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Abstract – Simple process models are applied to predict microstructural changes due to the thermal cycle
imposed in friction stir welding. A softening model developed for heat-treatable aluminium alloys of the
6000 series is applied to the aerospace alloy 2014 in the peak-aged (T6) condition. It is found that the
model is not readily applicable to alloy 2024 in the naturally aged (T3) temper, but the softening behaviour
can still be described semi-empirically. Both analytical and numerical (finite element) thermal models are
used to predict the thermal histories in trial welds. These are coupled to the microstructural model to
investigate: (a) the hardness profile across the welded plate; (b) alloy softening ahead of the approaching
welding tool. By incorporating the softening model applied to 6082-T6 alloy, the hardness profile of friction
stir welds in dissimilar alloys is also predicted.
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1 Introduction

Friction stir welding (FSW) of aluminium alloys has
moved within one decade from invention to large-scale
commercial application in the maritime sector, with re-
search and development continuing in aerospace, rail and
automotive transport. A schematic diagram of the process
is shown in Figure 1a. The rotating tool has a profiled pin
that is traversed along the joint line to make the weld, and
a broader shoulder which generates heat by friction (to
soften the material) and contains the deformation. Fig-
ure 1b shows the three characteristic zones in a typical
weld: (i) an intense deformation zone called the “nugget”;
(ii) a thermo-mechanically-affected zone (TMAZ), where
the initial grain structure survives but is deformed; (iii) a
heat-affected zone (HAZ).

Process modelling of FSW has been reviewed by
Shercliff and Colegrove [1]. Figure 2 summarises the cou-
pled phenomena involved: (i) heat generation and result-
ing thermal field; (ii) high strain-rate metal flow round
the profiled tooling; (iii) the consequent microstructural
evolution; and (iv) residual stress, distortion and joint
properties. In heat-treatable aluminium alloys, the dom-
inant microstructural effects are changes in the precip-
itation state of the alloy, which provides the principal
strengthening mechanism. Myhr et al. [2–4] developed a
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simple model to describe the softening which occurs in
the heat-affected zone of arc welded 6082 alloy, and the
partial strength recovery which may occur subsequently.
The physical basis of the model is the dissolution of the
hardening precipitates which provide most of the strength
in heat-treatable alloys. The model contains a single in-
ternal state variable, the volume fraction of hardening
precipitates, and is calibrated to isothermal data, us-
ing hardness or resistivity to monitor precipitation state,
rather than direct microscopic observation. This makes
the model easy to develop and apply in an industrial con-
text. The isothermal model is constructed in such a way
that it may be simply integrated over a thermal cycle.

Frigaard et al. [5] and Russell [6] have applied this
model to friction stir welding of 6082, using numerical and
analytical models to predict the thermal histories. Precip-
itation in alloys such as 6082 is relatively straightforward,
being dominated by the single hardening phase Mg2Si.
For industrial aerospace application, it is of interest to es-
tablish whether Myhr et al.’s approach can describe the
softening behaviour of more complex Cu-containing al-
loys, such as 2000 and 7000 series alloys, particularly in
the context of welding. Hyoe et al. [7] have demonstrated
that the approach is moderately successful for friction stir
welding of 7075 alloy, in a peak aged condition. In this pa-
per, consideration is given to alloys 2014 and 2024, in the
peak aged and naturally aged conditions respectively.
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Fig. 1. (a) Schematic diagram of friction stir welding process; (b) Micrograph of a typical weld, showing three characteristic
zones (after Leonard [8]).

 

Fig. 2. Overview of process modelling for FSW (after Shercliff and Colegrove [1]).

2 Experimental work

The alloy details were as follows: (a) 6.35 mm thick
2014-T6 aluminium alloy, welded as 152× 229 mm plates
at TWI, Cambridge, UK; (b) 3 mm thick 2024-T3 and
6082-T6 alloys, welded as 150 × 60 mm plates at DLR,
Cologne, Germany. The nominal alloy compositions are
given in Table 1, and the welding conditions are sum-
marised in Table 2. Temperatures were logged by ther-
mocouples located near the top surface of one plate
and at various distances from the weld centre-line. Af-
ter 3 months of post-weld natural ageing, the hardness
profile was measured at mid-thickness, using a Vickers
machine under 0.5 or 1 kg load. Tensile tests were con-
ducted transverse to the welds that included 2024-T3, in
the same naturally aged condition. These all failed in the
heat-affected zone. The 2024–2024 weld failed at approx-
imately 90% of the base material strength, while both
dissimilar welds failed in the 6082 at approximately 65%
of its initial strength.

Isothermal salt bath experiments were used to char-
acterise the effect of idealised thermal cycles on the
microstructure and hardness of the alloys. Small test
specimens were machined from unwelded material and

Table 1. Nominal compositions of the alloys (wt %).

Alloy Mg Cu Si Zn Fe Mn Cr Zr/Ti
2014-T6 0.5 4.5 0.8 0.25 0.5 0.8 0.1 0.35
2024-T3 1.5 4.4 0.5 0.25 0.5 0.6 0.1 0.35
6082-T6 0.9 0.1 1.0 0.2 0.5 0.7 0.25 0.1

subjected to isothermal treatment at temperatures from
200 to 500 ◦C. After hold times between 3 and 30 000 sec-
onds the samples were immediately quenched and the
hardness measured. Hardness measurements were re-
peated later to assess the strength recovery by natu-
ral ageing, after one week for all alloys, and again after
3 months for alloys 2024 and 6082.

3 Thermal modelling

A range of analytical and numerical (finite element)
thermal models have been developed for FSW, as well as
coupled thermal-flow models using computational fluid
dynamics (Shercliff and Colegrove [1]). FSW generates
a distributed, primarily surface, heat input. Russell [6]
developed a first order analytical model, in which the
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Table 2. Welding conditions.

Alloy on Alloy on Traverse speed Rotation speed Nominal
advancing side retreating side (mm.min−1) (rpm) power (kW)

2014-T6 2014-T6 80 500 1.11
2024-T3 2024-T3 120 400 1.28
2024-T3 6082-T6 200 600 1.48
6082-T6 2024-T3 200 600 1.68

frictional heat generation was aggregated into a point
source, as in the classical arc welding solutions due to
Rosenthal [9]. To allow for the high conductivity of alu-
minium, and intermediate plate thickness, superposition
of multiple point sources was used, following the method
of Myhr and Grong [10]. The heat input was estimated by
assuming sticking friction conditions under the shoulder,
with the shear yield stress treated as an adjustable pa-
rameter to match the peak temperatures measured. Rea-
sonable estimates were also made for heat losses to the
tooling and backing plate. This approach was found to
give satisfactory predictions of the thermal field for po-
sitions beyond the periphery of the tool shoulder, and is
applied here to the weld in alloy 2014-T6.

Finite element models are more complex, but enable
greater accuracy in predicting the thermal histories in
specific welds. Shi et al. [11, 12] have presented a finite
element analysis for friction stir welding of 2024-T3. The
heat input was calculated directly from the torque and
rotation speed of the welding machine, and realistic ad-
justments incorporated to allow for heat losses to the tool
shoulder and the steel backing plate. An axisymmetric
distributed heat source was used, with a radially increas-
ing heat flux under the shoulder, and a small proportion
of the heat associated with the tool pin. No account was
taken of the metal flow, which is known to be very lo-
calised to the tool surface. The purpose of this model
was to provide the thermal history to input into a me-
chanical analysis of the residual stress. Here the model
is used to provide thermal histories for 2024-T3, welded
both to itself and to 6082-T6. In the dissimilar alloy welds,
the two halves of the plate had the appropriate thermal
properties, but it was assumed that the heat inputs and
heat losses remained axisymmetric. In practice the ther-
mal properties were sufficiently similar that the predicted
thermal field was effectively symmetric.

Figure 3 shows predicted temperature histories using
the analytical model for a weld in 2014-T6 alloy. The fi-
nite element predicted thermal histories in Figure 4 are
for a dissimilar weld between 6082-T6 and 2024-T3. Both
cases are compared to thermocouple data. The analyti-
cal model (Fig. 3) works well for distances outside the
tool shoulder. The loss of accuracy under the tool is of
little consequence in the context of predicting hardness
profile, since in this region full dissolution is expected,
and the detail of the thermal history is not important.
The finite element analysis (Fig. 4) captures the peaks
of the thermal cycles accurately, including the locations
which were “welded over”, with the thermocouple close
to or passing through the deformation zone. In all cases

Fig. 3. Measured (black) and predicted (grey) thermal cycles
in a 2014-T6 Al alloy friction stir weld, using an analytical
heat flow model.

Fig. 4. Measured (black) and predicted (grey) thermal cycles
in a 2024-T3 Al alloy friction stir weld, using a finite element
heat flow model.

the model predicts faster cooling after welding than was
observed experimentally, which reflects uncertainty in the
heat transfer conditions between the workpiece and back-
ing plate.

4 Microstructural softening model
and its application to thermal cycles

4.1 Softening data for alloy 2014-T6

The hardness results from the isothermal saltbath
tests on 2014-T6 are shown in Figure 5. To clarify the
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extent of natural ageing following a hold at temperature,
the difference between the data in Figures 5b and 5a was
evaluated (Fig. 5c). Figure 5a shows that softening oc-
curs at all temperatures, the rate increasing with tem-
perature. Both dissolution and over-ageing lead to soften-
ing. The extent of subsequent natural ageing for one week
(Figs. 5b, c) provides a simple indication of the amount
of dissolution, since precipitation of GP zones from any
available solute is the only possible hardening mechanism
at room temperature. The recovery in strength depends
directly on the temperature, with a steady rise in available
solute from around 350 ◦C to full dissolution at 500 ◦C.
Note that, except at very short hold times, the extent of
strength recovery is essentially independent of the prior
saltbath hold time. Below 350 ◦C, natural ageing is neg-
ligible, implying that there is little or no dissolution, and
that softening is purely due to over-ageing. However, it is
assumed that the governing kinetics are the same, since
coarsening also occurs by dissolution of the finer precipi-
tates, so this is still the rate-limiting mechanism.

Finally, for alloy 2014-T6, natural ageing experiments
were not conducted on the longer timescale of 3 months,
as with the other alloys. Alloy 6082 showed dissolution
only above 400 ◦C, but any natural ageing was complete
within one week with no further change after 3 months.
The 2000 and 7000 series alloys generally show much
stronger natural ageing, which can continue for timescales
much greater than one week. It is expected therefore that
the natural ageing response in 2014 would appear stronger
after prolonged timescales, but that the one week data
nonetheless provide a reliable indication of the available
solute after the isothermal hold.

4.2 Dissolution model for alloys 2014-T6 and 6082-T6

Myhr et al. [2–4] modelled the rate of dissolution of
hardening particles, df/dt, for a given initial volume frac-
tion in 6000 series alloys. The analysis was simplified by
scaling the dissolution time to a reference temperature Tr

(=300 ◦C for both alloys) at which the time for full dis-
solution was tr1. The time for full dissolution at another
temperature T , denoted by t∗1, is then:

t∗1 = tr1 exp[(Qeff/R)(1/T − 1/Tr)] (1)

where R is the universal gas constant, and Qeff is an ef-
fective activation energy for precipitate dissolution in the
particular alloy. For 1D dissolution (i.e. assuming plate-
like precipitates), the particle fraction (normalised by the
initial value) depends on time at constant temperature as:

f/f0 = 1 − (t/t∗1)
1/2 (2)

Assuming that the effect of solid solution hardening is
small compared to precipitate hardening at all stages of
heat treatment, the volume fraction of hardening precip-
itates may be inferred from hardness data as:

f/f0 = (HV − HVmin)/(HVmax − HVmin) (3)

Fig. 5. Hardness data from isothermal hold saltbath tests
applied to 2014-T6: (a) as-quenched; (b) after 1 week natural
ageing; (c) the change in hardness in 1 week (b minus a).

where HV is the measured hardness, and HVmax and
HVmin are the maximum and minimum hardness cor-
responding to peak precipitation and full dissolution
respectively.

Following the procedure of Myhr et al., the 2014 hard-
ness data were converted to f/f0 using Equation (3),
with HVmin = 65 and HVmax = 155, and plotted as
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Fig. 6. Application of dissolution model to isothermal soften-
ing of: (a) 2014-T6; (b) 6082-T6.

log (1 − f/f0) vs. log (t/t∗1). By adjusting Qeff the data
converged to a single dissolution “master curve” (Fig. 6a).
The calibrated value of Qeff = 155 kJ.mol−1 is very rea-
sonable for an aluminium alloy containing Mg and Cu.
From Equation (2) a straight line of gradient 0.5 is ex-
pected. The early stages of dissolution follow this slope,
but the slope steadily decreases in the later stages of dis-
solution, due to impingement of adjacent diffusion fields.
Hence a pragmatic semi-empirical approach, which re-
tains the physical basis of the model, is to use the master
curve as a “look-up table”. This is more accurate than
using the calibrated Equation (2), which over-estimates
the dissolution rate. Adjustment of the time constant tr1
simply shifts the master curve along the (log t)-axis, so
this parameter is adjusted finally to give full dissolution
when t/t∗1 = 1. For 2014-T6, the value was calibrated to
a value tr1 = 10 000 s.

Following exactly the same procedure, the model was
fitted to softening experiments on the 6082-T6 material
used for the dissimilar alloy welds. Figure 6b shows the
calibrated isothermal “master curve”, for which HVmin =
38, HVmax = 114 and Qeff = 170 kJ.mol−1 gave the opti-
mum fit, with the time constant again tr1 = 10 000 s. As
noted above, 6082-T6 only showed dissolution and natural

ageing for hold temperatures above 400 ◦C, so that over-
ageing dominates to higher temperatures than in the 2014
alloy in the same temper. Nonetheless, a dissolution-based
model captures the governing kinetics efficiently, as as-
sumed in the original model applied to this alloy by Myhr
and Grong [2].

4.3 Softening data for alloy 2024-T3

Figure 7a shows the hardness data for 2024-T3
immediately after quenching. For high temperatures
(>350 ◦C), the behaviour is similar to the T6 temper,
with the hardness falling at a rate which rises with tem-
perature. It is perhaps surprising that the softening takes
a similar time at a given temperature, since the hardening
precipitates in the T3 temper are less stable than in the
T6 temper. For lower temperatures, the behaviour is dif-
ferent, with the hardness rising to a peak after an initial
drop, with the peak being higher and later as the tem-
perature falls. This behaviour reflects the transformation
of the initial precipitates in the T3 temper to another
more hardening phase – essentially the material is arti-
ficially aged by holding at temperatures of 250−300 ◦C.
This resembles an industrial two-step ageing treatment.

Hence in the T3 temper, there are three possible ways
in which the initial precipitate structure evolves: disso-
lution, over-ageing or artificial ageing. Furthermore it is
not possible to associate each mechanism with a unique
temperature range, since the recovery of strength by nat-
ural ageing also now depends on the prior holding time.
Figure 7b shows the hardness change after 3 months natu-
ral ageing against the hold temperature, for 5 hold times.
Each temperature shows different behaviour, as follows:

– at 500 ◦C, full strength recovery is observed, for all
hold times;

– at 400 ◦C, partial strength recovery occurs, to a pro-
gressively greater extent with increasing hold time;

– at 350 ◦C the reverse is true – partial strength recov-
ery, which falls to nothing as hold time increases;

– at 300 ◦C, a maximum in strength recovery occurs for
times of 5−10 seconds;

– at 250 ◦C, a maximum in strength recovery occurs for
a time of 30 seconds.

It may be inferred that full dissolution occurred at
500 ◦C, with partial dissolution after longer times
at 400 ◦C and shorter times at 350 ◦C. Longer times
at both 350 ◦C and 300 ◦C give no strength recovery,
which suggests over-ageing (at these temperatures). The
strength recovery evident at 250 ◦C and 300 ◦C is also
consistent with partial dissolution, since the times for
maximum strength recovery coincide with the initial min-
ima in hardness observed immediately after quenching
(Fig. 7a), i.e. when most dissolution has occurred just
before the onset of artificial ageing.

It was also apparent that the strength recovery by nat-
ural ageing in 2024 was incomplete after one week, with
substantial further ageing by 3 months. The proportion
of the final 3 month hardness achieved in one week varied
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Fig. 7. Hardness data from isothermal hold saltbath tests:
(a) 2024-T3, as-quenched; (b) 2024-T3, changes in hardness
for different hold times prior to 3 months natural ageing;
(c) changes in hardness with natural ageing, for 2014-T6,
6082-T6 and 2024-T3 (2 s and 5 s holds).

significantly, reflecting different incubation times depend-
ing on the degree of supersaturation of solute.

The softening behaviour is clearly too complex for a
simple model based on a single mechanism to be valid.
Even for the temperatures and times which predomi-
nantly showed softening by dissolution or over-ageing,
there was too little data for a meaningful master curve
to be fitted for alloy 2024-T3.

4.4 Application to thermal cycles

The isothermal dissolution model may be used to de-
termine f/f0 resulting from thermal cycles, as occur in
the heat-affected zone of a weld. Two applications of this
model are illustrated here: (a) prediction of the extent of
softening ahead of the advancing tool; and (b) prediction
of the hardness profile across the weld.

For a thermal cycle T (t), the evolution law may be
integrated directly over the cycle, such that Equation (2)
is replaced by:

f

f0
= 1 −

[∫
dt

t∗1

]1/2

(4)

The integral in Equation (4) represents the “kinetic
strength” of the thermal cycle with respect to precipi-
tate dissolution. Grong and Shercliff [13] discuss in detail
the circumstances in which single internal state variable
models for microstructure evolution can be integrated via
a kinetic strength. Essentially, the differential evolution
law must be isokinetic, and therefore additive (i.e. df/dt
is a separable function of f and T ).

For alloys 2014 and 6082, the integral in Equation (4)
was evaluated numerically, taking the thermal cycle for
given locations in the heat-affected zone as predicted by
the analytical or numerical heat flow model. The selected
thermal profile was converted into a series of short isother-
mal steps, of duration δt. The value of δt/t∗1 was calcu-
lated for each isothermal step, and the values summed
over the thermal cycle to give the net effective t/t∗1. This
t/t∗1 value was then converted into a fraction of precip-
itates dissolved using the master curves in Figure 6, for
example, to predict the softening ahead of the welding
tool. For predicting the hardness profile, the fraction of
precipitates was then converted into an as-welded hard-
ness using Equation (3).

For alloy 2024-T3, a semi-empirical approach was re-
quired, since the softening model could not be applied to
this alloy. It is apparent from all the saltbath experiments
that the peak temperature reached in the thermal cycle
is the dominant factor in determining the microstructural
change. This suggests that to a first approximation a weld
thermal cycle may be replaced by an equivalent isother-
mal hold at the peak temperature of the cycle, Tp. The
duration of the equivalent hold time, teq, should be that
which has the same kinetic strength as the true cycle, i.e.

teq
t∗1(Tp)

=
∫

dt

t∗1(T )
(5)

This requires a knowledge of an appropriate activa-
tion energy, to evaluate t∗1 at each temperature. Even
though the softening model could not be fitted to 2024,
it is not unreasonable to assume that the underlying dif-
fusion mechanisms will have the same activation energy
as in 2014. Hence the thermal cycles for each location
in the weld were converted into an equivalent isothermal
hold at the peak temperature using Equation (5), with
Qeff = 155 kJ.mol−1. This gave equivalent hold times of
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the order of 2−4 seconds. The temperature-time combi-
nations were then converted directly into as-welded hard-
ness, by interpolation from the isothermal salt-bath data
in Figure 7a.

The measured hardness profiles across the welds in-
clude subsequent natural ageing. Hence an estimate is
required of the extent of natural ageing, following a given
thermal cycle. For 2014-T6 and 6082-T6, the hold tem-
perature primarily determines the extent of natural age-
ing. Figure 7c shows the hardening increments determined
from the saltbath experiments. Note that the 2014 data
are for one week of natural ageing, and may underestimate
the value after 3 months. For 6082 the natural ageing
time was 3 months (but there is no effect after one week).
Figure 7c also shows the hardening response of 2024, for
two times similar to the equivalent isothermal holds for
the weld thermal cycles. In this alloy, estimating the hard-
ening increment for a given temperature must also take
account of the variation with isothermal hold time. As
the extent of natural ageing depends strongly on prior
hold time in 2024-T3, there is greater uncertainty in the
predictions.

5 Application of the models to friction stir
welds

5.1 Prediction of softening ahead of the welding tool

As a first illustration, the softening model is applied to
the thermal history in the material ahead of the approach-
ing tool, for alloy 2014-T6. In heat-treatable alloys, a pos-
sible limit on process speed (or tool lifetime) is the need
to dissolve the hardening precipitates before the metal
enters the high strain-rate deformation zone around the
profiled pin. The predicted heating history on the weld
centre-line (from the analytical heat flow model) was in-
put to the dissolution model, and the residual fraction of
precipitates plotted as a function of distance ahead of the
pin (Fig. 8). It can be seen that full dissolution occurs well
ahead of the leading edge of the pin. By repeated com-
putation with increasing welding speed, it was predicted
that an increase of 2.5 times the welding speed could be
achieved before the pin would encounter incompletely dis-
solved precipitates. A subsequent trial at this speed was
successful. This illustrates how simple analytical models
can be used to guide process optimisation.

5.2 Prediction of hardness profiles

Thermal cycles were evaluated at mid-thickness for
all of the welds, at intervals of 1−2 mm. These were com-
bined with the microstructural models to predict the as-
welded and naturally aged hardness profiles, for 2014-T6
and 6082-T6. For 2024-T3, the semi-empirical approach
detailed above was applied instead.

Fig. 8. Prediction of material softening ahead of the tool for a
friction stir weld in 2014-T6: (a) temperature profile; (b) frac-
tion of hardening precipitates.

Like-to-like alloy welds

Figure 9a shows the hardness predicted for alloy
2014-T6, compared with the measured hardness profile
at mid-thickness. The figure shows that the model cap-
tures the main features of the hardness profile, particu-
larly the minimum strength in the TMAZ/HAZ region,
and the maximum recovered strength in the weld nugget
(assuming work hardening is not significant). The model
predicts that the minimum occurs at the position where
natural ageing first occurs – from this point to the weld
centre the strength rises to a plateau value across the
nugget, where full dissolution and maximum re-ageing oc-
cur. Outside the position of minimum hardness, the model
over-predicts the loss in hardness, but the overall form of
the hardness profile is correct. Since this discrepancy is
for the region where natural ageing is negligible, it would
make little difference to use a hardening increment for
3 months natural ageing instead of 1 week. Greater accu-
racy might be achieved using a numerical model for the
thermal profiles, but the discrepancy indicates that the
microstructural model can capture the main trend rather
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Fig. 9. Predicted and measured hardness profiles across fric-
tion stir welds: (a) 2014-T6; (b) 2024-T3.

than the fine detail of the softening in the heat-affected
zone.

Figure 9b shows the experimental and predicted hard-
ness profiles for the 2024-T3 friction stir weld. The exper-
imental profile is not very smooth, and the model over-
predicts the hardness after natural ageing. However, some
of the characteristics of the hardness profile are repro-
duced – the hardness peaks at positions 10−12 mm either
side of the centre-line, with a further shallow minimum at
20 mm. The nugget hardness is below the model predic-
tion, which may reflect a detrimental interaction between
the deformation microstructure and the subsequent pre-
cipitation response. This was not apparent in the 2014
weld however. The minimum measured hardness occurs
in the TMAZ adjacent to the weld nugget, and is consis-
tent with the location of tensile failure and a 10% drop
in failure strength.

Dissimilar alloy welds

Figure 10 shows micrographs of the two dissimilar al-
loy welds. In these welds, the rotation and traverse direc-
tions were the same, but the alloys have been reversed
with respect to the advancing and retreating sides of the
tool. It is apparent that the degree of mixing is influenced
by the handedness of the weld. In both cases, the two
alloys can be distinguished in coarse bands in the weld

nugget. The torques measured, and hence weld powers,
were also sensitive to plate handedness – the alloy on the
retreating side is swept across the joint line by the trail-
ing edge of the shoulder, so the alloy on that side of the
joint line forms the primary contact with the shoulder.
The second weld had a significantly greater heat input,
at the same rotation and traverse speed (Tab. 2).

As the thermal properties of the 2024 and 6082 alloys
are very similar, and the heat input is assumed to be ax-
isymmetric, the predicted thermal histories are effectively
identical on either side of the welds. The hardness profile
was predicted for each alloy, and in each case the predic-
tion was extended a short distance across the centre-line,
for each of the two initial alloys. The mixed zone is then
expected to have a hardness which lies somewhere be-
tween these two limits.

Figure 11 shows the predicted and measured hardness
profiles for the two dissimilar alloy welds between 6082-T6
and 2024-T3. In both cases the softening model accounts
for the hardness profile on the 6082 side very accurately.
The discrepancy in hardness on the 2024 side is similar
to that in the 2024–2024 weld above, with the hardness
being over-predicted, and the measured profile showing
some scatter. The hardness of the mixed zone changes
abruptly between low and high values, which confirms
that the alloys are only mixed macroscopically, as seen in
Figure 10. The hardness in the mixed zone lies between
the extremes predicted for the two separate alloys, as ex-
pected. The minimum hardness occurs in the HAZ of the
6082, which is again consistent with the location of tensile
failure and a 35% drop in strength.

6 Discussion

The single internal state variable model for soften-
ing was found to work well for 6082-T6, and captures
the hardness profile in friction stir welds in this alloy
accurately. The model is physically based on the kinet-
ics of precipitate dissolution, and captures the behaviour
of 6082 even though softening is primarily due to over-
ageing. It appears therefore that the underlying dissolu-
tion mechanism is rate-limiting in the over-ageing process.

Application of the same approach to 2014-T6 was
partially successful, including the stronger recovery of
strength by natural ageing in this alloy than in 6082.
The two dominant concerns in engineering terms are thus
well-described, that is, the overall width of the softened
zone and the minimum hardness (which determines ten-
sile strength). The model was also successfully applied to
an investigation of the softening rate ahead of the ap-
proaching tool, which may be a factor in determining the
maximum process speed in a given alloy.

Alloy 2024 in the T3 temper showed more complex
softening behaviour, with three competing mechanisms:
dissolution, over-ageing and artificial ageing. The govern-
ing mechanism depended on both temperature and hold
time, and it was not possible to apply such a simplified
model to this alloy. The subsequent natural ageing re-
sponse also showed a corresponding complex dependence
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Fig. 10. Micrographs of dissimilar alloy friction stir welds between 2024-T3 and 6082-T6, with advancing side alloy (a) 2024-T3;
(b) 6082-T6.

Fig. 11. Predicted and measured hardness profiles across dis-
similar alloy friction stir welds between 2024-T3 and 6082-T6,
with advancing side alloy: (a) 2024-T3; (b) 6082-T6.

on hold temperature and time. Dissolution and over-
ageing in the isothermal hold could nonetheless be distin-
guished from one another, as both gave low hardness as-
quenched, but only dissolution led to subsequent hardness
recovery. A semi-empirical approach was used to convert
weld thermal cycles into equivalent isothermal holds, such
that the as-welded hardness could be interpolated from
the isothermal data. Subsequent natural ageing was also
estimated, though with greater uncertainty as the harden-
ing increment was sensitive both to isothermal hold time

and duration of natural ageing. This approach gave rea-
sonable predictions of the hardness profile in a 2024 fric-
tion stir weld. Application of the 2024 and 6082 models
simultaneously also provided physically realistic bounds
to the hardness in dissimilar alloy friction stir welds.

Single state variable precipitation models therefore
have their limits. They are successful for essentially
ternary alloys such as 6082, but begin to break down
in more complex Cu-containing aerospace alloys such as
2014 and 2024, particularly in the naturally aged condi-
tion. Similar conclusions have been drawn for 7000 series
aerospace alloys, from application of the model to soft-
ening in friction stir welds in 7010-T6 (Russell [6]) and
7075-T7351 (Hyoe et al. [7]). In each case a master curve
could be calibrated using a physically meaningful activa-
tion energy. So even though the kinetics of dissolution and
over-ageing are complex and alloy-dependent, it appears
that a reasonable first-order model can be built on the as-
sumption that the dissolution kinetics are rate-limiting,
in a diverse range of heat-treatable alloys. In these alloys
the models also gave a reasonable prediction of the over-
all hardness profile in friction stir welds, but could not
capture the fine detail of the softening and subsequent
natural ageing.

More sophisticated approaches to this problem have
recently been proposed and applied to 6082 and 7108 al-
loys (Myhr and Grong [14]; Grong and Myhr [15]; Myhr
et al. [16]; Nicolas et al. [17]; Nicolas [18]; Nicolas and
Deschamps [19]). In these analyses, the evolution of the
full size distribution of precipitates is modelled, since this
governs the competition between dissolution and coars-
ening. Both isothermal and ramp heating of previously
aged conditions have been investigated, to capture the
full thermal history-dependence of the precipitate evolu-
tion. Extensive use is made of small angle X-ray scattering
(SAXS) data for calibration and validation of the model,
providing detailed insight into the underlying competition
between dissolution and coarsening. The models currently
only apply to ternary extrusion alloys in the 6000 and
7000 series, and are yet to be developed for Cu-bearing
aerospace alloys of the 2000 or 7000 series. Precipitation
in these alloys shows considerably greater complexity –
transformation and competition between multiple phases,
sensitivity to heating rate, and a stronger tendency for
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dissolution and natural ageing, which may continue over
very long timescales.

In friction stir welding, two other metallurgical ef-
fects may also play a role in aerospace alloys. Firstly,
these alloys are often quench sensitive, i.e. susceptible to
coarse precipitation during cooling. It is not yet estab-
lished whether the cooling rates in friction stir welding are
sufficiently fast to avoid this problem, which leads to a loss
of strength. Secondly, it is known that precipitates can in-
teract strongly with dislocations in these alloys, with dis-
locations acting as preferential sites for coarse nucleation
and accelerating diffusion. The high strain deformation in
the nugget, and the lower strain (but cooler) deformation
in the TMAZ, change the dislocation substructure in the
alloy, and this may be detrimental to precipitation dur-
ing cooling. Even though this is not generally the position
of lowest strength, there may be important implications
for other properties such as fatigue and stress corrosion.
These are open questions which have yet to be addressed
experimentally in any detail, and provide a future mod-
elling challenge.

Finally, weld process modelling is very relevant to pre-
diction and control of residual stress and distortion. The
unstable microstructure in heat-treatable aluminium al-
loys means that the hot constitutive response will be af-
fected by the internal state of the microstructure. Preston
et al. [20] have investigated the effect of history-dependent
flow stress on predicted residual stress in 2024-T3 TIG
welds. The same method has been applied to the 2024-T3
friction stir weld in this study (Shi et al. [12]). The effect is
relatively modest, as the overall constraint on the hot ma-
terial around the weld limits the sensitivity to the evolv-
ing flow stress. However, the current approach provides a
pragmatic approach to capturing the first-order softening
behaviour. A single state variable approach is well-suited
to integration within a full thermomechanical FE analy-
sis, for example, as a control variable in the constitutive
hot deformation response. Greater sophistication in the
metallurgical model would not appear necessary for this
application, and could not be validated effectively due to
experimental and numerical uncertainties when dealing
with residual stress.

7 Conclusions

Analytical and numerical thermal models were suc-
cessfully used to predict the temperature histories in FSW
of aluminium alloys 2014-T6 and 2024-T3, and 2024-T3
to 6082-T6 dissimilar alloy welds. Isothermal softening
experiments were used to capture the softening response
of 2014 and 6082 alloys, and to calibrate a simple mi-
crostructure model based on dissolution of the hardening
precipitates. Combining the thermal and microstructure
models gave a reasonable prediction of the characteristic
hardness profiles across the weld. A semi-empirical ap-
proach was required to describe the behaviour of 2024-T3,
when a greater range of metallurgical changes occurred,
depending on the temperature-time combination to which

the material was subjected. Further refinement of the mi-
crostructure model is also required to give a more detailed
understanding of the possible interactions between pre-
cipitation and other features in the microstructure of a
friction stir weld, such as the deformation substructure.
The softening model for 2014-T6 was also used to pre-
dict the softening ahead of the approaching tool, which
indicated that a significantly higher process speed could
be achieved before the deformation zone would encounter
residual hardening precipitates.
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