Annual Assembly and 444
7 7t h International Conference /< July2024
on Welding and Joining Rhodes, Greece

Effects of post-welded hot

rolling on the properties of

explosively welded Mg alloy/Al alloy cladding plates

Mami Mihara-Narital*, Mingzhe Bian?, Hisashi Sato?®, Yoshimi Watanabe?, and Yasumasa Chino?

1Department of Physical Science and Engineering, Nagoya Institute of Technology, 4668555 Nagoya, Japan
2National Institute of Advanced Industrial Science and Technology (AIST), 4638560 Nagoya, Japan

Abstract. The effects of hot rolling on the interfacial microstructure and mechanical properties of
explosively welded Mg alloy/ Al alloy cladding plates with different thickness of Mg alloy were investigated.
Explosively welded cladding plates showed wavy interface at the bonding interface. After hot rolling, the
interface became flat and the voids at the interface disappeared. The presence of the interlayer was confirmed
at the bonding interface in all samples. While the interlayer before rolling was single layer of a magnesium-
rich y-Mgi7Al12 phase, after rolling it became double layer composed of y-Mgi7Al12 phase and aluminum-
rich B-AlsMg2 phase. Tensile strength increased as the initial thickness of the Mg alloy increased, and
ductility was also improved. It was found that hot rolling was possible when both the roller temperature and
sample temperature were set to 270 °C or higher, and when the only sample temperature was lowered to
250 °C. Tensile strength did not change significantly with temperature conditions, but elongation decreased

with decreasing temperature conditions.

1 Introduction

In order to further reduce the weight of transportation
equipment to improve fuel efficiency, lightweight and
high-strength materials are required. In addition to
aluminum (Al) alloys, which are used as lightweight
materials for transportation equipment, the application
of lightweight materials such as magnesium (Mg) alloys
and carbon fiber reinforced plastics (CFRP) are also
being widely considered. Mg alloys are expected to be a
new lightweight material that can drastically reduce the
weight of transportation equipment, but their low
formability and corrosion resistance have become an
issue [1-2]. Therefore, the development of clad
materials, in which Mg alloys are combined with Al
alloys, is attracting attention [3]. For example, if the clad
materials are applied to transportation equipment,
weight reduction can be expected. In addition, if Mg
alloys are used for the hood and Al alloy for the frame,
direct bonding of the two alloys is required. Here, the
clad material can be expected to be used as a joint for
both alloys.

For joining Mg alloys and Al alloys, interlayer
composed of brittle intermetallic compound (IMC)
phases [4-7], as shown in the phase diagram in Fig. 1 [8],
form thickly at the bonding interface during fusion
welding. The joint strength of the weld material is
reduced by the formation of the interlayer. To solve this
problem, explosive welding is applied to the dissimilar
joining of these two alloys in this study. The explosive
welding method is a type of solid-phase bonding that
uses the energy released by the detonation of explosives
to instantly bond dissimilar metal plates. Explosive
welding is characterized by its high bonding speed and
minimized formation of the interlayer at the bonding
interface is hardly formed. In addition, since a wavy
interface with a scale of several hundred micrometers is
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generally formed at the bonding interface, the anchor
effect is expected to further increase the strength of the
explosively welded material.

In practical application of explosively welded
materials, it will be needed to control the thickness of
welded material by hot plastic forming such as rolling.
Although there are some reported cases [9-11] of
secondary processing for the explosively welded Mg
alloy/Al alloy cladding plates, there are many unknown
points because the target of study is a specific alloy, and
the investigation is insufficient for evaluation of
required properties.

Our previous studies have confirmed the
applicability of the explosive welding to the joining of
Mg alloys to Al alloys [12, 13]. In addition, it was
revealed that an annealing treatment after explosive
welding increases the thickness of the interlayer formed
at the bonding interface [14]. The interlayer was
composed of a single layer of y-Mgi7Al1> phase after
explosive welding. Thickness of the interlayer was less
than 1 pm. However, after annealing at 200 °C for 24
hours, thickness of the interlayer increased to 2 to 4 pm
and the interlayer exhibited a double-layer structure
consisting of the y-Mgi7Al12 phase and B-AlsMg: phase.
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Fig. 1. Equilibrium phase diagram of Mg-Al system [5].
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When the annealing temperature was further
increased to 400 °C and kept for 1 hour, the thickness of
the interlayer increased to 60 um [15]. However, the
effect of hot rolling on the microstructure and
mechanical properties of the explosively welded
material is not fully understood.

In this study, details of the interfacial microstructure
of the bonding interface of explosively welded Mg
alloy/Al alloy cladding plates with varying thicknesses
of the Mg alloys by hot rolling are investigated. The
purpose of this study is to clarify the effects of
conditions during hot rolling on the joint interface
microstructure and mechanical properties.

2 Experimental

The specimens used for explosive welding were
extruded AZ31 Mg alloy and A6005C Al alloy. The
alloy compositions are shown in Table 1. The thickness
of the Al alloy was 3 mm, and the thickness of the Mg
alloy was varied to 3 mm, 5 mm, and 8 mm. The total
thicknesses of the explosively welded materials are 6
mm, § mm, and 11 mm, and are designated as
explosively welded samples A, B, and C, respectively.
For each of the samples, hot rolling was carried out up
to a thickness of 3 mm with a rolling speed of 10 m/min.
Sample temperature and roller temperature can be
changed independently, and in this case both were set at
300 °C. A schematic diagram of the hot rolling process
is shown in Fig. 2. The effects of the sample temperature
and the roller temperature were also evaluated for the
sample C. In this case, the sample temperature and the
roller temperature were varied from 250 °C to 270 °C.
The interfacial microstructure was observed by scanning
transmission electron microscopy (STEM), and the
mechanical properties of the samples were evaluated by
tensile tests.
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Fig. 2. Overview of hot rolling process. Sample temperature
and roller temperature were set at 300 °C. Additionally, for
sample C, sample temperature and the roller temperature
were varied from 250 °C to 270 °C.

3 Results and Discussion

3.1 Characteristics of interfacial microstructure

Figure 3 shows the results of microstructure
observation by optical microscopy at the bonding
interface of sample A (a) before and (d) after rolling,
sample B (b) before and (e) after rolling, and sample C
(c) before and (f) after rolling. All samples showed a
wavy interface unique to the explosively welded
materials, and voids were observed near the interface in
the samples B and C (allows are shown in Fig. 3 (b) and

(c)). This is presumed to be due to a change in the impact
force applied during detonation caused by increasing the
thickness of the Mg alloy plate, resulting in voids at the
bonding interface. After rolling, a flat interface was
obtained in both cases, and the voids disappeared.

3.2 STEM observation for
microstructure

interfacial

Figure 4 shows STEM microstructures of the bonding
interface before rolling in samples (a) A, (b) B and (c),
(d) C. The presence of the interlayer at the bonding
interface was observed in all samples (arrows in Fig. 4).
Figure 5 shows STEM microstructures of the bonding
interface after rolling in samples (a) A, (b) B and (c) C.
While the interlayer before rolling was single layer, after
rolling it became double layer. The interlayers on the
Mg alloy side and the Al alloy side of the double layer
structure are referred to as layer 1 and layer 2,
respectively. From the results of line and point
measurements by EDS, the interlayer of the single layer
structure before rolling was estimated to be a
magnesium-rich y-Mgi7Al12 phase. On the other hand,
the double layer structure after hot rolling were
estimated to be composed of magnesium-rich y-
Mgi7Al1, phase and aluminum-rich B-AlsMg, phase for
layer 1 and layer 2, respectively. As shown in Figs. 4(c)
and 4(d), the thickness of the interlayer in sample C
samples before rolling varied greatly depending on the
observation areas.

Figure 6 shows the thickness of the interlayer in the
samples after hot rolling. The thickness of the interlayer
became the largest in sample C where the rolling cycles
were more than in the case of samples A and B.
Thickness of layer 2 (B-AlsMg, phase) was larger than
that of the samples A and B. This may be caused by the
longer time when the sample is exposed to high
temperatures in sample C. In addition, the activation
energy of the B-AlsMg. phase is lower than that of the
v-Mgi7Al12 phase, and the B-AlsMg: phase tends to grow
more easily [16], which may indicate the tendency for
the B-AlsMg, phase with a larger thickness in the rolled
samples. Similar tendency was confirmed in Mg/Al
cladding samples fabricated by multi-pass hot roll
bonding [17] and by twin-roll casting [18]. However,
further investigation is required for clarification of
formation and growth mechanism of the B-Al:Mg:
phase.
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Fig. 3. Microstructures at the bonding interface of sample A
(a) before and (d) after rolling, sample B (b) before and (e)
after rolling, and sample C (c) before and (f) after rolling.
Sample temperature and roller temperature were set at
300 °C.
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Fig. 4. STEM microstructures of the bonding interface before
rolling in samples (a)A, (b)B and (c), (d)C.
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Fig. 5. STEM microstructures of the bonding interface after
rolling in samples (a) A, (b) B and (c) C.
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Fig. 6. Thickness of the interlayer in the samples after
rolling. Sample temperature and roller temperature were set
at 300 °C.

Figure 7 shows the results of EDS map analysis at
the bonding interface of samples (a) A, (b) B and (c) C
after rolling. In all samples, two transition regions were
observed, which corresponded to the y-Mg17Al12 phase
and B-AlsMg. phase. Moreover, the distributions of Si
atoms across the interface were readily observed in Fig.
7. It is assumed that because of the quicker diffusion rate
of Al atoms, left behind impurity (Si) were observed in
the B-AlsMg. layer near the Al alloy side. Similar
phenomenon was observed in [19]. It is presumed that
increased Si content at the interface may promote
preferential formation of Mg,Si and purify the base
metal Al, which may improve the ductility of the bonded
material. In addition to the thickness and constituent
phases of the interlayer at the bonding interface, it is
necessary to evaluate the relationship between the
bonding strength and ductility by focusing on the Si
distribution in the future.
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Fig. 7. Results of EDS map analysis at the bonding interface
of samples in samples (a)A, (b)B and (c)C after rolling.

3.3 Formation of grain structure after rolling

Figure 8 shows inverse pole figure (IPF) maps
overlapped on image quality (IQ) maps obtained by
electron backscattered diffraction (EBSD) analysis at
the bonding inteface in samples (a) A, (b) B and (c) C
after rolling. In Mg alloy side, grains are recrystallized
and formed small equiaxed grains. In Al alloy side,
grains elongated in rolling direction are observed.
Enlarged IPF maps with IQ maps obtained by EBSD
analysis at the bonding inteface in samples (a) A, (b) B
and (c) C after rolling are shown in Fig. 9. Interlayer
locations (black coloured area) were not determined due



to low IQ values. Fine grains were observed on the Al
alloy side near the bonding interface. On the Mg alloy
side, the grain size tended to increase in the order of
samples A, B, and C. The average grain size on the Mg-
alloy side in the observed region in Fig. 9 was 7.1 pm,
6.1 um, and 9.6 um for samples A, B, and C,
respectively.

Figure 10 shows pole figures for Mg alloy side of
samples (a) A, (b) B and (c) C, and for Al alloy side of
samples (d) A, (e) B and (f) C, respectively. Based on
this, strong (0002) basal textures are confirmed in the
Mg alloy side in all samples. On the other hand, rolling
texure which appears in most hot-rolled Al alloys [20]
is confirmed. No significant differences in texture were
observed on either the Mg alloy or Al alloy side,
depending on the sample.
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Fig. 8. IPF maps with IQ maps obtained by EBSD analysis

at the bonding inteface in samples (a) A, (b) B and (c) Cafter
rolling.
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Fig. 9. Enlarged IPF maps with IQ maps obtained by EBSD
analysis at the bonding inteface in samples (a)A, (b)B and

(c)Cafter rolling.
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Fig. 10. Pole figures for Mg alloy side of samples (a) A, (b)
B and (c¢) C, and for Al alloy side of samples (d) A, (¢) B and
() C, respectively.

3.4 Evaluation of mechanical properties by
tensile tests

Figure 11 shows the results of tensile tests on the
samples after rolling. The tensile test was performed
perpendicular to the direction of explosive welding and
rolling. The tensile strength increased as an increased in
the initial thickness of the Mg alloy increased, and
sample C had the highest strength and excellent ductility.
From observations of the appearance of the samples
after tensile test, fracture occurred due to cracking at the
bonding interface in samples A and B. Although no
figure is shown in the text, the fracture occurred at 45
degrees to the tensile direction in sample C. Figure 12
shows the results of fracture surface observation. In all
samples, dimple structures, which are characteristic of
ductile fracture, were observed on both Al alloy side and
Mg alloy side. In the Mg alloy, a partially smooth
fracture surface was also observed. A wavy shape was
observed at the bonding interface. There was no
significant difference in the morphology of the fracture
surfaces among the samples.
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Fig. 11. Results of tensile tests after rolling.
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Fig. 12. Fracture surface after tensile test after rolling.

3.5 Effect of temperature conditions during
rolling

The effects of sample temperature and roller
temperature on sample C were investigated. When both
the roller temperature and sample temperature were
250 °C, delamination occurred at the interface between
the Mg alloy and Al alloy in the second pass of rolling.
Rolling was possible when both the sample temperature



and roller temperature were set to 270 °C and when the
sample temperature was lowered to 250 °C. Figure 13
shows the microstructures of the bonding interface after
rolling. In Fig. 13 (a), sample temperature and roller
temperature were set as 270 °C. On the other hand, in
Fig. 13 (b), sample temperature was 250 °C and roller
temperature was 270 °C. In both cases, the bonding
interface was flat, and no visible defects were observed.

Figure 14 shows the STEM microstructure of the
bonding interface. When both the sample temperature
and roller temperature were set to 270 °C (Fig. 14(a)),
the microstructure was similar to that of the case where
both temperatures were set to 300 °C (Fig. 5(c)), and the
interlayer had a double layer structure. On the other
hand, when the roller temperature was 270 °C and the
sample temperature was 250 °C (Fig. 14(b)), the
thickness of the interlayer became thinner.
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Fig. 13. Microstructures of the bonding interface of
sample C after rolling. (a) Sample temperature: 270 °C, roller
temperature: 270 °C, (b) sample temperature: 250 °C, roller

temperature: 270 °C.

Fig. 14. STEM microstructures of the bonding interface

of sample C after rolling. (a) Sample temperature: 270 °C,

roller temperature: 270 °C, (b) sample temperature: 250 °C,
roller temperature: 270 °C.
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Fig. 15. Results of tensile tests after rolling for sample C.

Figure 15 shows the tensile strength and fracture
strain obtained by test tests of sample C after rolling.
There was no significant change in tensile strength
depending on the temperature conditions during rolling.
On the other hand, elongation decreased with decreasing
temperature conditions during rolling. One potential

factor is that the deformation capacity of the Mg alloy
decreases at lower rolling temperatures. However, to
elucidate the mechanism of changes in tensile properties,
interfacial microstructure including crack initiation and
propagation behavior should be clarified in the future.

4 Conclusions

In this study, hot rolling was applied to the
explosively welded Mg alloy/ Al alloy cladding plates
to analyze the interfacial microstructure in detail. In
addition, the effects of temperature conditions during
hot rolling on the interfacial microstructure and
mechanical properties were investigated. Obtained
results are summarized as follows.

(1) Explosively welded cladding plates showed wavy
interface at the bonding interface. After hot rolling, a flat
interface was obtained and the voids at the interface
disappeared by hot rolling in all samples.

(2) In all samples, the presence of the interlayer was
confirmed at the bonding interface. The interlayer was
single layer before hot rolling and became double layer
after hot rolling. The single layer was estimated to be a
magnesium-rich y-Mgi7Al12 phase. On the other hand,
the double layer after hot rolling was estimated to be
composed of magnesium-rich y-Mgi7Al12 phase and
aluminum-rich -AlsMgz phase on the magnesium alloy
side and aluminum alloy side, respectively.

(3) In the hot rolled samples, the tendency for the [3-
Al3Mg; phase to have a larger thickness in the interlayer
was obtained. This is because the activation energy of
the B-AlsMg. phase is lower than that of the y-Mgi7Al12
phase, and the B-AlsMg; phase tends to grow more
easily.

(4) Tensile strength increased as the initial thickness of
the Mg alloy increased, and ductility was also excellent.
There was no significant difference in the morphology
of the fracture surfaces between the samples.

(5) As a result of changing the temperature conditions
of hot rolling, it was confirmed that hot rolling was
possible when both the sample temperature and roller
temperature were set to 270 °C and when the only
sample temperature was lowered to 250 °C. Tensile
strength did not change significantly with temperature
conditions, but elongation decreased with decreasing
temperature conditions. Further investigation is needed
on the interfacial microstructure including crack
initiation and propagation behavior.
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