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Abstract: AA2195-T8 Al–Li alloy plates were welded by
friction stir welding (FSW) at tool rotational speed of
1,000 rpmand tool traverse speeds (TS) of 100–400mm·min−1

under three types of butting surface conditions, i.e., (1)
without butting surface treatment, (2) butting surface milled,
and (3) bead-on-plate welding. The effect of welding heat
input and butting surface condition on joint line remnant
(JLR) and mechanical properties of friction stir welded 2195-
T8 Al–Li alloy was investigated comprehensively. In the stir
zone of 2195-T8 FSW joints, there exists JLR composed of
alumina-particle arrays and microcracks generated from the
initial butting surface, and the morphology of JLR would
evolve from smooth to serrate as TS increases. Moreover, as
TS increases (i.e., the welding heat input decreases), JLR dete-
riorates the tensile strength of the 2195-T8 FSW joints, with
joints prematurely fracturing along JLR. The fracture mode of
2195-T8 FSW joints was considered to be determined by the
lower one between strength of JLR (SJLR) and strength of the
lowest hardness zone (SLHZ), and JLR tends to be the fracture
path at lower welding heat input. Furthermore, butting sur-
face treatment (milling off oxide layer prior to welding) was

found to be able to make the JLR in the 2195-T8 FSW joints
less distinct and thus improve SJLR, while fracture along JLR
could not be avoided.
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1 Introduction

2195 Al–Li alloy is a new generation of aerospace mate-
rials, which has obtained more and more applications
in the aerospace industry due to its low density and
good mechanical properties such as high strength, good
ambient, and cryogenic mechanical properties, high cor-
rosion resistance, and good plastic formability. The pre-
vious study has shown that each 1% increment of lithium
addition to an aluminum alloy decreases the density by
about 3% and increases the elastic modulus (stiffness) by
6% [1,2]. However, it is difficult to obtain a high-integrity
joint by traditional fusion welding, which can cause cri-
tical welding problems such as hot cracking, welding
porosity, and evaporation loss of Li [3–5]. Friction stir
welding (FSW) developed by the Welding Institute in
1991 is a novel and efficient solid-state joining process,
which is an ideal technology for the joining of Al alloys
[6,7]. Compared with fusion welding processes, the rela-
tively lower heat input during FSW would not result in
melting of Al alloy sheets, which could avoid not only the
appearance of hot cracking and porosity but also the loss
of Li element in Al–Li alloy joints; thus, better mechan-
ical property of the joints could be obtained [8–10].

However, despite the above-mentioned unique advan-
tages, FSW of Al alloys would also induce some defects
different from fusion welding. Previous studies have observed
the existence of joint line remnant (JLR) in the stir zone,which
are essentially the distribution of residual oxide film from
original butting surface [11–18]. From the cross-section of
joints, JLR commonly appears as a discontinuous twisted
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line consisting of Al2O3 particles, and thus, it is also called
as a zigzag line or lazy S [13,15,16]. Moreover, at the bottom
of the stir zone, JLR is often observed as a continuous
oxide filmwhich is also called as kissing bond [11,12,17,18].

The effect of JLR on the mechanical properties of
joints is undoubtedly a very important issue. Niu et al.
[19] found that the tensile properties of AA2024 joints
depend on the amount and distribution of the residual
A12O3 particles, and the maximum degradation in tensile
strength was 159 MPa. Chen et al. [13] found that the JLR
in the 5456 Al alloy joint is distributed at the fracture
surface of the tensile sample, and A12O3 particles are
actually the major cause of joint failure, resulting in a
dramatically decreased ductility. Chen et al. [20] found
that the tensile strength of AA2219-T62 joints with JLR
inside the stir zone only reached about 60% of a sound
joint, and the fractography analysis of broken tensile
specimens exposed a series of severe “scalloping” corre-
lated with JLR flaw. Tao’s study [21] revealed that JLR in
Al–Mg–Sc joints tended to become crack initiation sources
and exhibited poor ductility during tension, but did not
deteriorate the tensile strength of joints. However, Ren
et al. [22] reported that JLR did not show up and not affect
tensile properties and fracture behavior of 7075Al-T651
joints under as-welded conditions. Similarly, Liu et al.
[15] reported that JLR did not affect the tensile properties
of the as-welded 2219-O Al alloy joints even if it exists.
Furthermore, some research studies [14,23–25] suggested
that JLR would also make an adverse impact on fatigue
properties of joints. Therefore, the effects of JLR on the
mechanical properties of joints are complicated and sensi-
tive to the composition and heat treatment state of Al
alloys.

On the other hand, the welding heat input which
depends on the tool rotation speed and welding speed
was found to be influential on the JLR feature and thus
how JLR affects the mechanical properties of joints
[16,26,27]. Sharma et al. [26] reported that JLR could
be seen under lower heat input (635 rpm–190 mm·min−1,
540 rpm–75mm·min−1 and 410 rpm–75mm·min−1) during
FSWof AA7039, and JLR deterioratedmechanical properties
of joints under 635 rpm–190mm·min−1 and 410 rpm–75
mm·min−1 but not under 540 rpm–75mm·min−1. Zhou et al. [27]

found that the length of the kissing bond in AA5083-H112
joints has a reasonably linear relation with the heat
input, and with the increase in the length of the kissing
bond, the ultimate tensile strength (UTS) and elongation
increased first and then decreased, while the yield strength
had no obvious trend with the kissing bond length. How-
ever, Zhang’s study [16] on FSW of 7N01-T5 Al alloy found
that higher heat input (600 rpm–175mm·min−1, 600 rpm–
50mm·min−1) resulted in significant JLR composed of denser
and more concentrated distributed oxide particles, leading
to the joint failure at the JLR and the deterioration of joint
properties, while lower heat input (600 rpm–300mm·min−1)
resulted in scattered and dilute distribution of oxide particles,
which weakens the microcracked JLR feature and conse-
quently improves the joint properties. Thus, the JLR feature
is closely related to heat input and also sensitive to the com-
position of Al alloys.

However, the effect of welding heat input on JLR and
its affecting characteristic on mechanical properties have
not been comprehensively studied for FSW of 2195-T8
Al–Li alloy. Moreover, the mechanical properties of 2195-
T8 high-strength Al alloy, as a heat-treatable alloy, are
also sensitive to the change of heat input during FSW
because of the dissolution of T1 (Al2CuLi) and θ′ (Al2Cu)
phases [9]. Thus, in this study, 2195-T8 Al–Li alloy was
subjected to the FSW process under different butting sur-
face conditions to study whether and how the existence of
JLR makes a difference in tensile properties. At the same
time, the FSW processes were carried out under different
tool traverse speeds (TS) to investigate the effect of heat
input on JLR in the stir zone of 2195-T8 joints and also its
impact on the tensile properties and fracture behavior of
the joints.

2 Experimental

The base material in this study is 2195-T8 Al–Li alloy
rolled plates supplied by Southwest Aluminum (Group)
Co., Ltd, China. The chemical compositions and mechan-
ical properties (transverse direction) perpendicular to the
rolling direction of the base material are shown in Table 1.

Table 1: Chemical compositions and mechanical properties of 2195-T8 Al alloy

Measured chemical composition (wt%) Mechanical properties (TD)

Cu Mg Li Zr Ag Ti Fe Al YS (MPa) UTS (MPa) El. (%)

3.52 0.27 1.07 0.21 0.43 0.11 0.29 Bal. 533.4 ± 0.4 580.7 ± 0.2 9.7 ± 0.64
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The welding direction was parallel to the rolling direction
as shown in Figure 1(a). Thus, the tensile direction of the
base metal specimens was consistent with that of the as-
welded specimens. The tool rotation speed was fixed at
1,000 rpm and the TS during the welding process were
100–400mm·min−1 as shown in Table 2. The plunge depth
of the pin was set as 2.0mm, which was controlled by the
displacement of the pin. The plunge depth along the whole
weld seam was considered constant, which was verified by
the relatively steady Z-axis force of 6 kN during welding.
Plates with the dimensions of 385mm × 50mm × 2mm
were longitudinally butt welded directly (A series) and after
butting surface treatment – initial oxide layer had been
milled (B series). Plates with the dimensions of 385mm ×
100mm × 2mm were bead-on-plate welded (C series) with
the FSW running along the centerline of the plate, in which

there is virtually no butting surface. Thus, all butt and bead-
on-plate FSW processes had the same heat input and similar
heat dissipation. Before the welding, the top surfaces of the
plates at the welding zone were all cleared to remove oxide.
An FSW tool made of commercial H13 steel was used. As
shown in Figure 1, it had a concave shoulder of 8mm in
diameter and 7° in internal inclination angle, and a taper pin
of 1.85mm in length and 2.8mm in tip diameter and 3.4mm
in root diameter with three flats. The tool tilt was kept con-
stant at 3° for all welding experiments.

In the present investigation, metallographic speci-
mens and tensile specimens were taken from the stable
welding part. Tensile specimens with a reduced parallel
section of 32 mm in length and 6mm in width were
machined perpendicular to the weld seam, which was
kept in the center of the parallel segment. Three tensile
specimens that conformed to the ASTM E8/E8M-09 stan-
dard were cut following the scheme shown in Figure 2(a).
The schematic diagram of the tensile specimen is shown
in Figure 2(b). The tensile tests were carried out by
Zwick20 universal testing machine with a tensile speed
of 2 mm·min−1, and the gage length of the extensometer
was set as 25 mm. Hardness measurements were con-
ducted on the polished transverse cross-section of the
welds using an automatic testing machine (Zwick/Roell
Zhu) under a load of 100 gf for 15 s.

After grinding and polishing, metallurgical speci-
mens were etched with Keller reagent (i.e., a solution of
5 mL HNO3 + 3mL HCl + 2 mL HF in 90mL water). The
transverse cross-section of the as-welded and tensile-
tested specimens was examined using an optical micro-
scope (DM 4000). Microstructure characterization and
energy dispersive spectroscopy (EDS) analysis were per-
formed using high-resolution field emission scanning
electron microscopy (SEM, Sirion 200).

Figure 1: Schematic draft of the tool: (a) the tool, (b) and (c)
dimensions of shoulder and pin.

Table 2: Welding conditions applied in current study and their tensile properties

Designation Welding procedure TS (mm·min−1) YS (MPa) UTS (MPa) El. (%)

A1 FSW 100 288 ± 1.1 399 ± 9.4 4.3 ± 0.38
A2 FSW 200 293 ± 3.6 370 ± 54.6 3.6 ± 2.27
A3 FSW 300 301 ± 0.3 315 ± 5.3 0.7 ± 0.17
A4 FSW 400 308 ± 12.2 324 ± 16.6 0.6 ± 0.07
B1 Butting surface treatment + FSW 100 290 ± 1.3 379 ± 20.4 2.8 ± 1.06
B2 Butting surface treatment + FSW 200 299 ± 6.8 379 ± 31.9 3.2 ± 0.99
B3 Butting surface treatment + FSW 300 310 ± 2.7 378 ± 17.7 2.0 ± 0.65
B4 Butting surface treatment + FSW 400 317 ± 3.0 368 ± 9.9 1.6 ± 0.20
C1 bead-on-plate 100 271 ± 1.9 388 ± 1.6 5.2 ± 0.25
C2 bead-on-plate 200 292 ± 1.9 397 ± 5.4 3.9 ± 0.27
C3 bead-on-plate 300 290 ± 0.1 400 ± 3.0 5.1 ± 0.74
C4 bead-on-plate 400 300 ± 3.5 408 ± 3.2 4.9 ± 0.29
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3 Results

3.1 Macrostructure and microstructure

The macrostructure of an A1 joint (without butting sur-
face treatment; TS = 100mm·min−1) is shown in Figure 3(a),
which is typical for A-series joints. Within the stir zone, JLR
can be clearly observed at the upper part of the advancing
side (AS), boxed in a white rectangle. The magnified view of
this region is given in Figure 3(b), showing the morphology
of JLR more distinctly. Micrographs of similar regions in A2,
A3, and A4 joints are given in Figure 3(c)–(e). It can be
clearly seen that JLR is smooth at lower TS and becomes
serrate gradually with the increase of TS. Figure 4(a) shows
the macrostructure of a B1 joint (with butting surface treat-
ment; TS = 100mm·min−1). Figure 4(b) shows the magnified
views of the boxed region in Figure 4(a) (c) and (d) presents

Figure 2: (a) Selected location of tensile specimens for 2195-T8 FSW
joint, and (b) configuration and dimensions of the tensile specimen
(unit: mm).

Figure 3: Macrostructure and JLR of A series (butt welded directly): macrostructure of (a) A1; JLR of (b) A1, (c) A2, (d) A3, and (e) A4.
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the microstructure of similar regions in B2, B3, and B4 joints.
As indicated by the arrows in Figure 4(b)–(d), JLR still exists
after butting surface treatment, even though they are less
distinct than those in A-series joints. In the insets added to
the upper right corners of Figure 4(b)–(d), JLR are empha-
sized into the black lines for better showing the morphology
and location. Similar to A series, JLR in B series evolves from
smooth to serrate with the increase of TS. In C-series joints
(bead-on-plate welding; TS: 100–400mm·min−1), no JLRwas
observed. This is consistent with the expectation, since there
is no butting surface in C-series welding.

Figure 5 shows the morphology observed using SEM
in secondary electron mode and EDS analysis of local
areas from the A3 specimen. As shown in Figure 5(a),
there are some gray and dark lines that are parts of JLR.
From Figure 5(b), it can be found the gray line consists of
gray particle arrays. Table 3 shows the element composi-
tions at these points indicated in Figure 5(b). Point 3 at

the white area has a high Cu content, which indicates
that the white area could be the precipitation phase
Al2Cu. The O content of Points 1 and 2 is obviously higher
than that of Points 3 and 4. There are some microcracks
at JLR indicated by dark areas in Figure 5(c) and (d).
Figure 5(e) shows EDS analysis across the microcrack of
JLR in Figure 5(d). Al content in the middle of the arrow is
significantly reduced due to the existence of microcrack.
However, the oxygen content increases in this region. Di
et al. [14] tested the composition of the particle near the
JLR by EDS analysis, and the result indicated that JLR had
a composition roughly conforming to the composition of
Al2O3. With TEM analysis, Sato et al. [11,12] also identified
the particles along JLR as Al2O3. Thus, from higher oxygen
content at Points 1 and 2 in Figure 5(b) and that at micro-
crack in Figure 5(d), it can be speculated there is Al2O3 in
these regions. Thus, JLR consists of Al2O3 particle arrays
and some microcracks distributed along JLR.

Figure 4: Macrostructure and JLR of B series (with butting surface treatment – initial oxide layer had been milled): macrostructure of (a) B1;
JLR of (b) B1, (c) B2, (d) B3, and (e) B4.
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3.2 Microhardness profiles of joints

The typical hardness profiles of the welds are shown
in Figure 6. Sixty Vickers microhardness indentations,
along the mid-thickness of the plate, were performed at
an interval of 0.2 mm for each weld. There is a similar
trend at the profiles that the microhardness values of the
stir zone are significantly lower than those of the base
metal. Moreover, the lowest hardness is observed near
the boundary of heat-affected zone (HAZ) and thermo-
mechanically affected zone (TMAZ) in all joints, which
could be attributed to the dissolution and/or coarsening
of the precipitations during the FSW thermal cycle [28].

In addition, the overall microhardness values of A2 are
higher than that of A1, which could be due to the
decrease of heat input.

Figure 5: (a) SEM surface morphology of JLR at region A in Figure 2(d); (b)–(d)magnification of B, C, and D in (a); (e) EDS analysis along the
white arrow in (d).

Table 3: EDS Analysis of element compositions at the points indi-
cated in Figure 4(b)

Element Point
1 (at.%)

Point
2 (at.%)

Point
3 (at.%)

Point
4 (at.%)

O 19.29 11.33 3.37
Al 79.40 87.00 79.35 97.83
Cu 1.31 1.67 17.28 1.33
Mg 0.84
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3.3 Tensile properties and fracture behavior

Tensile properties of A-, B-, and C-series joints are reported
in Table 2 and Figure 7. The average UTS of the FSW joints
varies from 315 to 408MPa, as shown in Figure 7(a). Yield
strength (YS) increases as TS increases because less pre-
cipitations (T1 and θ′ phases) in base material will be dis-
solved as heat input decreases. In C series (bead-on-plate
FSW), as TS increases, UTS is also improved although
there are some differences in the trend of elongation
(Figure 7(b)). In A series (without butting surface treat-
ment), UTS and elongation significantly decrease while
TS increases from 200 to 300mm·min−1. In B series (with
butting surface treatment), elongation also decreases but
UTS is almost unchanged while TS increases from 200 to
300mm·min−1.

Figure 8 shows typical stress–strain curves for each
welding condition. All specimens have a similar linear
elastic stage and the elastic modulus is 75–81 GPa. In C
series (Figure 8(c)), all specimens also have a similar strain
hardening stage to the UTS and then fracture with good
ductility. In A and B series, as shown in Figure 8(a) and
(b), tensile specimens under lower TS (100–200mm·min−1)
yield at ∼290MPa, following a similar strain hardening stage
of C-series specimens; A3 and A4 specimens prematurely

rupture with poor ductility due to the change of fracture
location (Figure 9). There is a longer strain hardening stage
in stress–strain curves of B3 and B4 specimens, although
their fracture location is the same as that of A3 and A4 speci-
mens (Figure 9). Thus, UTS and elongation of B3 and B4
specimens are improved, compared with A3 and A4.

There are three main fracture modes observed in the
current study, as listed in Table 4. Specimens with shear
fracture along 45° and 135° directions at the retreating
side have similar tensile properties, and the fracture
paths in both directions are connected to the boundary
of TMAZ/HAZ. Thus, it is considered appropriate to clas-
sify these two fracture paths into one fracture mode,
named mode 1 (M1). Moreover, the fracture path of 135°
shear fracture at the upper part and fracture along the
onion ring at the bottom part was classified as mode 2
(M2), and the fracture path along JLR was classified as
mode 3 (M3). Different fracture modes corresponding to
each welding condition are shown in Figure 9. All speci-
mens of C series (C1–C4) and all specimens of A1 exhibited
the fracturemode of M1. All specimens of B1 were fractured
by the fracture mode of M2. A-series and B-series speci-
mens with higher TS (i.e., A3, A4, B3, and B4) all fractured
along JLR (fracture mode M3). Interestingly, in A2 and B2
conditions, there seems to be a critical transition of frac-
ture mode in A series and B series, respectively. Two of A2
specimens exhibited the fracture mode of M1, while one of
A2 fractured along JLR (fracture mode M3). Similarly, two
of B2 specimens exhibited the fracture mode of M2, while
one of the B2 fractured partially along JLR.

The specimens with fracture mode M3 under TS of
200mm·min−1 (i.e., A2 and B2) are separated from other
specimens; then, the properties of every welding condi-
tion are re-showed in Figure 7(c) and (d). Comparing A, B,
and C series, TS of 200mm·min−1 is a critical point. UTS
and elongation have no apparent change after butting
surfaces are treated at lower TS (100–200mm·min−1).
However, UTS and elongation have a significant improve-
ment after butting surfaces were treated when TS is
300–400mm·min−1. In addition, in butt FSW (A series
and B series), when TS < 200mm·min−1, specimens of
A1 showed a shear fracture at the retreating side (M1),
and specimens of B1 showed a shear fracture at the upper
part and partially fractured along the onion ring at the
bottom part (M2); when TS > 200mm·min−1, both speci-
mens of A series and B series fractured along JLR (M3);
when TS = 200mm·min−1, both the specimens of A2 and
B2 have two fracture mode, i.e., M1 + M3, M2 + M3,
respectively.

Figure 6: Vickers hardness distribution of FSW 2195-T8 welds A1
(TS = 100mm·min−1); A2 (TS = 200mm·min−1).
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4 Discussion

4.1 Formation and evolution of JLR

When the fresh surface of Al alloy is exposed to air at
room temperature, a compact and amorphous oxide layer
will grow to ∼2.5 nm (25 Å) in thickness within a few min-
utes, and the growth rate is greatly reduced thereafter
and a thicker and more permeable outer layer will form
after a long period of time [29]. The ultimate thickness of
natural oxide film composed of these two layers is at sub-
10-nm scale [29–31]. If not removed (i.e., A series), the
oxide film of the butting surface would be broken and
flow with the stirring pin during FSW. Moreover, under
the same rotating speed, an increase in the TS from 100 to
400mm·min−1 weakened the stirring of material per unit
advance of the tool. Therefore, the oxides of the initial

interface can flow sufficiently at lower TS, resulting in a
relatively smooth morphology of JLR. While at higher TS, as
the initial oxide layer cannot flow sufficiently, JLR becomes
serrate and discontinuous (as shown in Figures 3 and 4).

However, JLR still exists even though the butting
surfaces were milled prior to FSW, i.e., B series. On the
one hand, a new oxide layer will re-form immediately
after butting surface treatment since there must be a
period of time (a few minutes) between butting surface
treatment and welding. On the other hand, oxidation can
also occur during welding due to entrained air and high
processing temperature which could accelerate the oxi-
dation growth rate [32]. Whereas even though the oxide
layer could not be removed totally during the welding
condition, it is speculated that newly formed oxide layer
of the B series butting surface during such a short time is
thinner than the natural oxide layer in the A series. Thus,

Figure 7: Properties change of A, B, and C series as the increase of TS: (a) YS and UTS, and (b) elongation; (c) UTS and (d) elongation
(specimens with fracture mode M3 in A2 and B2 are separated).
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JLR of the B series is less discernable than that of the A
series. Moreover, as a control group, JLR does not exist in
bead-on-plate FSW joints (i.e., C series) since there is no
butting surface, which further confirms the rationality of
the above discussion.

4.2 Analysis of fracture modes

Figure 10(a) is a typical OM of cross section of the as-
tested A2 specimen with fracture mode M1. Figure 10(b)
shows the SEM of the fracture surface of as-tested base
material specimen, which also fractured along 45° direc-
tion with tensile direction. The fracture surface is mainly
composed of cleavage river patterns and small dimples.
Therefore, the fracture feature of the base material
is a mixture of dimple fracture and cleavage fracture.

Figure 10(c)–(g) shows SEM of the fracture surface of
the as-tested A2 specimen. At the upper part of the frac-
ture surface, there are lots of small dimples and some
flat quasi-cleavage surfaces (Figure 10(f)). At the bottom
part of the fracture surface, lots of elongated grain struc-
tures (from TMAZ) and larger dimples are observed
(Figure 10(e) and (g)). Therefore, fracture mode M1
owns a mixed feature of dimples and quasi-cleavage
surfaces, similar to that of the base material.

Figure 11(a) shows a typical OM of cross-section of
the as-tested B1 specimen with fracture mode M2. As
shown in Figure 11(b), the upper part of the fracture sur-
face displays 135° shear fracture (just like M1) and the
bottom part displays a tear-like shape along the onion
ring, which results in the relatively unstable properties of B1
specimens. At greater magnification (Figure 11(c) and (d)), it
can be found that the surface is mainly composed of small

Figure 8: Typical stress–strain curves for (a) A, (b) B and (c) C series.
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dimples. Thus, it can be indicated that M2 also owns a
mixed feature of dimple fracture and quasi-cleavage
fracture.

The cross-sections of as-tested A3 and B3 specimens
were presented in Figure 12(a) and (b), respectively,
showing both fracturing along JLR (fracture mode M3).
Nearly no dimple was observed in fracture mode M3. The
fracture morphologies of both as-tested A3 (Figure 12(e))
and B3 (Figure 12(f)) show that M3 is a typical cleavage
fracture. Moreover, due to the difference in the JLR feature
mentioned before (Figures 3 and 4), differences in fracture
morphology between A3 and B3 were also observed. Com-
paredwith B3 (Figure 12(d)), there are deeper ditches between
the ridges on the fracture surface of A3 (Figure 12(c)). More-
over, at the ridge of A3, the surface is composed of more
cleavage steps (Figure 12(e)) than that of B3 (Figure 12(f)).

4.3 Effect of heat input on JLR and
mechanical properties

Since there is no butting surface in bead-on-plate FSW
(i.e., C series), JLR did not exist in C series joints. Thus, C
series could be the control group when discussing the
effect of JLR on mechanical properties. 6 × 50 indenta-
tions with a horizontal spacing of 0.2 mm and vertical
spacing of 0.3 mm (the distance between the bottom
row and the bottom surface is 0.2mm) were performed at
the transverse cross-section of C2 (as shown in Figure 13(a)).
Figure 13(b) shows the microhardness mapping of C2 with
the legend on the right side indicating the hardness values
for various colors. The region marked by the red circle has
the lowest hardness and the white dash line going through
this region along 135° direction is also a low hardness zone
in addition to the TMAZ/HAZ boundary. The formation of
the lowest hardness region is possibly because of the fact
that there is a transition zone composed of lots of coarse
elongated non-recrystallized grains. This transition zone is
between the pin-affected zone and shoulder-affected zone
and the crack initiated preferentially in the transition zone
during tension [33]. During tension, all specimens of C
series exhibited shear fracture at the retreating side with
fracture paths connected to the boundary of TMAZ/HAZ,
i.e., the lowest hardness zone (LHZ).

Figure 9: Summary of fracture modes corresponding to each welding condition.

Table 4: Typical fracture modes

Designation Fracture mode

M1 45° or 135° shear fracture at lowest hardness
zone of retreating side

M2 135° Shear fracture at upper part and fracture
along the onion ring at bottom part

M3 Fracture along JLR

10  Qingsong Zhang et al.



JLR was observed both in A (butt welded directly)
and B series (with butting surface treatment), and JLR
of the B series are less discernable than that of the A
series. As mentioned before, when TS < 200mm·min−1,
specimens of A1 and B1 did not fracture along the JLR,
which indicates the negligible effect of JLR onmechanical

properties under this welding condition, whereas the
fracture modes of A1 and B1 are also quite different.
Specimens of A1 showed a shear fracture at the retreating
side (M1), while specimens of B1 showed a shear fracture
at the upper part and partially fractured along the onion
ring at the bottom part (M2). Previous studies have found

Figure 10: (a) OM of as-tested A2 specimen and observation direction of SEM indicated by white arrow; (b) SEM of the fracture surface of the
as-tested base material specimen; SEM of (c) fracture surface of as-tested A2 specimen, (d and e) local zone in (c), (f) local zone in (d), and
(g) local zone in (e).
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that the onion rings, consisting of different scales of
grains, texture, and periodical microstructure with alter-
nate precipitate-rich bands, could affect the macroscopic
fracture process by leading to a fracture path along the
onion rings [34–36]. Moreover, Krishnan [37] considered
that the oxide particles distributed along onion rings
have no obvious effect on the mechanical properties of
the FSW Al alloy joints. Thus, the reason why fracture
mode M2 occurred in the B1 specimen was considered
related to differences in the grain size, texture, and precipi-
tate density in the onion rings structure, while not related to
the oxide particles from the original butting surface.

When TS > 200mm·min−1, both specimens of A series
and B series fractured along JLR, and there is a significant
decrease in both UTS and elongation (comparing with C
series), which together indicate that the JLR deteriorated
mechanical properties significantly. Comparing A series
with C series when TS > 200mm·min−1, the UTS exhibited
a significant decrease of ∼85 MPa. While comparing B
series with A series when TS > 200mm·min−1, butting

surface treatment did improve the mechanical properties.
B3 specimens have better mechanical properties than
A3 specimens. Similarly, the properties of B4 specimens
are better than those of A4. In addition, the property of
B2 with fracture mode M3 does not decrease too much
while compared to that of A2 with the same fracture mode
(Figure 7(c) and (d)). These indicate that butting surface
treatment prior to welding can weaken the influence
of JLR on mechanical property under higher TS (lower
heat input condition). Compared with the joints welded
directly, the tensile strength of the joints with butting
surface treatment is significantly improved (an increase
of ∼54 MPa in UTS) when TS > 200mm·min−1. However,
specimens under high heat input conditions did not frac-
ture due to JLR. From fracture modes in the present work,
the bonding strength of JLR (SJLR) and strength of LHZ
(SLHZ) are in a state of competition.

The effect of process condition onwelding heat input can
be characterized by heat index, HI, as follows: HI = RS2/TS.
The higher the HI-value, the higher the welding heat input

Figure 11: (a) OM of as-tested B1 specimen and observation direction of SEM indicated by white arrow; SEM of (b) fracture surface and
(c) and (d) local zones in (b).

12  Qingsong Zhang et al.



Figure 12: OM of as-tested (a) A3 and (b) B3 specimens and observation direction of SEM indicated by white arrow; SEM of fracture surface
with M3: (c) A3 tensile specimen and (d) B3 tensile specimen; (e) local zone indicated by white arrow in (c) rotated counterclockwise about
70° for better observation; (f) local zone indicated by white arrow in (d).

Figure 13: (a) Points of Vickers hardness test of C2; (b) Microhardness mapping of C2.
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[38]. Figure 14 shows a schematic diagram of the general
trend of SJLR and SLHZ with the change of heat input (HI)
according to mechanical properties and fracture location of
welds under differentwelding conditions.With the increase of
TS, on the one hand, JLR becomes more serrate to makemore
crack initiation sites so that SJLR decreases. On the other hand,
the decrease of heat input makes less dissolution of precipi-
tates [28], which results in the increase of SLHZ. When SJLR is
higher than SLHZ, the weld will fracture at LHZ; otherwise, the
weld will fracture along JLR. When SJLR is close to SLHZ, the
weld could fracture at LHZ or along JLR. These three condi-
tions all exist in our study. In addition, butting surface treat-
ment prior to welding can improve SJLR because less oxide
weakens the influence of JLR on SJLR, so the property of B3
and B4 is better than A3 and A4.

5 Conclusions

(1) In the stir zone of 2195-T8 FSW joints, there exists JLR
composed of alumina-particle arrays and microcracks
generated from the initial butting surface. As TS increases
(i.e., the welding heat input decreases), the morphology
of JLR in the 2195-T8 FSW joints would evolve from
smooth to serrate.

(2) At lower TS (TS < 200mm·min−1), all tensile speci-
mens under three different butting surface conditions
did not fracture along JLR and exhibited similar ten-
sile properties.

(3) As TS increases (i.e., the welding heat input decreases),
JLR deteriorates the tensile strength of the 2195-T8 FSW

joint, with the joint prematurely fracturing along JLR.
TS of 200mm·min−1 is a turning point. When TS >
200mm·min−1, tensile strength deteriorated signifi-
cantly (a decrease of ∼85MPa in UTS) with specimens
fracturing along JLR.

(4) The fracture mode of 2195-T8 FSW joints is deter-
mined by the lower one between SJLR and SLHZ. As
thewelding heat input decreases (i.e., the TS increases),
SJLR would decrease because the JLR becomes more
serrate to make more crack initiation sites, while SLHZ
would increase because of the existence of more pre-
cipitates. Thus, JLR tends to be the fracture path at
lower welding heat input.

(5) Butting surface treatment by milling off the oxide
layer prior to welding could make the JLR in the
2195-T8 FSW joints less distinct and thus improve
SJLR, while fracture along JLR could not be avoided.
When TS > 200mm·min−1, the tensile strength of the
joints with butting surface treatment is significantly
improved (an increase of ∼54 MPa in UTS), but still
lower than that of the bead-on-plate, and tensile spe-
cimens with butting surface treatment still fractured
along JLR.
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