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Abstract—Aluminum laminated composite (ALC) is a new type
of structural material with a broad application space and
development prospects. Due to the laminated structure, the
mechanical properties and failure patterns of ALCs differ
significantly from those of uniform materials. The friction stir
welding (FSW) of Al alloy can effectively avoid many defects
caused by fusion welding, but the FSW of ALCs is in its
infancy stage. Friction stir welding experiment of 7B52 ALC
was carried out in this study. The Vickers hardness test, tensile
test and impact test were performed on the specimens of the
joint and base metal to analyze the effect of friction stir
welding on microhardness, tensile properties and impact
properties. The fracture surfaces were observed by SEM to
investigate the fracture mechanism. A defect free weld was
obtained. However, the laminated structure was destroyed,
resulting in the decrease of microhardness and tensile strength.
The microstructure of the weld was improved, significantly
increasing the impact toughness.
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l. INTRODUCTION

Aluminum alloy is widely used in aerospace, marine,
transport vehicle, military industry and other fields due to its
low density and high specific strength. However, with the
development of science and technology and the emergence
of various new industries, it is increasingly difficult for a
single material to satisfy the requirements of production. As
a result, composite materials made of different metals or
alloys with special structures and higher properties have
attracted more and more attention [1-3].

Al laminated composite (ALC) consists of two or more
different aluminum alloys [4]. It is produced by rolling,
casting and other manufacturing processes to achieve
metallurgical bonding on the interface [5]. A novel Al matrix
Ca reinforced nanocomposites was developed by Tian et al
[6, 7] using powder metallurgy and severe deformation
processing (i.e. extrusion, swaging and wire drawing) to
achieve metallurgical bonding at metallic interfaces with
high strength, high electrical conductivity. They also
developed a general strengthening model for metal matrix

composite based on the strengthening from interfaces using
the strain gradient concept [8].Compared with traditional Al
alloys, ALCs are superior in strength, ductility and impact
resistance [9, 10]. They also bear excellent particular
performances, such as ballistic protection, blast mitigation,
thermal management, heat exchange and vibration damping
[11]. Besides, the mechanisms of deformation and fracture of
laminated composites differ greatly from those of uniform
materials [12]. The interfaces between metallic-intermetallic
layers result in the deviation and deceleration of propagating
cracks, increasing the reliability of the material [13]. For
examples, Pu et al. [14, 15] investigated multilayered steel
composite using the crystal plasticity finite element method.
Their study indicated that the enhanced load transfer
effectiveness resulted in excellent performance of this
composite-type metallic material in terms of strength and
ductility. A stress corrosion intergranular cracking at the
grain boundary interfaces was studied by their diffusion-
coupled cohesive zone model [15, 16].

The joining of ALC is of great importance for its
utilization in all fields. However, when it comes to fusion
welding, ALC is accompanied by the same defects of
traditional Al alloys like porosity and cracks as well as large
residual stress and deformation. For example, the defects and
damages in composites like porosity and cracks can be
imaged and detected by an advanced technique developed by
He et al [17, 18] using guided waves to estimate the defect
reflectivity, which can be converted to Young's modulus or
stiffness in the damage region. Besides, the pre-welding
preparation was complicated in order to remove hydrogen,
which severely reduced the efficiency of production.

The friction stir welding (FSW) can achieve joints free
from these defects since melting does not take place during
the welding process and the metals are joined in the solid
state due to the heat generated by the friction and the
material flow by the stirring [19]. Since developed at The
Welding Institute (TWI) in the UK in 1991, FSW has been
popularized rapidly and become the most prevalent method
for the joining of Al alloys [20]. Nowadays, although FSW
process of Al alloys is mature, there are few researches on
friction stir welding of ALCs.
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7B52 Al laminated composite is made of two kinds of
7xxx series Al alloy sheets by rolling. One of them is 7A52
Al alloy, a kind of structural material with excellent strength,
weldability and defensible performance which is developed
in China and applied in armored vehicles [21, 22]. Friction
stir welding of 7A52 Al alloy has been explored by several
researchers in recent years and optimized process parameters
for various thicknesses of plates have been acquired [23-26].

In this paper, mechanical properties of the base metal and
friction stir welded joint of 7B52 laminated Al alloy are
tested to analyze the effect of FSW on the properties of
ALCs. Proper welding process will play an important role in
the popularization of ALCs.

1. EXPERIMENTAL PROCEDURE

Welding was performed on 7B52 ALC plates with the
dimensions of 12 mm > 150 mm > 500mm in a butt joint
configuration. Fig. 1 shows the schematic illustration of the
laminated structure of the ALC plate with 3 layers. The
thicknesses of L1, L2 and L3 were 3 mm, 3mm and 6mm,
respectively. Between adjacent layers was interlamellar (IL)
material with the thickness lower than 0.1mm. According to
the EDS analysis, the chemical composition of each layer is
shown in table 1.

The FSW experiment was carried out on a gantry friction
stir welding machine (FSW-LM-025-2030). A conical
threaded welding tool made from tool-steel with a shoulder
diameter of 24 mm and a probe diameter of 12 mm was used
with tool tilt angle of 2.5< The welding tool rotated in a
counter-clockwise direction at a rotational speed of 500
r/min and simultaneously traversed along the weld line at a
speed of 150 mm/min.

The Vickers hardness test was carried out on a Vickers
microhardness tester (HVS 1000Z) with the indenter load of
9.8 N and the loading time of 10 s.

TABLE I. CHEMICAL COMPOSITION IN LAYERS (EDS DATA, WT. %)
Layer Zn Mg Cu Cr Mn Al
L1/L2 4.89 2.50 0.10 0.17 0.58 Balance

L3 6.80 3.49 1.00 0.09 0.15 Balance

L3

Figure 1. Schematic diagram of the laminated structure of 7B52 ALC

plate.

According to ASTM E8M standard, three sub-sized
tensile specimens were respectively cut from the weld and
the base metal by wire-electrode cutting. In order to
investigate the difference in mechanical properties between
laminated alloy and traditional single-layer alloy, three
specimens identical to L3 alloy on the 7B52 ALC base metal
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were also prepared. The test was carried out in a universal
testing machine (CSS 44100).

Charpy V-notch specimens were prepared in the same
way according to ASTM E23 standard and tested in an
impact test machine (JB30A).

After the tensile test and impact test, the fracture surfaces
of the specimens were observed by SEM.

I1l.  RESULTS AND DISCUSSION

A. Vickers Microhardness

The Vickers microhardness values of the FSW joint
specimen were measured in L2 and L3 on the cross section
and the microhardness distribution are shown in Fig. 2. Since
the first layer was too close to the edge of the sample, the
microhardness was unable to be measured accurately.
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Figure 2. Microhardness in L2 and L3 of the FSW joint.

Figure 3. Macrograph of the cross section of the FSW joints.

In L3, the microhardness values in different regions of
the weld are dramatically different. The microhardness in the
nugget zone (NZ) is slightly lower than that of base metal,
with the maximum value exceeding 90% of base metal. The
microhardness in thermal-mechanical affected zone (TMAZ)
and heat affected zone (HAZ) is relatively lower, especially
in HAZ on the advancing side (AS), where the minimum
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hardness value was obtained. The grains in NZ were refined
due to the dynamic recrystallization, getting the
microhardness improved. In HAZ and TMAZ, the grains got
coarser with the increase of temperature, resulting in lower
microhardness.

In NZ, the microhardness values on the AS are
apparently lower than those on the retreating side (RS). As
shown in Fig. 3, the AS presents a scale like morphology,
which is caused by the alternate distribution of downward L2
material flow and L3 matrix. And experimental results show
that the microhardness of L2 alloy is lower than that of L3
alloy. As a result, the microhardness of L3 on the AS
decreased because of the interfusion of L2 alloy. The
minimum value is 135 HV, which is still higher than that of
the microhardness of L2 alloy.

The hardness of L2 base metal is approximately 120HV,
which is 25% lower than that of L3 base metal. In L2, the
hardness of the weld is similar to that of base metal and the
values are within a narrow range. This seems to be attributed
to the shoulder of the FSW tool. During the welding process,
L2 was close to the shoulder. Dynamic recrystallization
occurred due to the frictional heat and stirring of the shoulder
and fine equiaxed grains were acquired, resulting in higher
microhardness.

The microhardness values in the NZ are slightly lower
than those in other regions, and the minimum values are
discretely distributed in this area. As shown in Fig. 2, the
laminated structure was severely destroyed and the crushed
interlamellar material flowed downward into L2. The
interlamellar metal is commercially pure aluminum, which
has a very low hardness. The interlamellar material diffused
in L2, considerably reducing the hardness of L2 matrix. If
the measuring point happened to be interlamellar material,
the minimum microhardness value would appear, which
explained the result of the test.

B. Tensile Properties

Fig. 4 shows the tensile strength and elongation of the
FSW joint, laminated base metal and L3 alloy of the base
metal. The tensile strength of L3 alloy is 550 MPa. The
tensile strength of laminated base metal is 475 MPa, which is
13.6% lower than that of L3 alloy. The FSW joint obtains
tensile strength of 335 MPa and joint efficiency of 70.5 %.
The elongations of L3 alloy and laminated base metal are 5%
and 4.5% respectively while the FSW joint exhibits
relatively low ductility of 2.5%.

From the photograph of specimen shown in Fig. 5(a), it is
discovered that the FSW joint specimen fractured on the AS
of the NZ, with the crack initiated on the interface between
L2 and L3. It can be seen from fig. 5(b) that the fracture of
the laminated base metal sample originates from the interface
between the layers.

In order to further analyze the fracture mechanism of the
tensile specimens, the tensile fracture surfaces were analyzed
by SEM. Fig. 6 shows the fractograph of tensile test
specimen of the FSW joint. Owing to the influence of
lamination, the fracture morphology varies along thickness.
The region marked A in Fig. 6(a) shows the interlamellar
material between L2 and L3. As shown in Fig. 6(b) at higher
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magnification, the fracture morphology in area A is ripple
pattern, which is a typical characteristic of gliding fracture.
The region marked B exhibits L2 alloy, which is shown in
Fig. 6(c) at higher magnification.
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Figure 4. Results of tensile test.

A great quantity of fine equiaxed dimples exists among a
few large dimples, showing characteristics of ductile fracture.
Obvious secondary cracks and quasi cleavage planes
representing crack propagation exists at area C. Area D
consists of L1, L2 and the interlayer between them, but no
interface exists on the fracture surface. It can be referred that
the original laminated structure on L1 and L2 is completely
destroyed, which is also shown in Fig. 3. The morphology of
area D is similar to that of area B, which represents ductile
fracture. L3 region, on the left of area A, was a crack growth
area similar to C, exhibiting a brittle fracture mode.

The failure process can be deduced from the analysis of
fractograph. The crack initiated at the interlayer between L2
and L3 on the AS. As shown in Fig. 3, scale like morphology
appeared on the AS of the NZ and the interlamellar material
between L2 and L3 was broken. L2 alloy, L3 alloy and
interlamellar material were alternately mixed and
innumerable interfaces were formed. The bonding strength
of dissimilar materials was influenced by many factors.
Besides, the interlamellar material is CP-Al, possessing a
much lower strength than matrix. Consequently, this area
became the weakest place in the weld. Crack was prone to
initiate at some interfaces where the bonding strength was
relatively lower.

Similarly, in the area between L1 and L2, the
interlamellar material was also severely broken. However,
L1 alloy and L2 alloy were the same alloy, so the interface
between dissimilar metals did not exist. In addition, this area
was close to the shoulder during the welding process. Under
the large compressive force by the shoulder, the material was
compacted and the bonding strength was relatively higher.

After initiation, the crack propagated to L2 and L3 on
both sides. In L3, the grains in the NZ were refined due to
dynamic recrystallization, while the grains in the HAZ got
coarser and the strength decreased. As a result, the crack
extended towards the HAZ. The crack propagation direction
was consistent with the orientation of maximum shear stress,
at an angle of 45 degrees from the tensile direction, which is
shown in Fig. 5(a). In the HAZ, large quantities of brittle
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second-phase particles were distributed in the grain

boundaries. It can be concluded that intergranular brittle
fracture was the main fracture mode in this area.

Figure 5. Photographs of fractured tensile specimens of: (a) FSW joint; (b)
the base metal of 7B52 ALC; (c) L3 alloy.

As proved in microhardness test, microstructure and
mechanical properties of different areas in L2 are within a
narrow range. The crack extended upward in the direction
perpendicular to the surface of the specimen because of the
minimum expenditure of energy on this path.

As noted earlier, the interlamellar material diffused in L2
matrix in the area between L1 and L2. Pieces of interlamellar
material with lower strength were the target of crack
propagation. As a result, the crack propagation direction was

(a)
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changed and many secondary cracks appeared. Eventually,
the main crack extended to the surface on an optimal path
and the specimen was completely broken.

C. Impact Properties

The photographs of specimens after test are shown in Fig.
7, and the macrographs of fracture surface are shown in Fig 8.
The red lines represent the paths of crack propagation. Fig.
7(a) shows that on the specimen of L3 alloy, the crack
propagated rapidly along the direction of maximum shear
stress (at an angle of 45<=from the direction of impact force)
until getting close to the surface of the specimen. Multiple
secondary cracks initiated and propagated along the length of
the specimen. On the fracture surface in Fig. 8(a) exists a
large area of radial fracture region representing brittle fast
crack propagation. A narrow area of ductile fracture region is
near the surface of the specimen, which is called shear lip.
The length and width of the flat fracture region were
measured with vernier caliper, and the percentage of shear
fracture were calculated to be 5.4%. The microstructure of
L3 alloy is a typical elongated structure with the grain
orientation along the rolling direction. Large amounts of
second-phase particles accumulate in the grain boundaries,
greatly increasing the brittleness of the grain boundaries. It is
concluded that the fracture mode of L3 alloy is intergranular
brittle fracture.

O

Figure 6. SEM micrographs of FSW joint after tensile test with different magnifications: (a) micrograph at lower magnification; (b, c, d) Enlarged SEM
micrograph of region marked A, B and C in (a), respectively.
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Figure 7. Photographs of fractured impact test specimens of: (a) L3 alloy;
(b) the base metal of 7B52 ALC; (c) FSW joint.

As shown in Fig. 7(b), the fracture surface of the
laminated base metal shows a zigzag shape. The angel
between the crack propagation orientation and the direction
of impact force is from 45 to 90 degrees. Similar to L3 alloy,
the grain boundaries are the optimal paths of crack
propagation. Fig. 8(b) depicts the macrograph of its fracture
surface, which consists of 6 layers of alternate flat fracture
regions and shear fracture regions. The crack propagation in
L3 is the same as that of the specimen of L3 alloy, showing a

large radical fracture region and a small shear fracture region.

After passing through the interlamellar material between L2
and L3, the crack found new paths to extend. Then new
brittle fracture region and ductile fracture region were
formed in L2. This process was repeated in L1. Eventually,
the laminated structure including 6 layers were formed.
According to measurement and calculation, the percentage of
shear fracture was 52.9%. It is concluded that the
interlamellar material with a higher ductility can efficiently
impede the crack propagation and significantly increase the
impact toughness of material.

The photograph of the specimen of the weld is shown in
Fig. 7(c). The crack propagation orientation is almost
identical to the direction of impact force, except for the
second path in L2. This indicates that the fracture mode is
different from that of base metal. As shown in the
macrograph of fracture surface in Fig. 8(c), L1 and L2 were
mixed together by welding while the interface between L2
and L3 still existed. Apparently, the fracture morphology of
the upper layer shows a laminated structure of brittle fracture
region and ductile fracture region. However, the fractograph
of L3 cannot be distinguished clearly in the macrograph.

Therefore, L3 of the fracture surface was observed with
SEM and the micrographs are shown in Fig. 9. The surface
of L3 can be divided into 4 regions of different morphology,
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as shown in Fig. 9(a). In area A, as presented in Fig. 9(b),
great quantities of fine equiaxed dimples and elongated
dimples exist among river pattern, showing characteristics of
quasi cleavage fracture. In area B, as shown in Fig. 9(c), a
few large dimples are surrounded by a large amount of fine
equiaxed dimples. Fig. 9(d) displays the morphology in area
C and area D at higher magnification. Area C is filled with
fine equiaxed dimples, while in area D, large equiaxed
dimples and elongated dimples are alternately distributed.
Area B, C and D all present the characteristics of dimple
fracture. It is concluded from the micrographs of fracture
surface that the fracture mode is mainly ductile fracture. By
measurement and calculation, the percentage of shear
fracture was 73.2%, 20.3% higher than that of base metal.

Figure 8. Macrographs of fracture surfaces of: (a) L3 alloy; (b) the base
metal of 7B52 ALC; (c) FSW joint.
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Figure 9. SEM micrographs of FSW joint after impact test with different magnifications: (a) micrograph at lower magnification; (b, ¢, d) Enlarged SEM
micrograph of region marked A, B, C and D in (a).

The increase in ductility is directly related to the change
of microstructure. Fine equiaxed grains are acquired in NZ,
as shown in Fig. 10. It is due to severe plastic deformation
and high temperature caused by frictional heat and stirring,
leading to dynamic recrystallization. Second-phase particles
which were distributed in the grain boundaries before
welding now are dispersed evenly in the matrix. Furthermore,
the crushed interlamellar material, CP-Al, is distributed in
the matrix, increasing the ductility of the alloy.

Figure 10. Optical microscope image of fine equiaxed grains in the nugget
zone.

()
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FSW joint 7B52 BM L3 alloy

Figure 11 Results of impact test.

Fig. 11 shows the impact absorbed energy of the FSW
joint, laminated base metal and L3 alloy. The impact
absorbed energy of L3 alloy is 3.0 J, showing very low
impact toughness. The impact absorbed energy of laminated
base metal is 10.7 J, 2.6 times higher than that of L3 alloy.
The FSW joint exhibits highest impact resistance of 14.3 J,
33.6% higher than that of laminated base metal. It is a great
improvement on the mechanical property of laminated base
metal.

85



£

ATLANTIS

PRESS

IV.  CONCLUSIONS

(1) The FSW process destroyed the laminated structure
of 7B52 ALC, resulting in the mixture of alloy from different
layers and interlamellar material. Consequently, the
microhardness of matrix in the nugget zone decreased.

(2) In the laminated base metal, the interlamellar material
has the property of low strength but high ductility. It
originated the crack initiation and decreased the tensile
strength of material in tensile test. However, it efficiently
impeded the crack propagation and significantly increased
the impact toughness of material in impact test.

(3) In the region between L2 and L3 on the AS of the NZ,
L2 alloy, L3 alloy and interlamellar material were alternately
distributed and innumerable interfaces were formed. It is the
weakest area in the weld, where the crack initiated in tensile
test.

(4) After FSW, the impact toughness of 7B52 ALC was
greatly increased due to the improvement of microstructure.
It is of great significance for the application of this structural
material.
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