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Abstract: Laminated metal composites have attracted more attention due to their ultra-high strength,
fracture toughness and elongation, full considerations of each component, and coordinated deforma-
tion effect between interfaces. Herein, Zn and Al were selected as the component materials to prepare
Al/Zn laminated composite plates using hot rolling and low temperature annealing, and studied
the influence of the thickness of the diffusion layer at the interface to understand the reason for the
strengthening and toughening mechanism. The results show that, with an increase in annealing
temperature and time, the grain will recover and recrystallize to grow. A diffusion layer with a certain
thickness formed at the interface due to the mutual diffusion of Al and Zn atoms at the interface.
As annealing time and temperature increase, the yield and tensile strengths first increased and then
decreased. The tensile fracture morphology showeds many deep dimples. In the rolling state, the
micro-hardness value at the interface was between Al and Zn.

Keywords: Al/Zn composite plates; hot-rolling; interface diffusion layer; mechanical properties;
microscopic morphology

1. Introduction

Strength and toughness are important mechanical property parameters of metal ma-
terials. However, for a single metal, it is always difficult to obtain these two excellent
properties simultaneously via traditional strengthening methods [1,2]. Thus, more atten-
tion has been paid to laminated metal composites (LMCs) of alternating material layers
by adjusting the morphology and distribution of the microstructure, introducing interface
constraints and other effective ways. These can combine with the advantages of the com-
position layer and interface to produce ideal properties, such as good stiffness, hardness,
elastic modulus and wear resistance, high strength, and excellent ductility [3–8].

Currently, many processes have been developed to prepare macro-scale LMCs, in-
cluding rolling [9], extrusion [10], deposition [11], spraying [12], wire arc additive manu-
facturing (WAAM) [13], etc. Compared to other preparation processes, rolling can obtain
the required plate size more easily [14,15], and a large number of LMCs with excellent
properties, such as Ti/Al [16], Cu/Al [17], Mg/Al [18], and Cu/Cu [19,20], have been
successfully prepared. However, at present, research on LMCs is mainly focused on the
combination of face-centered cubic (FCC) metals or FCC and body-centered cubic (BCC)
metals, while there is relatively less research on composites containing hexagonal close-
packed (HCP) metals as component materials. Moreover, in HCP LMCs, two oxide films
break independently of each other rather than coherently with cubic metals for HCP metals,
and thus, the bonding on the larger expansion interface is suppressed, resulting in poor
bonding performance [21].

For LMCs, their excellent strength and toughness are not only from the metal com-
ponents, but also from the synergistic reinforcement of the interface. The stress can be
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transferred from one metal component to another through the interface because of the
existence of the interface, so as to enhance the strength and toughness of the composite
at the same time. Nevertheless, chemical reactions can occur at the interface to produce
intermetallic compounds (IMCs) for most research systems, but most of the them are brittle.
When the interface impact zone grows to a certain thickness, the stress concentration will
occur under the action of external stress, resulting in local plastic deformation, which will
comprehensively affect the mechanical properties of the composite. For example, CuAl2,
Cu9Al4 and other IMCs are generated between Cu/Al interface [22], FeAl3 and Fe2Al5 at
the Fe/Al interface [23,24], and TiAl3 and Ti2Al5 at the Ti/Al interface [25].

Al is a relatively light metal with good corrosion resistance and ductility, which is
widely used in the industrial field, automotive and aerospace applications, however, its
wide popularity is still limited by low modulus and low strength [26,27]. In contrast,
Zn has a relatively high strength and low ductility, what is more important to Al/Zn
interface is the absence of IMC formation. Up to now, there are few reports on Al/Zn
composite plate. Only Dehsorkhi et al. reported that Al/Zn composite plate was prepared
through continuous annealing, and roll bonding and accumulative roll bonding (ARB)
process [28,29], and however, they focused on the effect of repeated rolling cycles on the
performance, rather than the interpretation from the interlayer interface. Therefore, in
our work, Zn (HCP) and Al (FCC) were selected as candidate materials to produce Al/Zn
laminated composite plates by hot rolling and low temperature annealing, and the effect of
interface and composition on the overall mechanical properties of the composite plate were
investigated to develop an interface diffusion model for an HCP-FCC solid solution system.

2. Materials and Methods
2.1. Materials

In this work, the candidate materials were 1060 pure Al plate and 99.995% industrial
Zn ingot. The Al plate size was 200 mm × 55 mm × 2 mm. The Zn ingot was cut into
rectangular parallelepiped pieces with weight of 2 kg, which can be placed in the crucible
during subsequent casting. The chemical compositions of the candidate materials were
shown in Table 1.

Table 1. Chemical compositions of 1060 Al plate and pure Zn ingot (wt.%).

Material Al Si Zn Cu Mn Mg Ti Fe

Al ≥99.6 ≤0.25 ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.03 ≤0.4
Zn ≤0.001 / ≥99.995 ≤0.001 / / / ≤0.001

2.2. Preparation of Al/Zn Laminated Composite Plate

The whole manufacturing process of Al/Zn composite plate included the treatment of
candidate materials and the subsequent composite casting process. The Al plate was fully
annealed at 580 ◦C for 2.5 h, and then the surface was polished using a wire brush. The polished
Al plate was put into a muffle furnace (model: SX2-4-10N, Taist Instrument Co., Ltd., Tianjin,
China) and preheated at 350 ◦C for 0.5 h. The Zn pieces were into the crucible of the medium
frequency induction furnace (model: DDZP3510725, Dongda Industrial Co., Ltd., Shenzhen,
China) for heating, and the heating temperature was then set to 600 ◦C. The preheated Al plates
were placed in the middle of the mold cavity of the device, and the molten Zn solution was slowly
poured into the mold and removed after cooling to prepare, a 6mm thick Al/Zn composite sheet.
and then is preheated at 350 ◦C for half an hour to reach the recrystallization temperature or
above, select the hot rolling method and determine that the final reduction rate is 73%, ranging
from 6 mm–3 mm–2 mm–1.6 mm.

Finally, the laminated composite sheet with a thickness of 1.6mm was obtained by the
hot-rolling process. The rolling mill equipment model here was Φ170 mm × 300 mm two
high rolling mill. A schematic diagram of the preparation process of Al/Zn composite plate
was shown in Figure 1. Determine the size of 10 mm× 12 mm, along the thickness direction
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for the selection of metallographic samples. The inlay used was a cold inlay containing
acrylic powder and curing agent, and then polished and bolised its surface, after there
are no obvious scratches on the surface of the sample, choose Keller’s reagent [28] and
2.5 g Cr2O3 + 1.0 g Cu2SO4 + 40 mL H2O as etchants to etch Al and Zn respectively. The
dog-bone-shaped samples were cut by wire EDM (model: SMDK-320T, Taizhou, China)
according to GB/T228.1-2010. The sample size was shown in Figure 2.
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Figure 2. Schematic of the tensile test specimen.

2.3. Material Characterization

The prepared Al/Zn laminated composite plate was taken as metallographic sample
to observe the grain and interface morphology by optical microscopy (OM, NIKON-L200N,
Shanghai, China). The interface and tensile fracture morphologies of the composite plate
were studied by scanning electron microscopy (SEM, HITACHI S-3400N, Tokyo, Japan)
equipped with energy dispersive spectroscopy (EDS). The mechanical properties of the
composite plate were tested using a universal tensile testing machine (WDW-10) under the
constant strain rate of 1 × 10−3 s−1 at room temperature, and at least three specimens were
tested for each material. Hardness was measured by micro-hardness tester (Auto Vicky
ZHV-1000F, Shanghai, China), the load is 99.93 gf and dwell time of 15 s, tested 7 points
at each position to take the average value. Electron backscatter diffraction (EBSD) was
used to observe the changes of grain structure of Al and Zn after rolling and annealing,
the distribution of dislocation density in the composite, the substructure in the matrix, the
deformation structure, and the recrystallization.

3. Results and Discussion
3.1. Observation of Interface Morphology

The interfacial and metallographic morphologies were shown in Figure 3. It can be
seen from Figure 3a that the interface in rolling state has obvious zigzag shape. Annealing
is an important means to adjust the interface, as shown in Figure 3b–e. With the increase
of temperature, the grains grow and the interfaces become flat, and a certain thickness of
interfacial transition layer is generated.
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Figure 3. OM images of the samples under different annealing conditions, (a) rolled state;
(b) 200 ◦C × 1.5 h; (c) 240 ◦C × 1.5 h; (d) 280 ◦C × 1.5 h; (e) 320 ◦C × 1.5 h. The red mark repre-
sents the interface zone.

Figure 4 shows the SEM morphology images at different temperatures. All Al/Zn
interfaces show obvious waveform morphology, which is attributed to the different flow
characteristics of Al and Zn components, which lead to deformation incompatibility in
the rolling process, resulting in shear deformation at the interface. At 200 ◦C, there is no
obvious diffusion effect. However, as the temperature increases, interfacial atoms gain
energy and are prone to diffusion, resulting in the formation of a layer of solid solution
with inhomogeneous thicknesses at the interface, as indicated by the red arrow in the
figure, which is mainly because the thermal expansion coefficients of the two components
were different, local generation of micro-pores and cracks at the interface leads to changes
in the path of atomic diffusion. After the annealing and subsequent cooling processes,
different degrees of atomic diffusion are observed. When the temperature increases to
320 ◦C, the transition layer become wider, and it is almost located in the Al matrix. Figure 5
show the point EDS analysis and line scanning result at different annealing temperatures,
respectively. The concentration curve across the interface assumes an “X” shape, indicating
that atoms at the interface diffuse with each other. With the increase of temperature, the “X”
type span becomes larger, means the transition layer becomes thicker, and the thickness of
the diffusion layer is 55 µm at 320 ◦C for 2 h. Point analysis at Figure 5e shows that the
diffusion direction of atoms at the interface is mainly Zn diffusion into Al.
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Figure 5. Energy spectrum analysis under different annealing conditions, (a–d) shows line scanning,
(a) rolled state; (b) 240 ◦C for 1.5 h; (c) 280 ◦C for 1.5 h; (d) 320 ◦C for 2 h, and Panel (e) shows point
scanning at 320 ◦C for 2 h.

3.2. Microstructure of Al/Zn Composite Plate

Figure 6 shows the interface geometrically necessary dislocations (GND) distribution
maps and inverse pole figure (IPF) maps of as-rolled (Figure 6a,b) and annealing (at 280 ◦C
for 2 h) (Figure 6c,d) samples. Here, the upper half of the figure shows the grain of Zn,
while the lower part shows the grain of Al. From Figure 6, it can be seen that the Al
grains are obviously finer than Zn grains for as-rolled (Figure 6b) and (Figure 6d) annealing
sample, respectively. Due to the interaction of rolling pressure and interfacial friction, the
Al undergoes severe plastic deformation through dislocation slip. Meanwhile, the grain
boundaries become serrated and have a high distortion energy to be released. For Zn
side, the grains are uniformly equiaxed and the GNDs density (Figure 6a,c) is significantly
lower than that the Al side. It is obvious that Zn under the rolling state has undergone
recovery and recrystallization, resulting in grain growth. In general, the non-uniformity of
the microstructure is attributed to the friction effect between the roll and the plate surface
in addition to the properties of the material itself [30]. In particular, the dislocations of
Zn basically disappear after annealing, except for a small amount at the interface grain
boundary in Figure 6a,c. This is due to the recrystallization temperature of Zn is relatively
low. However, for Al side, grains are still elongated and broken, and begin to grow by
recovery and recrystallization with the progress of annealing [31,32]. Figure 7 shows the
local misorientation extracted from Figure 5, which can directly reflect the GND, the larger
the misorientation is, the larger the dislocation density is, it is obvious that Al is much
larger than Zn, and the density of each component decreases after annealing.
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In addition, it can be seen that the texture orientation on Al before and after annealing
is [001]||RD. Figure 8 shows the recrystallized grain distribution of the composite plate
after rolling and annealing. Here, 500× and 1000× of grain distribution images are selected
for as annealed and rolled, respectively. Since the grain size of Zn after annealing is very
large and the number is relatively small, that of 500× is clear. In the figure, blue, yellow
and red represents recrystallized grain, substructure, and deformed structure, respectively.
In the rolling state, only a few grains of Zn are still in deformation, while Al contains a
large number of deformed grains. The deformed structure and substructure of Zn side
and Al side are recrystallized to produce a large number of recrystallized grains with
the annealing process. The recrystallized grain fraction increases from 45%, 20.4% to
54% and 32%, respectively, in contrast, the growth rate of Al is higher than that of Zn.
According to the Figure 6a,c, Al as-rolled has a higher dislocation density, and the higher
the deformation energy storage, the more conducive to the dynamic recrystallization
after annealing. However, for Al, although a large number of recrystallized grains have
been formed, it also contains a large amount of deformation texture due to insufficient
temperature and time in Figure 6b,d. Figure 9 shows the grain distribution size of Al side
and Zn side under different annealing conditions.

Metals 2023, 13, x FOR PEER REVIEW 7 of 16 
 

 

 

Figure 7. EBSD local misorientation map. 

 

Figure 8. Recrystallization change at the interface of Al/Zn laminated composite plate at 1000 for 

rolling state (a) and 500× for 280 °C × 2 h (b); Proportion of recrystallization, substructure and de-

formation texture at the interface of Al/Zn laminated composite plate under 1000 for rolled condi-

tion (c) and 500× for 280 °C × 2 h (d). 

Figure 8. Recrystallization change at the interface of Al/Zn laminated composite plate at 1000×
for rolling state (a) and 500× for 280 ◦C × 2 h (b); Proportion of recrystallization, substructure and
deformation texture at the interface of Al/Zn laminated composite plate under 1000× for rolled
condition (c) and 500× for 280 ◦C × 2 h (d).
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3.3. Growth Dynamics Analysis of Interfacial Diffusion Layer

The thickness of the diffusion layer under different annealing condition is shown in
Table 2 and Figure 10. In a short time and at a low temperature, there is a very low diffusion
layer thickness and a slow growth rate, while with the increase of annealing temperature
and time, the thickness of the diffusion layer increases gradually. The possible reason is
that a large number of activated vacancies are generated at high temperature, which is
conducive to the diffusion of interfacial atoms [33,34].

Table 2. Thickness of the interfacial diffusion layer of the Al/Zn laminate composite plate at different
temperatures (T) and times (t).

T [◦C] 200 240 280 320

t [h] 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0

Thickness
[µm] 4.0 6.0 6.5 7.0 4.0 7.9 11.2 16.0 7.1 9.5 24.0 28.0 10.7 43.0 48.0 55.0
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Generally, the square of the thickness of the diffusion layer and the annealing time
conform to the parabolic law of growth dynamics:

y2 = kt (1)

Here, y is diffusion layer thickness, (the unit is µm); t is the annealing time, (the unit is
min); and k is growth rate, (the unit is m2/s). Figure 11 shows the relationship between
the square of diffusion layer and annealing time of the Al/Zn laminate composite plate.
From Figure 11, the thickness of diffusion layer at the interface of Al/Zn composite plate
is proportional to the annealing time, fitting the curves at different temperatures, and the
slopes of the curves are the growth rate k. The growth rates of diffusion layer calculated by
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the slope of the straight lines are shown in Table 3. Obviously, diffusion layer growth is
controlled by atomic diffusion during the annealing process of the Al/Zn composite plate.
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Table 3. Growth rates of the diffusion layer at different annealing temperatures.

T [◦C] 200 240 280 320

k [m2/s] 4.36 × 10−15 2.68 × 10−14 1.42 × 10−13 5.75 × 10−13

The growth activation energy and growth constant of the diffusion layer are calculated
according to Arrhenius formula [35,36]:

k =k0exp(− Q/RT) (2)

lnk = lnK0 −Q/RT (3)

where k0, Q, R, and T represent the growth constant, diffusion activation energy, mole
gas constant and annealing temperature, respectively. Figure 12 shows the relationship
between interfacial diffusion layer of Al/Zn laminates and annealing temperature. As
shown in Figure 12, the logarithm of the growth rate of the composite plate has a linear
relationship with the reciprocal of the absolute temperature. There was a linear fitting of
the curve with a slope of −Q/R and a longitudinal intercept from the coordinate axis of
lnk0, The diffusion activation energy Q of the diffusion layer is 97.59 kJ/mol and the growth
constant k0 is 2.48 × 10−4 m2/s.
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3.4. Mechanical Properties

Figure 13 shows the true strain-stress curve of Al/Zn laminated composite plate under
different annealing conditions. The strength and uniform elongation are listed in Table 4.
With the increase of annealing temperature and time, the tensile strength increases first
and then decrease. Compared with the rolled state, at 200 ◦C, the yield strength does not
change much, but the tensile strength is greatly improved, which is mainly related to the
diffusion layer. This is due to that diffusion can help to optimize the interface structure and
improve performance [37,38]. The diffusion layer with a certain thickness plays a higher
metallurgical bonding role and coordinates the difference in stress of component metals,
moreover, according to the Hall-Petch strengthening [39], the grain size at low temperature
is relatively small, so the strength is improved. When the annealing temperature is 240 ◦C or
above, the strength decreases continuously with the extension of time. Combined with the
previous metallographic morphologies and EBSD microscopic analysis, it is because of the
grain growth and the decrease of dislocation density. Although the diffusion layer produced
by these temperatures is thick, it is not enough to counteract the effect of grain growth.
The uniform elongation increases first and then decrease. The increase is mainly due to
the effect of recovery and recrystallization, moreover, the diffusion layer also provides a
certain work hardening ability. And the decrease is due to the increase of time and the
grain size to a certain extent. When the annealing condition goes up 320 ◦C × 2 h, the
uniform elongation is 4.73%, reaching the brittle fracture level.
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Metals 2023, 13, 748 10 of 15

Table 4. Yield strength (σs), tensile strength (σb) and uniform elongation (δ) of Al/Zn laminate under
different annealing conditions, ∆σb represents the difference in tensile strength between annealed
and non-annealed.

T [◦C] T [h] σs [MPa] σb [MPa] ∆σb [MPa] δ/%

Nonannealed / 101.71 161.73 — 9.41

200

0.5 93.02 194.85 33.12 25.92
1.0 92.92 198.04 36.31 25.69
1.5 90.76 206.15 44.42 27.83
2.0 88.57 202.48 40.75 29.37

240

0.5 88.20 171.79 10.06 33.21
1.0 76.17 142.82 −18.91 37.25
1.5 68.95 131.27 −30.46 42.22
2.0 63.89 121.74 −39.99 30.59

280

0.5 85.66 161.69 −0.04 42.43
1.0 66.04 137.50 −24.23 36.32
1.5 60.58 126.18 −35.55 40.05
2.0 56.75 112.15 −49.58 27.35

320

0.5 63.57 128.35 −33.38 35.75
1.0 54.40 109.92 −51.81 33.34
1.5 50.60 93.35 −68.38 22.29
2.0 46.99 87.43 −74.3 4.62

As can be seen from Table 4, the Al/Zn composite plate has a better strength and
toughness fit at 200 ◦C for 0.5 h. Therefore, tensile fracture morphology under these
condition can be observed, as shown in Figure 14. It can be intuitively seen that the fracture
cross-section of the Al/Zn layered composite plate is an obvious sandwich structure, with
Zn at both ends wrapping around the middle layer of Al. The cross-section fracture of Al is
very narrow, and only a line in the middle can be seen, indicating that the plastic toughness
of Al is very good at this time.
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Figure 15 shows the tensile fracture morphology of the composite laminates under
different annealing conditions. When the annealing condition is 200 ◦C × 0.5 h, the fracture
after necking occurs obviously in aluminum, but the necking is not obvious in Zn, although
there are many small dimples and tear edges. With an increase in temperature, necking
phenomenon also appeared on the fracture surface of Al, and the tearing edge was more
obvious. Furthermore, more dimples appeared on the fracture surface of Zn compared
to low temperature. This can explain the better shaping of 240 ◦C × 0.5 h. As shown in
Figure 15d,h, at higher temperatures and longer annealing times, the dimples are not seen
in the morphology, and the surfaces are separated. This is why elongation at 320 ◦C × 2 h
is the lowest and even brittle fracture occurs.
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The strength of composites can be predicted by the rule of mixtures (ROM), and the
formula is as follows [40]:

σs = σ1 × V1 + σ2 × V2 (4)

Here, σs, σ1, and σ2 represent the yield strength of the Al/Zn laminated composite
plate and, the components of pure Al and pure Zn, respectively. V1 and V2 represent the
volume fraction of pure Al and Zn, respectively, in the composite plate.

Table 5 lists the yield strengths calculated by ROM. Obviously, under annealing condi-
tions at low temperature and time, the theoretical value is lower than the experimental value.
In combination with the transition layer and microstructure, Zn atoms and Al atoms enter the
matrix near the interface through mutual diffusion to form Al/Zn solid solution and cause
lattice distortion, which makes it more difficult for a large number of dislocations to move
and migrate, resulting in material strengthening. Meanwhile, the diffusion layer transfers
the stress from Al to Zn, which enhances the strength and toughness of the composite plate.
When the temperature rises and the time is prolonged, the grains of Al and Zn grow rapidly.
At this time, the diffusion layer at the interface, as a strong interface, easily to causes stress
concentration, plastic deformation, and failure fracture of the material, so that the calculated
yield strength value is higher than the experimental value.

Table 5. Yield strengths of Al/Zn LMCs, pure Al and pure Zn and the calculated yield strengths of
Al/Zn LMCs, σsAl/Zn, σsAl, σsZn and σs

′
Al/Zn.

T/◦C t/h σsAl/Zn/MPa σsAl/MPa σsZn/MPa σs
′
Al/Zn/MPa

200

0.5 93.02 64.4 68.15 67.14
1 92.92 63.29 59.22 60.32

1.5 90.76 57.47 57.47 57.47
2 88.57 52.69 52.69 52.69

240

0.5 88.2 68.03 55.04 58.54
1 76.17 69.38 54.28 58.35

1.5 68.95 63.01 47.78 51.89
2 63.89 61.68 53.48 55.69

280

0.5 85.66 83.45 51.77 60.31
1 66.04 68.31 52.89 57.05

1.5 60.58 70.54 53.92 58.4
2 56.75 61.33 55.36 56.97

320

0.5 63.57 75 55.24 60.57
1 54.4 76.08 53.12 59.32

1.5 50.6 69.07 50.49 55.5
2 46.99 54.16 46.35 48.46

Figure 16 shows the micro-hardness values of the as-rolled and annealed interfaces
at 280 ◦C × 2 h. The test point spacing is 30 µm. The micro-hardness values of pure Al
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and pure Zn in the rolling state are 45 HV and 63 HV, respectively. There is no obvious
transition layer at the interface in Figure 16a. The micro-hardness value here is between
the values of Al and Zn (51 HV). After annealing, the micro-hardness values of Al and Zn
decrease to 31 HV and 42 HV, respectively, and there is an obvious diffusion layer at the
interface. The micro-hardness value of interface is equivalent to that of Zn (43 HV) due
to the enhancement of the diffusion layer. Combined with EBSD image analysis, grain
coarsening and dislocation density reduction cause a decrease in the mechanical properties
of the Al/Zn laminated composite plate. With an increase in annealing temperature, the
movement ability of dislocations accumulated near the interface increases, resulting in a
decrease in micro-hardness at the interface. At the same time, the hardness is equivalent
to that of pure Zn. This is due to the different coordination between phases, during the
annealing and subsequent cooling process, thermal misfit dislocations are introduced,
which makes the micro-hardness of the interface relatively high.
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4. Conclusions

In summary, Al/Zn composite plates were prepared by combining solid-liquid com-
posite and hot rolling, and the effect of the annealing treatment on the mechanical properties
and microstructure of the composite plates was studied in detail. The main conclusions are
as follows:

The grain growth rate of Zn is obviously associated with the annealing time. At the
rolling state and lower temperature, the interface appears serrated. When the temperature
rises, the interface becomes smooth, and a diffusion layer appears on Al side.

The mutual diffusion mechanism of Al and Zn is mainly the diffusion of Zn atoms into
Al matrix, while only a small amount of Al atoms diffuses into Zn matrix. The growth rate
of diffusion layer of Al/Zn composite plate is accelerated with the annealing temperature,
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and the growth law is in line with a parabola. The diffusion activation energy of the
diffusion layer is 97.59 kJ/mol, and the growth constant k0 is 2.48 × 10−4 m2/s.

The strength and uniform elongation of the composite plate increase at low temper-
ature and shorter time, and decrease with an increase in time and temperature. When
the annealing temperature is between 200 and 280 ◦C, and the annealing time is 0.5 h,
the strength and uniform elongation are the best combination. The tensile strength of the
Al/Zn laminated composite plate is 161–194 MPa, and the uniform elongation is 26~42%.

The GND density in the grain of the Al layer is higher than that of the Zn layer. The Zn
grain in the rolled state underwent recovery and recrystallization at normal temperature,
resulting in the dislocation density being greatly reduced.

The diffusion layer with a certain thickness can increase the hardness of the interface,
even equivalent to Zn with higher hardness.
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