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ABSTRACT

Sound friction stir welds could be attainedusyng an active design of backing/clamping
system with a proper selection of the welding parameters. This p@$enteda
simplified design of fixtures and backing plates to be used for friction stir wetding
aluminum alloys.The testrig was constructed to prevent dispersal or lifting of the
specimens throughout the joining process and to ensure uniform distribution of
temperature along the plates. The workpieces were subjected to uniform lateral and
vertical pressures by means of bolts and Mdtsnpoundacking plates and pressure bars
with additional side platewere includedto increase the heat sink. Several coupons of
dissimilaraluminumalloys AA7075 and AA6061 were joined toinspectthe validity of

this design. The tests showed promising results with defiest welds, good strength
and smooth surface finish without geometric imperfection anccgegiionbetween the
weldedspecimensEfficiency of the joint reached its maximum value of about 8@t
respect to the ultimate strength of #&6061 alloy at 1100 rpm rotation speed and 300
mm/min feedThese resultencourage using and improvingtpresentlesign for future
studiesof friction stir welding

Keywords:Aluminumalloys; backing plee; clamping system; friction stir welding
INTRODUCTION

In fiction stir welding (FSW), backing plates and fixtuege quitesignificant factorg1-

3]. Itis important that the wkpieces should not spreadlmlifted during the process;
therefore, welding fixtures must be designed with featinasareenable to achieve this
objective. The quality of welding is dependent on the manufacturing precision of the
clamping system and the welding taplg Moreover, he impact of clamping process on

the joint performance should becognizedso that the required constant quality could be
ensured. The method of clamping and its effects on machine processes are well
understoodBesdes that, lamping claws is an easy and less costly system, however, it
leads to varying temperature distributions which could be improved through the use of
pressure barg5-7]. Advanced researclhave indicated that entinuous clamping
approaches could | ead to a more cg¢8hsi stent
Essential forces are requiredRrBW thatshould be supported by the fixturésadingto

a significant rise in total process costs. Thus, appropriate knowledge regarding the
required forces would result in the chancesopfimizationof clamping system with
respect to cost and efficien¢9]. At the time of designing newptimized clamping
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systems for particular applications, thereaiseed for essential inforation about the

actual forces required so that the parts to be joined in place are held cotrigibdly.
informationis available in the literature regarding the impact of clamping systems on the
mechanicalbehaviorof the welded joints. Clamping force with simplified clamping
conditions for the purpose of fusion and laser welding were studied by a number of
researcher$10-16]. Through the investigations, it was observed that increasing the
restraining force results improvement of the welded joints. In FSW, Christner and
Sylva[17] recorded that the formation of gap between specimens up to 36% of the plate
thickness does not affect the joint strength. In a similar work, Leonard and L¢tBjer

noted that a gap presence up to 33% of the workpiece thickness could be tolerated without
the existence of weld flaws. On the other hand, Richter and his group of resedr@hers
observed that lesser distortion and a more consistent residual stresses distribution through
the thickness cabhe achieved by applying higher clamping forces. It was demonstrated
that the possibility of defectouldalso be minimized by preventing any creation of gaps
between the two butt plates, as shown in Figure 1.

Workpieces Gap-free

spread weld

Figure 1. Gap between specimens at thd sff the FSW process based on the condition
of clamping[19]. (a) without lateral pressure, (b) with lateral pressure.

During the FSW process of highmperature alloys, such as steel and titanium,
it was found that cooling of the welding tool and anvil is essential to avoid movement of
the ther mal energy into the machinebs spin
dissipaing heat away from the workpiece, and hence imprg@the weld quality and
performancg20]. On contrary, cooling is not required for the FSW of loteenperature
aluminumand magnesium alloys. Such alloys are commonly friction stir welded with
ambient aircooled anvil and welding tog8]. However, material mixing and mechanical
properties of the joint can be significantly improved by the use of compound backing
plates with different thermal diffusivitjl6, 21-25]. This paper aims to accomplish and
equip a simplified design of clamping system and fixtures to be used as a FS\y. test
The validity of this design is verified experimentally by welding some paisff075
AA6061aluminumalloys and investigating the mechanical properties and microstructure
of joints. These two alloys are widely used in the automotive, aircraft, aerospace, marines,
and transportation industrifg6-29]. Aluminum 7075,alongwith the traditional welding
techniquesjs relatively a high strength materiahat can be used for highly stressed
structural part§30]. The widely available AA606T6 has a good workability, high
resistance to corrosion, and excellgming characteristicg31]. For instance, theSW
of these dissimilar alloyfully utilizes both materiald32, 33]. Although theFSW of
similar and dissimilar materials has bae® in manyresearch studid84-39], limited
interest was found in literature regardihgse two series @luminumalloys[40-44]. In
all of thesearticles weld temperaturg@rocess parameters and fti@cemenbf materials
on the a@vancing side (AS) and retreating side (R@®)ye examined without any referring
to the clamping system and fixturésigh and low speedsn several conditions were
applied.Using Taguchi method goametric optimizatiowas achieved by Shah et [#3]
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to evaluate the tensile strength of joint under several welding speeds and tool tilt angle
Maximum tensile strengtof 219.6 MPa was observed at 1000 rpm and 110 mm/min
welding speeds and 8f tilt angle.FurthermoreGuo et al[40] reported that high traverse
speeccanbe used to join these two alloys when the softer alloy was placed on tire AS
which joint efficiency reached 79% with respect to the tensile strength of the AA6061
base materialln another studySathari et al[44] noticed the same behavior when the
AA6061 was placed on the AThey found that the maximum joint strength207 MPa
wasresultedby this configurationln the work of Cole et a[42], the AA6061 alloy was

also placed on the AS atide welding tool was shifted toward the AA7075 to improve
the joint strengthOther than that, theame material position was madelyp e k ojJ | u and
Cam[41]] to investigatahe behavior of AA7075AA6061 friction stir weldments under
different temper conditions ampestweld heattreatmentConsequently, nine pairs of tool
rotation and welding speeds were selected in the present weramanethe ability of

the self-designedbacking/clamping system g@roducingsound welds with high tensile
strength

Al-SS
Pressure
—bars

Figure 2. The assembly ofthe FSW4iest g on t he .machineds t
EXPERIMENTAL SET UP

Test-Rig Characterization

Figure 2 shows a photo of the simplified FSW testing structure. Length of the backing
plates and fixturess selected to be suitable for the availaii#ing machine table, while

the width can be enlarged depending on the dimensions of the welded colipens.
vertical clamping forces are applied by means of pressure bars, bolts, and nuts to ensure
uniform pressure and temperature distribution throughout the welded [Bateshe

lateral restraints consist of two-dhapedaluminumplates and two engcrewed bolts.

This enables to increase the heat 42K and to apply uniform side pressure on the
specimen$l19]. This side pressure is applied by an easy and economical way, using nuts
at the end of the two horizontal bolts. The horizontal plane containing trepggomens

is free of bolts and their holeshich aimgo avoid any change in the heat sink during the

1630



Hasanet al. /Journal of MechanidaEngineering and Sciences (2915) 1628-1639

process. The design facilitates to use raljers of backing plates and pressure bars
Aluminum and stainless steel ¢8IS) compound system is usedriorease the cooling
rate and hence improving the joint stren@h 22]. Width of the backing plates is slightly
less than the total width of the workpiece in order to agmydteral pressure directly on
the workpiece by means of the tweshaped side plates. This low cost 4egtcan be
easily handled anitl allowscontrollingthe position of the welding tool on the specimens.
It is specially designed for bythint FSWresearches.

Experimental Procedure

To indicate the effectiveness of the simplified design, dissirallaninumAA6061T6

and AA7075T6 rolled sheets with dimensions of 125x50x3 mwwere joined in butt
configuration by FSW technique. The chemical compasitiand physical properties of
these two alloys are listed in Tables 1 and 2 respectively. The edges of specimens were
ground by an autgrinding machine and cleaned with acetamel at the same time, a
vertical mlling machinewas used for the FSW process.

Table 1.Chemical composition (wt. %) of the base mateiié5.

Material Cu Mg Zn Mn Si Fe Cr Ti Al
7075 129 2.5 5.0 Max Max Max 0.18 Max 87.%
T6 ' 2.9 6.1 0.3 04 05 0.28 0.2 91.4

606> 0.15 0.8 Max Max 0.4 Max 0.04 Max  95.8
T6 0.4 12 025 015 0.8 0.7 035 0.15 98.6

Table 2.Mechanical properties of the base materials.

Material Yield strength Tensile strength Vickers Elongatiorf
(MPa) (MPa) hardness (%)
6061-T6 276 307 107 12

* Average values of three tests

Welding line was parallel to the rolling directiofithe two sheets. The AA6061
was placed on thaS. A tool made of H13 steel was used to produce the welding joints
[8, 46]. The shoulder diameter is 12 mm having @odhcave. Thein wastapered with
10 from 4.2 mm diameter on the base alongside a length7ahih Left-hand threads
andsingle flatwere added to the core of the probétproved the local deformation and
material flow[8, 47, 48]. Three distinct tool rotational speed levels of 1000, 1100 and
1200 rpm with three travel velocities of 250, 300 and 350 mm/minuwgired, asshown
in Table 3 The tool tilt angle stayed constant atfi®m the normal of the workpiece
further from thalirection of travelThese welding parametesgreselected according to
a number of preliminary tests based on the literature findings

The rotating tool pin was gradually inserted between the two sheets until the
shoulder could penetrate to about®u2 inside the workpiece. This generates a frictional
heat that is needed to soften the materials around the tool probe. Subsequently, stirring
started at a consistent speed along the centerline between the two alloys. After natural
aging of about one mon#ince welding, transverse tensile specimens for the welded and
base materials are prepared as per the American Society for Testing of Materials (ASTM
E8-11) standard. Figure 3 presents the geometry and dimensions of these specimens.
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Tensile tests have beelone at room temperature with a speed of 1 mm/min using a 50
kN universal testing machine with bluehill 3 software. Finally, three tensile specimens
for each joint were tested, and then the average values of the ultimate tensile strength
were noted down.

Table 3. Welding parameters.

Specimen Rotation speed Welding speed

(rpm) (mm/min)
Al 1000 250
A2 1000 300
A3 1000 350
Bl 1100 250
B2 1100 300
B3 1100 350
C1 1200 250
C2 1200 300
C3 1200 350

The tool tilt angle stayed constant &t fér all cases

v
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Figure 3. Geometry and dimensions of the tensile specimen in millimeters according to
the ASTM E811 standard.

Figure 4. The key stages of the experiment: (a) preparation of the specimens, (b)
welding tool, (c) clamping and FSWY) welded coupons, (e) grinding and polishing the
metallographic specimens, and (f) tensile testing.
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Standard metallographic technique was followed to prepare the metallographic
specimens. After complete grinding and polishisgng automatic and manuat\dces
the speci mens were etched with a modified
the various weld zones could be observed. The key stages of the experiment are
demonstrated in Figude An optical microscope was used to perform the mianotural
analysis.An autoVickers micro-hardness tester was then used to measure the hardness
across the mithicknes s o f t h esegtianin andirectson rommal ®© the weld line.
The HVO0.5 test method was applied with an indeané of 10 seconds.

RESULTS AND DISCUSSION

Three transverse tensile tests were achieved for each base nlaMyiahd welded joint
andthe average values of the ultimate tensile strength (UT&pb&enthencalculated.
Figure 5 presents the average UTS value for each specimen in addition to that of the base
alloy (AA6061). The maximum error recorded was less than 5% and the minimum values
were observed near the stagtpoint of welding.The UTS of theAA7075basealloy was

not drawn in this figure, because all specimens fatede heat affected zone (HAZ) of

the AA6061 alloy.Moreover, d of the welded plates exhibited good tensile strength
rangng from 220.9 MPa for the (C3) specimen, where the rotation and welding speeds
were 1200 rpm and 350 mm/min respectively, to the apex of 252.1 MPa when the rotation
speed fixed at 1100 rpm and the welding speed at 300 mm/min for the (B2) specimen.
The highesvalue of the UTS represents an efficiency of about 82% with respect to the
UTS of theAA6061 alloy. This efficiency is higher than the acceptable limit due to the
standards of the American Welding Society (AWS) for FBMY. The joint efficiency

was calculated with respect to the weaker allkgy instance,tihas been reported in all
previous work on dissimilar FSW of alloys and materithsit the maximum tensile
strength of the weldmens always less than the weaker matef&d]. Due to this, he
challenge of joining dissimilar alloys and metals lies in the differences inctieinical

and mechanical properties. The differences and agapelatively high between the
selected 7xxx and 2xxx series, as seen in previously in Tables 1 and 2. For that reason, it
is hard to achieve very high strength of the welded joints for thesaltwanum alloys

[34]. However, the calculated effigiey is relatively high compared to the previous
published dat§40-44].

E3Welded specimens  ==—BM (AA6061-T6)
300
=

. 250 . = . e e
s < r —
ﬁ 200
)
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Al A2 A3 B1 B2 B3 c1 c2 C3

Figure 5. Ultimate tensile strength of the welded joints.
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On a centerline normal to the welding direction across the nugget, Figure 6 shows
the Vickers micrehardness profiles of specimens B2 and C3, which exhibited the highest
and lowest tensile gingth, respectively. Compared to the base materials, it is clear from
the two line graphs that the Vickers hardness number (VHN) fluctwata a slight
gradient in the nugget region and a noticeable drop in the HAZ of both alloys. The biggest
drop wasatthe HAZ of theAA 6061 alloy in the ASwhere the hardness fell to the lowest
values of 71 for specimen B2 and 66 for specimen C3 at about 5 mm away from the weld
centerline. This decline clarifies the reason behind the location of failure in the-tensile
tests as seen in the sample specimen surrounded by the red. €ipeethan thatt has
been reported that the change in material properties at the HAZ resulted from the
sufficient heating during the welding proc¢4k On the other sidehe maximum tensile
residual stresses commonbponcentrated in theéhermomechanical affecing zone
(TMAZ) andor HAZ [49]. However, the use of aluminymwhich ras a high thermal
diffusivity, as a backing plate armbver bar over the steel anvidnd below the steel
pressurébar contributesanincreasen the cooling rate and henceduce the alteration
in themechanical propertig®0]. Similarly, the side kshaped plateslso assigd as an
additional heat sinkfo extract more amoundf heat and control the temperature
distribution The average nugget hardness \eager compared tthebase materials with
a slight decrease in thAA6061nuggetrelated tothe AA7075nugget sideThe best
weldment withsmooth surfee finish, gap and defects freed good materials mixing
wereproducedoy the(B2) conditions, as shown in Figure 7.

——B2 c3 ' 190 +
“'-“\ i«—— Shoulder|diameter
'\ 150 +
: >
: \ 110

RS - -

AS
AA7075 . AA6061

diameter 66

Distance from weld centerline, mm

Figure 6. Vickersnicro-hardness distributions of specimens B2 and C3.

It is clear from the micrographs that the dynamic recrystallization caused in fine
and equiaxed grains inside the nugget zone. TMAZ and the HAZ are close to the
nugget and quite similar in grain sito those oBM in both sidesbecaus®f thehigher-
diffusivity backing and clampingmaterials and the subjected lateral pressure.
Furthermore, lte heat flux generated throughout the joining processot enough to
recrystallize the grains at the TMAZs has been reported by Cavaliere efl, 52].
However thedirection ofgrainsis slightly rotated duo to theertical material flonj48§].
Thistransportation of material from the shoulder down to the bottom of the pin is caused
by the tool pin threads, which have been fabricated in a direction opposite to that of the
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tool rotation8]. Onion ringsare alsaoticed at the nugget areehich has been improved

by the additional flabnt h e p r o [4#. Mareowe he etching response tifetwo

all oys to t heis niétetthel semedus to the difteeenmcés in chemical
composition between the base matediaf§. For this reason, the micrographs appear in
dark and light colors. It is worth noting herein to mention that promising results are gained
by the use of the present simplified system of clamping and fixtures in comparison with
the few published data. Relaly high tensile strength of the welded joints and very good
guality are clearly observed from the results of this work.

TMAZ Nugget
5 T
L

o

Figure 7. Macro and microstructure with the weld seam of the (B2) specimen.
CONCLUSIONS

Results of the present wosghowthat the presengimplified design can effectively be
used taachievesound welds with smooth surface finish, gap and defectafieheithout
geometric imperfectionsAll of the test coupons of AA7075 and AA6061 aluminum
alloys used to examine the validity of the clamping syseatmbited relatively high
tensile strength. The UTS of joints ranged from 220.9 MPa when the rotation and welding
speeds were 1200 rpm and 350 mm/megectivelyto the maximum value of 252.1
MPa when the rotation speed fixed at 1100 rpm and the welding speed at 300 mm/min.
With this reason,ite maximum value of the UTS represents an efficiency of about 82%
with respect to the UTS of teA6061 alloy. This efficiency is higher than the acceptable
limit due to the standards of the American Welding Society (AWB)sThe best test
shows a minimun¥ickers hardness numbefabout71 at the HAZ of thé&A6061 alloy,

where the failure in the tensile test oagear For futureresearch directionsit is
recommended to improve the present-tastfor further investigationsWhile it is
specially designed for bufbint FSW research, itan be used as clampingbacking
system for lagoint configuration
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