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The mechanism of tool penetration during friction stir spot welding of Al-alloy and
Mg-alloy sheet materials is investigated and is explained as a progression of wear events,
from mild wear to severe wear and then to melt wear in material beneath the base of the
rotating pin. Melt wear can also occur under the rotating tool shoulder provided that
sufficient penetration of the upper sheet occurs during the spot welding operation.

The highest temperatures attained during FSW spot welding of Al 6111 and AZ91 base
materials are close to the solidus temperatures of each base material and correspond with
0.94Ts (Al 6111) and 0.99 Ts (AZ91) where Ts is the solidus temperature of the material in
degrees Kelvin. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Friction stir spot welding (FSSW) is a process vari-
ant of friction stir welding, which produces joints by
plunging a rotating tool comprising a pin and a shoul-
der into two sheets and then retracting the tool leaving
a keyhole depression. Plasticized material formed at
the periphery of the keyhole facilitates joint formation
between the contacting sheets [1, 2]. Tool penetration
is generally disregarded in the published research on
friction stir welding since it only represents the initial
‘touchdown’ stage in the joining operation. However,
since the whole FSSW operation typically lasts from
two seconds to a maximum of five seconds, the process
of tool penetration essentially determines heat genera-
tion, plasticized material formation around the rotating
pin, joint formation and weld mechanical properties.

The relative contributions made by the pin and the
tool shoulder have been the subject of debate during
friction stir welding, with investigators suggesting that
heat generation under the much larger diameter tool
shoulder is the dominant feature [3, 4]. However, the
pin and shoulder regions play quite different roles dur-
ing FSSW since the tool shoulder comes into contact
with the upper sheet surface late in the spot welding op-
eration and only after the rotating pin has completely
penetrated the upper sheet and begun to penetrate the
lower sheet. It is shown later that the tool shoulder only
begins to play an important role in the joining opera-
tion when material extruded from the keyhole becomes
trapped between the surface of the upper sheet and the
tool shoulder. From this point onward the tool shoulder
provides both frictional heating and compressive load-
ing, which facilitates joint formation between the two
contacting sheet materials.

The present paper details some of the results of a
wide-ranging program, which is investigating friction

stir spot welding of Al-alloy and Mg-Alloy base mate-
rials for automotive applications [5–8]. A combination
of data acquisition of key welding parameters (axial
force, torque and tool displacement), high-speed imag-
ing, temperature measurement and metallography are
employed. It is shown that tool penetration can be ex-
plained as a progression of wear events from mild (de-
lamination) wear, through to severe wear, and finally
to melt wear in the plasticized material immediately
under the base of the rotating pin.

2. Experimental procedure
The sheet materials employed during FSSW trials com-
prised 1.5 mm thick AZ91D, Al 6061-T6 and Al 5754-
H12 and 1.3 mm thick Al 6111-T4. The test speci-
men dimensions were 25 × 100 mm in all cases. The
FSW welding equipment provided rotational speeds
from 1000 to 3000 RPM and axial loads up to 12 kN
(2800 lb-f). The plunge rate during FSW spot weld-
ing ranged from 0.1 to 10 mm/s with the penetration
depth controllable to ±0.1 mm. FSW spot welding was
carried out using an H13 steel tool, which had a hard-
ness of 46–48 HRc, a shoulder diameter of 10 mm, a
pin diameter of 4 mm and a pin length of 2.2 mm. A
smooth (unthreaded) tool without a shoulder was em-
ployed during some spot welding trials and in this case
the pin diameter was 4 mm.

The axial load and the torque values were measured
using a JR3 six-axis load cell, which was coupled with
a data acquisition system so that axial force, torque,
penetration depth and temperature outputs during spot
welding were logged on a desktop computer. Tool dis-
placement (penetration depth) was measured using a
linear transducer, which had an accuracy of ±0.01 mm
while the spindle RPM was measured using a shaft
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encoder, which had an accuracy of ±30 RPM. Syn-
chronous high-speed CCD imaging during friction stir
spot welding was accomplished by viewing the weld
region side-on using a frame-rate of 250 fps.

During all temperature measurements the FSSW tool
was held stationary and the Al-alloy and Mg-alloy test
specimens were rotated. 0.25 mm diameter K-type ther-
mocouples were located 0.2 mm from the end of the
rotating pin and at the mid-radius location on the tool
shoulder. The thermocouples were inserted into 1.0 mm
diameter holes in the tool assembly so that the tips of
the thermocouple were in direct contact with plasti-
cized material formed during the FSW spot welding
operation. A separate A/D converter collected tempera-
ture output in degrees Celsius and enabled synchronous
measurement of axial force, torque, tool displacement
and temperature during FSW spot welding. The plunge
rates were 1.0 to 2.5 mm/s during temperature measure-
ment and a four second dwell period was incorporated
into spot welding cycle during which tool rotation con-
tinued. Unless otherwise stated all temperature mea-
surements were repeated at least twice. During repeat
testing the average measured temperature was within
±5◦C of that indicated in each figure.

During metallographic examination the Al-alloy
weld sections were etched using Keller’s reagent, while
the Mg-alloy test sections were etched using acetic-
picral solution comprising 10 ml acetic acid, 4.2 g pi-
cric acid, 10 ml H2O and 70 ml of 95% ethanol.

3. Results
Figs 1 and 2 show the axial force, torque and tool dis-
placement (penetration depth) outputs produced during
spot welding of Al 6111 and AZ91 sheets. Two peaks
(F1 and F2) are exhibited in the axial force output.
When the FSW spot welding process initiates the axial
force increases until the F1 peak is reached and then de-

creases. Both the axial force and torque increase again
following the F1 peak and the welding operation ends
when the F2 peak is attained.

Figs 3 and 4 show thermal cycles produced at the
base of the rotating pin and at the mid-radius location
on the tool shoulder during spot welding of Al 6111
and AZ91. The highest temperatures at the base of the
pin are 532◦C (Al 6111) and 462◦C (AZ91D). Lower
temperatures are produced at the tool shoulder region,
namely 480◦C (Al 6111) and 437◦C (AZ91).

Figs 5a–c show the results produced during high-
speed imaging of the FSW spot welding process. The
arrow markings in these figures show the correspon-
dence between the high speed imaging output and ax-
ial force and torque values as the spot welding oper-
ation proceeds. Debris was ejected during tool pen-
etration of both Al 6111 and AZ91 base materials.
Fig. 6 shows debris, which is ejected when the rotating
pin penetrates into Al 6111 and AZ91 sheet material.
Some Al 6111 debris was highly deformed and had ser-
rated edges (Fig. 6a and b) while AZ91 debris exhib-
ited a densely layered (feathery) morphology (Fig. 6c
and d).

4. Discussion
The FSW spot welding process initiates when the rotat-
ing pin moving at a given plunge rate contacts the sur-
face of the upper sheet and the axial force and the torque
values start to increase. It has already been shown that
mild wear occurs when a pressure of 1.0 MPa is ex-
erted by SAE 52100 steel counterface as it slides at a
velocity of 0.4 m/s over Al 6061-T6 base material [9].
Mild wear is characterized by plastic shearing and the
nucleation and propagation of subsurface cracks which
reach the surface, creating wear debris [9–11]. The
cross-sectional area at the base of the pin is 11.47 mm2

during FSW spot welding using a 4 mm diameter pin.

Figure 1 Axial force, tool displacement and torque outputs during FSW spot welding of Al 6111 base material.

6474



Figure 2 Axial force, tool displacement and torque outputs during FSW spot welding of AZ91 base material.

Figure 3 Temperature output during FSW spot welding of Al 6111 base material.

Therefore it would be expected that mild wear would
initiate immediately beneath the rotating pin when the
axial load is less than 11.47 N. Fig. 1 shows that the
axial load exceeds 11.47 N very early in the spot weld-
ing operation, e.g. when the penetration depth into Al
6111-T4 base material is less than 100 µm. Consid-
ering that the hardness of Al 6111-T4 is lower than
that of Al 6061-T6, the initiation of mild wear would
be inevitable at this early stage of penetration. Simi-
larly, based on sliding wear testing results reported by
Chen and Alps using AZ91 magnesium base material
[10] mild wear will occur very early during spot weld-
ing of this base material. Fig. 7 provides support for
this contention since the delamination formed during

the first 75 µm of penetration into AZ31 magnesium
base material is a characteristic feature of mild wear
[9–12].

As the tool penetration process continues there will
be a transition from mild to severe wear. Zhang and
Alpas [9] found that the transition from mild to severe
wear occurred when a pressure of only 10.0 MPa was
exerted by an SAE 52100 steel sliding over Al 6061
base material at a velocity of 0.4 m/s. The weighted
average tangential velocity at the base of the 4 mm di-
ameter pin is 0.418 m/s during FSW spot welding us-
ing a rotational speed of 3000 RPM. Consequently, the
pressure beneath the rotating pin will be 10 MPa when
the axial the load reaches 114.7 N, a value exceeded
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Figure 4 Temperature output during FSW spot welding of AZ91 base material.

Figure 5 (a–c) Synchronous high-speed imaging and axial force and torque output during FSW spot welding of Al 5754 base material.
(Continued)

6476



Figure 5 (Continued)

Figure 6 (a & b) Optical micrographs of wear debris ejected during penetration of Al 6111 base material. (c & d) SEM images of wear debris ejected
during penetration of AZ91 base material.

during the first 50 ms when Al 6111 base material is
welded, see Fig. 1. When the base of the rotating pin is
completely enveloped in the Al 6111 sheet material, the
normalized force

�

F = F
An H0

= 1, where Ao is the nom-
inal area of contact at the sliding surface and H0 is the
room temperature hardness of the base material.

�

F =
1 is the generally accepted requirement for seizure dur-
ing sliding wear [13].

Severe wear occurs when thermally-activated defor-
mation processes promote softening of material imme-
diately adjacent to the contact interface [9] and there-
fore the base of the rotating pin becomes coated with
an adhering layer of Al 6111 or AZ91 base material.
Fig. 8 shows images of the base of the rotating pin at
different penetration depths. This output is typical of
that produced by adhesion and seizure events, which
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Figure 7 Delamination produced when AZ31 magnesium sheet is pen-
etrated to a depth of 75 µm.

continue until the base of the rotating pin is almost
completely covered with an adhering film when the pin
reaches a penetration depth of 500 µm in both Al-alloy
and Mg-alloy base materials.

Fig. 6 shows examples of wear debris ejected during
tool penetration. The wear debris produced during pen-
etration of Al 6111 sheet is highly deformed and shows
evidence of cutting by the threads on the rotating pin. In
contrast, the AZ91 wear debris has a feathery morphol-
ogy comprising approx. 10 µm thick material layers.
This type of morphology is remarkably similar to the
layered structured created when melt wear occurs dur-
ing sliding wear testing of AZ91 base material [10].
The layered structure is produced when local melted
material is repeatedly squeezed out from the contact
interface.

It has been suggested that the sudden decrease in ax-
ial force following the F1 peak occurs when melt wear
becomes the dominant feature in plasticized material
immediately beneath the rotating pin [5]. Melt wear
involves local melting of thin (10–20 µm thick) layers,
which dramatically lower the viscosity of plasticized
material at the contact interface [9–11, 13–16]. Low
viscosity plasticized material is displaced to cooler re-
gions where it solidifies due to the pressure applied by
the rotating pin. Following displacement viscous dissi-
pation increases the temperature and local melted films
are reformed in plasticized material. The axial force
falls suddenly during FSW spot welding since lubrica-
tion occurs at the contact interface between the rotating

Figure 9 Al 6061/steel wear map (after Zhang and Alpas [9]).

pin and the adjacent plasticized material, see Figs 1
and 2.

Fig. 9 shows the wear diagram produced during
sliding wear testing of Al 6061 base material using an
SAE 52100 steel slider [9]. The axes in this diagram
are the normalized force

�

F = F
An H0

and the normalized
velocity

�

v = vro
aeff

during sliding wear testing, where ro

is the length of the contact area and aeff is mean thermal
diffusivity of the aluminum alloy base material and
the steel counterface. The normalized load

�

Fand the
normalized velocity

�

v values corresponding with the F1

peak found during FSW spot welding of Al 6061-T6
sheet material are

�

F= 0.21 and
�

v= 95.7 respectively.
These values are plotted on Fig. 9 and indicate that the
conditions required for melt wear formation should
exist immediately under the base of the rotating pin.

It must be emphasized that the conditions beneath
the rotating pin and the tool shoulder are quite differ-
ent from those which exist during conventional sliding
wear since oxygen is completely excluded during the
tool penetration process. It is well-documented that
access by oxygen from the atmosphere during sliding
wear testing produces a transition from melt wear to ox-
idative wear so that the wear rate decreases dramatically
since oxides have higher melting temperatures and do
not flow easily [13]. However, oxidative wear cannot
occur during tool penetration and melt wear, once ini-
tiated, will continue as the dominant wear mechanism,
which determines the tool penetration process. Based
on this argument, the axial force and the torque should

Figure 8 (a) Clean pin prior to spot welding, (b) Following 300 µm penetration of Al 6061, (c) Following 400 µm penetration of AZ91.
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Figure 10 Axial force output produced during spot welding of Al 6061 sheet using a smooth pin tool (without a shoulder) and a conventional tool
with a pin and a shoulder.

Figure 11 Axial force and torque output during spot welding of Al 6061-T6 sheet using a very slow plunge rate (0.1 mm/s). The tool shoulder begins
to contact material extruded from the keyhole at t1, melt wear under shoulder begins at t2, while the dwell time is applied from t3 to t4.

continue to decrease as the sheet is further penetrated
(following the F1 axial force peak). The results pro-
duced during spot welding of Al 6061 sheet material
using a smooth (unthreaded) tool without a shoulder
support this contention, see Fig. 10. However, it is ap-
parent in Figs 1, 2, 11 and 12 that the axial force and
torque values do not continue to decrease following
the F1 peak during spot welding using a conventional
tool, which has both a pin and a shoulder. The axial
force and the torque increase following the F1 peak
because material extruded from the keyhole region be-
comes trapped between the tool shoulder and the upper
surface of the upper sheet and is forged and plastically
deformed before being ejected from the periphery of
the tool shoulder, see Fig. 5c.

One would expect that there would be a transition
from mild wear to severe wear and then to melt wear in
plasticized material beneath the tool shoulder provided
that the upper sheet material is sufficiently penetrated
during the spot welding operation. Figs 11 and 12 pro-
vide support for this assertion. The changes in axial
force and in torque during FSW spot welding of Al
6061 and AZ91 base material using an extremely slow
plunge rate (0.1 mm/s) are indicated.

The time t1 in Figs 11 and 12 indicate where the
axial force and torque values begin to increase as ma-
terial extruded from the keyhole is trapped and forged
between the tool shoulder and the surface of the upper
sheet, see Fig. 5c. The axial force and torque values
continue to increase and then suddenly decrease when
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Figure 12 Axial force and torque output during spot welding of AZ91 sheet using a very slow plunge rate (0.1 mm/s). The tool shoulder begins to
contact material extruded from the keyhole at t1, melt wear under shoulder begins at t2, while the dwell time is applied from t3 to t4.

Figure 13 Spot weld material and thermocouple tip removed from tool
after temperature measurement.

melt wear occurs. It is possible that the sudden fall and
leveling out of axial force and torque values between
t2 and t3 may be associated with the ejection of local
melted material from under the tool shoulder.

5. Temperature output
Figs 3 and 4 show the temperature output measured
at the base of the rotating pin and at the mid-radius
location on the tool shoulder during FSW spot weld-
ing of Al 6111 and AZ91 base materials. The highest
temperatures at the base of the rotating pin (532◦C in
Al 6111 and 462◦C in AZ91D) are close to the solidus

temperature of each base material. These temperatures
correspond with 0.94Ts (Al 6111) and 0.99Ts (AZ91),
where Ts is the solidus temperatures in degrees Kelvin.
The highest temperatures reached at the tool shoulder
are less than those attained at the base of the rotating
pin (480◦C in Al 6111 and 437◦C in AZ91). However,
the measured temperatures at the base of the pin which
correspond with the F1 axial force peaks are approx.
225◦C (Al 6111) and 50◦C (AZ91), and are much less
that the solidus temperature of each base material. At
first sight these results appear at variance with the melt
wear proposal made earlier in this paper. However, it
is important to stress that the thermal output in Figs 3
and 4 indicates the average temperature at the loca-
tion 0.2 mm from the base of the rotating pin. Also,
although the 0.25 mm diameter thermocouples were in
direct contact with plasticized material formed during
spot welding of Al 6111 and AZ91 their locations were
further displaced by up to 0.5 mm when plasticized
material was forced into the 1 mm diameter holes in
the rotating tool, see Fig. 13.

Since melt wear involves the transient melting, dis-
placement and solidification of 10 µm to 20 µm thick
melted layers the region where melt wear occurs will be
highly-localized. Bowden et al. [15, 16] have pointed
out that the temperature decreases dramatically with
distance from the contact interface, e.g. during fric-
tional heating of steel samples the contact interface
can be as high as 1000◦C while the bulk sample re-
mains quite cool. This explains why investigators such
as Bowden et al. [15, 16] and Quinn et al. [17] em-
ployed sophisticated measuring techniques when they
investigated the peak temperatures generated at con-
tacting interfaces, e.g. involving the combination of
e.m.f. measurements with the Seebeck effect [15], in-
frared photocells [16] and color-temperature calibra-
tions from hot-spot images [17]. Finally, although
Chen and Alpas [10] found evidence of melt wear
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formation during sliding wear testing of AZ91 base
material using an SAE 52100 steel slider the average
temperatures measured using thermocouples located
within 100 µm of the contacting interface only ranged
from 347 K to 585 K. During sliding wear testing of Al
6061 base material the average temperatures measured
within 100 mm of the contacting interface were 299 K
to 362 K [9].

6. Conclusions
A detailed examination of tool penetration during FSW
spot welding of Al-alloy and Mg-alloy sheet materials
has indicated that:

1. Tool penetration can be readily explained as a
progression of wear events, from mild (delamination)
wear through severe wear and finally to melt wear in
material beneath the base of the rotating pin. Melt wear
can occur under the rotating tool shoulder provided that
sufficient penetration of the upper sheet is produced
during spot welding.

2. The highest temperatures during FSW spot weld-
ing of Al 6111 and AZ91 base materials are close to the
solidus temperatures of each base material and corre-
spond with 0.94Ts (Al 6111) and 0.99 Ts (AZ91) where
Ts is the solidus temperature of the material in degrees
Kelvin.
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