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Abstract: Let F denote a �eld and let V denote a vector space over Fwith �nite positive dimension. Consider
a pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the self-dual case in which
there exists an automorphismof the endomorphismalgebra ofV that swapsA andA∗. Such anautomorphism
is unique, and called the duality A ↔ A∗. In the present paper we give a comprehensive description of this
duality. Inparticular,wedisplay an invertibleF-linearmap T onV such that themap X �→ TXT−1 is theduality
A ↔ A∗. We express T as a polynomial in A and A∗. We describe how T acts on 4 �ags, 12 decompositions,
and 24 bases for V.

Keywords: Leonard pair, tridiagonal matrix, self-dual
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1 Introduction
Let F denote a �eld and let V denote a vector space over F with �nite positive dimension. We consider a
pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De�nition 1.1]). The Leonard pair
A, A∗ is said to be self-dual whenever there exists an automorphism of the endomorphism algebra of V that
swaps A and A∗. In this case such an automorphism is unique, and called the duality A ↔ A∗.

The literature containsmany examples of self-dual Leonardpairs. For instance (i) the Leonardpair associ-
atedwith an irreduciblemodule for the Terwilliger algebra of the hypercube (see [4, Corollaries 6.8, 8.5]); (ii) a
Leonard pair of Krawtchouk type (see [10, De�nition 6.1]); (iii) the Leonard pair associatedwith an irreducible
module for the Terwilliger algebra of a distance-regular graph that has a spin model in the Bose-Mesner alge-
bra (see [1, Theorem], [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally bipartite Leonard pair
(see [11, Lemma 14.8]); (v) the Leonard pair consisting of any two of a modular Leonard triple A, B, C (see [2,
De�nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the q-tetrahedron alge-
bra, acting on an evaluationmodule (see [5, Proposition 9.2]). The example (i) is a special case of (ii), and the
examples (iii), (iv) are special cases of (v).

Let A, A∗ denote a Leonard pair on V. We can determine whether A, A∗ is self-dual in the following way.
By [13, Lemma 1.3] each eigenspace of A, A∗ has dimension one. Let {θi}di=0 denote an ordering of the eigen-
values of A. For 0 ≤ i ≤ d let vi denote a θi-eigenvector for A. The ordering {θi}di=0 is said to be standard
whenever A∗ acts on the basis {vi}di=0 in an irreducible tridiagonal fashion. If the ordering {θi}di=0 is standard
then the ordering {θd−i}di=0 is also standard, and no further ordering is standard. Similar comments apply to
A∗. Let {θi}di=0 denote a standard ordering of the eigenvalues of A. Then A, A∗ is self-dual if and only if {θi}di=0
is a standard ordering of the eigenvalues of A∗ (see [7, Proposition 8.7]).
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Abstract: 6082-T6 aluminum alloy plate with thickness of
42mm was butt welded by friction stir welding (FSW)
from two sides. The microstructures of the joints exhib-
ited different grain sizes because of unequal frictional
heating and plastic flow during FSW process. The transi-
tion from the heat affected zone (HAZ) to the nugget zone
(NZ) in thermos-mechanical affected zone of advancing
side (AS-TMAZ) was more sudden than thermos-mechan-
ical affected zone of retreating side (RS-TMAZ). Kissing
bond (KB) defect throughout the entire FSW joint was
displayed both at the grain boundary and in the interior
of the grain with semi-continuous bands. KB had no
direct effect on tensile properties. Vickers hardness of
the FSW joint was lower than the BM because its high
heat input, dissolved and coarsened precipitates and
little to the grain size after FSW. Hardness distribution
of double-sided welding joint showed X-shaped area soft-
ening characteristics, that is to say the lowest hardness
was the junction of two welding joint of NZ and the
junction of TMAZ and HAZ. The tensile fracture position
occurred in the lowest hardness region of the FSW joint,
and it did not occur in the KB defect position.

Keywords: 6082 aluminum alloy, friction stir welds (FSW),
microstructure, mechanical properties, kissing bond (KB)

Introduction

The Al-Mg-Si alloys are commonly used for structural
applications within the automotive, train and shipbuilding

industry due to its excellent formability, good corrosion
resistance and relative high mechanical properties. The
6082 aluminum alloy, as one type of these alloys, has
been used in high-speed train manufacturing in China.
When the conventional fusion welding methods were
used to joint the alloy, a series of serious problems may
appear including the formation of porosity, large welding
deformation and high residual stresses [1]. Friction stir
welding (FSW), which is a solid-state joining technique
invented in 1991 by The Welding Institute (TWI), has many
attractive advantages compared with the fusion welding
processes, for example avoid of porosity, reduced defor-
mation and decreased residual stresses [2].

The FSW joint is usually composed of four distinct
zones, the base metal (BM), thermo-mechanical affected
zone (TMAZ), the heat affected zone (HAZ), and the
nugget zone (NZ). The BM is inevitably subject to addi-
tional thermal effects, but this is not enough to change
its mechanical properties or microstructure. For heat-
treatable aluminum alloys, the temperature needs to
exceed 250℃ to treat the area as HAZ [3]. During the
FSW, the NZ temperature can reach over 500℃. This
zone showed a very fine grain structure [4]. However,
for thick plate joint, the microstructure of NZ along the
thickness direction is quite inhomogeneous [5]. It’s
important to study the organizational changes in its
thickness. For 6XXX alloys, β′ and β″ precipitations con-
tribute mostly to strength and hardness improving [6].
The AS temperature is 5–10 K higher than the RS tem-
perature [7].

Recently, the “kissing bond (KB)”, or “lazy S” and
“zigzag line” was generally found in the etched cross-
section of FSW joint [8, 9]. Sato investigated that KB
particles were Al2O3 oxide particles with an amorphous
structure， which did not affect the root-bend property of
the FSW joint [8]. When the FSW joint is not defective, the
tensile strength of the joint is related to the hardness
distribution. However, the tensile strength of FSW joint
with KB defect inside the stir zone was much lower than
that of the sound FSW joint [10]. The tensile fracture
examination exposed a series of severe “scalloping”
appearance in the joint with continuous KB flaw, while
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After testing, the fracture surfaces were examined using
TESCAN-VEGAS scanning electron microscope (SEM).

Results and discussion

Microstructure observation

The macrostructure characterizations of the FSW joint
were shown in Figure 4. The welded joint is divided
into seven distinct regions along the cross-section includ-
ing the shoulder-affected zone (SAZ), the middle of NZ,
the bottom of NZ, thermomechanical affected zone of
advancing side (AS-TMAZ), thermomechanical affected
zone of retreating side (RS-TMAZ), the HAZ, and the
base metal (BM), as shown in Figure 4(a). The macro-
structure of the top surface of the FSW joint was shown in
Figure 4(b). Figure 5 showed the microstructures of
the cross-section and top of TMAZ in the FSW joint. The
transition from the HAZ to NZ was more sudden on
the AS-TMAZ (see Figure 5a, c) than the RS-TMAZ (see
Figure 5b, c). It can be explained on the basis of the flow
and thermal behavior of material model developed by
Hamilton et al [6]. A sharp boundary develops on the
AS-TMAZ as the rising flow from the work piece bottom
and the downward flow from the work piece surface
oppose one to another with very little cross flow [6].
And the model suggests that RS-TMAZ is strong material

flow cross the boundary, so the RS-TMAZ boundary is
diffused and gradual [11]. And there is a noticeable stir
pattern on the advancing side in cross-section. Figure 6
showed microstructure of grain size distribution in the
transverse cross–section of the FSW joint. This can be
attributed to the degree of heat input and the concomi-
tant grain growth [12]. Slightly coarser grains were
observed in the BM (Gave = 7.24 μm) (see Figure 6a).
Comparing the grain sizes of the SAZ (Gave = 5.37 μm),
middle of NZ (Gave = 5.84 μm) and bottom of NZ
(Gave = 2.51 μm), the bottom of NZ exhibited refined
grains, most likely due to the impact of double stirring
of the tool needle (see Figure 6b, c, d). The grain size of
HAZ (Gave = 5.84 μm) was slightly coarser than that of
AS-TMAZ (Gave = 3.50 μm) and was similar to that of RS-
TMAZ (Gave = 5.78 μm) (see Figure 6e, f, g). The grain size
on the RS-TMAZ was coarser than that on the AS-TMAZ.
This was related to the flow and thermal behavior of
material mentioned earlier.

The zigzag line was the presence of oxide particles,
which formed semi-continuous bands from the SAZ to the
bottom of the NZ, known as KB. Overview image of KB was
shown in Figure 4(a). The model of the KB was shown in
Figure 7. The KB ran through the entire weld. Top surface of
the FSW joint was the XY surface (see Figure 7), and KB was
shown in Figure 8(a). Figure 8(b) showed the detail of KB
with a zig-zag shape. The cross-section surface of the FSW
joint was the XZ surface (see Figure 7). KB of the cross-
section was shown in Figure 9. The width of the KB was not
uniform. The KB in the cross-section changed complex and
diverse. The complex change of the KB was closely related

Figure 3: The dimensions of tensile test samples (unit: mm).
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Figure 4: Macrostructure of the FSW joint: (a) cross-section: (1) BM
(2) SAZ (3) Middle of NZ (4) Bottom of NZ (5) RS-TMAZ (6) AS-TMAZ
(7) HAZ; (b) Top Surface: KB (kissing bond).
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Figure 5: Microstructures of the TMAZ. (a) Cross-section of AS-TMAZ;
(b) Cross-section of RS-TMAZ; (c) Top surface of AS-TMAZ; (d) Top
surface of RS-TMAZ.
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1  Introduction

the sound FSW exhibited fine dimples [10]. Whether KB
affected mechanical properties was required further study.

With the increase in the industrial application of
aluminum alloy thick plates, especially in high-speed
train, the comprehensive microstructure evolution and
mechanical properties research are more significant. In
this paper, we analyzed the microstructure and mechan-
ical properties in friction stir double-sided butt welding of
6082-T6aluminum alloys with thickness of 42mm by
experimental investigation including microstructure
examination, Vickers hardness and TEM. The experimen-
tal parameters and conclusions have practical signifi-
cance for the actual production.

Materials and experimental
procedures

Materials and welding method

The chemical composition of 6082-T6 aluminum alloy
was shown in Table 1. The test specimens were couples
of 42mm× 150mm× 500mm. Prior to the welding, the
oxide layer close to FSW groove was mechanically
removed. The zero-gap butt joint configuration was
obtained by special mechanical clamps. The FSW joint
was double-side butt welded joint. The welding para-
meters were listed in Table 2. The welding tool was also
shown in Figure 1.

Microstructure and mechanical properties
examination

Optical microscope was used to observe the microstruc-
tures in different zones on the top surface and the cross-

section of the FSW joint. And the samples were etched
using Keller’s etch.

Transmission electron microscopy (TEM) was used to
observe the precipitate particles in different zones of the
FSW joint. The TEM thin foils specimens were mechani-
cally milled to 50 μm thickness using abrasive papers and
electropolished using 70 vol. % methanol and 30 vol. %
nitric acid solution at −30℃ with a voltage of 10 V. And
the specific sampling positions were shown in Figure 4
(with the indexed number from 1to 7).

Vickers hardness (HV) measurements were performed
through the FSW joint of cross-section at different depths.
The Vickers hardness was measured on a polished sur-
face of the weld, using 500 g load and loading time were
10 s, respectively. The distance between the two neigh-
boring test points was 1mm to avoid possible interference
of measurements. The locations of hardness points on the
cross-section were shown in Figure 2.

The tensile tests were carried out at room temperature
using a Zwick Z600 electronic tensile testing machine.
The dimensions of tensile test samples are shown in
Figure 3. There were three samples for the tensile test.

Table 1: Chemical composition of the alloy (wt.%).

Si Mg Mn Fe Cu Al

. . . . . Bal.

Table 2: Welding parameters.

Spindle speed
(R/min)

Travel speed
(mm/min)

Friction
pressure (KN)

Tool motion

   Anticlockwise

Figure 1: The diagram of welding tool (unit: mm).

Figure 2: The locations of hardness testing points on the cross-
section double-side FSW joint (unit: mm).
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bottom of the NZ, known as KB. Overview image of KB was
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Figure 7. The KB ran through the entire weld. Top surface of
the FSW joint was the XY surface (see Figure 7), and KB was
shown in Figure 8(a). Figure 8(b) showed the detail of KB
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Figure 5: Microstructures of the TMAZ. (a) Cross-section of AS-TMAZ;
(b) Cross-section of RS-TMAZ; (c) Top surface of AS-TMAZ; (d) Top
surface of RS-TMAZ.

Z. Liang et al.: Microstructure and Mechanical Properties 3

Unauthenticated
Download Date | 3/18/19 6:30 PM

the sound FSW exhibited fine dimples [10]. Whether KB
affected mechanical properties was required further study.

With the increase in the industrial application of
aluminum alloy thick plates, especially in high-speed
train, the comprehensive microstructure evolution and
mechanical properties research are more significant. In
this paper, we analyzed the microstructure and mechan-
ical properties in friction stir double-sided butt welding of
6082-T6aluminum alloys with thickness of 42mm by
experimental investigation including microstructure
examination, Vickers hardness and TEM. The experimen-
tal parameters and conclusions have practical signifi-
cance for the actual production.

Materials and experimental
procedures

Materials and welding method

The chemical composition of 6082-T6 aluminum alloy
was shown in Table 1. The test specimens were couples
of 42mm× 150mm× 500mm. Prior to the welding, the
oxide layer close to FSW groove was mechanically
removed. The zero-gap butt joint configuration was
obtained by special mechanical clamps. The FSW joint
was double-side butt welded joint. The welding para-
meters were listed in Table 2. The welding tool was also
shown in Figure 1.

Microstructure and mechanical properties
examination

Optical microscope was used to observe the microstruc-
tures in different zones on the top surface and the cross-

section of the FSW joint. And the samples were etched
using Keller’s etch.
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observe the precipitate particles in different zones of the
FSW joint. The TEM thin foils specimens were mechani-
cally milled to 50 μm thickness using abrasive papers and
electropolished using 70 vol. % methanol and 30 vol. %
nitric acid solution at −30℃ with a voltage of 10 V. And
the specific sampling positions were shown in Figure 4
(with the indexed number from 1to 7).
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face of the weld, using 500 g load and loading time were
10 s, respectively. The distance between the two neigh-
boring test points was 1mm to avoid possible interference
of measurements. The locations of hardness points on the
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(average thickness is 12 nm) and SAZ(average thickness is
10 nm) (see Figure 11b, c, d). The precipitates were also
dissolved in FSW joints compared with BM. The AS-TMAZ
had a grain structure with a relatively high density of
dislocation pile-up (see Figure 11e). The sub-boundaries
were observed in the grain boundary in RS-TMAZ (see
Figure 11f).

Vickers hardness

The Vickers hardness measured across the FSW joint
was shown in Figure 12. Hardness distribution of dou-
ble-sided welding joint showed X-shaped area softening
characteristics. The difference in hardness was observed
in FSW joint. The lowest hardness was the junction of
two bead of NZ and the junction of TMAZ and HAZ
(ranged from 48 to 70 HV). The hardness along the
weld thickness direction in the SAZ, the middle of NZ

and the bottom of NZ, appeared lower than previous
ones. The hardness increased from the HAZ to the BM
(ranged from 100 to 115 HV). For the 6XXX alloys, pre-
cipitate hardening is the main strengthening mechanism
and the strength can be measured by hardness test. The
FSW process tends to soften the alloys because of the
high heat input dissolved and coarsened precipitates
[14]. Sato Studied the relationship between hardness
and precipitation distribution in AA6063-T5, taking
into account the effect of grain size during the FSW
[15]. The results showed that the hardness was mainly
affected by precipitation hardening, and little effect to
the grain size after FSW. Figures 6 and 12 showed that
the grain size of the bottom of NZ was refine, but the
hardness was low. The precipitates β of the bottom of NZ
were slightly coarser than that in the middle of NZ and
SAZ. That was to say, the grain size had little effect on
the hardness of the FSW. The main factor affecting hard-
ness was the precipitates.

Tensile test

Macroscopic fractured surfaces of the FSW joint after
tensile tests were shown in Figure 13. Typical mechan-
ical properties of FSW joint were listed in Table 3. The

Figure 9: Kissing bond (KB) of XZ surface of FSW joint.

(a)

Figure 10: The relationship between the position of Kissing bond
(KB) and grains. (a) Thinner position of KB line; (b) Thicker position
of KB line.
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to plastic flow. Figure 10 showed the relationship between
the position of KB and grain. Figure 10(a) showed the
microstructure of a thinner position of KB line Figure 10(b)
showed themicrostructure of a thicker position of KB line. It
can be seen that the KB exist both at the grain boundary and
in the interior of the grain with semi-continuous bands.

TEM analysis

The locations of TEM thin foils were shown in Figure 4(a)
(1 to 7 is the location of the TEM thin foils). Figure 11
presented TEM results obtained from the FSW joint. The
BM contains high-density of needle-shaped precipitates
β″ (average thickness is 3 nm) which were contributes to
the hardness of the material (see Figure 11a). The preci-
pitates β were often formed above 300°C [13]. The pre-
cipitates β was relatively coarsen and the enhancement
effect was usually poor [13]. Comparing the thickness
precipitates β of SAZ, middle of NZ and bottom of NZ,
the precipitates β of bottom of NZ (average thickness is 16
nm) were slightly coarser than that of middle of NZ

(b) (d)(c)

(a)

(e) (f) (g)

Figure 6: Microstructures of grain size distribution in the cross –section of the specimen: (a) BM (Gave= 7.24 μm); (b) SAZ (Gave= 5.37 μm);
(c) Middle of NZ (Gave= 5.84 μm); (d) Bottom of NZ (Gave= 2.51 μm); (e) AS-TMAZ (Gave= 3.50 μm); (f) RS-TMAZ (Gave= 5.78 μm);

(g) HAZ (Gave= 5.84 μm).
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Figure 7: The model of the KB (kissing bond) line in space.
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Figure 8: Kissing bond (KB) of XY surface of FSW joint. (a) Overview
of kissing bond (KB); (b) Detail of kissing bond (KB).
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(average thickness is 12 nm) and SAZ(average thickness is
10 nm) (see Figure 11b, c, d). The precipitates were also
dissolved in FSW joints compared with BM. The AS-TMAZ
had a grain structure with a relatively high density of
dislocation pile-up (see Figure 11e). The sub-boundaries
were observed in the grain boundary in RS-TMAZ (see
Figure 11f).

Vickers hardness

The Vickers hardness measured across the FSW joint
was shown in Figure 12. Hardness distribution of dou-
ble-sided welding joint showed X-shaped area softening
characteristics. The difference in hardness was observed
in FSW joint. The lowest hardness was the junction of
two bead of NZ and the junction of TMAZ and HAZ
(ranged from 48 to 70 HV). The hardness along the
weld thickness direction in the SAZ, the middle of NZ

and the bottom of NZ, appeared lower than previous
ones. The hardness increased from the HAZ to the BM
(ranged from 100 to 115 HV). For the 6XXX alloys, pre-
cipitate hardening is the main strengthening mechanism
and the strength can be measured by hardness test. The
FSW process tends to soften the alloys because of the
high heat input dissolved and coarsened precipitates
[14]. Sato Studied the relationship between hardness
and precipitation distribution in AA6063-T5, taking
into account the effect of grain size during the FSW
[15]. The results showed that the hardness was mainly
affected by precipitation hardening, and little effect to
the grain size after FSW. Figures 6 and 12 showed that
the grain size of the bottom of NZ was refine, but the
hardness was low. The precipitates β of the bottom of NZ
were slightly coarser than that in the middle of NZ and
SAZ. That was to say, the grain size had little effect on
the hardness of the FSW. The main factor affecting hard-
ness was the precipitates.

Tensile test

Macroscopic fractured surfaces of the FSW joint after
tensile tests were shown in Figure 13. Typical mechan-
ical properties of FSW joint were listed in Table 3. The

Figure 9: Kissing bond (KB) of XZ surface of FSW joint.

(a)

Figure 10: The relationship between the position of Kissing bond
(KB) and grains. (a) Thinner position of KB line; (b) Thicker position
of KB line.
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to plastic flow. Figure 10 showed the relationship between
the position of KB and grain. Figure 10(a) showed the
microstructure of a thinner position of KB line Figure 10(b)
showed themicrostructure of a thicker position of KB line. It
can be seen that the KB exist both at the grain boundary and
in the interior of the grain with semi-continuous bands.

TEM analysis

The locations of TEM thin foils were shown in Figure 4(a)
(1 to 7 is the location of the TEM thin foils). Figure 11
presented TEM results obtained from the FSW joint. The
BM contains high-density of needle-shaped precipitates
β″ (average thickness is 3 nm) which were contributes to
the hardness of the material (see Figure 11a). The preci-
pitates β were often formed above 300°C [13]. The pre-
cipitates β was relatively coarsen and the enhancement
effect was usually poor [13]. Comparing the thickness
precipitates β of SAZ, middle of NZ and bottom of NZ,
the precipitates β of bottom of NZ (average thickness is 16
nm) were slightly coarser than that of middle of NZ
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(e) (f) (g)

Figure 6: Microstructures of grain size distribution in the cross –section of the specimen: (a) BM (Gave= 7.24 μm); (b) SAZ (Gave= 5.37 μm);
(c) Middle of NZ (Gave= 5.84 μm); (d) Bottom of NZ (Gave= 2.51 μm); (e) AS-TMAZ (Gave= 3.50 μm); (f) RS-TMAZ (Gave= 5.78 μm);

(g) HAZ (Gave= 5.84 μm).
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Figure 7: The model of the KB (kissing bond) line in space.
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Figure 8: Kissing bond (KB) of XY surface of FSW joint. (a) Overview
of kissing bond (KB); (b) Detail of kissing bond (KB).
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average tensile strength was 225.6 MPa and the average
elongation was 6%. Failure occurred in the FSW joint for
two types of samples. The FSW joint exhibited a ductile
shear fracture in the sample 1、2、3 fracture with a
shear angle of 45° in the HAZ near the TMAZ. The tensile
fracture position occurred in the lowest hardness region
of the FSW joint. It did not occur in the KB position. KB
line had no direct effect on the location of the fracture.
Figures 14 and 15 showed the SEM images of the test
fracture surface of the sample 1, 2 of FSW joint. The
dimples of the fractured surface indicated that the frac-
ture was the ductile fracture. However, there were also
brittle fracture characteristics in the fracture surface in
Figures 14(e) and 15(d).

Conclusions

The mechanical and metallurgical behavior of 6082-T6
aluminum alloy was studied in this paper. The micro-
structures exhibited different grain sizes because of the
frictional heating and the plastic flow during FSW pro-
cess. Slightly coarser grains were observed in the BM. The
grain size of HAZ was slightly coarser than that of AS-
TMAZ but similar to that of RS-TMAZ. The transition from
the HAZ to NZ was more sudden on the AS-TMAZ than the
RS-TMAZ; FSW joint had KB defect. The KB ran through
the entire weld. It can be seen that the KB exist both at
the grain boundary and in the interior of the grain with
semi-continuous bands. KB had no direct effect on tensile
properties.

TEM showed that high density of needle-shaped pre-
cipitates β″ were observed in the BM. β″ precipitations
contribute BM hardness improving. The precipitates β of
bottom of NZ were slightly coarser than that of middle of
NZ and SAZ. Coarse precipitates β enhancement effect
was poor.

The Vickers hardness of the welded zones was lower
than the BM because of the high heat input dissolved and
coarsened the precipitates. The lowest hardness was the

Table 3: Tensile tests.

Tensile
data

Ultimate tensile
strength (MPa)

.% yield
strength (MPa)

Percent elongation
at fracture (%)

 . . .
 . . .
 . . .
Average . . .

(a) (b)

(c) (d)

(e) (f) (g)

Figure 11: Precipitate particles in the interior grain of: (a) BM; (b) SAM; (c) Middle of NZ; (d) Bottom of NZ; (e) AS-TMAZ; (f) RS-TMAZ; (g) HAZ.
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junction of two welding joint of NZ and the junction of
TMAZ and HAZ.

According to the microstructure and Vickers hard-
ness experiments, we conclude the relationship
between microstructure and hardness. The grain size
of the bottom of NZ (Gave = 2.51 μm) was refine, but

the hardness was the lowest. Slightly coarser grains
were observed in the BM (Gave = 7.24 μm), but the
hardness was the highest in the joint. That was to
say, grain refinement did not determine the hardness
of the material. The main factor affecting hardness
was the precipitates. Precipitations β″ (average thick-
ness is 3 nm) contribute BM hardness (ranged from
100 to 115 HV) improving. The precipitates β of bottom
of NZ (average thickness is 16 nm) were slightly coar-
ser than that of middle of NZ (average thickness is 12
nm) and SAZ (average thickness is 10 nm). The hard-
ness of bottom of NZ (ranged from 48 to 60 HV) was
lower than middle of NZ (ranged from 60 to 75 HV)
and the SAZ (ranged from 75 to 80 HV). Coarse pre-
cipitates β enhancement were poor and regarded as
unfavorable precipitates, due to the severe reduction
in hardness. The precipitates β″ dissolution of HAZ
and TMAZ caused the lower hardness. So the reduc-
tion in the hardness of the FSW joint was associated
with high heat input dissolved and coarsened the
precipitates.

The test samples average ultimate tensile strength
was 225.6 MPa and the average elongation was 6%. The
FSW joint exhibited a ductile shear fracture in the sam-
ples fracture surface with a shear angle of 45° in the HAZ
near the TMAZ. The tensile fracture position occurred in
the minimum hardness region of the FSW joint. And it
did not occur in the KB position.
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Figure 15: SEM images of test fracture surface of the specimen 2: (a) Top surface area; (b) Centre and bottom surface area.
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