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An Al-coated Mg alloy sheet is fabricated by hot forging an Al-coated Mg alloy plate produced by
hot extrusion of a Mg alloy billet together with an Al plate. The sheet consists of recrystallized fine
grains both in the Mg alloy substrate and Al coating layer. A thin intermetallic compound layer of
Al3Mg, formed at the Al/Mg interface in the hot-extruded plate. The subsequent hot forging reduces
the thickness of the intermetallic layer but induces cracks in the intermetallic compound. This sheet
exhibits a large tensile elongation of 550 % at 573 K and at a strain rate of 1.0x10° s. Notably, a
tensile test of an Al specimen exhibited only 40 % elongation, while that of a Mg alloy specimen
exhibited 800 % elongation. It is suggested that the large elongation of Al as the coating layer on the
Mg alloy is attributable to the good bonding of the Al coating layer and the Mg alloy substrate. The
cracks in the intermetallic layer disappear during the tensile tests at elevated temperatures and no
cracks are observed in the elongated specimens, which indicates growth of the intermetallic and
reparation of the cracks occurred during the low strain-rate hot deformation of the Al-coated Mg

alloy sheet.
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1 Introduction

Mg alloys have the lowest density among all metal structural materials and they are characterized
by a very high specific strength. Also, Mg alloys possess other attractive properties such as excellent
electromagnetic shielding ability and good recyclability and machinability [1-3]. Due to these

advantages, Mg alloys have a number of applications including automobile and aerospace



components as well as mobile phone and computer parts [4]. However, the practical usage of Mg
alloys has been limited due to their extremely poor corrosion resistance originating from their high
reactivity.

Similarly to Mg alloys, Al also has a very low density but it has a much higher corrosion resistance
than Mg alloys [5, 6]. Thus, it has been expected that Al coating on Mg alloys should be an effective
way to improve their corrosion resistance. Recently much effort has been devoted to the
development of Al coating techniques including plating [7], anodizing [8, 9], thermal spray [10-13]
and laser cladding [14, 15]. However, in these attempts, several problems still remain unsolved, such
as thermal damages of the substrate materials and necessities of surface pretreatments or
post-treatments.

The present authors [16] have recently developed a new process for Al coating on Mg alloys using
a hot extrusion technique It was illustrated that the extruded Al-coated Mg alloy bars and plates
exhibit an excellent corrosion resistance, comparable to that of Al. Moreover, it has been
demonstrated that the hot extrusion leads to a recrystallized fine grain structure in the Mg alloy
substrate. However, Mg alloys are often used as sheet materials in practical applications. Thus, in
this study, the Al-coated Mg alloy plate is plastically deformed into a sheet by hot forging. After that
the Al-coated Mg alloy sheet is tensile-tested at elevated temperatures in order to evaluate its
behavior under loading conditions. Finally, the deformation mechanisms of both the Mg alloy

substrate and Al coating layer are discussed within the paper.

2 Experimental procedures

Al-coated Mg alloy sheets were fabricated by hot forging of Al-coated Mg alloy plates produced by
hot extrusion of a Mg alloy billet together with an Al plate. The hot extrusion process is described in
detail in a previous paper of the present authors [16]. A commercial extruded bar of AZ80 Mg alloy
(Mg-8.2mass%Al-0.56mass%Zn-0.44mass%Mn) was used for the substrate material, while a
commercial Al ingot of 99.99 mass% purity was used for the coating material. An Al plate, prepared
from the ingot, was positioned between the extrusion die and the Mg alloy billet prepared from the
alloy bar. The materials were hot-extruded together from the container at an extrusion temperature of
553 K and at an extrusion speed of 2 mm min™. The illustration of the extrusion setup can be found
in our previous paper [16].

The extruded plate, having a width of 20 mm and a thickness of 10 mm, was sectioned
perpendicular to the extrusion direction at positions of every 7 mm from the tip of the extruded plate,
in order to produce small samples for hot forging. The thickness of small samples was reduced from
10 to 1.5 mm by hot forging in order to produce sheet samples. Figure 1 shows the schematic
drawing of the hot forging equipment. The die surfaces were sprayed with BN powder for

lubrication, before positioned between the hot dies and then forged. The details of hot forging



conditions are described in Table 1. A dummy sample, having a hole with a thermocouple, was set
between the hot dies. The sample was initially utilized to monitor the heating curve, as a means of
determining how long the real sample should be held there to reach the forging temperature.

The forged sheets were wire-cut using an electric discharge machine to produce tensile specimens
of 5.0 mm in gage length, 1.2 mm in width and 1.5 mm in thickness. The longitudinal direction of
the tensile specimens is perpendicular to the extrusion direction. The tensile test was performed at
two different initial strain rates of 1.0 x 102 and 1.0 x 10 s™ and at three different temperatures of
room temperature (RT), 473 and 573 K. All the conditions for tensile tests are summarized in Table 2.
The specimens were longitudinally sectioned and polished to investigate the microstructures of the
Mg alloy substrate and the interface between the Mg alloy substrate and the Al coating layer, before
and after the tensile test. To measure the grain size and to investigate the crystallographic

orientations of the grains, electron backscattering diffraction (EBSD) analysis was conducted.

3 Results

Cross sections of the extruded plate and forged sheet are shown in Fig. 2. The plate was forged in
the vertical direction. In the extruded plate, the Al coating layer was perfectly-bonded to the Mg
alloy surfaces. As illustrated in Fig. 2 (b), the coating layer was not damaged by hot forging, with
neither breaking nor debonding occurring. Thus a hot-extruded Al-coated Mg alloy plate can be
successfully hot-forged into a sheet.

The grain structure of the forged sheet was observed and the results are shown in Fig. 3. The
microstructures and the crystallographic orientations of the Al coating layer and Mg alloy substrate
in the forged sheet are shown in Figs. 3 (a) and (b), respectively. The black and white boundary lines
represent high (more than 15 °) and low (2 ° to 15 °) angle grain boundaries. The average grain sizes
of the Al and Mg alloy are approximately 2.6 um and 2.0 um, respectively. The grain sizes are
smaller than those before the hot forging process. The grain size changes are summarized in Table 3.
Furthermore, it is evident that both figures consisted mostly of high angled grain boundaries. The
grain shape is equiaxed in both the Al coating layer and the Mg alloy substrate even though
thickness of the sheet was reduced by 85 % in the vertical direction. Therefore, it is clear that both
Al and Mg alloy were recrystallized during or after the hot forging.

It is known that Mg alloy has a fine grain structure, which exhibits superplastic characteristics [17].
However, it is not certain whether the Al-coated Mg alloy sheet should illustrate such characteristics.
Therefore, it is worth conducting tensile tests in order to investigate the superplastic behavior of the
obtained sheet.

Figure 4 (a) shows overviews of the specimens before and after the tensile test. The sample
exhibited a maximum elongation of 550 % at 573 K at 1.0 x 10 s, As can be seen in the figure,

there are two necked regions in the sheet after the deformation. The effect of this multiple necking



on the sheet elongation behavior will be discussed in the following section. Figures 4 (b) and (c)
show the nominal stress-strain curves of the tensile tests at different temperatures with strain rates of
1.0 x 102 s and 1.0 x 10 s, respectively. At room temperature the stress immediately drops after
reaching a peak. On the other hand, at elevated temperatures, the stress gradually decreases as the
strain increases after the peak. The flow stress decreases as the tensile-test temperature increases, but
increases as the strain rate increases.
The superplastic model is typically described as [18]:
g=Fkdm
where o is the flow stress, k a material constant and £ the steady state strain rate. The strain rate
sensitivity exponent, m, defined as the slope of a double logarithmic plot of flow stress versus strain

rate can be expressed by [18]:

_ lln o
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A high m-value indicates the occurrence of a large elongation [18]. The double logarithmic plots of
the flow stress versus strain rate are shown in Fig. 5 for two different tensile test temperatures. These
flow stresses are the values at a strain rate of 0.1. The m-values of the present Al-coated Mg alloy
sheet were approximately 0.2 at 473 K and 0.4 at 573 K. Generally the superplasticity is
characterized by a large deformation accompanied by elongation of more than 500 % and a strain
rate sensitivity of more than 0.3 [19, 20]. Therefore, the large deformation of the present sheet
observed at 573 K and at 1.0 x 10 s™* can be regarded as the superplastic deformation.

The cross section of the sheet after the tensile test was observed. Figure 6 shows photographs of the
cross section of the specimen which showed 550 % of elongation at 573 K at 1.0 x 10° s™*. These
photographs clearly illustrate the presence of the Al coating continuously covering the Mg alloy
substrate without breaking, despite the large elongation. Furthermore, no debonding was observed at
the Al/Mg interface. Additionally, Fig. 7 depicts the thickness change of the Al coating layer with
respect to the distance from fracture surface. In the aforementioned figure, the average thicknesses of
the Al coating layer of the samples after the extrusion [16] and hot forging are also shown. As is
evident, the Al coating layer still has uniform thickness after 550 % of elongation. Therefore, the Al
coating was also elongated homogeneously together with the Mg alloy substrate. It is important to
point out that not only the Mg alloy substrate but also the Al coating layer was elongated
superplastically. As is known pure Al does not exhibit superplastic behavior under the conditions
used in this study regarding temperature, strain rate and grain size [21]. Thus, the deformation

mechanisms of both Mg alloy and Al are discussed in the following section.

4 Discussion
4.1 Deformation mechanism of Mg alloy



In order to clarify the deformation mechanism of the sheet, the fracture surface was carefully
investigated. Figure 8 shows the scanning electron microscope (SEM) images of the fracture surface
of the tensile specimen after elongation of 550 %. Figures 8 (a), (b) and (c) exhibit the low
magnified image of the fracture surface, high magnified image of the Mg alloy part and the higher
magnified image of the region indicated by a square in (b), respectively. As can be seen in Fig. 8 (a),
large holes and small holes exist in the Mg alloy part. It is known that the cavity nucleation occurs
during the superplastic deformation and the fracture follows the connections of the cavities [22-27].
Therefore, it can be deduced that the large holes formed in the cavity interlinkage stage and small
holes formed in the final fracture stage. Furthermore, in Fig. 8, the surfaces of individual grains are
clearly visible. These grains observed in the fracture surface are typical for the superplastic material
exhibiting the grain boundary sliding (GBS) [26]. Hence, it is considered that the deformation
mechanism of Mg alloy during the large elongation was GBS. Figures 8 (b) and (c) display two
types of grains, which have smooth and rough surfaces. These grains are indicated as Grain S and
Grain R. It is reported that this rough surface forms in the final stage of the deformation [27]. Thus,
it can be concluded that grains that which have rough surfaces (Grain R) separated from other grains
just before the occurrence of the fracture, while the grains having smooth surfaces (Grain S) are
believed to have separated due to formation of the cavities.

Additionally, filaments were observed on the grains in the fracture surface as indicated with arrows
in Fig. 8 (c). Formation of the filaments is known as one of the micro-superplasticity phenomena
[28]. This phenomenon was observed in a number of superplastically deformed materials [28-41].
The micro-superplasticity was suggested to correlate with several possible mechanisms: (1) viscous
flow due to the existence of liquid-like or semi-liquid phase [29-37]; (2) single crystalline plasticity
[38, 39]; (3) severe elongation of cavities under the tensile stress [40]; (4) diffusion creep and the
filament growth during the superplastic deformation [41]. However, the testing temperature, 573 K,
for the present alloy was only about 0.62T., of pure Mg, much lower than the eutectic temperature of
a Mg-Al binary alloy system, 710 K [39]. Thus, there is little probability of the viscous flow resulted
from incipient melting in the present alloy. Moreover, the present fracture surface did not show the
O-shaped cavities among the filaments, which is characteristic of the cavity elongation mechanism
(3). Therefore, single crystalline plasticity mechanism (2) or diffusion creep and the filament growth
mechanism (4) are the most probable mechanisms to develop the filaments in the present alloy. It has
been deduced that the rough surface of the Grain R formed during dislocation creep [27]. Therefore,
it is feasible to suggest that the filament gradually formed when the fracture occurred due to the

diffusion creep as reported in [41].

4.2 Deformation mechanism of Al
To check the tensile behaviors of pure Al and AZ80 Mg alloy, Al sheets and Mg alloy sheets were



produced by the hot extrusion of Al and Mg alloy billets, respectively. The sheets were hot-forged
under the same conditions as used for the production of the Al-coated Mg alloy sheets, and then the
Al and Mg alloy sheets were tensile-tested under the same conditions: 573 K, 1.0 x 10 s™.

The tensile test results are shown in Fig. 9. The significant difference of ductility between pure Al
and Mg alloy can be observed in Fig. 9 (a). The multiple necking, which can be observed in the clad
sheet in Fig. 4 (a), was not observed in both the specimens in Fig. 9 (a). Furthermore, from Figs. 9
(b) and (c), it can be found that the Al exhibits only 40 % elongation while Mg alloy shows 800 %
elongation.

This result contradicts evidence of the same Al can be elongated to 550 % when it is used as the
coating material on the Mg alloy surface. It is known that the brittle/ductile multilayered composites
have been acknowledged to have a remarkable enhancement of ductility. Several studies have been
conducted in order to elucidate the mechanisms of ductility enhancement of the brittle material in the
composite materials [42-44]. The major reason of the remarkable enhancement of ductility is due to
load transfer from the brittle layer to ductile layer in the laminated composites owing to the
interaction between the layers [45]. Generally, when necking occurs at a position in a tensile
specimen, local elongation is accelerated in that region, resulting in the occurrence of fracture.
However, as explained above, the load transfer occurs in the composite material. In the case of the
present study, the load transfer can be explained as follows: when the Al coating layer is bonded to
the Mg alloy substrate, the necking and the subsequent local elongation of the Al coating is
suppressed due to the uniform deformation of the superplastic Mg alloy.

It is also known that the load transfer delays the localized necking through the formation of
multiple necking [46-48]. Therefore, the multiple necking can be an evidence of the occurrence of
the load transfer. As mentioned in the previous section, the multiple necking was observed in the
present study (see Fig. 4 (a)). Consequently, the Al-coated Mg alloy sheet in the present study
underwent the load transfer, which can explain the large elongation of the pure Al as the coating
material.

In order for this mechanism to arise, interfacial bonding between the Al and Mg alloy should be
strong. Thus, the precise observation of the interface was conducted and the results are described

below.

4.3 Intermetallic compound layer

An intermetallic compound layer of Al;Mg, formed at the interface between the Al coating layer
and the Mg alloy substrate during the hot extrusion [16]. Due to the hot forging process, the
thickness of the intermetallic compound was reduced from 3.8 to 2.0 um. The coating layer was
broken, as indicated by arrows in Fig. 10 (a). The average thicknesses of the layer before and after

the tensile test at 573 K and at 1.0 x 10 s™ were found to be approximately 2.0 and 10 pum,



respectively. Interestingly, the broken intermetallic layer appeared to be repaired during the tensile
test at 573 K at 1.0 x 10 s™, with excellent bonding observed at the interfaces of Al /intermetallic
layer and intermetallic layer/Mg alloy substrate as can be seen in Fig. 10 (b). By observation, it can
be suggested that the newly produced part of the intermetallic layer grew during the slow tensile
deformation at the elevated temperature. Plastic deformation of this intermetallic compound layer
was also observed in previous research [16]. Furthermore, the thickness of the intermetallic
compound layer of 10 um after the maximum elongation may be negligibly small compared to the
thickness of the sheet of 1.5 mm. Therefore, it can be said that the intermetallic compound layer has
no effect on the deformation behavior of both Mg alloy and Al. However, in order to fully
understand the effect of the intermetallic layer on the deformation behavior of the Al-coated Mg

alloy sheet, further investigation is still required.

5 Conclusions

The Al-coated Mg alloy sheet was successfully fabricated by hot forging. The sheet exhibited a
large elongation of 550 % in a tensile test at 573 K at a strain rate of 1.0 x 10 s™*. Furthermore, the
strain rate sensitivity exponent of the sheet was 0.4, which indicates that the sheet possesses
superplastic characteristics. Interestingly, despite such a large elongation, the Al layer still fully coats
the Mg alloy substrate without breaking or debonding. It was illustrated that the elongation of Al is
not very large when it is tensile-tested alone. Therefore, the mechanism of the large elongation of the
Al on the Mg alloy substrate is considered to be suppression of necking by the uniform deformation
of the Mg alloy substrate; that is, necking and subsequent local elongation of the Al coating layer are
suppressed due to the uniform deformation of the superplastic Mg alloy substrate. The intermetallic
layer formed at the interface between the Al coating layer and the Mg alloy substrate. The

intermetallic layer was plastically deformed and grew during the superplastic elongation of the sheet.
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Figure captions

Fig. 1 (a) Schematic drawing of the equipment for hot forging with dimensions and (b) dimensions
of the upper die and position of the thermocouple hole (all dimensions are in mm).

Fig. 2 Cross sections of (a) hot-extruded Al-coated Mg alloy plate and (b) hot-forged Al-coated Mg
alloy sheet.

Fig. 3 EBSD orientation maps obtained from: (a) Al coating layer part and (b) Mg alloy substrate
part in the Al-coated Mg alloy sheet. Forging direction is vertical and the extrusion direction
corresponds to ND axis. The black and white boundary lines represent high (more than 15 °) and
low (2 ° to 15 °) angle grain boundaries.

Fig. 4 (a) The tensile specimens before and after the elongation of 550 % at 573 K and at 1.0 x 10
s, Stress-strain curves of the Al-coated Mg alloy sheet: (b) effects of tensile temperature at a
strain rate of 1.0 x 10° s™ and (c) effects of strain rate at a tensile temperature of 573 K.

Fig. 5 Effects of strain rate on the flow stress of the Al-coated Mg alloy sheet at different
temperatures.

Fig. 6 (a) Longitudinal cross section of the specimen elongated to 550 % at 573 K and at 1.0 x 10°°
s™ showing the superplastic elongation of the Al coating layer on the Mg alloy substrate. (b)
Magnified image of the cross section of the specimen in the fractured part.

Fig. 7 Change of thickness of Al coating layer with respect to the distance from the fracture surface
of the tensile test at 573 K and at 1.0 x 102 s™*. The average thicknesses of Al coating layer of the
samples after the extrusion [16] and hot forging are also shown in the figure.

Fig. 8 SEM fractographs of the tensile fracture surface of the specimen after the 550 % of
elongation: (a) low magnified image, (b) high magnified image of the Mg alloy part and (c)



higher magnified image of the region indicated by square in (b).

Fig. 9 (a) The tensile specimens at 573 K and at 1.0 x 10 s™. Stress-strain curves of the Al-coated
Mg alloy sheet: (b) pure Al and (c) Mg alloy (AZ80).

Fig. 10 Cross sections of the interface between Al coating layer and the Mg alloy substrate; (a)
before tensile test and (b) after the tensile test at 573 K and at 1.0 x 10 s™.
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