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Abstract

A new experimental procedure—stir-in-plate welding was adopted to eliminate the initial butt surface of two plates to be joined and examine
the effect of the initial butt surface on the formation of the zigzag line and the tensile properties of the welds. The comparison between the butt and
stir-in-plate welds indicated that under as-welded condition the zigzag line did not show up in the welds, and two welds exhibited similar tensile
properties and fracture characteristics. After post-weld T6-treatment, the zigzag line appeared on the butt weld as zigzag micro-crack at the root
tip and discontinuously-distributed cavities of 50-200 wm throughout the weld, which were verified to be associated with the oxide particles. This
resulted in the reduced tensile strength and significantly deteriorated ductility with the fracture initiating and propagating along the zigzag line. No

zigzag line was discernible on the T6-treated stir-in-plate weld.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since its invention as a solid-state joining process by The
Welding Institute (TWI) of the UK, friction stir welding (FSW)
has been proved to be one of the most significant achievements in
the field of joining aluminum alloys, and has been widely used in
the aerospace industry for joining high-strength 7xxx aluminum
alloys that are difficult to weld using conventional fusion tech-
niques [1-3]. The FSW offers several advantages such as better
mechanical properties, less distortion, weight savings, and fewer
weld defects [3].

Recently, two microstructural features, which could nega-
tively influence the mechanical properties of the FSW aluminum
joints, have attracted great scientific interests. The first feature
was the existence of faint line patterns in the stirred zone (SZ)
called as “lazy S, “zigzag line” or “kissing bond” [4-7]. The
zigzag line, which runs through the whole SZ from the bottom
to the top or appears only at the root of the SZ, was usually gen-
erated under lower heat-input welding condition and showed
up after the weld was etched [5—7]. The second feature was
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the intrinsic instability of the fine-grained microstructure of the
weld. For FSW aerospace aluminum alloys, the heat-affected
zone (HAZ) is the weakest region of the weld due to the disso-
lution and coarsening of the precipitates. In order to restore the
loss of strength in the HAZ, one option is to conduct a post-weld
T6-treatment (PW-T6) [8,9]. However, abnormal grain growth
(AGG) was observed in the SZ during high temperature post-
weld heat treatment (PWHT) for several FSW aluminum alloys
[10-12].

Okamura et al. [5] reported that the zigzag line remained as
a vestige of the oxide layer and it did not affect the mechanical
properties of the FSW 6xxx alloy weld. Sato et al. [6] observed
the microstructure at the root tip of the zigzag line of FSW
5052Al alloy by FIB-assisted TEM. They suggested that the
zigzag line originated from the oxide layer of the initial butt
surface that was fragmented during FSW and the distribution of
Al,O3 oxide particles in a local region did not affect the root-
bend property of the weld. Recently, Zhou et al. [7] reported that
the fatigue lives of the FSW 5083 Al and 2024 Al joints with the
oxide array were much shorter than those of the sound welds.

It is noted that the studies mentioned above were all con-
ducted on the as-welded condition. The study on the effect of the
PW-T6 on the formation of the zigzag line is lacking. Recently,
the effect of the zigzag line on the mechanical properties of
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FSW 2219A1-0 joints under both as-welded and PW-T6 condi-
tions was investigated by Liu et al. [13]. They used two kinds of
FSW samples: one was directly welded without any clearing of
the surface oxide layer and the other was cleared to remove the
surface oxide layer prior to FSW. Under the PW-T6 condition,
a zigzag line was distinctly visible as continuous micro-cracks
throughout the weld thickness for the weld without clearing,
whereas no zigzag line was detected for the weld with clearing.
Furthermore, the AGG occurred in both welds during the PW-
T6 [13]. However, they did not show if the zigzag line showed
up under the as-FSW condition. They reported that while the
zigzag line exerted no effect on the mechanical properties of the
as-welded joint, the properties of the PW-T6 weld were seri-
ously deteriorated due to the formation of micro-cracks along
the zigzag line.

It is well known that the aluminum alloy is very prone to
be oxidized and the compact Al,O3 layer will persist firmly
on the surface to prevent the further corruption [14]. Even if
the Al,O3 layer is removed, it will grow immediately. For the
FSW process, the aluminum workpieces ahead of the traveling
tool will experience the thermal exposure to a certain extent. In
this case, it is unavoidable for the workpieces to be oxidized.
Therefore, the experimental procedure of examining the effect
of the zigzag line by clearing the surface oxide layer prior to
FSW is highly subjected to doubt.

In this study, a new experimental procedure was used to exam-
ine the effect of the zigzag line on the mechanical properties of
FSW aluminum joints. Considering the fact that the zigzag line
is mainly resulted from the oxide layer of the initial butt surface,
we eliminate the zigzag line by using stir-in-plate welding, i.e.,
a welding without the initial butt surface. Further, a PW-T6 was
conducted to examine the effect of the PW-T6 on the formation
of the zigzag line. By comparing the experimental results of the
butt weld to those of the stir-in-plate one, the effect of the initial
butt surface on the mechanical properties and fracture behavior
of FSW aluminum joints can be unambiguously established.

2. Experimental

Eight millimeters thick 7075A1-T651 rolled plates with dif-
ferent widths were used in this study. The nominal chemical
composition and tensile properties of the plates were listed in
Table 1. Eighty millimeters wide plates were longitudinally butt
welded (hereafter referred to as butt weld), whereas 160 mm
wide plate was stir-in-plate welded (hereafter referred to as stir-
in-plate weld) with the FSW running along the centerline of the
plate. Thus, both butt and stir-in-plate FSW operations had sim-
ilar heat dissipation condition. A tool with a shoulder of 20 mm
in diameter and a threaded cone-shaped pin of 8 mm in bottom

Table 1
Nominal chemical compositions and tensile properties of 7075A1-T651 rolled plate
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diameter was used. Prior to the welding, the top surfaces of all
the plates were cleared by the abrasive papers, and further, the
butt surfaces for the butt FSW were cleared by milling. Con-
sidering the fact that the zigzag line is apt to form under lower
heat-input [5-7], a little hot welding parameter (tool rotation
rate w: 600 rpm and traverse speed v: 100 mm/min) was used
for both FSW processes to weaken the formation of the zigzag
line. Parts of FSW samples were subjected to a T6-treatment
(solutionized at 470 °C for 1 h, water quenched, and then aged
at 120 °C for 24 h).

The FSW samples were cross-sectioned perpendicular to
the welding direction. After successive steps of grinding and
polishing, the samples were etched using Keller’s reagent and
examined using optical microscopy (OM) and scanning elec-
tron microscopy (SEM, HITACHI S-3400 N). Grain sizes were
estimated by the linear intercept method. Hardness measure-
ment was conducted along the mid-thickness of the transverse
cross-section of the welds using an automatic testing machine
(Leco, LM-247AT) under a load of 300 g for 15s. Transverse
tensile specimens with a gage length of 40 mm and a width of
10 mm were machined perpendicular to the welding direction.
Room-temperature tensile tests were carried out at a strain rate
of 4 x 107*s~! and the property data for each condition was
obtained by averaging three test results. The fracture surfaces of
tensile specimens were examined using SEM.

3. Results and discussion

Fig. 1 shows the typical cross-sectional macrographs of FSW
7075A1-T651 joints etched using Keller’s reagent. Under the
as-welded condition, no welding defect and zigzag line were
detected on both butt and stir-in-plate welds, and the onion rings
were visible in the SZ (Fig. 1a and c). In the previous studies,
it was reported that for lower heat-input, the zigzag line was
distinctly visible on the welds after etching [5-7,15]. However,
for higher heat-input, the zigzag line was not observed on the
etched welds due to enhanced stirring effect [15]. The present
observation in FSW 7075A1-T651 is consistent with that in FSW
1050A1-H24 by Sato et al. [15]. The microstructure of the SZ
was characterized by fine and equiaxed grains with the average
grain size being 5.2 and 5.9 um for the butt and stir-in-plate
welds, respectively (Fig. 2a and c).

The PW-T6 did not result in an AGG and only caused slight
grain coarsening in the SZ of both butt and stir-in-plate welds
(Figs. 1b and d, 2b and d), indicating that the fine-grained
microstructure of the FSW 7075A1-T651 was stable for the solu-
tion treatment (ST) of 470 °C/1 h. The mean grain size increased
to 7.3 and 7.6 um for the butt and stir-in-plate welds, respec-
tively. This can be explained by the effective pinning effect of

Nominal chemical composition (wt.%)

Tensile properties

Zn Mg Cu Cr Fe Si Mn

Ti UTS (MPa) YS (MPa) ElL (%)

5.6 2.5 1.6 0.23 Maximum 0.5 Maximum 0.4

Maximum 0.3

Maximum 0.2 574 502 12.6
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Fig. 1. Cross-sectional macrographs of FSW 7075A1-T651: (a) as-welded butt weld, (b) PW-T6 butt weld, (c) as-welded stir-in-plate weld, and (d) PW-T6 stir-in-plate

weld (the advancing side is on the right).

the dispersoids on the grain boundaries. In a previous study [16],
it was reported that the fine-grained microstructure of 3.8 pm
in FSP 7075A1-T651 was relatively stable without AGG for
a heat treatment of 490 °C/1 h, which was attributed to effec-
tive pinning by Cr-bearing dispersoids at the grain boundaries
[16,17]. However, AGG has been observed in FSW 6061A1-O
and 2219A1-0O during ST [9,10,13].

After the PW-T6, while no trace of the zigzag line was
detected in the stir-in-plate weld, a zigzag micro-crack was
macroscopically visible at the root tip of the butt weld (Fig. 1b
and d). At a higher magnification, except for the zigzag micro-
crack, numerous cavities were detected throughout the SZ

(Fig. 3a), and these cavities formed a discontinuous zigzag line.
Some cavities appear to be associated with the onion rings
as shown by point C in Fig. 3a. By comparison, no flaw was
detected in as-FSW butt weld (Fig. 3b). This indicates that for
this FSW 7075AI1-T651 butt weld produced with a little hot
welding parameter, the zigzag line showed up only after high
temperature heat treatment, i.e., the zigzag line could not be
completely eliminated even with clearing the surface oxide layer
prior to FSW. This result is quite different from that obtained by
Liu et al. [13] in FSW 2219A1-O joints. Liu et al. reported that
under PW-T6 condition, for the weld without any clearing of the
surface oxide layer, a zigzag line was distinctly visible as con-

Fig. 2. Optical micrographs showing grain structure of the SZ in FSW 7075A1-T651: (a) as-welded butt weld, (b) PW-T6 butt weld, (c) as-welded stir-in-plate weld,

and (d) PW-T6 stir-in-plate weld.
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Fig. 3. Optical micrographs showing (a) zigzag micro-crack and discontinuous cavities on PW-T6 butt weld and (b) defect-free as-welded butt weld.

tinuous micro-cracks throughout the weld thickness, whereas
the zigzag line disappeared in the weld with clearing the surface
oxide layer before the FSW. Based on the present observations,
itis suggested that the zigzag line might be weakened, but could
not be completely eliminated by clearing the surface oxide layer
prior to FSW because the oxide layer will form immediately after
clearing, in particular under high temperature thermal exposure
ahead of the traveling tool.

SEM observations indicated that the small cavities had a
size of 50-200 wm with some inclusions inside (Fig. 4a and
¢), and the cavities distributed along the onion rings exhibited
an elongated shape (Fig. 4c). A high oxygen content (24 at.%)
was detected on these inclusions by EDS analyses (point A in
Fig. 4a). This indicates that these inclusions were associated
with the oxide layer of the initial butt surface. Furthermore, at
the tip of the zigzag micro-crack, some smaller cavities were

Fig. 4. SEM micrographs showing magnified view of PW-T6 butt weld: (a) cavity (point A in Fig. 3a), (b) zigzag micro-crack (point B in Fig. 3a), and (c) cavity

along the onion ring (point C in Fig. 3a).
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Fig. 5. Vickers hardness distribution of FSW 7075A1-T651 welds: (a) butt weld and (b) stir-in-plate weld (the advancing side is on the right).

Table 2
Transverse tensile properties of FSW 7075A1-T651 joints

Welding procedure Condition UTS (MPa) YS (MPa) El (%) Fracture location
B d As-weld 430 293 8.0 HAZ

utt we PW-T6 514 501 15 Sz
Stirinolate weld As-weld 425 289 8.1 HAZ

frn-plate w PW-T6 573 501 11.8 BM

found (Fig. 4b). Again, EDS analyses revealed a higher oxygen
content (21 at.%) on the edges of the zigzag micro-crack (point
B inFig. 4b), indicating the intimate relationship between zigzag
micro-crack and oxide layer of the initial butt surface.

The hardness profiles of the welds under various conditions
were shown in Fig. 5. Under the as-welded condition, the hard-
ness of both butt and stir-in-plate welds were significantly lower
than that of the base metal with the lowest hardness being
observed in the HAZ due to the coarsening and/or dissolution
of the precipitates during the FSW thermal cycle. A similar
observation has been made by other investigators [3,17-20].
No difference was observed between the hardness profiles of
the butt and stir-in-plate welds because the same FSW condi-
tions were used. After the PW-T6, the hardness of both butt and
stir-in-plate welds was completely restored to the level of the
base metal. Again, both butt and stir-in-plate welds exhibited
quite similar hardness profile under the T6 condition. During
the PW-T6, the precipitates in various zones dissolved into the
matrix completely and then re-precipitated. In this case, the
precipitation-strengthening effect should be quite similar in var-
ious zones. Considering the significant grain refinement in the
SZ compared to that in the base metal, it appears that the PW-
T6 weld might exhibit higher hardness value. However, it was
reported that the hardness profile of FSW aluminum alloy joints
depended slightly on the grain size, but strongly on the precip-
itate distribution [18], i.e., the precipitate rather than the grain
size is the dominant factor for determining the hardness of the

welds. Therefore, the hardness of the SZ was similar to that of
other zones for the PW-T6 7075A1-T651 weld.

The tensile properties of the FSW samples are summarized
in Table 2. Compared to the base metal (BM), the as-welded
7075A1-T651 butt weld exhibited reduced strength and ductil-
ity with the joining efficiency being ~75%, which is in good
agreement with the result obtained by Mahoney et al. [17]. Fur-
ther, the butt weld exhibited 45° shear fracture in the HAZ on
the retreating side (Fig. 6a). This is consistent with the distri-
bution of the lowest hardness in the hardness profile. In this
case, the HAZ, rather than the zigzag line (not show up under
as-FSW condition) in the SZ, is the weakest zone that domi-
nates the properties of the butt weld. A similar observation has
been made in FSW 7075A1-T651 joint by Mahoney et al. [17].
The 45° shear fracture path coincides with the lowest hardness
distribution profile of the FSW aluminum alloy joints [20]. It is
noted that under as-welded condition, both butt and stir-in-plate
welds exhibited similar strength and ductility, as well as fracture
characteristics (Table 2 and Fig. 6), which is consistent with the
hardness profile (Fig. 5). This indicates that the oxide layer on
the initial butt surface exerted no effect on the tensile properties
and fracture behavior of the as-welded FSW aluminum joints.
This is consistent with the results obtained by Okamura et al.
[5] and Sato et al. [6].

After the PW-T6, two kinds of FSW 7075A1-T651 joints
exhibited significantly different mechanical properties. The PW-
T6 restored the strength and ductility of the stir-in-plate weld

Fig. 6. Appearances of failed FSW joints: (a) as-welded butt weld, (b) PW-T6 butt weld, (c) as-welded stir-in-plate weld, and (d) PW-T6 stir-in-plate weld.
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Fig. 7. SEM micrographs showing fracture surfaces of as-FSW butt weld.

completely to the levels of the base metal with the fracture occur- profile of the PW-T6 stir-in-plate weld indicated that the grain
ring in the base metal zone (Fig. 6d). This indicates that the  refinement did not increase the hardness values of the SZ under
strength of the stir-in-plate weld is somewhat higher than thatof =~ T6 condition obviously (Fig. 5b), the tensile results implies that
the base metal under the T6 condition. Although the hardness the grain refinement contributed to the increase in the strength

Fig. 8. SEM micrographs showing fracture surfaces of PW-T6 butt weld: (b)—(f) correspond to points B, C, D, E and F in (a), respectively.
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of the SZ, resulting in the occurrence of the fracture in the base
metal zone. Clearly, the effect of the precipitate distribution and
grain refinement on the hardness and strength of the FSW alu-
minum joints is complicated and needs in-depth investigation.
For the butt weld, while 100% of yield strength and 90% of
tensile strength were restored by the PW-T6, the ductility of the
weld was significantly reduced. The fracture path appeared to be
along the distribution of the discontinuous zigzag line (Fig. 6b).
By comparing the tensile properties and fracture behavior of the
butt and stir-in-plate welds (Table 2 and Fig. 6), it is clear that
under the PW-T6 condition, the zigzag line reduced the tensile
strength of the weld and deteriorated the ductility significantly.

The as-welded butt weld exhibited a 45° shear fracture with-
out preferential crack initiation source (Fig. 7a). The fracture
surfaces were characterized by larger dimples and tearing ridges,
indicating extensive plastic deformation (Fig. 7b). Similar frac-
ture surfaces were also observed in the as-welded stir-in-plate
weld. For the PW-T6 butt weld, apparently, the fracture initi-
ated at the zigzag micro-crack at the root tip of the weld and
propagated towards the top surface along the distribution of dis-
continuous zigzag line (Fig. 8a—c and e). The fracture surface
was characterized by fine and shallow dimples with remarkably
reduced tearing ridges (Fig. 7d and f), indicating significantly
reduced ductility.

The implication of this study is significant. First, the zigzag
line could be weakened, but could not be completely eliminated
by clearing the butt surfaces before the FSW. Second, stir-in-
plate welding is a very effective approach to verify the effect
of the initial butt surface. Third, the zigzag line did not show
up under as-welded condition even after etching and exerted no
effect on the tensile properties and fracture behavior of the welds.
Fourth, after the PW-T6, the zigzag line appeared as a zigzag
micro-crack on the root tip and discontinuously distributed cav-
ities of 50-200 wm throughout the weld. In this case, the tensile
strength of the welds was reduced and the ductility was signifi-
cantly deteriorated with the fracture being along the zigzag line.
Fifth, although the zigzag line was proposed to be originated
from the oxide layer on the initial butt surface, its formation
mechanism is still not well understood. This study indicates that
the zigzag line showed up only after the PW-T6. The origin of
the zigzag micro-crack and discontinuous cavities needs further
investigation.

4. Conclusions

1. Stir-in-plate welding is a very effective approach to ver-
ify the effect of the initial butt surface and the zigzag

line in FSW aluminum alloy butt joint could not be com-
pletely eliminated by clearing the surface oxide layer prior to
welding.

2. Under as-welded condition, the zigzag line did not show up
and exerted no effect on tensile properties and fracture behav-
ior of 7075A1-T651 friction stir welds that exhibited a 45°
shear fracture on the HAZ.

3. After post-weld T6-treatment, the zigzag line appeared as a
zigzag micro-crack at the root tip of the weld and discon-
tinuously distributed cavities of 50-200 pm throughout the
weld and the tensile strength and ductility of the weld were
considerably deteriorated with the fracture being along the
zigzag line.
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