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ABSTRACT

In the present investigation, the effect of friction stir spot welding (FSSW)
parameters, typically, the tool rotation speed and dwell time on the
microstructural and mechanical characteristics offriction stir spot welds
aluminum alloy AA1050-O was investigated. The results revealed that the
width of the completely metallurgical-bonded region (CMBR) increases
with the increasing tool rotational speed and/or the dwell time up to certain
levels. Increasing the tool rotational speed and/or the dwell time above
these levels reduces the width of CMBR. Increasing the CMBR width
increases the tensile-shear strength of the friction stir joint. The maximum
tensile-shear force found in the present study was exhibited by the weld
that has the CMBR width. The peak temperature measured during FSSW
increases with increasing tool rotational speed and/or the dwell time. The
maximum peak temperature observed was about 562 °C at 1600 rpm and
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INTRODUCTION

The production of high quality aluminum joints
using resistance spot welding (RSW) isachalleng-
ing task. Consequently, aluminum sheet metd struc-
tures are often fabricated by riveting. Friction stir
spot welding (FSSW)isapotentialalternativeto riv-
eting developed on the basis of Friction Stir Weld-
ing (FSW)1 . In FSSW welds are produced using a
non-consumabletool, cons sting of apin and ashoul-
der. Thetool isrotated at aconstant speed through-
out the process. The sheet materials that are to be
joined are placed one over another in lap configura-
tion and aretightly clamped to an anvil. Therotating

tool is gradually plunged into the sheets until the
shoulder comes in contact with the upper sheet sur-
face. Typically, the pin length is so chosen that it
sufficiently penetratesinto thelower sheet. Heat gen-
erated by friction softensthe material being welded.
The softened material isstirred resultingin intimate
mixing of the upper and lower sheet materials. After
acertain dwell time, the tool is withdrawn (no tool
trandation is involved). The result is a spot weld
produced in the solid state between the upper and
lower sheets with acentral hole (pin hole).

Severa investigators reported®® that the effect
of the FSSW process parameters on the mechanical
characteristics of aluminum lap joints is diverse
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which may be attributed to several reasons such as
the nature of the welded alloys, variation of weld-
ing parameters, variation of sheet thickness, and tool
design. In order to achieve aweld with sound joint
integrity, agood understanding of the factorsinflu-
encing the success of producing the welds is re-
quired. The frictional heat generated during the
FSSW process softens the material and produces
plastic flow that effectively stirsthe materials of the
sheets and fuses them together to create aweld. It
is thus essentially that the temperature during the
FSSW process is monitored. Too little or too much
heat generation will result in weak welds. Hence, it
isvery important to have an insight into thewelding
temperaturel®%. The temperature generation is
mainly afunction of thetool rotational speed, dwell
time and the interfacial pressure. The heat flow
through the material is also dependent on the fric-
tion coefficient of thewelding material and geometri-
cal aspects of the rotating FSSW tool "%,

Itistheam of the present work isto investigate
the effect of the FSSW processparameters, typicaly,
the tool rotational speed and dwell time on the mi-
crostructural and mechanical characteristics of an-
nealed AA1050-O aluminum alloy sheetsjoined by
FSSW. Moreover, the effect of the aforementioned
parameters on the temperature developed during
FSSW was determined using thermal imaging cam-
era.
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EXPERIMENTAL PROCEDURES

In the present investigation, commercially pure
aluminum A A 1050-Oal uminum sheets having thi ck-
ness of 4.3 mm were joined using FSSW. The
AA1050 aloy hasanominal chemical compositions
(in wt.-%): 0.0316% Cr, 0.0274% Ni, 0.009% Zn,
0.005% Mg, 0.002% Mn, 0.001% Cu, 0.343% Fe,
0.0543% Si, 0.0620% Ti, 99.4647%Al. The FSSW
of AA1050-O aluminum alloy was performed using
hardened K110 stedl tool with anomina chemical
composition (in wt.-%): 0.165% C, 0.40% Mn,
11.30% Cr, 0.75% V, 0.75% Mo, 0.3% Si, and
86.335% Fe. The tool has a tapered pin and con-
cave shoulder as shown in Figure 1. Such tool de-
sign provides amore refined Al microstructure and
astronger weld as opposed to acylindrical design*”.
Additionally, a conical design was found to mini-
mize the presence of a hook defect(*®, FSSW was
conducted on AA1050-O Al sheets using a vertical
milling machine with Gve different tool rotational
speeds, typicaly, 630, 800, 1000, 1250, and 1600
rpm; and tve different tool holding (dwell) times,
typically, 6, 8, 10, 12, and 14 seconds. In all experi-
ments, thetool penetration depth and thetool plunger
ratewere held constantat 0.5 mm and™ mm/min, re-
spectively. Before welding, thesheets were cleaned
with acetone to remove the oil and dirtimpurities
from the surface.

Shoulder daimeter D= 20

Pin Egnaﬂl =g

-

Shoulder

Sheuler angle ()= 6

Pin daimeter d= 3

Figure 1 : A schematic illustration of FSSW tool (dimension in mm)
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Figure 2 : A photograph illustrates the measurement of the temperature using thermal image camera
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Figure 3 : A schematic illustration of the tensile-shear test specimen (Dimensions in mm)

The temperature distribution on the surface of
AA1050-O Al sheets during FSSW were measured
using Fluke Ti200 thermal imaging camerahaving a
temperature measurement range from -20 °C to 650
°C. Thermal imageswere analyzed using Smart\View
imaging analysis and reporting software. Several
recordings of the FSSW process were madefor dif-
ferent tool rotational speeds and dwell times. In or-
der to eliminate the reflected temperature from the
field of view, objects such as anvil were coated by
a commercial grade foot powder. The emissivity
value set on camera was 0.25. Such a value was
decided based on preliminary experiments. The
view of sample image from the camera recorded
during FSSW processis presented on the Figure 2.

The macro- and microstructural characteristics
of FSSW AA1050-0 sheetswereinvestigated using

Wotzrioly Secience —mm—

optical microscope. The FSSW specimen was pre-
pared according to the standard proceduresfor speci-
men preparation including grinding, polishing, and
etching. Macroetching was carried out using a
chemical solution, which consists of 100 mL H,O,
50 mL HNO,, 20 mL HF, and 30 mL HClI for 1-10
min at ambient temperature. Microetching was car-
ried out using achemical solution (0.5 mL HF 40%
+ 100 mL H,O) for 5-120 s at an ambient tempera-
ture. Tensile-shear testswere conducted to evaluate
the strength of FSSW joints. Lap-shear specimens
were made using two 25 mmx100 mm coupons with
4 mm thicknessand a25 mm x 25 mm overlap area,
at which the FSSW was performed at its center (see
Figure 3). Tensile-shear tests were carried out at
ambient temperature using a universal testing ma-
chinewith aconstant crosshead speed of 1 mm/min.
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Vickers microhardness profile was measured on the
traverse section along aplane 1 mm abovetheinter-
face of thetwo overlapped sheetsusing an indenting
load of 200 g and aloading time of 10 s. The frac-
ture surfaces of the failed tensile specimens were
examined using both digital camera and scanning
electron microscope. Thefractured surface areawas
calculated from the failed specimens using image
analyzing techniques.

RESULTSAND DISCUSSION

Macro- and Microstructural I nvestigations

Figure 4 shows typical longitudinal cross-sec-
tions of FSSW joints processed with a constant tool

rotational speed of 1000 rpm, and dwell timesof 10

l Upper Sheet TMAZ

Lower Sheet

—e 2 - —
Upper Sheet IMAZ SZ
|

Lower Sheet
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and 14 seconds. The indentationhole of the pin at
the weld center is called a “keyhole”. The light-
grayareas near the keyhole periphery are stir zones
(SZs). Aregion surrounded the SZ is athermal me-
chanical affect zone(TMAZ), which has less heat
input and plastic strain than thosein the SZ. Figure 5
shows higher magnification micrograph taken from
the area close to the hook indicted by the arrow in
Figure 4a. It is clear that different features are
identitied from the keyhole periphery along the in-
terface of thetwo sheets; the complete metallurgical
bond region (CMBR), partial metallurgical bond
region (PMBR), and unbonded region (UR). Thehook
region is curved inwards towards the periphery of
the pinhole in AA1050-O friction stir spot welds.
This protle of the hook was observed for most

(2)
TMAZ
4 mm
_-,' 1 =i ii
\/ (b)
/  S7Z. TMAZ
4 mm

Figure 4 : Typical macrographs of the cross-sections of AA1050 friction stir spot welds made at constant tool
rotational speed of 1000 rpm and various dwell times (a) 10 sec. and (b) 14 sec.

B R e e A i
Figure 5 : Micrograph illustrating the different weld geometric features: the hook, unbounded region (UR), par-
tially metallurgical-bonded region (PMBR), and CMBR
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Figure 6 : Variation of the CMBR width with the tool rotational speedat various dwell times
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welds. It has been reported that the formation of the
hook isdueto the upward bending of theinitial joint
interface after penetration of the tool in the lower
sheet!*. Sincethe material of thelower sheetisdis-
placed upward, the hook ismoved outward from the
axisof thetool.

Figure 6 showsthe variation of the CMBR width
with tool rotational speed at several dwell times.
Theresultsrevealed that, at constant dwell time, in-
creasing thetool rotationa speed uptoacertainlevel
increasesthewidth of the CMBR. Increasing thetool
rotational speed above thislevel reduces the width
of the CMBR. For example, at constant dwell time
of 6 seconds, increasing the tool rotational speed
from 630 to 1000 rpm increases the width of the

Woteriolsy Science  mmm—

(b)

Figure 7 : The microstructure of a cross-section of the weld made at welding condition of the rotational speed of
1250 rpm and dwell time of 12 s: (@) optical micrograph shows the SZ, TMAZ and HAZ regions, (b) High magnifi-
cation SEM micrograph of the SZ region shown in (a)

CMBR from 1.098 to 2.17915 mm. Further increase
of the tool rotational speed higher than 1000 rpm
reduced slightly thewidth of the CMBR. It hasbeen
noticed also that, at tool rotational speedslower than
1200 rpm (i.e., 630,800 and 1000 rpm), increasing
the dwell time increases the width of the CMBR.
For example, at tool rotational speed of 630 rpm,
increasing the dwell time from 6 to 14 seconds in-
creasesthewidth of the CMBR from 1.098 to 1.769
mm. Upon further increasing of the dwell time, the
width of the CMBR remains either constant or
slightly reduced. For example, at a constant dwell
time of 8 seconds, increasing the rotational speed
from 1000 to 1600 rpm slightly reducesthe width of
the CMBR. The maximum width of the CMBR was
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about 2.857 mm for welds made using tool rotational
speed 0f 1000 rpm and dwell time of 14 seconds.

The increase of the CMBR width with the in-
creasing tool rotational speed and/or the dwell time
may be attributed to the increase of the frictional
heat generated and the extension of the stirred inter-
facial region. Very high tool rotational speed and/or
excessively rotational tool speed may increase(s)
the temperature at the stirring zone to reach avalue
slightly lower than the melting point of the alloy.
Thissignificantly reducesthe viscosity of the metal
and hence reduces the shearing effect during stir-
ring. The effects of tool rotational speed and the
dwell time on the bonding width were reported by
many investigators®*. For example, Lin et a.[*
reported that when dwell time increased within a
certain range, bonding width increased and then re-
mained almost constant with further increase of dwell
time. Such results are in agreement with those ob-
served in the present study.

Figure 7 shows sample microstructure of the
cross-section of a friction stir spot weld made at
tool rotational speed and dwell time of 1250 rpm
and 12 seconds, respectively. The stir zone (SZ),
the thermo-mechanically affected zone (TMAZ) and
Heat-affected zone (HAZ) are clearly seen in Fig-
ure 7a. Immediately beside the pinhole (keyhole)
periphery the stir zonemicrostructure is comprised
of very tine a-Al grains. Such grains could not be

Figure 8 : SEM micrograph shows t
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observed using optical microscopy. Figure 7b shows
higher magnification SEM micrograph of the SZ
shownin Figure 7a. Figure 8 shows high magnifica-
tion SEM micrograph of friction stir spot welds
shown in Figure 5. The oxide film particles are
clearly shown in the figure. It is suggested that the
oxide particul ates were formed due to the covering
of oxide layers onto the Al surface. The oxide was
either dispersed into fine particles or just extruded
without significant dispersal. At lower tool rotation
rates, the oxide layer at the faying surface is dis-
persed and shows a zigzag feature (indicated by the
black arrow). Some discontinuous oxide debris (in-
dicated by the white arrow) were identified at the
boundary between the stir zoneand TMAZ.

Peak temperature measurements during FSSW
of AA1050-O Al Alloy

Thevariation of the peak temperature with tool
rotational speed at several dwell timesisillustrated
in Figure 9. The peak temperature was measured at
the shoulder/sheet contact surface during welding.
It was found that both the tool rotational speed and
dwell time aiiect the peak temperature during weld-
ing. The peak temperatureincreaseswithincreasing
dwell time and/or tool rotational speed. For ex-
ample, at constant dwell time of 14 s, the tempera-
ture increased from 485 to 562 °C when increasing
therotational speed from 630 rpm to 1600 rpm. The
maximum pesk temperature observed was about 562

X 4.2 2.9 |21 RS tm FEG 1)
e oxide film distribution in AA1050-O friction stir spot welds
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Figure 9 : The variation of the peak temperature with the tool rotational speed at several dwell times

°C at 1600 rpm and 14 s. Theresultsobserved inthe
present work was reported by many workerg*>16,
For example, Toshiya et al.[*¥ reported that during
FSSW of pure aluminum sheets with 1 mm thick-
ness, increasing the tool rotational speed from 500
to 1500 rpm, thetemperature increased from 289 to
450 °C. Increasing tool rotational speed and/or the
dwell time cause(s) theincrease of thefrictiona heat
generated during FSSW. It has been reported that
very high tool rotational speed and/or excessively
long dwell time may increase(s) the temperature at
the stirring zoneto reach avalue slightly lower than
the melting point of the aloy®'%, Thissignificantly
reducestheviscosity of the metal and hencereduces
the shearing effect during stirring.

Microhardnesstests

Figure 10 showstypical microhardness profiles
of theweldsat tool rotational speedsand dwell times
of 4and 8s. Inall the specimens, the microhardness
profileswerefound to be nearly symmetric with re-
spect to the center of the pinhole. The results re-
vealed that the welds have a higher microhardness
in the stir zone than in the base material. The
microhardnessincreasestoward the direction of the
pinhole. Increasing the tool rotational speed and/or
the dwell time slightly reduce(s) the hardness of the
weld. The influence of the dwell time on the hard-
ness of the SZ was studied by Lin et al.™3. They
showed that the hardness di stribution was somewhat

scattered without noticeable trends. There was no
obviousinfluence of process parametersonthe hard-
nessdistribution. Inanother investigation carried out
by Zhang et al.”, they showed that the tool rota-
tional speed and dwell time have littleinfluence on
the hardness of the welds.

Tensile-shear strength

Thevariation of the ultimate tensile-shear force
with thetool rotational speed at different dwell times
isrepresentedin Figure 11. Theresultsrevealed that,
at constant dwell time, increasing thetool rotational
speed up to a certain level increases the tensile-
shear force. Further increase in the tool rotational
speed dlightly reduces the tensile-shear force. For
example, at constant dwell time of 10 s, increasing
the tool rotational speed from 630 to 1000 rpm in-
creases the tensile shear force from 2.2 to 3.57 kN.
Further increasein thetool rotational speed to 1200
and 1600 rpm reducesthetensile shear force to about
2.5375 kN. Moreover, at constant tool rotational
speed, increasing the dwell time increases the ten-
sile-shear force. However, in most cases, increas-
ing therotational speed above 1000 rpm did not sig-
nificantly increase the tensile-shear force. A maxi-
mum tensile-shear force of 4.63 kN was exhibited
by theweld made using tool rotational speed of 1000
rpm and a dwell time of 14. The above results sug-
gest that the combination of thetool rotational speed
and dwell time plays a predominant role in deter-
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mining thetensile-shear strength. Increasingthetool levels, the CMBR width was found to be slightly
rotational speed and/or dwell timeupto certainlev- reduced. Increasing the CMBR width increasesthe
els increase(s) the CMBR width. Upon increasing tensile-shear strength of thefriction stir joint because
thetool rotational speed and dwell timeabovethese of the increase of the contact area between upper
——  alorialsy Science
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and lower sheets. The maximum tensile-shear force
found in the present study was exhibited by theweld
that hasthe CM BR width.

Fracturemor phology under tensile-shear loading

Thefailure modesin friction stir spot welds un-
der tensile shear loading were investigated. Figure
12 shows photographs of typical failed specimens
at the boundaries of the upper and lower sheets. Ex-
amination of thefractured surfacesrevea ed that the
shear failure is the main failure mode which the
boundaries between the upper and lower sheets are
sheared-off. In addition, the circumferential failure
mode (nugget pull-out) can be seen on the bottom
sheet of thefailed specimens.

Figure 13 shows SEM micrographs of the frac-
ture surface of the lower sheet of tensile-shear
sample welded under the conditions of tool rota-
tional speed of 1000 rpm and dwell time of 10 s.
Examination of the fracture surfaces revealed that
different failure modes had occurred during the ten-
sile-shear tests. According to the SEM micrographs
of region Il presented in Figure 13(c), elongated
dimples near the outer circumference of thewelded
region are present indicating the occurrence of shear
fractureinregion|l. Figure 13(b) and (d) show SEM
micrographs of region | in the position near the in-
ner circumference of the welded region. Numerous
tear ridges and small shallow dimples were ob-
served, which suggeststhe occurrence of mixed-type
rupture containing dimplefracture and quasi-cleav-
age fracture. Observations of the fractured tensile-
shear specimens suggest that all cracks initiate at
the hook tip. The cracks then propagate along the
partial bonding interface and continue across the
bonding interface along the circumferential direc-
tion of theweld. Finaly, thefracture occurs because
of the decreasing load carrying area.

CONCLUSION

Based on the results presented, the following
conclusionscan be drawn:

Increasing thetool rotationa speed and/or dwell
time up to a certain level increase(s) the width of
the CMBR. Increasing thetool rotationa speed and/
or the dwell time above thislevel reducesthewidth

= Fyf] Peper

of the CMBR. The maximum width of the CMBR
was about 2.857 mm for welds made using tool ro-
tational speed of 1000 rpm and dwell time of 14
seconds.

The peak temperatureincreaseswith increasing
dwell time and/or tool rotational speed. The maxi-
mum peak temperature observed was about 562 °C
at 1600 rpmand 14 s.

Increasing the tool rotational speed and/or the
dwell time up to acertain level improve(s) the ten-
sile-shear strengthof the welds. Increasing the tool
rotational speed and the dwell time higher than these
levels slightlyreduce the tensile-shear strength.
Samples friction stir spot welded under the condi-
tions of tool rotational speedof 1000 rpm and dwell
time of 14 s exhibited the maximum tensile-shear
force of 4.63 kN. The maximum tensile-shear force
found in the present study was exhibited by theweld
that hasthe CMBR width.

The SZsexhibited higher microhardnessthan that
of the base material. Increasing the tool rotational
speed and/or thedwell time reduce(s) dlightly the
microhardness at the SZ.
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