
close to the ND (see Figs. 7(a, b, d)). However, for
the WB (WB-R/WB-L) positions, the long axis of
the elongated grains is nearly parallel to the inclined

0170

Fig. 7 EBSD maps of Mg-layer at various positions of FC-VD plate: (a) AFW position; (b) WP position; (c) WB-R

position; (d) WV position; (¢) WB-L position
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interface. Moreover, the c-axis of texture is rotated
towards the normal direction of the corrugated
interface (see Figs. 7(c, €)). It is reported that the
formation of texture in AZ31 alloys is largely
dependent on the stress state during deformation
[47]. Clearly, the initial corrugated surface on
the Al matrix might change the local stress state in
the WB positions of Mg matrix. The grain size
distributions of various positions in the Mg matrix
are shown in Figs. 8(a—d). Similar to the initial AZ31
plate and FF plate, equiaxed fine-grains have low
KAM values (<0.83°). Hot-pressing can increase the
area fraction of equiaxed fine-grains in the WB, WP
and AFW positions (to >85%), but it exhibits little
influence on that in the WV position.

Figure 9 shows the EBSD maps and pole
figures of the Al-layer on the ND—TD plane of the
FC-VD plate. The microstructure of the AFW
position is similar to that of the FF plate, i.e., the
long-axis direction of elongated grains is parallel to
the TD (R=1.5 on the ND—TD plane), as shown in
Fig. 9(a). In contrast, WP and WV positions contain
more equiaxed grains (see Figs. 9(b, d)). The Ris 1.3
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and 1.2 on the ND-TD plane for WP and WV
positions, respectively. The main texture component
is still a cube component in the WP, WV and AFW
positions. And the {100} texture of the WV position
is more scattered than that in the other two positions.
For the WB-R position, the shape of all grains
changes from elongated to equiaxed (R=1.1), as
shown in Fig. 9(c). The {001} plane tends to rotate
from the ND towards the inclined interface around
the RD, and texture components become more
scattered, resulting in a low texture intensity. KAM
maps indicate that hot-pressing exhibits little
influence on the average KAM value for all positions
in the Al substrate.

3.3 Interface structure of hot-pressed plates
Figure 10(a) shows the SEM image and EDS
mappings of the FF plate. The SEM image shows
that the Mg/Al plate interface is well bonded and no
obvious defects (e.g., cracks, and voids) are present.
This suggests that direct hot-pressing in an
atmospheric environment can create effective
bonding at the interface of the AZ31 plate and 1060

60
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KAM: 1.47°
F-15%
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Fig. 8 Grain size distributions of AZ31 side at various positions of FC-VD plate: (a) AFW position; (b) WP position;
(c) WB-R position; (d) WV position (The grain size is the diameter of the equivalent circle)
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Max=9.55
{110}

Fig. 9 EBSD maps of Al-layer at various positions of FC-VD plate: (a) AFW position; (b) WP position; (¢) WB-R position;

(d) WV position

plate. It has been reported that the occurrence of
plastic deformation can generate more fresh surfaces
to facilitate subsequent diffusion joining [48]. After
hot-pressing, a distinct transition layer between two
substrates can be found. Both the face-scan and line-
scan plots show that an apparent interaction diffusion
of elements is produced at the transition layer, as
shown in Figs. 10(a, b). This proves that direct hot-
pressing generates obvious metallurgical bonding at
the interface of Mg/Al composite plate. According to
the result of the EDS line-scan, the diffusion layer
thickness (DLT) is ~5 um, as shown in Fig. 10(b).
This is similar to that of Mg/Al composite plates
fabricated by hot rolling with reduction of 40% at
350 °C (~5 um) [37].

According to the Mg—Al binary phase diagram
[22], the maximum solid solubility of Mg in Al is
~10 at.% and that of Al in Mg is ~5 at.%, when

the temperature is 350 °C. Therefore, the Mg—Al
intermetallic compounds are inevitably formed
during the diffusion bonding process. It has been
reported that the diffusion layer in the diffusion-
bonded Mg/Al composite plate contains Mg (ss)—
reactive layer (y-AlixMgi7 layer + S-AlsMg, layer)—
Al (ss) [1]. The Mg-to-Al atomic ratios of the y phase
and f phase are ~1.42 and ~0.67, respectively. In
order to further reveal the formation of intermetallic
compounds, the zoomed-in line-scan plots in the
region of the diffusion layer and the corresponding
Mg-to-Al atomic ratio are shown in Fig. 10(c). In the
vicinity of the matrix, the atomic ratio exhibits a
continuous change. These zones may be single-phase
solid solution zones or multiphase mixed zones. In
addition, there is a compound layer with a relatively
constant Mg-to-Al atomic ratio of ~0.75 adjacent to
the Al matrix. The stoichiometric proportion is close
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Fig. 10 (a) SEM image and EDS mappings of bonding interface on ND—TD plane of FF sample, (b) corresponding

element line-canning spectrum and (c) zoomed-in line-scan plots in region of diffusion layer and corresponding Mg-to-

Al atomic ratio

to the f phase. This infers that the single-phase
region of ff phase with size of ~1.5 pm can be formed
adjacent to the Al matrix. However, no significant
single-phase region of y phase is observed in the
diffusion region. In fact, this phenomenon is also
similar to earlier report [32]. It has been reported that
the activation energy of f phase is lower than that of
y phase. Thus, the growth constant of S phase is
larger than that of y phase [32].

Figure 11 shows the SEM images on the
ND-TD plane of the FC-VD plate. For the FC plate
with the corrugated interface, contact time, strain
amount and the defect density of the matrix at
different positions of the corrugated interface are
different. It has been reported that these may affect
the width of the diffusion layer [32,37]. Thus, three
typical positions at the corrugated interface were
characterized, as shown in Figs. 11(a—c). Overall,
the entire corrugated interface is well-bonded. The
EDS mappings show that Mg and Al elements are
almost included in the whole interface, which
indicates that there is a clear inter-diffusion of
elements at the transition layer after hot-pressing.

Based on the line scan data, it can be seen that the
diffusion layer thickness is about 5 um for three
positions. Diffusion layer thickness does not vary
much across the corrugated interface. Moreover, the
variations of atomic ratio within the diffusion zone
at different locations of the FC-VD plate are also
shown in Fig. 11. Based on the above discussion, it
can be inferred that a single-phase region of § phase
with ~1.5 pm in width can be formed adjacent to the
Al matrix for all locations. Thus, the FC-VD plate
has a similar thickness and structure of the diffusion
layer with the FF plate.

3.4 Bonding strength and tensile properties
Figure 12 shows the shear strength of various
plates along the RD. The shear strength of the FF
plate is only 3.56 MPa, which is close to that of
vacuum diffusion-bonded Mg/Al plates [49]. These
results indicate that direct hot-pressing in the
atmospheric environment can generate a bonding
quality similar to vacuum diffusion bonding. FC
plate exhibits far higher shear strength than FF plate.
Clearly, the preparation of a corrugated interface can
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Fig. 12 Shear strengths of various plates along RD

greatly enhance the shear strength of the composite
plates. The shear strength is largely dependent on the
orientation relationship between shear direction and
corrugated direction. The FC-HD plate exhibits a
higher shear strength (15.09 MPa) than the FC-VD
plate (8.29 MPa).

Figure 13 shows the tensile engineering stress—
strain curve. The yield strength (oy) and peak
strength (op) are listed in Table 1. It is found that
interface shape exhibits large influence on tensile
properties. For the FF plate, the yield strength and

300
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< 2501 — FC-VD
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=
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o
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g
£ 100 {
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0
50
0 0.1 0.2 0.3 0.4

Engineering strain

Fig. 13 Typical engineering stress—strain curves of
various plates
Table 1 Tensile properties of various plates
Plate oy/MPa  o,/MPa er1/% er2/%
FF 11943 214+£3 189404 30.0+1.4
FC-HD 102+1 19544  13.5+0.5 21.1+0.4
FC-VD 116+4 23141  21.0+£3.0 31.243.5

peak strength are 119 and 214 MPa, respectively.
The yield strength of the FC-VD plate (116 MPa) is
close to that of the FF plate, while it is higher than
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that of the FC-HD plate (102 MPa). The corrugated
interface can also influence peak strength. The
FC-VD plate exhibits the highest peak strength
(231 MPa). However, the peak strength of the
FC-HD sample (195 MPa) is the lowest.

For three samples, two-step fracture behavior
can be observed. The phenomenon has been reported
for the Mg/Al composite plate [17]. The first fracture
strain (&r1) and second fracture strain (er.2) are also
measured and listed in Table 1. For the FF sample,
er1 and g are 18.9% and 30.0%, respectively. In
contrast, the FC-VD plate exhibits the highest &
(21.0%) and &r.» (31.2%), while the FC-HD plate has
the lowest &r1 (13.5%) and &r.» (21.1%). Clearly, the
mechanical properties of FC plates are also largely
dependent on the orientation relationship between
the corrugated direction at the interface and the stress
axis.

4 Discussion

4.1 Influence of interface shape on microstructure

During hot-pressing at 350 °C, the dynamic
recovery and dynamic recrystallization might be
initiated, which could result in the decrease of KAM
value and the nucleation of dynamic recrystallized
grains. It is well known that the influence of thermal
processing on the microstructure depends on the
temperature, strain rate and strain amount [50].
For the present hot-pressing, the hot-pressing
temperature is 350 °C, the strain rate is ~0.56 s ' and
the strain amount is ~40%. In AZ31 alloys, such
deformation conditions can cause profuse dynamic
recrystallization [51,52]. However, for the pure Al
with high stacking fault energy, the defect density
and recrystallization driving force significantly
decrease as a result of the elevated dynamic recovery
rates [53,54]. Thus, after hot-pressing, the elongated
grains are remained in the Al matrix.

For AZ31 alloys, the deformation texture and
recrystallization texture are similar [55]. And the
refinement of grains via dynamic recrystallization
can weaken the intensity of texture owing to the
formation of many fine grains with different
orientations [56]. Thus, for Mg layer, after hot-
pressing, basal texture can be maintained, and the
{0001} pole exhibits more scattered distribution, as
shown in Fig. 4(a). For Al alloys, hot-pressing might
enhance the R-cube texture owing to the suppression
of the dynamic recrystallization [43]. However, a

thickness reduction of 40% cannot also cause
significant textural changes in Al alloys [57]. Thus,
after hot-pressing, the cube {001}(100) texture
component is remained, as shown in Fig. 4(b). In
general, the hot-pressing process exhibits less effect
on the grain shape and texture of the FF plate with
the flat interface.

Figures 7 and 9 indicate that the corrugated
interface largely influences the grain shape and
texture. For the Mg-layer, AFW, WP and WV
positions in the FC plate exhibit a microstructure
feature similar to the FF plate. The only difference is
that the recrystallization level in the WV position is
lower than in the other positions. It is reported that
recrystallization level is dependent on temperature,
strain rate and strain amount [58]. The WV position
is the last point of contact between AZ31 and 1060
plates, and thus might suffer a low stress level and
less strain than the other positions. This might be
the reason why the WV position exhibits a low
recrystallization level. Moreover, the corrugated
interface can also influence the local texture
component. The AFW, WP and WV positions still
maintain basal texture component. However, for the
WB position, the c-axis of texture is rotated towards
the normal direction of interface, as shown in Fig. 7.
For AZ31 alloys, the formation of texture is largely
dependent on the stress state [47]. During hot
compression or hot rolling at 350 °C, the c-axis of
texture tends to rotate towards the compression axis
[50,59]. This can be attributed to the fact that basal
slip is the dominant deformation mechanism owing
to its low critical resolved shear stress (CRSS) [60].
Thus, it is considered that the textural change can be
mainly attributed to the change in stress state.

As shown in Fig. 14(a), for FF plate, the
compressive stress is perpendicular to the flat
interface. Thus, the Mg-layer in the FF plate still
remains a strong basal texture component. For
the FC plate, the compressive direction is also
perpendicular to the interface, but it is constantly
changed on the corrugated interface [59], as shown
by the red arrow in Fig. 14(b). Thus, near the WB
position, the corrugated interface in the FC plate
causes the inclination of basal poles away from the
ND towards the normal direction of the interface.

As discussed above, the present hot-pressing
condition is hard to active profuse dynamic
recrystallization and change the texture for the Al



Shi-jun TAN, et al/Trans. Nonferrous Met. Soc. China 36(2026) 124—143 135

AEBEEEEEEEEERERN

(a)

NN
BEBEEEEEEEERERENN

Fig. 14 Schematic diagram showing stress condition
during hot-pressing: (a) FF plate; (b) FC plate (The red
and black arrows represent the stress state applied to the
Mg and Al layers, respectively)

substrate. However, for FC plates, hot-pressing can
largely influence the local microstructure and texture
at the interface of the Al substrate, as shown in Fig. 9.
In this work, the Al plate with a corrugated surface
was obtained by cold-pressing at room temperature.
It is considered that severe plastic deformation might
occur on the surface of the Al plate during cold-
pressing. The influence of cold-pressing on micro-
structure of the Al substrate is shown in Fig. 15.
During cold-pressing, the plastic strains are mainly
concentrated near the contact surface. Therefore,
cold-pressing has little influence on the micro-
structure of the AFW position in the FC plate,
as shown in Figs. 9(a) and 15(a). Figures 15(b—d)
indicate that cold-pressing can increase the KAM
value of the locations near the corrugated surface. It
is reported that the KAM value can be used to
estimate the stored energy according to the energy of

(110} {111}

TD

{110} (111}

TD

(110} 11y ND

Fig. 15 EBSD maps and pole figures of various positions on Al plate subjected to cold-pressing: (a) AFW position;

(b) WP position; (c) WB-R position; (d) WV position
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geometrically necessary dislocations (GNDs) [61].
The stored energy can act as a driving force
for the recrystallization [62]. Clearly, cold-pressing
increases the stored energy, which promotes the
occurrence of dynamic recrystallization during
subsequent hot-pressing. Thus, after hot-pressing,
the locations near the interface of the FC plate
contain more equiaxed grains than the FF plate, as
shown in Figs. 9(b—d). In particular, the WB position
suffers the most intense plastic deformation at the
interface, as shown in Fig. 15(c). The high KAM
value largely enhances the dynamic recrystallization
during hot-pressing, resulting in the formation of the
equiaxed fine grains in the WB position of FC-plate,
as shown in Fig. 9(c).

After cold-pressing, the WP, WV and AFW
positions in the Al plate still retain the cube texture.
However, the texture of the WB position generates
a large change, as shown in Fig. 15(c). During
deformation, texture evolution is largely dependent
on the stress state. The WP, WV and AFW positions
are mainly affected by compression stress along the
ND. In contrast, the WV position produces the
largest compression strain because it first contacts
the mold. Clearly, present normal stress and strain
cannot change the initial texture. For the WB
position, strong local normal pressure and friction
shear stress exist at the interface during cold-
pressing [63]. In the corrugated rolling, it is also
reported that the WB position has a higher equivalent
strain than the WP and WV positions [63,64].
Similarly, the intense plastic strain might occur in the
WB position during cold-pressing. The strong local
normal pressure and friction shear stress exacerbate
the elongation of grains and change the texture
components. For the WB position of the FC-VD
plate, the [001] axis rotates to the normal direction
of corrugated surface around the RD, as shown in
Fig. 15(c). As mentioned above, the high stored
energy in the WB position can promote the
recrystallization process during subsequent hot-
pressing. Finally, the dynamic recrystallization
texture is close to the deformation texture and
exhibits more scattered distribution, as shown in
Fig. 9(¢c).

4.2 Influences of interface shape on bonding
strength
For laminate composite plates, maintaining
the structural integrity is critical. If the interfacial

delamination or debonding occurs during service, it
can lead to total failure [65,66]. Thus, the interfacial
bonding strength plays a vital role in assessing the
overall quality of composite plates. The FF plate
exhibits a very low shear strength value (only
3.56 MPa), as shown in Fig. 12. This value is similar
to the vacuum diffusion welded Mg/Al composite
plates [49]. Although the hot-pressing process is
not protected by vacuum environment, plastic
deformation has the ability to create fresh surfaces
that facilitate metallurgical bonding of dissimilar
metals in an atmospheric environment [48]. Plastic
processing methods such as rolling and extrusion
have gained the popularity for producing Mg/Al
composite plates [28,32]. Achieving effective
interfacial bonding requires a critical strain threshold.
Research has indicated that a thickness reduction
of 20% during rolling is necessary for AZ31/1060
composites [67]. To attain a successful metallurgical
bonding at the Mg/Al interface, hot-pressing at
350 °C with a strain of 40% in an atmospheric
environment has been proven to be effective, as
shown in Figs. 10 and 11.

The bonding via the plastic processing is
categorized as a solid-state bonding method [68].
There are two primary types of solid-state bonding:
mechanical bonding and diffusion bonding [37].
The quality of metallurgical bonding is primarily
determined by diffusion bonding. In the case of
Mg/Al composite plates, the diffusion layer of
the interface consists of a brittle reaction layer
comprising the y phase and 8 phase [69]. The reason
for the low bonding strength in the FF plate can be
ascribed to the formation of the brittle reaction layer
at the Mg and Al interface [37].

For the FC plate, a similar diffusion layer is also
formed at the interface, as shown in Fig. 11. It is
reported that the diffusion layer thickness can
influence the bonding strength. When the diffusion
layer thickness exceeds 5 pum, there is a significant
reduction in the interfacial bonding strength [37].
For the FF and FC samples, the thickness of the
diffusion layer is comparable, as shown in Figs. 10
and 11. It is considered that the slight difference in
diffusion layer thickness between the FC and FF
plates cannot largely influence the bonding strength.
However, the bonding strength of the FC-VD plate
and the FC-HD plate is 2.3 times and 4.2 times that
of the FF plate, respectively. The significant increase
in bonding strength in the FC plate can be attributed



Shi-jun TAN, et al/Trans. Nonferrous Met. Soc. China 36(2026) 124—143 137

to another bonding mechanism: mechanical bonding
[37]. This proves that the construction of a
corrugated interface with a 3D structure can largely
enhance the mechanical bonding effect. In contrast
to a flat interface, a corrugated interface has a larger
contact area and can create a robust “mechanical
gearing” effect [41]. This effect is advantageous for
strengthening the bonding strength at the interface.
In order to exclude the effect of interface contract
area on bonding strength, the modified shear strength
is calculated as the ratio of maximum loading force
to actual interfacial area. The values are listed in
Table 2. It is shown that the modified shear strength
of the FC plate is still far higher than that of the FF
plate. The increasing shear strength can be attributed
to the “mechanical gearing” effect via a corrugated
interface [41].

Table 2 Modified shear strengths of various samples
along RD (MPa)

FF FC-VD

FC-HD

3.56 7.33 13.35

Interestingly, the modified shear strength of the
FC-HD plate (13.35 MPa) is far higher than that of
the FC-VD plate (7.33 MPa). This indicates that the
“mechanical gear” effect on the FC-HD plate is
higher than that on the FC-VD plate. This is related
to the relationship between the loading direction and
the corrugated direction. Compared with the flat
interface in the FF plate, the corrugated interface
in the FC-VD does not change the orientation
relationship between the stress axis (the RD) and the
interface (i.e., shear stress//interface), as shown in
Fig. 1(d). Thus, it is considered that the “mechanical
gear” effect might be not very high. However, for the
FC-HD sample, the orientation of the interface with
respect to the shear stress direction (the RD) is
constantly changing, as shown in Fig. 1(c). In this
case, the corrugated interface functions as a gear,

(@)

ND

|

TD

facilitating the bonding of Mg and Al and exhibiting
a substantial “mechanical gearing” effect [41]. As a
result, the shear strength of the FC-HD plate greatly
surpasses that of the FC-VD plate.

4.3 Influences of interface shape on tensile

properties

Figure 13 shows that the corrugated interface
can also influence the tensile property along the RD
(e.g. yield strength and elongation). Compared with
the FF plate, the FC-VD plate exhibits close yield
strength, but the FC-HD sample has a lower yield
strength. Clearly, the yield strength of the FC plate is
also related to the orientation relationship between
corrugated direction and tensile direction. It is well
known that yield strength is largely dependent on
the microstructure and texture of substrates [70].
As shown in Figs. 5, 7 and 9, the pre-corrugation
treatment by cold-pressing can generate a large
change in texture near the interface of Mg/Al
composite plates. Although texture has little effect
on yield strength of pure Al, it can significantly affect
the yield strength of Mg alloys [71]. Based on the
above results, Fig. 16 exhibits the schematic diagram
showing the texture distribution near the interface
of Mg/Al composite plates. For the FF plate, the
Mg layer still contains strong basal texture (see
Fig. 16(a)). When tension is applied along the RD,
the tension direction is perpendicular to the c-axis.
In such a scenario, the dominant deformation
mechanism for the Mg layer is expected to be
prismatic slip [72]. For the Mg layer of the FC plates,
the c-axis of texture near the interface is usually
perpendicular to the interface. For the WB position
in the FC plates, the c-axis of texture is rotated to the
normal direction of the corrugated interface during
hot-pressing, as shown in Fig. 7. For the FC-HD
plate, the c-axis of texture rotates towards the RD
(~35°); however, for the FC-VD plate, the c-axis of
texture rotates towards the TD (~35°), as shown
in Figs. 16(b, c¢). Clearly, for the FC-VD plate, the

Fig. 16 Schematic diagram showing texture distribution near interface: (a) FF plate; (b) FC-HD plate; (c) FC-VD plate
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c-axis of texture is still perpendicular to RD. Thus, it
is considered that the change in texture has little
influence on the tensile yield strength along the RD.
However, for the WB position of the FC-HD plate,
the c-axis of texture rotates ~35° towards the RD.
This can largely enhance the activation of basal slip
with the lowest CRSS [73]. This might be the reason
why the FC-HD plate has a low yield strength.
Figure 13 indicates that the FF and FC plates
exhibit two-step fracture behavior. In fact, such
multi-step fracture behavior has been reported
in the laminate composite plates [31,74]. This can
be attributed to the significant difference in the
elongation between constituents [31]. To interpret
the fracture process, the macro-photographs of
samples stretched to different strains are shown in
Fig. 17. The strains corresponding to debonding
(DB), fracture of Mg-layer (F-Mg) and fracture of
Al-layer (F-Al) are labeled in the figures. Based on
the results, the schematic diagrams of the tensile
fracture process of Mg/Al plates are shown in Fig. 18.
For all plates, the fracture process can be described
as a two-step phenomenon, where the Mg layer and
the Al layer undergo consecutive ruptures. After the
Mg layer breaks during tension, the overall load-
carrying capacity decreases, resulting in a sudden
decrease in stress. It is reported that the interfacial
bonding strength can also influence the fracture
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elongation [74]. When interfacial debonding occurs
during service, the interface loses the transfer
capacity of load-bearing. If the bonding strength is
enhanced, the fracture strain of laminate composite
plates can be improved by transferring the load-
bearing responsibility from the relatively less ductile
Mg-layer to the significantly more ductile Al-layer
[74]. This might be the reason why the FC-VD plate
exhibits higher fracture elongation than the FF plate.
As shown in Fig. 17, the strain corresponding to
debonding is 19% and 20% for the FF and FC-VD
plates, respectively. The debonding and fracture of
the Mg-layer occur almost simultaneously in the FF
plate. In contrast, the fracture of the Mg layer is
delayed by 4% strain compared to the debonding in
the FC-VD plate. The delayed fracture strain of the
Mg-layer might be related to the enhanced bonding
strength. Unexpectedly, the FC-HD plate with the
highest interfacial bonding strength exhibits the
lowest fracture strain, as shown in Fig. 13. For the
FC-HD plate, the strain corresponding to debonding
is only 6%, resulting in the premature fracture of the
Mg and Al layers, as shown in Fig. 17(b). It might
be related to the orientation relationship between
interface and loading force. For the FC-VD plate and
FF plate, the loading force is parallel to the interface,
as shown in Fig. 18(a). However, for the FC-HD
plate, the orientation relationship between interface

Strain

36%

Strain

Strain

34%36%

Fig. 17 Macro-photographs of plates stretched to different strains: (a) FF plate; (b) FC-HD plate; (c) FC-VD plate
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Fig. 18 Schematic diagrams of tensile fracture process of
Mg/Al plates: (a) FF plate and FC-VD plate; (b) FC-HD
plate

and loading force is constantly changed along the
loading direction, as shown in Fig. 18. When the
tensile stress axis is not parallel to the interface,
a tensile stress component perpendicular to the
interface is created, which can promote the
occurrence of debonding. Corrugated interface leads
to non-uniform distribution of the cross-section area
in the tensile direction for the Al and Mg layers, as
shown in Fig. 18(b). Thus, when the debonding once
occurs, the positions with a small cross-section area
become weak regions that are prone to premature
necking and fracture. This might be the main reason
why the FC-HD plate has very low debonding and
fracture strains.

This study shows that the construction of the
corrugated interface can greatly improve the
interfacial bonding strength of Mg/Al LMCs. The
results indicate that the Mg/Al LMCs with a
corrugated interface show strong mechanical
anisotropy. The existence of this anisotropy has an
important impact on the forming and application of
Mg—Al LMCs. In the further studies, it would be
interesting to optimize the configuration of the
3D interface to further enhance the mechanical
properties of the plates.

5 Conclusions

(1) A new method is proposed for preparing

AZ31/1060 composite plates with the corrugated
interface, which involves cold-pressing a corrugated
surface in the Al plate and then hot-pressing the
assembled Mg/Al plate.

(2) Hot-pressing with a thickness reduction
of 40% in the atmospheric environment at 350 °C
can cause significant element inter-diffusion and
effective metallurgical bonding at the interface
of Mg/Al composite plates. The diffusion layer
thickness is ~5 um which is similar to that of the
Mg/Al composite plate prepared by hot rolling with
reduction of 40% at 350 °C.

(3) For the FF plate, hot-pressing can cause
profuse dynamic recrystallization on the Mg side,
resulting in slight grain refinement and dispersion of
basal texture. In contrast, hot-pressing exhibits little
influence on the microstructure and texture of Al
matrix. For the FC plates, the AFW position shows
the similar change in microstructure to the FF plate.

(4) For the FC plates, severe plastic
deformation occurring on the Al surface during
the corrugation process promotes the dynamic
recrystallization of the Al substrate near the interface
during subsequent hot-pressing. Moreover, the initial
corrugation on the surface of the Al plate changes the
local stress state near the interface during hot-
pressing, thereby altering the texture components of
the substrates near the corrugated interface.

(5) The construction of the corrugated interface
can greatly enhance the shear strength. And the
mechanical properties of Mg/Al LMCs with
corrugated interface are largely dependent on the
orientation relationship between load direction and
corrugated direction. Compared to the FF plate, the
shear strengths of the FC-HD plate and the FC-VD
plate are increased by ~320% and ~130%,
respectively. The the FC-HD plate shows the highest
shear strength, but exhibits the lowest fracture
elongation among all samples.
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