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ANALYSIS OF THE MICROSTRUCTURE AND HARDNESS OF ALUMINUM ALLOY GRADIENT PLATE PREPARED
BY FRICTION STIR

The aluminum alloy performance gradient plate was prepared by friction stir joining. Analysis results of the macro morphology,
microstructure, and hardness of the aluminum alloy performance gradient plate prepared under various parameters show that when
the feed speed of the stirring tool is 250 mm/min, the downward pressure of the stirring tool is 6.6 mm, and the rotation speed of
the stirring tool changes from 200 rpm to 800 rpm. The macroscopic morphology of the aluminum alloy gradient plates prepared
by the method first changed from burr to smooth, and vice versa. There is a different cross-section morphology of the prepared alu-
minum alloy gradient plates, however, the aluminum alloy plates are stirred and involved with each other, and the grains of the
prepared plates are refined. The hardness of the upper and lower surfaces of the aluminum alloy gradient sheet decreases, whereas
that of the upper surface of the side increases, and that of the middle and bottom sides also decreases. However, the hardness of
the middle side of the sheet prepared with the rotation speed of the stirring tool at 800 rpm increases, but that of the bottom side
still decreases. Obtained through analysis that the performance of the aluminum alloy gradient sheet prepared at the stirring tool
rotation speed of 500 rpm increases in equal proportion to achieve a good performance gradient change.
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1. Introduction

Friction stir is a new technology to prepare aluminum alloy
gradient plate materials based on the dissimilar aluminum alloy
friction stir joining technology combined with the friction stir
lap technology.

It involves the application of various aluminum alloy mate-
rials in practical engineering applications, such as large aircraft
manufacturing, including the joining of dissimilar aluminum
alloys and applying aluminum alloy lap technology. At present,
there are various research on friction stir bonding of dissimilar
aluminum alloys and friction stir lap bonding technology of the
aluminum alloys. She et al. [1] primarily studied the friction
stir joining of 2A12 and 7075 aluminum alloys and found that
the joining zone was asymmetrical, and the heat-affected zone
on the return side of the joining zone showed grain coarsen-
ing and partial strengthening phase dissolution. This is a weak
area. Gao et al. [2] conducted a frictional stir joining study on
6061-T6/7075-T6 dissimilar aluminum alloys and analyzed that
the joining zone had the weakest hardness, which was composed

of two aluminum alloys (6061-T6 and 7075-T6). Dynamic re-
crystallization occurred in the joining zone, and the grain size
was close to 10 pm. Zhao et al. [3] analyzed that the friction stir
joining zone of 6082-T6/7075-T6 dissimilar aluminum alloy
has a dense structure, and the hardness distribution of the join-
ing zone is W-shaped. The hardness of the retracting side near
7075-T6 is higher, that of the advancing side near 6082-T6 is
lower, and the hardness of the joining center is the lowest. Liu
et al. [4] analyzed the friction stir joining zone of L6/LY 16 dis-
similar aluminum alloy and found that the dislocation density
at the joining location increased, various cellular substructures
appeared, new recrystallized grains were formed, and the hard-
ness values of the heat affected zone in the joining area barely
changed. Liu et al. [5] studied the friction stir joining zone of
6061/7075L dissimilar aluminum alloy and found that the grain
tension of 6061 aluminum alloy as the forward side of the join-
ing zone presents a linear distribution with coarse grains, while
the grain tension of 7075 aluminum alloy as the retracting side
presents a flat and massive arrangement. The hardness of the
side near 6061 aluminum alloy is lower, followed by that near
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7075 aluminum alloy, and the hardness of the center of the
joining zone is the highest. Peng et al. [6] studied the hardness
distribution of the 5A06/6061 dissimilar aluminum alloy friction
stir joining zone by nano-pressing, and the hardness distribution
of the joining zone was asymmetrical. In addition, the hardness
of'the 5A06 aluminum alloy side was almost unchanged, and the
hardness of the 6061 aluminum alloy heat-affected zone showed
a sharp decline. Wang et al. [7] analyzed the microstructure and
properties of the friction stir joining zone of 2195-T8/2219-T87
dissimilar aluminum alloy and obtained that the joining zone
showed a basin shape, the grain size of the heat-affected zone of
the joining zone dramatically changed, and the hardness of the
joining zone was the highest on the side of 2195-T8 aluminum
alloy and the lowest. Fang et al. [8] studied the friction stir lap
of 2A12-T4/7A09-T6 aluminum alloy and obtained that the
interface curve between the lap plates was curved when the lap
was from 2A12-T4 (1.2 mm) to 7A09-T6 (4 mm). Moreover,
when the lap is from 7A09-T6 (4 mm) to 2A12-T4 (1.2 mm), the
surface curve between the lap plate bending is small in a hori-
zontal state. Huang et al. [9] studied the friction stir lap joining
of 7NO1 aluminum alloy and found boundaries appeared in the
lap zone, and the hardness of the joining zone slightly changed,
however, the hardness of the center of the joining zone was low
but reached 70% of the hardness of the base material. Liao et al.
[10] conducted a study on the friction stir joining zone of 5052
aluminum alloy and found that the grain in the joining zone
was refined, grain bending and growing appeared in the heat-
affected zone, and the hardness distribution in the joining zone
showed a “W” shape, and the heat-affected zone has the lowest
hardness. Chen et al. [11] conducted friction stir lap bonding
on 5083 aluminum alloy and analyzed the microstructure and
hardness of the joining zone. The grain refinement and grain
size of the joining zone were significantly smaller than that of
the base material, while the hardness value of the joining zone
was higher than that of the base material. Furthermore, Zhao et
al. [12] analyzed the friction stir lap region of 6063 aluminum
alloy and found that dynamic recrystallization occurred in the
grains in the joining region, and the grains were refined into
equiaxed grains. Meanwhile, Tian et al. [13] used the friction
stir lap joining method to lap 6 mm thick 2219 and 2 mm thick
SA06 dissimilar aluminum alloys. The grains in the side joining
zone near SA06 aluminum alloy were primarily composed of
fine equiaxed crystals, whereas the grains in the heat-affected
zone near 2219 aluminum alloy were coarse, and the hardness of
the joining zone was higher than that of the two aluminum alloy
base metals. The hardness of the heat-affected zone near SA06
aluminum alloy is lower than that of the base metal, whereas the
hardness of the heat-affected zone near 2219 aluminum alloy is

higher than that of the base metal. Song et al. [14] performed
friction stir lap joining on 2024/7075 dissimilar aluminum alloy
with a thickness of 5 mm and they found hook defects in the
lap area.

Results found that there are almost no studies on the
preparation of multi-layer aluminum alloy by friction stir and
the change of performance gradient. Most researchers focus on
the research of friction stirs joining of dissimilar aluminum alloy
and friction stir lap of aluminum alloy. However, this research
can provide basic theoretical and practical technical support for
the in-depth study of the friction stir preparation technology of
multilayer aluminum alloy with gradient distribution properties.
This study mainly applies to the manufacture of aluminum alloy
interface for valve body and pipe connection. This study carried
out three kinds of dissimilar aluminum alloy friction stir prepara-
tion based on the actual engineering needs to obtain a new alu-
minum alloy plate with gradient performance distribution, meet
the needs of different applications, analyze the microstructure
and hardness distribution law of the prepared plate, and provide
technical support for practical engineering applications.

2. Materials and experiments

The experimental materials were rolled 5052-H32 alu-
minum alloy (3 mm thick), 6061-T6 aluminum alloy (2 mm
thick), and 7075-T6 aluminum alloy (3 mm thick). The chemi-
cal compositions of the three aluminum alloys are shown in
TABLE 1.

For the preparation of the aluminum alloy performance
gradient plate, 5052-H32 aluminum alloy, 6061-T6 aluminum
alloy, and 7075-T6 aluminum alloy sizes are 200 mm x 200 mm
x 3 mm, 200 mm X% 200 mm x 2 mm, and 200 mm X 200 mm
x 3 mm, respectively. When preparing the graded aluminum
alloy sheet, the stacking sequence of the three aluminum alloys
is as follows: 5052-H32 aluminum alloy, 6061-T6 aluminum
alloy, and 7075-T6 aluminum alloy from top to bottom. This is
because 6061 aluminum alloy has good plasticizing performance,
which is easy to be stirred and fused with 5051 aluminum alloy
and 7075 aluminum alloy in the process of friction stir joining,
and can prepare a gradient material with good performance.

The aluminum alloy performance gradient plate was
prepared by FSW-LM-A10 friction to stir joining equipment
produced by Beijing Syfost Technology Co., Ltd. The diameter
of the prepared stirring tool and the length of the pin is 18 and
6.5 mm, respectively. The prepared equipment and stirring tool
and schematic diagram of friction stir preparation process are
shown in Fig. 1.

TABLE 1
Chemical Composition of Aluminum alloy (wt%)
Cu Si Fe Mn Mg Zn Cr Ti Al
5052-H32 0.10 0.25 0.40 0.10 2.2-2.8 0.10 0.15-0.35 / Balance
6061-T6 0.15-0.40 0.40-0.80 <0.7 <0.15 0.80-0.12 0.25-0.50 0.40-0.35 <0.15 Balance
7075-T6 1.20-2.00 0.40 0.50 0.30-1.50 2.10-2.90 5.10-6.10 0.40 0.06 Balance
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(a) Friction stir joining
equipment

(b) Stirring tool

(c) Preparation process

Fig. 1. Photos of equipment and stirring tool for preparing aluminum alloy gradient sheet by friction stir and schematic diagram of friction stir

preparation process

TABLE 2
Process parameters of aluminum alloy gradient sheet prepared
by friction stir
Rotation speed of | Feed speed of the Downward
Sample .. . pressure of the
number the stirring tool stirring t?ol shoulder
o (rpm) v (mm/min) A (mm)
1 200
2 300
3 400
4 500 250 0.1
5 600
6 700
7 800

The technological parameters for the preparation of alu-
minum alloy performance gradient plate are as follows: the
rotation speed of the stirring tool is 200-800 rpm, the feed speed
of the stirring tool is fixed at 250 mm/min, and the downward
pressure of the shoulder is 0.lmm. See the selection of specific
experimental process parameters in TABLE 2.

When the aluminum alloy performance gradient plate is
prepared by friction stir, the surface of each brand of aluminum
alloy plate is first cleaned and dried with water, and then the
surface is cleaned and dried with anhydrous ethanol. In addition,
if there is any polluted surface, the surface is cleaned and dried
with acetone and rinsed with water, and then it is cleaned and
dried again with anhydrous ethanol. After cleaning the aluminum
alloy plates of each brand, they are stacked and placed on the

workbench for fixing following the above protocols. The stirring
tool moves outward from the center of the plate in a circular track
in turn, and the offset of each turn of the stirring tool is 5 mm.
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Fig. 2. Schematic diagram of metallographic sample sampling

Subsequently, the microstructure and hardness of the pre-
pared gradient aluminum alloy sheet were analyzed. The micro-
structure was observed by the MDS400 inverted metallographic
microscope produced by Beijing Sebiao Science and Technology
Co., Ltd. After the microstructure observation sample was cut
from Fig. 2, it was polished and polished, and corroded with
20% aqua royalty +5%HF + 75%H,0. The hardness tester
HVST-1000Z-shaped Vickers Hardness tester produced by
Laizhou Weiyi Test Instrument Manufacturing Co., Ltd. was
selected for the hardness test. The location of the hardness test
was shown in Fig. 3. During the hardness test, three tests were
conducted on each point, and the average value was the hardness
value of the point. During the hardness test, the pressure was
held for 10 s and a pressure of 500 g was applied.
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(a) Upper surface hardness
test point

Fig. 3. Schematic diagram of hardness test points

(b) Lower surface hardness
test point

(c) Cross section hardness
test point
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3. Analysis of experimental results
3.1. Macroscopic morphology analysis

Fig. 4 shows the macro morphology of the aluminum alloy
gradient sheet prepared by friction stir under the parameters.
As shown in the figure, when the rotation speed of the stirring
tool reaches 800 rpm, the surface forming of the aluminum alloy
gradient sheet is poor, with more flying edges, and the flatness
of the whole sheet plane is the worst, as shown in Fig. 4(g).
The second worst is the aluminum alloy performance gradient
sheet obtained when the stirring tool rotation speed is 700 rpm,
as shown in Fig. 4(f). Although the surface flying edge is less,
various burrs remain and the surface smoothness is also lacking.
Although there are few burrs in Figs. 4(a) and (b), there are more
concentrated flying edges in the middle and deep arcs between

~-

(d) Sample4

(2) Saple7

each circle of modification. There are a few burrs in Fig. 4(e)
and the overall effect is slightly better than in Figs. 4(a) and (b).
Meanwhile, Figs. 4(c) and (d) have good surface morphology
with few burrs. In particular, both the middle position and the
whole prepared surface in Fig. 4(d) are smooth and have the best
effect. Based on the aluminum alloy gradient sheet prepared by
each parameter in Fig. 4, a reasonable selection of the prepara-
tion process parameters can obtain a better surface topography.

3.2. Microstructure analysis
Fig. 5 shows the metallographic microstructure of the
aluminum alloy gradient sheet prepared by friction stir under

the parameters. As shown in the figure, when the feed speed
and downward pressure of the stirring tool are fixed, the micro-

(f) Sample6

Fig. 4. Photos of aluminum alloy performance gradient plates prepared under various parameters
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(g) Sample7

Fig. 5. Metallographic microstructure of aluminum alloy gradient sheet prepared under various parameters

morphologies of the section of aluminum alloy with performance
gradient obtained by selecting different rotation speeds of the stir-
ring tool are completely different. However, when the rotational
speed of the stirring tool is not high, the obtained sectional mold-
ing metal flow remains to change regularly, that is, each layer
of aluminum alloy plate still changes regularly with the forward
direction of the stirring tool, as shown in Fig. 5(a). As the rota-
tional speed of the stirring tool increases, the flow of the molded
metal in the cross section is larger, and the plasticization and

fusion of each layer of aluminum alloy sheet are serious, but the
excessive area is still evident, as shown in Figs. 5(b) and (c).
Meanwhile, as the rotational speed of the stirring tool continues
to increase, the cross-section morphology is more clearly strati-
fied. As shown in Fig. 5(d), the aluminum alloys in each layer
are fused and have distinct layers, thereby forming an extremely
effective gradient structure. Furthermore, with the increase of
the rotation speed of the stirring tool, the fusion degree between
each layer of aluminum alloy sheet was further improved, and
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the upper layer sheet effectively entered the lower layer sheet,
thereby forming a characteristic performance-modified sheet, as
shown in Figs. 5(e), (f), and (g).

Fig. 6 shows the metallographic structure of the three base
metals. By comparing Figs. 5 and 6, the grain of the aluminum
alloy performance gradient sheet prepared by friction stir is well
refined. Relative to the metallographic structure of each base
metal, the grain of each sample position in Fig. 5 presents an
equiaxed crystal state, whereas the grain of the sheet in Fig. 6
is in strip shape, which fully indicates that during the process of
friction stir preparation of aluminum alloy performance gradient
sheet. High friction thermoplasticized aluminum alloy layers
were generated in the region passed by the stirring tool, and heat
storage was formed under the force of the stirring tool shoulder,
the base metal in the pin area, and the bench bottom plate. Then,
recrystallization of the grains in the stirring region was obtained,
and uniform equiaxed crystals were finally formed, which was
similar to the grain shape described in the literature [15-18].

3.3. Hardness analysis

Fig. 7 shows the hardness curves of the upper and lower
surfaces of the aluminum alloy performance gradient sheet
samples prepared under different parameters. TABLE 3 lists the
average values of the upper and lower surfaces of the aluminum
alloy performance gradient sheet samples prepared under dif-

(a) 5052-H32

Fig. 6. Metallographic structure of base metals
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TABLE 3

Average hardness values (HV) of the upper and lower surfaces of
each sample

Average 5052 Average 7075
Sample | hardness aluminum hardness aluminum
number | of upper | alloy hardness | of lower | alloy hardness
surface value surface value
1 55.319 82.338
2 53.156 89.716
3 55.330 73.998
4 56.812 63.37 102.416 159.34
5 53.744 81.858
6 55.459 95.132
7 54.441 112.392

ferent parameters and the surface hardness values of the base
metal 5051-H32 and 7075T6. As shown, the upper and lower
hardness values of the aluminum alloy gradient sheet prepared
under each parameter are lower than those of the correspond-
ing base metal. This is because the 5052 aluminum alloy sheet
on the upper surface and the 7075 aluminum alloy sheet on
the lower surface generate a large amount of friction heat under
the agitation of the stirring tool, which promotes the plasticiza-
tion of the stirred metal. However, in the flow of the plasticized
metal, there is no bottom plasticized metal entering the surface
of 5052 aluminum alloy and the bottom of 7075 aluminum al-
loy, which corresponds to the previous metallographic photos,
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(b) Lower surface

Fig. 7. Upper and lower hardness values of aluminum alloy gradient plate prepared by friction stir



thereby fully indicating that in the process of preparing aluminum
alloy performance gradient plate. The stirred metal in the middle
of the stirring tool did not reach the surface of 5052 aluminum
alloy and the bottom of 7075 aluminum alloy. And promote 5052
and 7075 aluminum alloy surface hardness decline is the reason
is under the action of friction heat, 5052 aluminum alloy and
7075 aluminum alloy surface heated grain recrystallization, the
original rolled plate grain into a more uniform equiaxed crystal.
However, given the upper stirring tool shoulder and the lower
table two-way action, 5052 and 7075 aluminum alloy surface
heats cannot dissipate, and finally caused 5052 and 7075 alu-
minum alloy surface refinement equiaxed grain growth, thereby
reducing the surface hardness.

Fig. 8 shows the curve diagram of the side hardness val-
ues of the aluminum alloy performance gradient sheet samples
prepared under various parameters. TABLE 4 lists the average
side values of the aluminum alloy performance gradient sheet
samples prepared under various parameters and the side hardness
values of the base metal 5051-H32 and 7075T6. As shown, the
side hardness of the 5052 aluminum alloy sheet on the upper
surface is improved, which indicates that the 6061 aluminum al-
loy in the middle layer effectively enters the 5052 aluminum alloy
in the stirring process of the stirring tool, thereby greatly increas-
ing the side hardness of the 5052 aluminum alloy, whereas the
hardness of the middle layer of the aluminum alloy decreases
(The hardness of 6061 aluminum alloy is 103.3HV). It is because
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Fig. 8. Hardness value of cross-section of aluminum alloy gradient plate
prepared by friction stir
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the upper 5052 aluminum alloy enters into the 6061 aluminum
alloy after the stirring tool action, thereby reducing the hardness
of the 6061 aluminum alloy side. However, sample 7 instead
increases the hardness of the side of the 6061 aluminum alloy,
because during the stirring process, this phenomenon occurs
when part of the 7075 aluminum alloy is fused into the 6061
aluminum alloy. This can be illustrated by the metallographic
structure photograph in Fig. 5(g).

The lower side hardness of the 7075 aluminum alloy is
because of the mixing of the 6061 aluminum alloy into the
7075 aluminum alloy layer, which reduces the hardness of
the 7075 aluminum alloy side. The above hardness changes are
consistent with those described in the metallographic photo-
graphs in Fig. 5.

It can be seen from Tables 3 and 4 that when the feed
speed of the stirring tool and its downward pressure is fixed
at 250 mm/min and 0.1 mm, respectively, the optimal rotation
speed of the stirring tool for the preparation of aluminum alloy
gradient sheet is 500 rpm. Not only do the upper and lower
surfaces of aluminum alloy gradient plates prepared under these
parameters have little changes in hardness values, but also the
hardness values on the side of the plates have approximately
equal proportional changes, thereby completely realizing the
gradient change of hardness values on the side.

3.4. Discussion and Analysis

In the above discussion, the preparation of samples 4 and 7
is better with a small height, but the hardness of sample 7 does
not show a gradient, and the hardness of the middle layer is high.
However, the hardness of the upper and lower sides is low and the
gradient change effect is not achieved. Therefore, the preparation
effect of sample 4 is the best compared with the above analysis.
The photo analysis of the prepared metallographic structure of
sample 4 is shown in Fig. 9, and the change of metallographic
structure is analyzed at different positions in Fig. 9, as shown
in Fig. 10.

As shown in Fig. 9, repeated stirring processes occur for
each rotation and feed of the stirring tool. A position with periodic
changes is selected in Fig. 9 for analysis. Thus, 12 special points
represented in Fig. 9 are selected for metallographic structure

TABLE 4
Average hardness values (HV) from the upper to lower surfaces of each sample

Sample | Average hardness of | Average hardness of Ai:;et::lgneeg?:inels;tgf Average hardness of | Average hardness of | Average hardness of
number | upper plate section | 5052-H32 section section P 6061-T6 section lower plate section 7075-T6 section

1 51.98 67.28 84.58

2 51.76 79.32 85.02

3 55.10 74.96 78.04

4 50.58 49.92 71.98 100.10 96.36 149.58

5 53.12 60.28 76.54

6 53.72 57.08 96.16

7 52.22 108.36 106.36
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analysis to better analyze the change of metallographic struc-
ture in this figure, as shown in Fig. 10. From Fig. 9, there are
approximately three-color changing regions with different
depths, namely white, light gray, and dark gray regions. In ad-
dition, the changes in these three colors show a progressive
process, thereby indicating that the preparation process is also
consistent with the previous hardness analysis, that is, under
the rotation of the stirring tool, the 6061 aluminum alloy enters
into the 5052 aluminum alloy above. The 5052 aluminum alloy
will also move down the thread of the stirring tool to 6061 and
7075 aluminum alloys; the 6061 aluminum alloy will also move
down to 7075 aluminum alloy, and the 7075 aluminum alloy will
rise to 6061 aluminum alloy. However, from the point of view of
the metallographic structure analysis, the 7075 aluminum alloy is

(f) Position6



(g) Position7
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(i) Position9

SRR Fad i

(k) Position11

Fig. 10. Photos of metallographic structure at different positions in Fig. 9

difficult to fuse into the upper body of the 5052 aluminum alloy,
which is also related to the 7075 aluminum alloy itself, its high
hardness, and poor plasticity. The rotation along the stirring tool
thread is also difficult to rise to the upper surface, hence, the side
performance of 5052 aluminum alloy is improved, and the side
performance of 6061 and 7075 aluminum alloys is reduced.
As shown in Fig. 10(a), 6061 aluminum alloy enters into
the 5052 aluminum alloy in position 1; position 2 should be the
original part of the 5052 aluminum alloy, as shown in Fig. 10(b);
and positions 3 and 4 indicate that 5052 aluminum alloy enters
into the stirred sandwich before and after 6061 aluminum alloy,
as shown in Figs. 10(c) and (d). Moreover, traces of stirring of
5052 aluminum alloy into 7072 aluminum alloy can be seen

(1) Position12

In Fig. 10(e); traces of stirring of 5052 aluminum alloy into
6061 aluminum alloy can be seen in Figs. 10(f), (g), and (h),
corresponding to positions 6, 7, and 8 in Fig. 9, respectively.
In Fig. 10(i), 7075 aluminum alloy enters into 6061 aluminum
alloy; position 11 in Fig. 10(k) can see the fusion of three
aluminum alloy metals, and the three are permeated with each
other. Positions 10 and 12 in Fig. 10(j) and (1) can also show
the fusion among the three. The plasticizing flow process of
the dissimilar aluminum alloy in Figs. 9 and 10 is described in
the document [19], which also has distinct hierarchical feeling
and interface transition zone. However, the metallographic mor-
phology of the dissimilar aluminum alloy is consistent with that
of Fig. 5(g).
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4. Conclusions

(1) When the feed speed of the stirring tool is fixed at
250 mm/min and the downward pressure of the shoulder
is 0.1 mm, the optimal rotational speed of the stirring tool
for the preparation of the aluminum alloy gradient sheet is
500 rpm.

The cross-section microstructure of aluminum-alloy gradi-
ent plates prepared with different stirring tool rotation rates
is completely different, but the grains of the prepared plates
are refined.

The hardness of the upper surface of the graded aluminum
alloy plates prepared by different stirring tool rotation
speeds is lower than that of the 5052 aluminum alloy surface.
The hardness of the lower surface of the graded aluminum
alloy plates prepared by different stirring tool rotation
speeds is lower than that of the 7075 aluminum alloy sur-
face. The hardness value of the upper surface of each sample
cross-section is higher than that of the 5052 aluminum alloy
cross-section, but the hardness value of the middle surface
of each sample cross-section is lower than that of the 6061
aluminum alloy cross-section. Similarly, the hardness
value of the lower surface of each sample cross-section is
lower than that of the 7075 aluminum alloy cross-section.

2

3)

Acknowledgments

This study was financially supported by the Key Research and Development
Project from Anhui Province of China (Grant No. 202004a05020025 and
Grant No. 202104b11020011), Key project of Natural Science research in
Universities of Anhui Province(KJ2021A1042), the China Postdoctoral
Science Foundation (No. 2016M600411), the Open Research Project of
Anhui Simulation Design and Modern Manufacture Engineering Technol-
ogy Research Center (Huangshan University) (No. SGCZXZD1801 and
SGCZXZD1901), Huangshan University Postdoctoral Support Project
(No. 2020bkjq002), and Anhui Provincial Excellent Young Talents Support
General Project, China (No. gxyq2019086), Anhui Province Construc-
tion Machinery Intelligent Manufacturing Key Laboratory Open subject
(No.IMCM2021KF01), Anhui University Collaborative Innovation Project
(No. GXXT-2021-092).

REFERENCES

[1] S.Y. She, D.F. Zhang, J.L. Han, et al., Research on forming and
mechanical properties of dissimilar 2A12 and 7075 alloy joint by
friction stir welding, Nonferrous Metal Eng. 9 (5), 17-22 (2019).

[2] S.K. Gao, L. Zhou, X.M. Zhang, Microstructure and properties
of friction stir welded joints for 6061-T6/7075-T6 dissimilar
aluminum alloy, Trans. China Weld. Inst. 43 (6), 35-42 (2022).

[3] Z.M. Zhao, Y. Huang, S.H. J. Wang, Study of the fatigue property
for 6082-T6/7075 -T6 dissimilar aluminum alloys joints by friction
stir welding, Mater. Prot. 54 (10), 19-23 (2021).

[10]

(1]

[16]

[17]

X.W. Liu, D. Chen, J.H. Yan, Analysis of the organization and
performance of L6-LY 12 friction stir welding (FSW) joint, Mech.
Sci. Technol. 23 (12), 1430-1432 (2004).

X.CH. Liu, H. Wang, Effect of stirring head’s totation speed on
properties of dissimilar aluminum alloy FSW joints, Aerosp.
Mater. Technol. 52 (5), 90-95 (2022).

G.J. Peng, Q. Yan, T.H. Zhang, et al., Effect of heat input on
fracture behavior of friction stir welded 5A06-6061 aluminum
alloy joints, Chin. J. Nonferrous Met. 30 (9), 2041-2047 (2020).
F. Wang, ZH. Fang, CH. Xu, et al., Microstructure and mechani-
cal properties of FSW joints between dissimilar high-strength
aluminum alloys, J. Aeronaut. Mater. 35 (1), 33-38 (2015).

Y.F. Fang, H. Zhang, C.L. Dou, Study on friction stir lap weld of
2A12-T4/7A09-T6 aluminum alloys, Trans. China Weld. Inst. 41
(1), 86-90 (2020).

L.J. Huang, L.CH. Meng, W.Q. Qu, Study on mechanical prop-
erties of thick plate overlap friction stir welding joint of 7NO1
aluminum alloy, Hot Work. Technol. 46 (3), 189-194 (2017).
H.M. Liao, J. Hou, H. Li, Study on friction stir lap welding of
5052 Al alloy, Hot Work. Technol. 42 (17), 167-169 (2013).

Y. Chen, N.N. Fu, CH.B. Shen, et al., Research on the joint of
friction stir lap welding for aluminum alloy 5083, J. Mater. Eng.
40 (6), 24-27 (2012).

Y. Zhao, G. Yang, W.K. Le, Lap welding process of FSW for 6063
aluminum alloy, J. Jiangsu Univ. Sci. Technol. (Natural Science
Edition) 25 (6), 546-548+552 (2011).

Z.H.J Tian, Y.Z.H. Zhang, K.Y. Dong, Research on lap fillet weld-
ing joint of aluminum alloy with unequal thickness for aviation,
Met. Mater. Metall. Eng. 44 (1), 58-62 (2016).

Y.B. Song, X.Q. Yang, L. Cui, et al., Defects and tensile proper-
ties of friction stir welded lap joints for dissimilar high-strength
aluminum alloy, Chinese J. Nonferrous Met. 24 (5), 1167-1174
(2014).

H.L. Wang, X.H. Zeng, X.M. Zhang, et al., Microstructure and
mechanical property of friction stir weld joints of dissimilar
Al-alloys 5083 and 6061, Chinese J. Mater. Research 32 (6). 473-480
(2018). DOI: https://doi.org/10.11901/1005.3093.2017.634

T.E. Alpay, S. Miimin, A. Mustafa, Tribological behavior of SiC
particulate reinforced AA5754 matrix composite under dry and
lubricated conditions, Trans. Indian Inst. Met. 70, 1233-1240
(2017). DOT: https://doi.org/10.1007/s12666-016-0915-7

F. Vatansever, A.T. Ertiirk, S. Karabay, Improving mechanical
properties of AlSi10Mg aluminum alloy using ultrasonic melt
treatment combined with T6 heat treatment, Kovove Mater. 57,
33-43 (2019).

DOI: https://doi.org/10.4149/km_2019 1 33

E. Yarar, A.T Ertiirk, S. Karabay, Dynamic finite element analysis
on single impact plastic deformation behavior induced by SMAT
process in 7075-T6 aluminum alloy, Metal. Mater. Inst. 27,
2600-2613 (2021).

DOIL: https://doi.org/10.1007/s12540-020-00951-y

H.Y. Wang, D.F. Song, N. Zhou, et al., Microstructure and micro-
hardness of friction stir welded lap joint of dissimilar aluminum
alloy, Hot Working Technol. 40 (3), 115-118 (2011).


https://xueshu.baidu.com/s?wd=author:(E Yarar) &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person
https://xueshu.baidu.com/s?wd=author:(AT Erturk) &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person
https://xueshu.baidu.com/s?wd=author:(S Karabay) &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person

	Xin Li1, Meng Wang1, Han Qi2, Jie Li3*, Changchun Pan4, 
Jing Zhang3, Jingman Lai3
	Low Temperature Welding Test and Numerical Simulation of Metallurgical 
Phase Transformation of Q460GJC Thick Plate

	Song Weiwei1,2,3*, Pu Jiafei1,2,3, Jiang Di1,2,3, Ge Xiaole1,2,3, 
Dong Qi1,2,3, Wang Hongfeng1,2,3
	Analysis of the Microstructure and Hardness of Aluminum Alloy Gradient Plate Prepared 
by Friction Stir

	Rui-Bin Gou1, Wen-Jiao Dan1*, Yong-Sheng Xu2, Min Yu3, Tong-Jie Li1
	Strain-Hardening Prediction of DP600 Steel Considering the Heterogeneous Deformation 
Between Ferrite and Martensite

	ManFeng Gong1,2, GuangFa Liu1,2, Meng Li1,3*, XiaoQun Xia1, 
Lei Wang1, JianFeng Wu1,2, ShanHua Zhang1,2, Fang Mei1
	Bonding Properties of TiAlCrSiN Coating / WC-8Co Cemented Carbide 
with Microtextured Surface

	A. Trela￼1, A. Pribulova￼2, P. Futas￼2
	Analysis and Quality Assessment of Refractories Formed under Reduced Pressure

	J. Lachowski￼1, J. Borowiecka-Jamrozek￼1*
	Properties of FeCuSnNi Sinters as Matrices of Metal-Diamond Composites 

	A. Dziwis￼1, T. Tański￼1, M. Sroka￼1*, A. Śliwa￼1, R. Dziwis￼1
	Numerical Analysis of the Strength Properties of the Movable Connection

	R.N. Sandor￼1, A.B. Pop￼1, M. Nabiałek￼2, C. Alexandru￼3, A.M. Țîțu￼4*
	Experimental Research on the Influence of Roughness of the Machined Surface of 
a Part on Galvanization

	D.G. Budală￼1, D.I. Virvescu￼1*, E.R. Baciu￼1, P.J. Pietrusiewicz￼2, 
R.I. Vasluianu￼1, D.N. Frățilă￼1
	Using Denture Base For Local Treatment With Vit B12 Versus Parenteral Treatment – 
A New Approach

	F.S. Shaharudin￼1, F.F. Zainal￼1*, N.F. Hayazi￼1, N. Parimin￼1, 
N.I.M. Nadzri￼1, S. Hastuty￼2, A. Kusbiantoro￼3
	Investigation of Corrosion Behaviour of Mild Steel Embedded in Geopolymer Paste 
with Curing and Non-Curing Process

	N.A.R. Shaari1, N.M. Apandi￼1,2, N.M. Sunar￼3*, R. Nagarajah1, 
K. Cheong1, S.S.M. Ahia1, K.A.A. Halim4, M. Gacek5, W.M. Wan Ibrahim4
	Effects of different microalgae Botrycoccus sp. Beads concentrations 
on the growth and nutrients uptake in kitchen wastewater

	N.F. Yahya￼1*, T.N.H.T. Ismail￼1, F.M. Yusop￼1, N.A.A.M. Mahani￼1, 
A.F. Malik￼1, L.A. Sofri￼2, J. Gondro￼3
	A Review of Tensile Properties of Natural Fibres for Geotechnical Applications

	Ruoxu Wang1,2,3, Lubei Liu1,2, Zongheng Xue1,2, Teng Tan1,2*
	Investigation of the Microstructure and Mechanical Properties of Brazing Joints 
between Niobium and 316L Stainless Steel using Silver-Copper-Palladium Filler

	M. Rumiński￼1*
	Effect of History of Deformation and Heat Treatment on Cold Drawing Process Parameters 
and Final Properties of AISI 302 Stainless Steel Wire

	T. Kaźmierski￼1, J. Krawczyk￼2, Ł. Frocisz￼2
	Characteristic of DP600 Steel Produced in Hot Rolling Process


