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Abstract In order to improve the joint performances by con-
trolling the thermal effect of tool shoulder, a non-shoulder-
plunge (NSP) welding tool is utilized to conduct friction stir
welding (FSW) of an Al-Mg aluminum alloy in this paper.
Sound FSW joint is successfully produced by using the NSP
welding tool. In contrast to conventional FSW (C-FSW), the
thermal effect of tool shoulder is effectively reduced by NSP-
FSW, leading to a significant size reduction of shoulder-
affected zone in the joint. Besides, the NSP-FSW joint shows
finer grain structures in the stir zone and thermo-mechanically
affected zone, and exhibits lower extents of grain coarsening,
dislocation polygonization, and particle dissolution in the
heat-affected zone. Hardness maps show that the softening
region width of NSP-FSW joint is only nearly half that of C-
FSW joint and the NSP-FSW joint exhibits higher hardness in
the heat-affected zone than C-FSW joint. The tensile test re-
sults indicate that the joint efficiency is improved from 89 %
of C-FSW joint to 97 % by the NSP-FSW process.
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1 Introduction

Friction stir welding (FSW) has been successfully utilized to
weld various types of aluminum alloys since its invention [1].
As far as the non-heat treatable aluminum alloys are con-
cerned, sound joints with properties equivalent to the base
metal can be fabricated by FSW process. While in regard to
the heat treatable aluminum alloys or work hardened alumi-
num alloys, the thermal effect of welding tool generally causes
local softening to occur in the joints during FSW and the
mechanical properties of joints are lowered in contrast to the
base metal [2].

Controlling the heat input into workpiece is an effective
approach to improve the microstructure evolution and me-
chanical properties of FSW joints. The heat input during
FSW is generated by the interaction between welding tool
and workpiece. The FSW tool is mainly composed of two
parts, i.e., tool shoulder and tool pin. The tool shoulder con-
tributes primarily to the heat generation during the welding
[3—-5]. Therefore, it is rather important to control the heat input
from tool shoulder in order to reduce the negative effects of
welding thermal cycles. In order to do this, the liquid-cooled
FSW process has been extensively investigated in previous
studies. Fratini et al. [6] considered in-process heat treatment
with water flowing on the top surface of the samples during
FSW. The results showed that the peak temperature around
tool shoulder is notably lowered and the tensile strength of the
joint was improved by the cooling action. With the aim to take
full advantage of external liquid cooling action, underwater
friction stir welding of aluminum alloys was investigated by
several researchers [7-10]. Compared with conventional
FSW, it was found that the size of shoulder-affected zone
was reduced and the strength improvement was acquired un-
der the water cooling action. The positive effects of external
liquid cooling on structure-property improvements of FSW
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joints have been demonstrated by these investigations; how-
ever, the employment of external liquid cooling inevitably
increases the complexity of both the system and process dur-
ing FSW, which would restrict the use of FSW for practical
production.

In regard to FSW process, tool rotation speed, welding
speed, and shoulder plunge depth are three important pa-
rameters determining the heat input levels [11]. To
achieve the superior joint performances, the rotation speed
and welding speed were mostly optimized to reduce the
heat input as much as possible on the premise of avoiding
the defect formation during FSW [11-13]. However, the
shoulder plunge depth was rarely optimized during the
control of heat input levels in previous studies. This
should be attributed to that the value of shoulder plunge
depth is largely determined by weld surface formation
quality. If the shoulder plunge depth is too low or too
high, weld surface defects such as groove and flash are
more prone to be formed in the joints. Thereby, in contrast
to the rotation speed and welding speed, the shoulder
plunge depth generally varies in a relatively narrow range
for sound weld appearance formation [14-16].

The use of shoulder plunge depth is a fundamental charac-
teristic of conventional FSW. Actually, the value of shoulder
plunge depth reflects the extent of interaction between tool
shoulder and workpiece. From the perspective of optimization
of shoulder plunge depth, if the defect-free FSW joints can be
produced at a zero shoulder plunge depth, the interaction level
between tool shoulder and workpiece as well as the thermal
effect of tool shoulder is believed to be weakened on the basis
of conventional FSW, and further improvement of joint per-
formances is expected to be obtained. Based on this assump-
tion, a novel non-shoulder-plunge (NSP) FSW process is ex-
plored in this study, during which a zero shoulder plunge
depth is applied to welding tool. This work is aimed to fun-
damentally control the heat input from tool shoulder during
FSW by weakening the interaction between tool shoulder and
workpiece, and resultantly, to improve the structure-property
of FSW joints.

2 Experimental procedure

The base metal (BM) used for this investigation was an 8-
mm-thick 5052 aluminum alloy plate in H32 condition,
which is a type of antirust aluminum alloy belonging to
Al-Mg series. The chemical compositions and mechanical
properties of the BM are listed in Table 1. Figure 1 shows
the microstructures of BM, and the following observations
are made. First, the BM exhibits coarse elongated grains
(40.3+8.7 um in size) parallel to the rolling direction due
to the work hardening (see Fig. la). Second, a great
amount of grains from BM are found to contain high-
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density dislocations with a network structure (see
Fig. 1b). Third, many block-shaped second-phase parti-
cles are distributed in the Al matrix (see Fig. lc). The
energy dispersive spectrometer (EDS) analysis reveals
that the second-phase particles have a Mg to Si ratio (at.
pct) of close to 2:1, corresponding to the stoichiometry of
the Mg,Si phase.

The dimension of welding samples was 300 mm long
by 100 mm wide. Butt welds were made along the longi-
tudinal direction (perpendicular to the rolling direction) of
the welding samples using an FSW machine. The welds
were made in displacement control rather than z-axis load
control. K-type thermocouples were used to measure the
temperature of the samples during FSW. The thermocou-
ples were located at the top surfaces of samples on the
advancing side (AS) with distances of 15 and 20 mm from
weld center.

After welding, the joints were all cross-sectioned per-
pendicular to the welding direction for metallographic
analyses and mechanical tests. The cross sections of the
metallographic specimens were polished using a diamond
paste, etched with Keller’s reagent, and observed by an
optical microscopy (Olympus DSX500). Microstructural
analyses were carried out on the weld midplane, and the
exact locations where the microstructures were extracted
included the center of stir zone (SZ), the thermo-
mechanically affected zone (TMAZ) adjacent to SZ on
the AS, and the heat-affected zone (HAZ) adjacent to
TMAZ on the AS and the BM. The grain structures were
analyzed by electron back-scattered diffraction (EBSD).
The EBSD data was collected using a JEOL JSM-7001F
scanning electron microscope and processed with TSL
OIM Analysis 6 software. Transmission electron micros-
copy (TEM PHILIPS CM12) was used to determine the
substructures. The foil disk specimens for TEM were cut
parallel to the welding direction and prepared through
double jet electro-polishing using a solution of 30 % nitric
acid in methanol (18 V and —35 °C). A FEI Quanta 250
FEG scanning electron microscope was utilized to evalu-
ate the distribution of second-phase particles.

Microhardness was measured across the polished cross
sections at a horizontal spacing of 1 mm and a vertical
spacing of 1.3 mm. The testing load was 1.96 N for 10 s.
The transverse tensile specimens were prepared with ref-
erence to China National Standard (GB/T2651-2008)
(equivalent to American Standard ASTM B557-2).
Tensile properties of each joint were evaluated using three
tensile specimens cut from the same joint. It is noted that
all the specimens were extracted from the middle part of
the joints where the steady state of the FSW process was
achieved. The room temperature tensile test was carried
out at a crosshead speed of 1 mm/min using an electron
universal testing machine (Instron 5566).
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Table 1 Chemical compositions

and mechanical properties of Chemical compositions (wt%)

Mechanical properties

5052-H32 aluminum alloy
Al Mg Si Fe

Cr Cu Mn Zn Tensile strength Elongation

Bal. 22~2.8 0.25 0.4

0.15~0.35 0.1 0.1 0.1 225 MPa 24 %

3 Results and discussion
3.1 Determination of NSP welding tool features

Limited by the configuration of welding tool, it is rather
difficult to produce sound joint by using a zero shoulder
plunge depth in conventional FSW. In order to success-
fully conduct NSP-FSW, the proper design of welding
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Fig.1 Microstructures of the base metal: a grain structures, b dislocation
structures, and ¢ second-phase particles

tool, especially the tool shoulder, is of great importance.
The tool shoulder has three functions during the formation
of friction stir weld: (1) constraining the heated material
beneath the shoulder end surface, (2) directing the inward
flow of plastic material, and (3) producing the downward
forging action for weld consolidation and frictionally
heating the surface regions of the workpiece [17]. To con-
strain the heated material beneath tool shoulder, a concave
feature is machined on the shoulder end surface in this
study (see Fig. 2a). During NSP-FSW, the concave shoul-
der end surface, the weld top surface, and the side surface
of tool pin together compose a closed space. The flowing
plastic material is then contained and trapped in the space
during welding. Scrolls are among the most useful geo-
metrical features used for developing an inwardly directed
traction force under tool shoulder during FSW [17-19];
therefore, three equally spaced scrolls were machined on
the concave shoulder (see Fig. 2b), which prevents the
plastic material under shoulder from slipping out during
NSP-FSW. In order to improve the material flow and nug-
get integrity, the concave angle and diameter of tool
shoulder are properly designed to afford sufficient forging
force and frictional heat to the workpiece. The determined
NSP welding tool had a 26-mm-diameter shoulder and a
7.8-mm-length conical right-hand screwed pin.

In order to deeply illustrate the characteristic of NSP-FSW
process, the conventional FSW (C-FSW), during which a
shoulder plunge depth was utilized, was also conducted on
the same BM in this paper. The welding tool used for C-
FSW had a smooth concave shoulder with the diameter of
22 mm and the same tool pin as used in NSP-FSW (see
Fig. 2c¢, d). Note that the geometrical size of the welding tool
used in C-FSW was the optimal result of our previous
investigations.

A rotation speed of 600 rpm and a welding speed of
100 mm/min were used for both NSP-FSW and C-FSW.
The shoulder plunge depth was 0 mm, and the tool tilting
angle was 0° during NSP-FSW. In our previous investiga-
tions on C-FSW of the BM used in this study, when
shoulder plunge depth varied from 0.05 to 0.3 mm at an
interval of 0.05 mm, it was found that 0.2 mm was the
minimum shoulder plunge depth for producing defect-free
joints at the chosen welding parameters above mentioned;
therefore, a shoulder plunge depth of 0.2 mm was applied
to welding tool in C-FSW. The tool titling angle was set
to 2.5° during C-FSW.
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Fig. 2 Schematic views of FSW (a) (b)
process and tool features: a NSP- Welding
FSW, b shoulder end surface of direction
NSP-FSW tool, ¢ C-FSW, and d E
shoulder end surface of C-FSW °
tool Top
concavity
Bottom

(c) (d)

Welding

direction Welding Shoulder

<— tool

Workpiece

plunge
N3

Pin

3.2 Weld formation quality

Figure 3 presents the cross sections of the FSW joints. It
should be noted that the retreating side is on the left, while
the advancing side is on the right for each cross section in the
figure and throughout the whole paper. The base material is
severely deformed under the tool stirring action, and two de-
formed zones, i.e., the SZ and TMAZ, can be clearly observed
in the both joints (see Fig. 3a, b). The borders of the SZ and
TMAZ, depicted by the dashed lines in Fig. 3, are determined
by the grain structure features. During C-FSW, a severe shoul-
der stirring effect is exerted to the base material due to the
application of shoulder plunge depth; hence, an evident
shoulder-affected zone is observed in the SZ, as marked in
Fig. 3c. By contrast, there is nearly a complete absence of
shoulder-affected zone at the top of NSP-FSW joint (see
Fig. 3d). During NSP-FSW, the material beneath tool shoulder
is mainly from the pin-sheared material. The pin-sheared

Fig.3 Cross sections of the FSW Shoulder diameter:
joints: a C-FSW joint, b NSP-
FSW joint, ¢ enlarged view of C-
FSW joint, and d enlarged view

of NSP-FSW joint

N Shoulder-affected zone. _ —
N =i
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material is extruded upward into the concave of shoulder
and then flows with the rotating shoulder under the inwardly
directed traction force of scrolls; finally, it fills the hole at the
rear of welding tool, resulting in the weld formation. Since the
shoulder itself applies rather weak stirring effect to the base
material due to the application of a zero shoulder plunge
depth, the shoulder-affected zone almost disappears complete-
ly in the NSP-FSW joint. Further comparison finds that the
TMAZ is also narrowed in the NSP-FSW joint, further
confirming the limitation of material plastic deformation
around the welding tool during NSP-FSW.

3.3 Welding thermal cycles
Figure 4 shows the temperature histories of FSW joints. At
each measured location, the NSP-FSW joint shows lower

peak temperature than the C-FSW joint; furthermore, the
NSP-FSW joint exhibits shorter dwelling time above a given

Shoulder diameter-

—_—=
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Fig. 4 Welding thermal cycles (a) (b)
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temperature in the welding thermal cycles. Since the tool pins
used for C-FSW and NSP-FSW are the same, the different
thermal cycles between the both joints should be mainly re-
sulted from the variation of shoulder thermal effect during the
welding. Obviously, the thermal effect of tool shoulder has
been effectively weakened owing to the application of a zero
shoulder plunge depth. Because of this, the plastic deforma-
tion level around welding tool is lowered, leading to the size
reduction of shoulder-affected zone and the narrowing of
TMAZ in NSP-FSW joint.

The intrinsic reason for the different thermal evolutions
between C-FSW joint and NSP-FSW joint can be explained
as follows. Although the tool shoulders used in C-FSW and
NSP-FSW both have the concave feature, their positions rel-
ative to workpiece top surface are of essential difference. For
C-FSW, the tool shoulder is embedded into the workpiece to a
certain distance due to the application of shoulder plunge
depth, which directly exerts severe stirring effect to the base
material. In contrast, the concave shoulder of NSP-FSW tool
is not embedded into the workpiece during welding. The rel-

Fig. 5 Grain structures of
different zones of the joints: a—¢
SZ, TMAZ, and HAZ of C-FSW
joint, and d—f SZ, TMAZ, and
HAZ of NSP-FSW joint
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ative distance from the shoulder edge to the top surface of
workpiece is not negative but equals to zero. This not only
limits the heat generation due to weakening of shoulder/
workpiece interaction but also makes the frictional heat gen-
erated by tool shoulder to transfer a longer distance to the
weld. These two factors together lead to the weakening of
shoulder thermal effect during NSP-FSW.

3.4 Microstructural evolutions

Figure 5 shows the grain structures extracted from different
zones of the both joints. In comparison with BM, the joints
have experienced significant grain refinement in the SZ and
TMAZ due to dynamic recovery and recrystallization, as seen
from Fig. 5a, b, d, e. The grain sizes of the SZ and TMAZ of
NSP-FSW joint are 9.8 +4.8 and 35.5+9.4 um, respectively,
smaller than the corresponding values (14.2+6.5 and 43.1

+15.2 um) of C-FSW joint. The weld experiences lower tem-
peratures and shorter thermal cycles during NSP-FSW, static
grain growth after intense plastic deformation is less signifi-
cant, and thus, finer grains are formed in these two zones. In
the HAZ (see Fig. 5c, f), the grain sizes of C-FSW joint and
NSP-FSW joint are 58.3+14.7 and 46.2+10.3 pum,

Fig. 6 Dislocation structures of

different zones of the joints: a—¢

HAZ, TMAZ, and SZ of C-FSW
joint, and d—f HAZ, TMAZ, and
SZ of NSP-FSW joint

@ Springer

respectively, both larger than the grain size of BM. That is to
say, grain coarsening has occurred in the HAZs during FSW.
Comparatively, the smaller grain size of NSP-FSW joint im-
plies that the grain coarsening level has been effectively con-
trolled during NSP-FSW.

The dislocation structures of joints are presented in Fig. 6,
which also exhibit different features between C-FSW joint and
NSP-FSW joint. In the HAZ, both the joints possess lower
dislocation densities than the BM (see Figs. 6a, d and 1b),
which should be attributed to the migration and
polygonization of dislocations during the annealing process.
Apparently, large extent of annealing has occurred in the HAZ
of C-FSW joint, leading to the significant recovered structures
in this zone (see Fig. 6a). The weak welding thermal cycles
during NSP-FSW retard the dislocation polygonization, and a
certain amount of dislocations with network structure are still
observed in the HAZ (see Fig. 6d). With respect to the TMAZ
and SZ, the dislocation density is dramatically decreased in
the both joints (see Fig. 6b, c, ¢, f). Further observation reveals
that the C-FSW joint contains more recovered structures and
dislocations within the grains. As the dynamic recovery and
recrystallization progress during FSW, dislocation is continu-
ously generated by the intense plastic deformation [20, 21];
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simultaneously, the slip and pile-up of the generated disloca-
tions promote the formation of recovered structures. The
welding tool exerts stronger thermal effect to the C-FSW joint,
the induced larger stain rate during FSW then results in the
higher densities of dislocations and recovered structures.
Figure 7 shows the distribution of second-phase particles in
various zones of the C-FSW joint and NSP-FSW joint. The
following observations deserve attention. First, for each joint,
the distribution density of second-phase particles is decreased
progressively from HAZ to SZ, illustrating that the dissolution
of second-phase particles has occurred during FSW and the
dissolution level is gradually improved as the weld center is
approached. Second, for each zone, especially the HAZ, the
size and distribution density of second-phase particles in NSP-
FSW joint are higher than those in C-FSW joint. The particles
in the HAZ of NSP-FSW joint have an average size of 2.75
+0.67 um and an area fraction of 0.033 (see Fig. 7d), similar
to those of BM (2.66+0.36 wm and 0.045, respectively). This
means that the particle evolution is slightly affected by the
welding thermal cycles during NSP-FSW. However, the aver-
age size and area fraction of second-phase particles are only
1.92+£0.45 pm and 0.009 in the HAZ of C-FSW joint

Fig. 7 Second-phase particles
distributed in different zones of
the joints: a—¢ HAZ, TMAZ, and
SZ of C-FSW joint, and d-fHAZ,
TMAZ, and SZ of NSP-FSW
joint

det HV
ETD|7.0 mm |15.00 k

det | WD
ETD|7.0 mm

B | sp
)X | 3.

(Fig. 7a), suggesting a larger extent of particle dissolution
under the elevated temperature.

The above analyses indicate that the grains, dislocation
structures, and second-phase particles have experienced com-
plex evolutions during FSW. Solid solution strengthening,
second-phase particle strengthening, grain boundary strength-
ening, and dislocation strengthening are the known mecha-
nisms that contribute to the mechanical properties of friction
stir-welded work-hardened aluminum alloys [22-24].
Therefore, these microstructural evolutions must have influ-
ences on the mechanical properties of FSW joints. The
structure-property correlations need further exploration.

3.5 Hardness distributions

In order to further illuminate the characteristics of NSP-FSW
process, the microhardness map was made across the two-
dimensional cross sections of the joints, as shown in Fig. 8.
The hardness of BM varies in the range of 62—70 Hv. From
BM to HAZ, the grain coarsening, the drop of dislocation
density, and the dissolution of second-phase particles take
place during FSW cause the hardness to decrease gradually

ot| HFW
0 (298
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Fig. 8 Hardness distribution 8
maps of FSW joints: a C-FSW
joint and b NSP-FSW joint 441
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in the both joints. As the SZ is approached, the strengthening
effects from dislocation and second-phase particles are further
lowered. Nevertheless, the grain refinement exerts positive
effect on the strength improvement according to Hall-Petch
relationship; additionally, the particle dissolution increases the
concentration of solute atoms, which can also improve the
strength through dislocation-solute atom interaction.
Because of this, the hardness is not decreased but shows an
increase trend, leading to the occurrence of “W” type hardness
profiles in the two joints. Threadgill et al. [24] concluded that
for the FSW joints of work-hardened aluminum alloys, the
hardness minimum was typically in the nugget where the fully
recrystallized structure was formed, and the hardness profiles
commonly presented a “U” type. However, the W type hard-
ness profiles are acquired in this research, demonstrating the
positive effects of grain refinement and particle dissolution on
the hardness recovery in deformed zones.

The C-FSW joint has a rather wide softening region
(~55 mm), while the NSP-FSW joint only has a softening
region width of ~25 mm, nearly half that of C-FSW joint
(see Figs. 8 and 9). This means that the affecting area of
welding thermal cycles has been significantly reduced by
NSP-FSW. The lowest hardness region of C-FSW joint is
lying in the HAZ, far from the weld center, while that of

80
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604\ e,
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50 T g
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Distance from weld center, mm

Fig. 9 Hardness profiles measured at the weld mid-thickness
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NSP-FSW joint is just located at the HAZ adjacent to pin
periphery. Owing to the controlling of heat input levels, the
grain coarsening, dislocation polygonization, and particle dis-
solution are all retarded in the HAZ during NSP-FSW and thus
the NSP-FSW joint possesses higher hardness minimum than
the C-FSW joint.

3.6 Tensile properties

Figure 10 displays the tensile properties of the both joints. The
C-FSW joint presents a tensile strength of 200 MPa, equiva-
lent to 89 % of that of BM. By contrast, the tensile strength of
NSP-FSW joint is 218 MPa, reaching 97 % of that of BM. The
small error bars of the tensile strength values demonstrate the
consistency and accuracy of the tensile test result. It is thus
concluded that the NSP-FSW process can effectively improve
the tensile properties of the C-FSW joint. The elongations of
C-FSW joint and NSP-FSW joint are 24 and 24.3 %, respec-
tively, comparable with the elongation of BM.

Figure 11 shows the fracture features of the joints. The C-
FSW joint fails in the HAZ, the fracture location is outside the
weld track and lying in the lowest hardness region (see
Fig. 11a). The fracture of NSP-FSW joint during tensile test

250 27
Tensile strength [__] Elongation

¢ | Uk J[ oM e
= 4
= 20 = =
kS c
e 121 S
= IS
5 e
o 150+ 5
z | et
[0]
'_

100 15

BM

C-FSW joint NSP-FSW joint

Fig. 10 Tensile properties of the joints
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Fig. 11 Fracture locations of the
joints: a C-FSW joint and b NSP-
FSW joint

Weld track

Weld track

m

occurs in the weld track (see Fig. 11b), and the exact fracture
location is also lying in the HAZ, which is identified by the
grain structure features adjacent to the fracture path.
Obviously, the fracture location of NSP-FSW joint is much
nearer to the weld center than that of C-FSW joint, further
confirming that the negative effect of welding thermal cycles
has been reduced effectively by the NSP-FSW process.

The tensile behavior of FSW joints is largely related to the
hardness profiles determined by microstructural evolutions,
and the strength improvement by NSP-FSW can be explained
as follows. On one hand, the fracture location of NSP-FSW
joint presents relatively high hardness values in contrast to that
of C-FSW joint, as seen from Figs. 9 and 11, which promotes
the strain hardening capacity of the joint during tensile test and
hence benefits to the strength improvement. On the other
hand, the NSP-FSW joint has narrower softening region than
the C-FSW joint. During tensile test, it is well known that the
plastic deformation is primarily concentrated in the softening
region [25, 26], and the borders of softening region would
exert a constrained stress to the softening region material.
For NSP-FSW joint with narrower softening region, smaller
amount of grains are involved in the plastic deformation dur-
ing tensile test, which accelerates the occurrence of work hard-
ening under the effect of constrained stress and thus enhances
the resistance to the subsequent deformation. That is to say,
besides the increase of hardness minimum, the narrowing of
softening region also contributes to the strength improvement
of NSP-FSW joint.

4 Conclusions

Based on the present investigation, the conclusions of signif-
icance are drawn as follows:

1. Defect-free FSW joint is successfully produced under
the condition of zero shoulder plunge depth by using a
NSP welding tool. For NSP-FSW joint, the shoulder-
affected zone almost completely disappears and the
TMAZ shows a decrease in width when compared with
the C-FSW joint.

2. Temperature measurement results indicate that in contrast
to C-FSW, the welding thermal cycles around tool shoul-
der have been effectively controlled by the NSP-FSW
process. Because of this, finer grains are obtained in the
SZ and TMAZ; in addition, the grain coarsening, disloca-
tion polygonization, and particle dissolution are all retard-
ed in the HAZ.

3. Local softening occurs in the C-FSW joint and NSP-FSW
joint. The softening region width of NSP-FSW joint is
only nearly half that of C-FSW joint. The hardness pro-
files of the both joints show a W type with the lowest
hardness region located in the HAZ. Comparatively, the
hardness minimum of NSP-FSW joint is higher than that
of C-FSW joint.

4. The strength efficiency of C-FSW joint is 89 %, while that
of NSP-FSW joint reaches 97 %, indicating that the joint
properties can be effectively improved by NSP-FSW. The
fracture location of NSP-FSW joint is largely moved to-
ward the weld center relative to that of C-FSW joint.
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