Effect of reduced or zero pin length and anvil
insulation on friction stir spot welding thin
gauge 6111 automotive sheet

D. Bakavos and P. B. Prangnell*

Friction stir spot welding (FSSW) is a relatively new process, which has not yet been fully
optimised. The aim of the work presented was to investigate the influence of pin length and an
insulating anvil on FSSW thin (0-9 mm) 6111-T4 aluminium automotive closure panels. A pinless,
or ‘zero pin length’, tool was also tested. With a normal pin tool and a steel anvil the optimum pin
length was found to be considerably shorter than conventionally used, being in the range 0-7-
1 mm, as opposed to ~1-4 mm. The insulated anvil increased the peak temperature in the
bottom sheet by 45°C, but there was a 15% reduction in lap shear strength when used with a
conventional pin tool. In the case of the pinless tool, successful welds were produced with
comparable strengths to the highest values measured with the optimum conventional tool without

a retained weld keyhole or top sheet thinning (hooking).
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Introduction

There are clear pressures in the transport sector to move
towards lower fuel consumption through the introduc-
tion of more weight efficient designs, involving the
substitution of light alloys for steel and the greater use of
multimaterial structures. It is also desirable in the
current climate to reduce production costs by decreasing
the energy requirements of manufacturing processes.
This has highlighted the need for more efficient methods
for joining light alloys.

Sheet steel automotive body panels are conventionally
joined by electrical resistance spot welding (RSW),
which is a cheap and robust process. However, RSW
is far more difficult and expensive to apply to light alloys
owing to their high conductivity, low strength at
temperature and tendency to degrade the electrodes.'-
Alternative solutions under investigation by the auto-
motive industry include; mechanical fastening, by self-
piercing rivets or clinching, adhesive bonding, and laser
and gas tungsten arc welding, as well as the solid state
techniques of ultrasonic spot and friction stir welding
(FSW) and friction stir spot welding (FSSW).** Of
these methods, fusion processes are limited by the poor
weldability and high levels of distortion that are
characteristic of aluminium alloys.* Furthermore,
although very effective, mechanical joining techniques
like self-piercing rivets are associated with high con-
sumable costs. In comparison, FSSW is a very promising
energy efficient solid state welding process and can offer
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significant benefits when it is used either by itself, or
combined together with adhesive bonding.®° Ultrasonic
spot welding also shows early promise.®

Friction stir spot welding owes its origin to linear
FSW developed in 1991 by The Welding Institute.'” As a
joining process it has several advantages over other
point joining methods, including no consumable costs
and far lower energy consumption relative to resistance
spot welding.*'" It has already been applied in industry
by the Mazda Motor Corporation resulting in large
energy and capital investment gains compared to RSW
(~90% energy savings and 40% investment reduc-
tion).*!? A schematic illustration of the friction stir
spot welding process is shown in Fig. la. In FSSW a
high speed rotating tool, consisting of a shoulder with a
probe/pin, is plunged into the upper sheet of a lap joint
while an anvil supports the down force. The weld cycle
typically lasts 1-4 s> In FSSW the heated and
softened material below the tool deforms plastically to
very high strains, disrupting the oxide at the joint
interface, so that a solid state bond can be formed
between the upper and lower sheets. However, several
problems remain with this technique. These include: the
aesthetically undesirable keyhole produced by the tool
probe that is retained in the joined parts ‘lifting of the
top sheet’ near the edge of the weld, and the difficulty of
obtaining a full metallurgical bond under the shoulder,
leading to low strength failures by cleavage fracture
along the join line.*'*"' Thinning of the top sheet
caused by upward flow near the pin as it penetrates the
bottom sheet (some times referred to as ‘hooking’) is
also normally found to reduce the joint strength,!*!>2!
althozlzlgh exceptions have been reported to this general
rule.
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A number of groups have investigated optimisation of
the FSSW technique by studying the effect of process
variables, such as the FSSW tool design, role of the
shoulder plunge depth, rotation speed, plunge rate, weld
hold time, probe profile and heat input.'*>"2*>* The
process has also been modelled by the finite element
method (e.g. Ref. 25), in order to better understand the
metal flow and heat distribution. Results published from
this work have demonstrated that for a given sheet
thickness there is an optimum combination of weld time/
tool rotation speed (rev min~ ') and plunge depth that
maximises the degree of bonding and gives the best lap
shear strengths. Variants on the FSSW process have also
been developed, such as the ‘refill’ technique with a two
part actuated tool, which offers a competitive surface
finish and possibly an improved lap shear strength.?® >

In one study Tozaki et al.' have reported that
increasing the pin length can improve weld shear
strengths in 6061 alloy (2 mm thick sheet), which agrees
with a pervious claim that the pin needs to penetrate the
bottom sheet by ~25% of its thickness to obtain
maximum joint strength.?’ Research by Mitlin e al.,"
using the same 6111 alloy and 0-9 mm gauge sheet
studied here, has investigated the effect of tool plunge
depth on lap shear strength. They determined a
maximum strength, when a ~1-7 mm plunge was used.
However, in this work an important factor was the
shoulder plunge depth, because the pin length was kept
constant (1-4 mm). Further studies by Lin er al.'*!®
have concentrated on the effect of shoulder geometry.
They found on welding the same 6111 alloy a concave
tool shoulder increased the lap shear strength from 1-94
to 2:5 kN, relative to a flat shoulder tool. Other workers
have studied the influence of the pin cross-section
profile.!** In addition, a pinless FSSW tool has been
used to produce dissimilar aluminium to steel welds.>'

However, overall there is still a relatively poor
understanding of the effect of the tool pin length and
thermal management of the heat distribution during
FSSW on joint shear strength. For example, as heat is
generated by the tool shoulder there is a large thermal
gradient between the top and bottom of the weld and
insulating the anvil could potentially result in a more
uniform through thickness heat distribution, possibly
improving bonding. Indeed, Su et al. have shown that
when a mica clamp and anvil were used it increased the
heat dissipated into the weld from ~13 to 50%.'8
Additionally, with thin gauges the pin would be
expected to become less important and a pinless tool
could potentially produce an acceptable joint, as long as
the deformation zone penetrates sufficiently into the
bottom sheet to disperse the interfacial oxide layer.®!
With a shallow shoulder plunge depth this would
eliminate the undesirable residual keyhole. Finally,
currently published data on FSSWs of standard 6xxx
series automotive alloys like 6111, with the exception of
the work by Mitlin et al.,"? includes little microstructural
information on the effects of the weld thermal and
deformation cycle on the parent material.

In this paper the authors have focussed on the role of
two main variables in the FSSW process in thin 0-9 mm
thick 6111-T4 automotive sheets, where the shoulder has
a greater influence on the bond formed. Namely, the
length of the tool pin with a constant shoulder plunge
depth, and the effect of reducing heat loss through the
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(a)

(b)

1 Schematic illustration of FSSW process, including top
clamping system used in this work, with a conventional
pin and b novel pinless tool

bottom of the lower sheet by using an insulating
material, rather than a conventional steel anvil. In
addition the feasibility of using a pinless, or ‘zero pin
length’, tool in thin sheet welding (Fig. 1) has also been
tested, as a simpler competitive technique to the FSSW
refill approach. The authors have further attempted to
correlate the pin length and thermal conditions to the
weld energy input, and a detailed investigation of the
nature of the bond formed, weld microstructure
and the relationship to a joint’s tensile lap shear
performance.

Experimental

All the spot welds in this study were produced in
0-91 mm thick 6111-T4 aluminium alloy sheet, whose
nominal composition was Al-0-9Si-0-7Cu-0-75Mg-
0-30Mn-0-10Cr—0-20Fe (wt-%). The sheet received no
cleaning or surface preparation before joining. Welding
trials were performed using a CS Powerstir friction stir
welding machine. The welds were produced at the lap
centre, on 25 mm by 100 mm strips with an overlap of
25 mm, following the standard specimen geometry
adopted elsewhere in similar research (e.g. Refs. 14—
21). All spot welding was carried out under displacement
control. The tool shoulder was 10 mm in diameter and
manufactured from H13 tool steel, again selected to be
consistent with the majority of previous studies (e.g.
Refs. 13-20). The tool had a removable 10° tapered
triflat threaded pin with a diameter of 4 mm, made from
MPI159 material. Six pin lengths were used in the
investigation 0, 0-7, 1-0, 1-2 1-4 and 1-6 mm, with the
1-4 mm pin being comparable to tool designs most
commonly reported in the literature for this sheet
thickness (e.g. Refs. 13-15). The ‘zero’ length pin was
machined flush with the shoulder, to give a pinless tool.
The shoulder was flat with a machined scroll. To control
lifting of the top sheet at the edge of the tool shoulder,*?
a tight fitting clamping plate was used with a 12 mm
diameter machined hole, resulting in a clearance of
1 mm with respect to the tool shoulder (Fig. 15).
Welding was performed under position control. The
following parameters were kept constant during the
FSSW trials; plunge rate (2-5 mm s~ ), rotational speed
(2000 rev min~ ') and the dwell time at full plunge
(2-5 s) (see Table 1). The plunge depth was altered to
obtain a constant shoulder penetration depth of
0-2 mm, with the total tool penetration depth increasing
with pin length. This shoulder plunge depth was selected
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following preliminary weld trials and was the minimum
that could be used and produce good quality welds that
failed by mode III fracture (see the section on ‘Lap shear
fracture behaviour’). During welding the temperature at
the base of the weld was recorded by embedding a
thermocouple vertically in the anvil. The thermocouple
tip was mounted so that its tip protrude ~0-1 mm
above the anvil surface, ensuring good contact aided by
the welding down force, and was positioned at the centre
of the weld. Temperature measurements were repeated
at least three times for each welding condition, with a
maximum scatter of +5°C. The weld energy (in J) was
calculated from integrating the torque curve, using the
relationship

t

J' Tdt (1)

to

2n
U= <0 o)
where  is the rotational speed (in rev min~ '), T is the
torque and 7, and #; are the tool contact and tool
withdrawal times.

In order to study the influence of the through
thickness thermal profile, generated during the welding
cycle, two backing plates were used; a conventional
steel anvil and an anvil laminated with an insulating
4 mm thick 25 x 20 x4 mm Macor ceramic plate (ther-
mal conductivity=1-46 Wm ' K™!, compared to
52 Wm ! K! for steel).

To evaluate the mechanical strength of the joints,
tensile lap shear tests were performed on each weld
coupon using a constant displacement rate of
2 mm min~'. Results were averaged over three samples
for each condition with the peak load being measured,
as well as the total failure energy, by integration of the
force displacement curves (see Fig. 2). The welded joints
were sectioned to characterise the degree of bonding and
weld zone microstructure. Microstructural analysis was
performed using an Olympus optical microscope and a
FEI Sirion field emission gun scanning electron micro-
scope equipped with an HKL™ electron back scattered
diffraction (EBSD) system and backscattered electron
detector. The EBSD system had a spatial and angular
resolution of ~10 nm and ~ 1° respectively.*® To avoid
misorientation noise, boundaries were cut-off at less
than 1-5°. The SEM samples were examined after light
electropolishing to better reveal the bond line oxide
residue. Microhardness profiles were measured for each
weld by traversing across normal direction-rolling
direction sections through the weld centres, 0-2 mm
below the shoulder plunge depth and 0-2 mm from the
bottom surface.
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longest 1:6 mm pin length tools studied and b welds
produced with pinless tool, both with steel and ceramic
anvils

Results and discussion

Lap shear performance

Figure 2 shows examples of typical tensile lap shear test
load displacement curves, while the average maximum
shear loads and failure energies are summarised in
Fig. 3, for all the welds performed with the standard
2-5s dwell time. In Fig. 3 the shear strength for the
welds produced with the ceramic anvil can be seen to
decreases progressively with increasing pin length.
Surprisingly, a zero pin length, or the pinless tool, gave
the best results. In comparison the shear strength
measurements for the steel anvil welds first increase
slightly with pin length, to give an optimum strength at a
pin length of about 0-7-1 mm, before declining rapidly
at longer pin lengths. However, the variability in weld

Table 1 Summary of spot welding parameters used in trials, with and without anvil insulation, including approximate

weld energy calculated by integrating torque curves

Pin length, Plunge rate, Tool rotation speed, Dwell time, Weld time, Penetration Shoulder

Energy steel Energy ceramic

mm mm s’ rev min~! s s depth, mm plunge, mm anvil, kJ anvil, kJ
Pinless 2:5 2000 2:5 2:58 0-2 0-2 3-1 2:8
0-7 2:5 2000 2:5 2-86 0-9 0-2 4-6 29
1-0 2:5 2000 2:5 2-98 1-2 0-2 4-8 3-6
1-2 2:5 2000 2:5 3-06 1-4 0-2 4-0 37
1-4 2:5 2000 2:5 3-14 1-6 0-2 5-0 3-8
16 2:5 2000 2:5 3:22 1-8 0-2 51 39
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3 Effect of pin length and anvil insulation on 6111 alloy
sheet FSSW’s a tensile and b failure energy

shear strength is relatively modest, with the strongest
condition for the steel anvil having a shear strength of
3-1 kN, compared to 2-7 kN for the weakest. Much
more significant changes in performance can be noted
when the failure energy is considered. When the steel
anvil is used the integrated area under the shear test load
displacement curves reduces from ~5 kN mm ', for the
optimum pin length, to I kN mm ™' with the longest pin
length used. This larger range of failure energies is
caused by the strongest welds showing a far longer decay
curve after reaching peak load, whereas the weaker
welds failed more abruptly (see Fig. 2a).

Overall, the welds produced with a steel anvil always
performed better than with a ceramic anvil, except for
the case where a pinless tool was used, where the welds
made with the insulated anvil had a similar (see Fig. 3).
It is also interesting that in the shear tests the steel anvil
welds gave an optimum performance at a shorter pin
length compared to that usually used in the literature
(0-7-1 mm as opposed to 1-4 mm)."*"'*> This optimum
pin length was roughly equivalent to a penetration depth
similar to the top sheet thickness. However, there was
only a small reduction in strength relative to this
condition when no pin was used at all (Fig. 3). In
comparison, with a ceramic anvil the best result was
achieved with a pinless tool, which gave nearly an
identical shear strength to that with a steel anvil
(2-9 kN), but a higher failure energy (5-1 as opposed
to 3-9 kN mm™!).

The high performance of the welds made with the
pinless tool is somewhat surprising, given that most
previous work in the literature has assumed FSSW
requires a tool with an integral probe that ideally
penetrates to a depth of ~25% of the bottom sheet.”’
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4 Example torque curves for conventional tool with
1:0 mm pin, as well as for pinless tool configuration,
with different anvil materials

Furthermore, the lap shear strengths measured compare
very favourably with those published in the literature
using a conventional length pin tool, for welds produced
in the same alloy, with a similar sheet gauge and tool
shoulder diameter. Lin e al.'* report shear strengths of
1-94 kN with a flat tool shoulder and 1-4 mm pin, with
higher values of 2:59 kN using a concave shoulder.'> In
comparison, Mitlin ez al.' report very similar values to
those found here, with optimum shear strengths ~3 kN.
They also observed a slight reduction in strength for
deep tool penetration. However, in their study the pin
length was kept constant and they only altered the
shoulder plunge depth. For thicker gauges, where the
deformation caused by the pin is more important,
contradictory results have been presented in a 2 mm
6061-T4 alloy sheet. For example, Tozaki et al.'® found
that the weld shear strength increased with pin length,
while Addison and Robelou® report no significant
change in weld strength as long as penetration of the
lower aluminium panel was above 25% the sheet
thickness.

Weld energy and thermal measurements

Example torque curves are shown in Fig. 4 for welds
produced with a constant dwell time of 2-5s using a
conventional tool with a 1-2 mm long pin, as well as for
the pinless tool, using the two different anvil materials.
The net weld energies obtained by integrating the torque
curves (equation (1)) are given in Table 1 for each
condition, and are of the order of 3-5kJ for a 2:5s
dwell time, which is about half that measured by Su ez a/
with a 4 s dwell time and a 2-2 mm long pin.'® With the
conventional pin tool the torque curves are similar to
those reported in the literature (e.g. Refs. 16, 18 and 23).
The torque initially increases rapidly until the target
shoulder plunge depth has been achieved. The curves
then fall off as the sheets heat up and material loss
occurs through wear and flash production,'®** before
suddenly dropping again as the tool is withdrawn. It has
been suggested that melt wear ultimately limits the
torque achieved.'®** In Fig. 4 it can be noted that the
curves for the pinless tool exhibit a much sharper peak
in torque, due to the abrupt touch down of the tool
shoulder surface, compared to the more progressive
increase in contact area when a probe first penetrates the
top sheet. However, although the peak torque is slightly
higher, the curves then fall off more rapidly, giving a

voL 14 NO 5

446



lower net weld energy. The weld energies in Table 1 also
reflect this trend and the average values of torque and
weld energy increase with pin length.

The increase in torque with pin length is related to the
greater contact surface area when the probe penetrates
the sheets. Su et al. have pointed out that with a
conventional pin tool the tool shoulder only starts to
generate heat once material extruded from the pin
keyhole becomes trapped between the shoulder and the
surface of the upper sheet.'® Partitioning of heat
generation between the shoulder and the pin thus also
depends on the dwell time and changes in favour of the
pin to the shoulder for shorter pins and longer dwell
times.'®?* In thicker 6-3 mm sheet with a 2-2 mm pin
the weld energy input generated by the pin has been
estimated to be ~70% of the heat input.'® In line with
these results, with the thinner gauge sheet and shorter
pin used here, the pinless tool developed a heat input of
~40 % less than the standard 1-4 mm long pin tool
(Table 1).

A general decrease in torque and weld energy can be
noted when the ceramic Macor anvil was used (Fig. 3,
Table 1), which becomes more significant as the pin
length increases, rising from 10 % with no pin to ~25%
with the longest pin. This trend is linked to an overall
increase in weld temperature (see below), owing to lower
rates of heat loss form the thin sheet to the supporting
anvil, which leads to a decrease in material flow stress in
the shear zone and consequently a reduction in torque.
Su et al. have also noted lower weld energy when
insulation is used.'®

In Fig. 5 typical thermal histories are shown recorded
by the thermocouple in direct contact with the bottom
surface of the lower sheet, as a function of pin length,
with and without an insulated anvil. The bottom face
maximum temperature rose progressively with pin
length, rising from 360 to 410°C on increasing the pin
length from 0-7 to 1-6 mm using the steel anvil (Fig. 5a).
This behaviour is caused partly by the general increase
in weld input energy with tool length. However, because
the thermocouple was contacting the weld back face, it is
also affected by the generation of heat deeper in the weld
from plastic deformation coupled with a longer tool pin.
From Fig. Sa it can be further seen that there is a
significant increase in peak temperatures reached by
about 45-410°C when an insulated anvil is employed.
When the ceramic insulation layer is used there is also a
notable reduction in cooling rate after withdrawal of the
tool, although there is little effect on the initial heating
rate. The temperatures at the tool surfaces and top of the
welds will of course be considerably hotter than
measured at the bottom and values close to the solidus
have been reported in the literature directly under the
pin and tool shoulder.'®3

With the pinless tool far lower temperatures were
recorded at the bottom of the weld. With a steel anvil the
maximum temperature only reached ~ 280°C, compared
to 380°C with a conventional ~1-4 mm long pin.
However, this again increased by ~40°C when the
ceramic anvil was used (Fig. 5). This reduction in weld
temperature is partly due to the decreases in overall weld
input energy (Table 1), but also because without a probe
heat generation is no longer available deeper in the
sheet. In Fig. 5h, the effect of weld time on the
temperature cycle measured is shown for the pinless

Science and Technology of Welding and Joining 2009

Bakavos and Prangnell FSSW thin gauge 6111 automotive sheet

1.0 mm

450 0.7 mm

1.2mm 1.4 mm 1.6 mm

Steel Anvil
— Caramic

(a) Time (sec)
400
350
300
250 1 [
200

Steel Anvil
—— Ceramic Anvil

Temperature (°C)

0 10 20 30 40 50 60
(b) Time (sec)

5 Typical thermal histories recorded from thermocouple
in direct contact with bottom surface of lower sheet at
weld symmetric centre, with and without insulated
anvil, for a different pin lengths and pinless tool and in
b pinless tool as function of weld time (note: curves
are displaced for clarity)

tool, with the different anvil materials. For short weld
times the peak temperature can be seen to be very
sensitive to the tool contact duration, with it taking
about twenty seconds before the temperature starts to
reach a steady state. Even then the peak bottom
temperature is still lower than measured for the pin
tool 2-5 s standard dwell time welds, reaching a limit of
~330°C.

Lap shear fracture behaviour

A range of failure modes have been observed in FSSW
tensile lap shear tests.!*> 1>!%3¢ However, the test itself is
sensitive to material thickness. When tensile shear
testing spot welds in thin sheet, the joint will bend out
of plane. The weld is thus not just subjected to pure
shear and experiences a sheet normal tensile component,
or a ‘peel’ force, which is greatest at the edge of the
nugget.’® This tensile component reduces with sheet
thickness as the degree of bending decreases. In general
terms, the failure behaviours reported for FSSWs can be
separated into three main modes, the first of which has
only been reported with thicker gauges (>2 mm):!'>!1*-2°
(i) mode I. shear failure following the join line
between the two sheets in the plane of the sheet!®

(i) mode II: mixed cleavage failure that initially
starts by debonding, or cleavage, following the

oxide debris delineating the original surfaces
between the two sheets. This initiates at the edge

of the shoulder contact area, where there is often

only a partial bond, before turning upwards and
tearing through to the top surface near the
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6 Examples of effect of pin length on failure mode and average strength of lap shear specimens: images shown are
from fractured weld samples taken from top surface of bottom sheet and top and bottom faces of top sheet, labelled

Bottom, Top.T., Top.B., respectively; corresponding fracture strengths and energies are given in kN and kN mm

keyhole, where the top sheet is thinned by
upward flow of the bottom sheet surface as the
pin penetrates displacing material'®->°

mode III: nugget pull out where the interface
does not fail and the top sheet tears around the
edge of the shoulder contact area leaving the
weld nugget attached to the bottom sheet. This
failure mode is also encouraged by thinning of
the top sheet at the edge of the tool shoulder, due
to the shoulder plunge.?

The typical fracture behaviours, after lap shear testing
the welds produced with all the different welding
conditions shown in Table 1, are summarised in Fig. 6,
along with the corresponding average maximum load
and failure energy in each case. Cross-sections through
the welds before testing can be seen in Fig. 7. The
appearance of the failed samples was found to be
consistent with repeated tests. From comparison of the
images, it can be seen that there are two distinctly
different failure behaviours, corresponding to mode II,
the mixed cleavage mode and mode III nugget pull out
(described above). It should be noted that failure by
mode IIl is associated with a moderately higher
maximum shear strength, but a far larger fracture
energy compared to mode II, as it does not involve
debonding of the interface. These two failure modes thus
dominate in thin sheet FSSW, where there is a
substantial out of plane tensile component in the lap
shear test. Which failure mode occurs in practice
depends on competition between the resistance of the

(iif)
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bond line to peel forces and the reduction in tear
strength of the top sheet near the edge of the shoulder.
This latter effect is caused by thinning of the top sheet
from the shoulder plunge and lifting,"* which reduces
the top sheet ligament width at the periphery of the
shoulder (see Fig. 7), as well as from softening of the
material caused by heat affected zone (HAZ) damage. A
combination of these factors reduces the stress required
to tear round the edge of the weld nugget. The lower
strength mixed cleavage failure mode II has been far
more commonly found in other studies than mode III
and, with mode I, tends to dominate at thicker
gauges. ! 1920

In agreement with the failure energies (Fig. 3b), Fig. 6
shows that with a steel anvil the mixed cleavage failure
mode II can be seen to occur for all the welds produced
with pin lengths longer than 1-:0 mm. Whereas, the
strongest welds produced using the steel anvil with
shorter pin lengths (0-7 and 1-0 mm) failed by mode III.
In comparison, the welds produced with a ceramic anvil
and pin tools all failed by mode II, irrespective of pin
length. Overall, the data thus lead to the conclusion that
under these welding conditions an insulated anvil
increases the weld temperature, but reduces the interface
bond strength when a conventional pin tool is used.

For the non-insulated steel anvil tests it can be seen
there is a consistent trend of change in fracture mode
with increasing pin length and shear strength/failure
energy (Fig. 6). For example, the strongest welds with a
short 0-7-1 mm pin fractured by mode III, with nugget
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Ceramic Anvil

7 Optical mages of FSSW joint cross-sections in 6111-T4 sheets for different pin lengths, with and without anvil

insulation

pull out leaving a fully attached disc of a similar size to
the tool shoulder on the bottom sheet and the interface
clearly did not fail. With the 1-4 mm and longer 1-:6 mm
pins the samples failed by mode II with interface
debonding. However, for the intermediate 1-2 mm pin
length it can be seen that the test coupon failed by a
mixture of failure modes II and III, with the top sheet
incompletely debonding before tearing around the
periphery of the shoulder indent and leaving a bent
partially attached nugget on the bottom sheet.

It was also observed that the mode II mixed cleavage
failure leaves an increasing lip around the keyhole with
greater pin length. This can best be seen in the ceramic
anvil series of samples in Fig. 6 and occurs because the
interface line bends up locally close to the pin, due to
upward flow of the bottom sheet by the material
displaced by the probe, to a degree depending on the
pin insertion depth (see Fig. 7). From Fig. 7 it can
further be seen that the use of a ‘tight’ clamping fixture
has constrained lifting of the top sheet, caused by the
expansion of the sheet under the shoulder as it is
compressed during the tool plunge (see for example
Refs. 14 and 15). This leads to a tighter joint and less
top sheet thinning at the periphery of the nugget under
the shoulder edge. When combined with a minimised
shoulder plunge depth, this will improve the joint
strength under the more desirable nugget pull out failure
mode. Gross et al. have also noted the advantages of
using a top clamping fixture in FSSW.*?

When using the pinless tool, welds produced with the
ceramic anvil failed by the higher energy fracture mode
I11, leaving the full weld nugget attached to the bottom
sheet, or only partially debonded before nugget tear out.
However, the colder welds produced with a steel anvil
tended to partially debond more frequently, leaving
either a partly attached or reduced diameter disc
adhered to the bottom sheet, as shown in the example
in Fig. 6.
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Weld cross-sections and interfacial bonding

In Fig. 7, optical images are shown of cross-sections of
FSSW specimens produced with different pin lengths
and the two different anvil insulation conditions. From
comparison of these figures, it can be seen that the weld
thermomechanically affected zones (TMAZs) are similar
in size, being largely controlled by the width of the tool
shoulder, although the plasticised zone does not extend
as far down into the bottom sheet with shorter pin
lengths and the pinless tool. There is also some
indication that the base of the TMAZ is deeper and
slightly wider in welds produced with anvil insulation.
Because the shoulder plunge depth was kept the same,
there is not a great variation in the top sheet ligament
thickness at the edge of the shoulder.

Of further interest is that when no pin is present the
base of the plasticised zone and the bond line between
the two sheets does not remain flat, but develops a wavy
morphology, with a deeper outer ‘doughnut’ ring. This
indicates that plastic deformation probably develops
progressively as a function of the radial position; i.e. the
material gets hottest and softest fastest under the edge of
the shoulder where the radial velocity is highest and
starts to deform their first. Plastic flow will then spread
inwards as the temperature rises near the tool centre. It
is also possible a zone of slip eventually occurs under the
edge of the shoulder, if the temperature approaches the
solidus T locally at the tool sheet interface. It is difficult
to obtain direct evidence of localised melting at the
contact surface,** however, temperatures as high as 0-94
Ts have been recorded close to the tool interface in 6111
FSSW.'¢

In FSSW the interface between the two lapped sheets
is known to typically involve regions with:

(i) a kissing bond

(ii) a partial metallurgical bond, where intermittent
voids and segments of continuous interfacial
oxide are still present
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r

1 Full metall,
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Weld Edge
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8 Images (SEM) of sections through weld bond lines a at
high magnification showing examples of interfacial
defects and regions of characteristically different bond
types (labelled) and b whole weld interface, from joints
produced using 1-2 mm pin length tool, with and with-
out anvil insulation

(iii) a full metallurgical bond, where the oxide is
dispersed and no voids remain.'*%

Examples of these different bond classifications are
given in Fig. 8a. The strongest metallurgically bonded
area will vary depending on the welding conditions. A
kissing bond is frequently reported near the edge of the
shoulder contact area and the larger deformation close
to the pin generally results in a better metallurgical
bond, by greater disruption of the interface near the
weld keyhole.*®® As has been mentioned by
Badarinarayan ez al.,>' the presence of interfacial oxide
diminishes the quality of the friction spot welds, since
crack propagation follows the oxide layer when the weld
is subjected to external loading. Equally, regions of
oxide at the interface are often associated with a kissing
bond, or porosity, and will readily link up during crack
propagation.

In Fig. 8 examples of SEM images are shown of the
joint interfaces for a 1:2 mm pin length weld, with and
without anvil plate insulation, after light electropolish-
ing to reveal the degree of bonding and oxide distribu-
tion. The estimated relative lengths of each bond type,
(1)—(iii), along a section through each weld centre, are
presented in Table 2 for all the welding conditions. It
should be noted that the distinction between interface
bond types is somewhat subjective. Nevertheless, with
welds produced using a pin tool, in all cases the ceramic
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anvil resulted in a lower weld shear performance
compared to the steel anvil (Fig. 3) and the interface
between the two sheets was found to have a greater
proportion of only partial metallurgical bonding, as can
be seen in Fig. 8 and in Table 1. The strongest joints
produced with the shorter 0-7-1-2 pin lengths and a steel
anvil, which failed by mode III, were also found to have
the greatest proportion of the join line that had a full
metallurgical bond (see Table 2).

The welds made with the pinless tool exhibited a high
degree of metallurgical bonding compared to welds
produced with a pin tool. Those produced with the
ceramic anvil exhibited a greater average failure energy,
of 58 kN mm ™', compared to ~4 kN mm~' using a
steel anvil. This difference was again reflected in the
bond line measurements, with the pinless welds pro-
duced with an insulating anvil having a very high
relative metallurgical bond length of 75%, which
reduced to 60% when a steel anvil was used.

Microstructural changes in weld zones

A contributory factor to joint performance when FSSW
a heat treatable alloy would be expected from any loss of
strength of the parent material following exposure to the
weld thermal cycle. It was also of interest to determine if
the different tool geometries and anvil thermal proper-
ties had a detectable influence on the weld microstruc-
ture and hardness distributions. A commercially
available thermodynamic database (JMatPro)*” was first
used to calculate the dissolution temperatures of the
equilibrium phases present in the 6111 alloy, which is a
useful aid to interpretation of the weld hardness profiles
and microstructures. The 6111 alloy is known to contain
the Q (AlsCu,MggSig) and f# (Mg,Si) phases, which were
predicted to have equilibrium solvus temperatures of 440
and 540°C, respectively. The 6111 alloy is also predicted
to reach its melting point at ~580°C.

Figure 9 shows example microhardness profiles mea-
sured 0-2 mm below the shoulder plunge depth and
above the bottom surface for welds produced with the
0-7 mm pin tool and a pinless tool, with and without
anvil insulation. The hardness profiles across the welds
with the pin tool exhibit a ‘W’ shape, similar to that
classically seen in friction stir seam welds in comparable
heat treatable alloys.>®**' At the periphery of the
weld there is a large drop in hardness by ~30%, caused
by rapid overaging, which typically occurs in the
temperature range 300-400°C.** The location of the
hardness minima coincide approximately with the edge
of the TMAZ, and have been observed in a similar
position in FSWs.***! Furthermore, directly under the
tool shoulder, recovery in strength occurs as the

Table 2 Estimates of relative lengths of kissing, partial and full metallurgical bonding along join line, measured from
cross-sections through centre of spot welds, for pinless and conventional pin tools, with and without anvil

insulation
Steel anvil Ceramic anvil

Pin length, mm Kissing, % Partial, % Full, % Kissing, % Partial, % Full, %
Pinless 12 28 60 6 19 75

0-7 9 42 58 8-5 47 45

1-0 13 23 64 20 58 42

1.2 8-6 39 524 8:2 68 23-8

14 17-7 61-3 21 18 68 14

1-6 3-3 354 61-3 3-3 85 1.7
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temperatures reaches levels high enough for solution
treatment and subsequent post weld natural aging.®**!
To obtain a substantial natural aging response, the f§
phase solvus must have been approached and this
suggests that peak temperatures in this position were
of the order of ~540°C. The recovery in yield stress is
noticeably less at the bottom of the weld, where the
temperature is lower, resulting in a lower level of
solutionisation. It can be further seen the HAZ expands
sideways and the hardness minima at the TMAZ/HAZ
boarder became deeper when the ceramic anvil was used.
The increase in HAZ width is greater at the bottom of
the weld, where the insulated anvil would be expected to
have more effect. The insulated anvil also results in a
greater level of post weld natural aging near the weld
bottom, consistent with the ~45°C higher temperature
measured on the back face of the welds produced with a
ceramic anvil.

In comparison, the hardness profiles from the welds
produced with a pinless tool (Fig. 9b), which were
measured to have a ~100°C lower back face peak
temperatures and dissipated less weld energy, show clear
evidence of lower peak temperatures throughout the
weld zones, but most significantly at the weld base. In
Fig. 9b the hardness profiles indicate little post weld
natural aging occurring, either at the top or bottom, of
the weld produced with the steel anvil, suggesting that
the temperatures were substantially below 540°C and
did not exceed that required for significant solutionisa-
tion. With the ceramic anvil some hardness recovery is
observed near the weld centre in the top sheet, but again
little is seen at the weld base.

The hardness profiles correlated closely to the
distribution of coarse overaged precipitates within the
welds. In Fig. 10, SEM images of the microstructures at
the top and bottom of the welds, at a radial distance of
3-5 mm from the weld centre, confirm an increase in
temperature with pin length and the use of a ceramic
anvil. It is evident that a lower density of coarse
precipitates is generally seen near the hotter, weld top,
where the soluble second phases are mostly dissolved.
From the higher volume fractions of coarse second
phase precipitates seen in the coldest weld, produced
with the pinless tool and steel anvil, it is apparent that at
the top position the maximum temperatures in this case
could not have exceeded much above ~450°C. For this
weld two families of precipitates were seen at the weld
base; incoherent coarse spherodised precipitates and
finer semicoherent laths. The lath morphology precipi-
tates disappear at the top of the weld and are probably
the Q phase, which has a lower solvus temperature
(440°C). The coarse spherodised precipitates are the f§
phase. In the welds produced with the pin tools full
solutionisation has occurred at the top position and only
insoluble Mn rich dispersoids and broken up primary Fe
rich particles remain [typically Al;»(Fe,Mn);Si].** In all
cases the lath morphology Q phase is absent and the f§
phase volume fraction decreases with pin length at the
weld base. The f§ phase also has a lower volume fraction
at the weld base when a Macor insulated anvil is
employed. A lower volume fraction of f phase is equally
seen in the welds produced with the pinless tool using
the ceramic anvil. The peak temperatures in the welds
produced with a pin tool must, therefore, have all been
above the f§ solvus at their top (540°C), and were
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probably some 40°C higher at the position imaged above
the weld base than indicated by the bottom surface
contacting thermocouple employed in Fig. 5. The results
also confirm a generally lower temperature when
welding with a pinless tool or steel anvil.

Electron back scattered diffraction analysis has been
used to investigate the grain structures of the spot welds.
The mechanisms that result in the fine nugget grain
structures typically seen in aluminium FSWs involve;
grain splitting, due to orientation instability and shear
banding at low temperatures as the material first enters
the tool deformation zone, followed by geometric
dynamic recrystallisation at high strains, strain rates,
and temperatures, as the material flows around the
tool.*** This is followed by the possibly of static
recrystallisation and grain growth, as the material is left
to cool in the thermal wake of the tool.>>**** In FSSWs,
because the tool is not translated the material flow is
somewhat different,” but similar high temperatures and
strain conditions are approached close to the tool
surface. In Fig. 11 example EBSD maps are given at
different thickness positions for the pinless tool welds.
Statistical data from the EBSD maps are summarised in
Table 3. It can be seen that immediately below the tool
surface there is a fine low aspect ratio grain structure,
but there is still a significant ~40% fraction of low angle
boundaries which is higher than that normally found in
the nugget region of FSWs (about 70-80%).***** This
could imply that the material is less ‘recrystallised’ than
in a FSW. However, other researchers have reported
higher high angle boundaries (HAB) fractions in similar
welds (e.g. Ref. 23) and to date there have been few
systematic attempts to study how grain structures form
in FSSWs and is affected by post weld cooling.

In Fig. 11 and Table 3 it can be further seen that the
fraction of HABs decreases and the average HAB
spacing (grain size) increases with depth. This is
associated with a reduction in strain and temperature,
leading to a grain structure that contains predominantly
subgrains and deformed grains of a similar size to in the
parent material at the bottom of the weld. In Fig. 11 it is
very obvious that there is a strong effect of the insulating
anvil, with a larger grain size at the top of the weld (6-8
compared to 4-8 pum) and the mid position appearing
more ‘recrystallised’ than when a steel anvil is used. This
is partly due to an increase in the weld temperature, but
is also as a result of the deformation zone penetrating
further into the bottom sheet when there is a lower
through thickness temperature gradient. The influence
of the ceramic anvil is also evident in the pin tool welds
where the grain size is significantly larger within the weld
deformation zone (see Table 3).

Factors contributing to joint performance in thin
sheet FSSWS

From the above experiments, in thin sheet welds
(~1 mm), it is clear that the strongest welds were
obtained when failure occurs via nugget pull out (mode
I11), rather than by interface cleavage, or debonding,
(mode II). Indeed, it could be argued that when
interfacial debonding occurs a true weld has not actually
been made. The main objective of friction stir spot
welding thin sheets should thus be to obtain a strong
enough metallurgical bond under the tool shoulder, by
disrupting the oxide that naturally exists on the sheet
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Pin length

0mm

0.7 mm

1.2 mm

0 mm

0.7 mm

10 Images (SEM) showing coarse second phase precipitates present in weld zones, as function of pin length, at 0-2 mm
below top and above bottom surface of welds at radial distance of 3-5 mm from weld centre: in a with steel anvil and
in b with insulated anvil
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11 Example EBSD maps at different positions from pinless tool spot welds, a without and b with an insulating anvil: top
to bottom positions correspond to: Top; just below shoulder, Middle; mid plane, Bottom; 0-2 mm above bottom sur-
face, all measured through depth at a radial position of 3-5 mm out from weld centre (see macrograph insert); in
maps black and white lines correspond to high (=15°) and low angle boundaries respectively

Table 3 Average statistical data obtained from EBSD maps at different positions in 1-2 mm pin tool and pinless tool
welds, with and without an insulating anvil: including average grain size (liner intercept high angle boundary
spacing), average cell size (spacing of all boundaries, including low angle) and percentage fraction of high angle

boundary area* (HAB %)

Steel anvil Insulating anvil
Type of joint Position Grain size, um Cell size, pm HAB, % Grain size, um Cell size, um HAB, %
1. 2 mm Pin Tool Top 4-78 2:45 56-3 6-85 4-24 62-8
Middle 5.7 3-52 62-2 10-76 6 56-6
Bottom 14-96 5-85 43-8 12-69 6-4 52-3
Pin base 8-17 4-76 60-3 13 8-09 64-1
Pinless tool Top 3-44 2:35 69-5 6-84 3-89 58-7
Middle 124 4.22 36 11-34 6-35 57-8
Bottom 17-3 4-83 29 18-95 8-02 441
Parent Sheet 20-37 18-39 93-6

*The top to bottom positions correspond to: top, just below the shoulder; middle; mid plane; bottom, 0-2 mm above the bottom
surface, all measured through the depth at a radial position of 3 mm out from the weld centre. The pin base position is directly below
the pin centre with the pin tool welds. Data for the parent sheet are also given for comparison.
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surfaces, so that the parent sheet tears around the weld
nugget rather than failure occurring by debonding at the
weld interface. There will be an effect of too great a
shoulder penetration, top sheet lifting and HAZ soft-
ening on the stress required to tear through the top sheet
round the periphery of the nugget in failure mode III.
However, such factors will only come into play if a
strong enough metallurgical bond is first achieved to
promote this failure mode. Influences such as the HAZ
width, which can be altered by changing the weld
thermal cycle (e.g. the section on ‘Microstructural
changes in the weld zones’), are thus secondary. It
would be advantageous if the HAZ minimum could be
engineered to not coincide with the edge of the tool
shoulder, where mode III nugget pull out occurs.
Furthermore, the problem of top sheet thinning near
the keyhole, which has been identified as a factor
affecting the strength of FSSWs by several authors (e.g.
Refs. 1315, 19 and 21), does not come into play if a
failure mode 111 occurs.

One of the surprising conclusions from the above
experiments is that, in thin sheet friction stir spot
welding, a long conventional pin and a more uniform
and higher weld temperature, promoted through the use
of an insulated anvil, can actually produce weaker
welds, because both factors lead to a poorer metallurgi-
cal bond under the tool shoulder, promoting a mode II
interface cleavage failure. With the 1 mm thick thin
sheets welded here, the optimum condition was found to
be with a pin length that gave a penetration depth of the
order of the top sheet thickness, although this was only
slightly better than when welds were produced with no
pin at all. It thus appears that in thin sheets it is possible
to make better welds than with a conventional tool by
using either a short pin or a pinless tool. This is clearly
only possible when welding thin sheets, as the plastic
zone will not penetrate deeply enough as the sheet
thickness is increased to disrupt the surface oxide residue
at the bond line. The possibility of producing high
quality welds with a pinless tool has many advantages
including, a simpler process, a far better aesthetic
appearance with no retained keyhole (which may need
to be subsequently filled) and the elimination of the need
to use a more complex process such as the refill
method.?

Why weld quality appears to improve with a short or
no pin in thin sheet welding still requires further
investigation into the effect of the tool geometry on
metal flow and heat generation. However, a number of
factors may be significant in this regard. First, with a
pinless tool the tool contacts across the whole top sheet
surface at the same time. This will ensure that heat is
generated for a longer time under a high pressure further
out under the tool shoulder than when a pin must be
plunged first, giving a greater chance of bonding at the
edge of the weld, critical for promoting mode III failure.
Material expelled by a pin will also initially result in a
less uniform pressure and a reduction in the down force
locally under the edge of the shoulder, until later in the
weld cycle. A further effect may be related to the vertical
flow of material displaced by the probe up from the
bottom sheet near the pin. In conventional welds this
normally results in the weld sheet interface moving
upwards near the pin. In a mode II failure, when the
crack path follows the joint interface, it can then more
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easily tear though to the top surface as the connecting
ligament length is shorter (for example see Refs. 19 and
21). This effect will be reduced with a shorter probe
length that does not penetrate the bottom sheet. The
significantly lower temperature in the pinless welds may
also play a role by subjecting the weld interface to severe
plastic deformation when the material has a higher flow
stress, which is consequently more successful in breaking
up the interfacial oxide. In this regard a fine balance is
clearly required, as the insulated anvil improved the
bond strength of the pinless welds, and there is probably
an optimum weld temperature and plastic zone penetra-
tion depth necessary to achieve maximum bonding when
a pinless tool is used.

Conclusions

The effect of pin length, including a novel pinless tool
and anvil insulation, on the lap shear strength of FSSW
welds produced in thin (0-91 mm) 6111-T4 aluminium
automotive sheet has been studied. For the welding
conditions used, it was found that the weld energy and
temperature increased with tool pin length. The insu-
lated anvil reduced the torque from the rotating tool and
increased the weld temperature by ~40°C.

It has been shown that optimum shear strength is
obtained by ensuring failure occurs via nugget pull out,
rather than by interface cleavage, or debonding. The
main objective of friction stir spot welding thin
aluminium sheet should thus be to obtain a strong
enough metallurgical bond under the tool shoulder so
that the top sheet tears, resulting in nugget pullout,
rather than the joint interface failing.

When using a pin tool it was found that anvil
insulation reduced the weld shear strength. More
importantly, optimum joint performance was obtained
with either a very short pin that did not penetrate the
bottom sheet, or by using a pinless tool aided by anvil
insulation. This result has important implications for the
practical application of FSSW and goes against com-
mon wisdom, where it is normally assumed the probe
must penetrate at least 25% into the bottom sheet top
make acceptable welds. The possibility of producing
high quality welds with a short or pinless tool when
FSSW thin sheets is counter intuitive, but has many
advantages, including a simpler process and a better
aesthetic appearance with a shallow or no retained
keyhole.

Why weld quality appears to improve with a short or
pinless tool in thin sheet welding still requires further
investigation, but qualitatively appears to be related to
the pinless tool contacting more uniformly across the
tool surface, giving a greater chance of bonding under
the shoulder at the edge of the weld, critical for
promoting mode III failure. The reduction in vertical
flow of material from the bottom sheet, which is
displaced as the probe is driven, also reduces the
tendency for top sheet thinning, normally seen near
the weld keyhole.
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