Dissimilar Friction Stir Welds in AA5083-AA6082.
Part |l: Process Parameter Effects on Microstructure

M.J. PEEL, A. STEUWER, and P.J. WITHERS

The aim of this study is to explore the bounds of the so-called processing window, within which
good-quality welds can be produced, for the friction stir welding of AA5S083 to AA6082 using a
systematic set of rotation and traverse speeds. The first paper in this series examined the thermal and
macroscopic aspects. In this paper, several microstructurally related characteristics, including hard-
ness, grain size, and precipitate distribution, have been examined in greater detail. The observed
variations are correlated and contrasted with the observed and predicted thermal distributions. In
addition, the thermal model developed in part I has been coupled to hardness models based on
classical isothermal aging studies for each alloy to predict the hardness variations across the welds.

I. INTRODUCTION

AS a relatively new joining technique,' few systematic
studies of friction stir (FS) welding have been performed.
The relationships between the various weld parameters and
the resulting weld properties have not been identified, and
there are many remaining questions. The aim of this study
is to investigate the bounds of the so-called processing
window—the range of welding speeds (rotation and tra-
verse) within which good-quality welds will be produ-
ced—for the FS welding of AA5083 to AA6082.

In part L/ the impact of changes in the rotation and
traverse speed on the global process parameters (forces,
torque, and power input) and the thermal excursion and
macrostructure were determined. A thermal model was pre-
sented that was calibrated against thermocouple data in the
weldments and in the supporting backing plate. This model
indicated that the temperature under the tool is more
strongly dependent on the rotation speed than the traverse
speed. This conclusion was supported by the measured tor-
que data and the extent of material flow around the tool. In
this paper, the microstructure and local mechanical proper-
ties are examined in greater detail. In addition, the outputs
of the thermal model are coupled to analytic models for
predicting the hardness variation of the two alloys across
the dissimilar welds to elucidate the relationship between
the welding parameters and the subsequent weld properties.

The variation in hardness in welded AA6xxx aluminum
alloy series has been previously linked with changes in
the precipitate distribution due to the imposed thermal
cycle.*** Far from the weld line, the lower temperatures
cause the B” precipitates to coarsen or transform to the
nonhardening B’ phase, reducing the hardness. At higher
temperatures the precipitates dissolve, with the reverted
fraction increasing as one nears the weld line. During cool-
ing, some of this solute may reprecipitate as stable, non-
hardening phases such as B’. The remaining solute results
in some strength recovery via natural aging in the days and
weeks following welding.
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The AAS5xxx series of alloys may be used in the annealed
or strain hardened condition. If the alloy has been annealed,
then the microstructure is stable and no softening will occur
in the heat-affected zone (HAZ). In contrast, a worked
structure will readily recover or recrystallize during weld-
ing, so softening may occur.'” The AA5083 material used
in the current study is in a highly cold-worked condition,
and the welding process has been shown to result in sig-
nificant softening through recovery and recrystallization."”

II. EXPERIMENTAL PROCEDURE

Two materials form the basis of this study: AA5083
(cold-rolled) and AA 6083 (peak-aged) (see Table I in part
). As described in part 1® these were welded at three
rotation speeds (280, 560, and 840 rpm) and three traverse
speeds (100, 200, and 300 mm), with the AAS5083 alter-
nately placed on the advancing and retreating sides of the
welds to form a set of 18 welds labeled M1-9 and M11-18
(Table II of part I). The welding tool had a shoulder of
18-mm diameter and a 6-mm M6 pin. Electron backscat-
tered diffraction (EBSD) and conventional scanning electronic
microscopy (SEM) analysis were performed on a PHILIPS*

*PHILIPS is a trademark of FEI Company, Hillsboro, Oregon.

XL30 field emission gun (FEG) SEM fitted with a Channel
EBSD system (HKL Technology, Denmark). Samples were
prepared using conventional grinding and polishing meth-
ods, with an additional electropolishing step in a mixture of
30 pct nitric acid in methanol, cooled to —30 °C by liquid
nitrogen, for 20 to 30 seconds at 12V. All electron micro-
scope images were taken on the normal-transverse (NT)
cross-section. The microscope was operated at 20 KeV
and the sample was tilted by 70 deg to the electron beam
axis. The maps were up to 200 X 150 um in size and used
a step size of 0.5 wm. Such a map requires around 120,000
points and takes around 30 to 40 minutes to collect using
the current set-up. Subsequent EBSD data analysis and
presentation were carried out using the VMAP software.'™
A high-angle grain boundary was defined as having a
misorientation greater than 15 deg, while a low-angle boun-
dary had a range of 1.5 deg to 15 deg. Grain size measure-
ments were performed using the linear intercept method
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Values Used by Myer and Grong for the Natural Aging Response of AA6082

Parameter Definition Value

Ao Material constant for nucleation of 8’ (Mg,Si) 3.6 10% J K*mol
Qu Activation energy for Mg diffusion in Al 130 KJ/mol
T, B’ phase boundary solvus 520 °C

T Reference temperature 350 °C

5, Time required to precipitate arbitrary fraction of B’ at T, 3 secs

and neglecting the low-angle boundaries. In the majority of
cases 200 to 1,000 grains were sampled, which is generally
considered sufficient to provide adequate statistics.’
TEM examination took place in a Philips EM400T oper-
ating at 120 KeV with a two-axis sample mount. A series of
thin NT sections were cut from the welded plate. Typical
dimensions were 50 mm (transverse) X 1 mm (longitudinal)
X 3 mm (thickness). These sections were then attached to
a metal block and gently ground using fine SiC until they
were 0.2 mm thick. Three-millimeter disks were then
punched out from the required locations. Further thickness
reduction (~100 nm) was achieved by grinding the samples
on 1200-grade SiC paper using a purpose-made mount. Final
polishing was performed on a Struers electro-jet polisher
using a 30 pct nitric acid in methanol mixture and operating
in automatic (light sensing) mode with a potential of 30V.
Hardness testing was performed on the NT plane at the
midthickness of the plate using a single line of indents.
Indentation was performed using a TUKON* microhardness

*TUKON is a trademark of Wilson Instruments, Norwood, MA.

indenter. A 1-kg load was used, corresponding to indents
that were typically 80 to 110 wm along the diagonal axis.
Tests on nonwelded material had a standard deviation of
around 2 HV. Hardness testing took place over 4 weeks
after welding, so any postweld natural aging would have
been substantially complete.!'”!

To characterize the thermal response, isothermal heat
treatments were performed on small test pieces (20 X 15 X
3 mm) cut from plates of unwelded parent material. These
were removed from the parent plate in such a way as to
ensure that the hardness could be measured on the same
plane as the NT cross-section in the welds (i.e., the indenter
axis is parallel to the rolling direction in the plate). These
were then immersed in a salt bath at a temperature between
250 °C and 525 °C. The temperature of the salt bath was
determined by a k-type thermocouple suspended at the
same height as the immersion depth of the samples. The
immersion time was between 3 and 3,000 seconds, and the
samples were water-quenched within 1 second of leaving
the bath. The AA6082 samples were hardness-tested using
5 to 10 indents within 10 minutes of quenching to minimize
the effect of natural aging. The recovery of strength by
natural aging was evaluated by retesting the AA6082 sam-
ples 6 weeks after the heat treatment.

III. RESULTS
A. Effect of Process Parameters on Hardness Distribution
The variation in hardness with (a) traverse speed at fixed

rotation speed, (b) rotation speed at fixed traverse speed,
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Fig. 1—Variation in hardness across dissimilar FS welds produced at

(a) constant rotation speed (560 rpm), (b) constant traverse speed
(200 mm/min), and (c) constant weld pitch (0.36 mm/rev) but steadily
increasing speed (standard deviation ~2 HV).

and (c) increasing speeds at constant weld pitch are shown
in Figure 1 for the dissimilar welds with AA5083 on the
advancing side. In addition, the results for welds M1, M3, M7,
and M9 have been plotted together to allow a direct compar-
ison of the hardness profiles for the welds produced at the
corners of the parameter matrix (Figure 2). Although the tool
dimensions are shown for reference inset in each figure, this
does not necessarily correspond to their field of influence.
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Fig. 2—The variation in hardness across dissimilar AA6082—-AA5083 FS
welds produced at the extremes of the weld process parameter matrix
(standard deviation ~2 HV).

1. AA5083 response

The hardness variations in the AA5083 show good agree-
ment with those seen for the similar AAS5083-AA5083
welds analyzed previously, where the softening behavior
has been attributed to the recovery and recrystallization of
the heavily cold-worked microstructure.””! The first evidence
of significant material softening can be seen around 20 to
25 mm from the weld line, with the hardness decreasing
rapidly as one approaches the weld line to reach a some-
what steady state value of ~78 HV. There is some evidence
of a very slight increase in the hardness in the welds pro-
duced at low rotation speed and/or high traverse speed (M4,
M8, and M7). In these welds the hardness tends to be
around 5 HV higher than in the other welds. Within the stir
zone the scatter in the hardness increases noticeably, pos-
sibly as a result of the material mixing, and it is difficult to
observe any systematic difference in the hardness between
the different welds. It can be seen that either increasing the
rotation speed or decreasing the traverse speed results in a
wider HAZ, presumably as a result of the greater heat input.
At constant weld pitch (i.e., welds M1, M5 and M9), the
hardness profiles are essentially the same, suggesting a
similar thermal profile in the HAZ. The transition region
between the unaffected parent material and the hardness
plateau is fairly narrow, generally being around 10 mm wide.

2. AA6082 response

The variation in hardness within the AA6082 material on
the retreating side is complicated by the over-aging or dis-
solution of the hardening precipitates, combined with the
subsequent potential for natural aging. Upon approaching
the weld line, softening is first noticeable between 14 to
23 mm from the weld line (depending on the welding
speeds); the hardness reaches a minimum (typically around
60 HV) between 6 and 13 mm from the weld line and
increases again in and around the stir zone. This corresponds
to the location of failure in cross-weld testing (see part I).

Changes in the welding parameters have the following
effects on the AA6082 response: Traverse speed (Figure
1(a)): As the traverse speed is increased, the minimum
hardness increases slightly and forms closer to the weld
line. This is consistent with a lower temperature and a
briefer thermal cycle. Such variations have been predicted
in this alloy for fusion welding processes.!""'*! Rotation
speed (Figure 1(b)): The change in hardness as the rotation
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speed increases is more complicated than for the traverse
speed. The hardness minimum moves further from the weld
line as the rotation rate increases, which is consistent with
an increase in the heat input as observed in part 1.”*) Some-
what surprisingly, the minimum hardness actually increases
when the rotation speed is increased. An increase in tem-
perature might be expected to result in more extensive over-
aging and hence a lower hardness, and Constant weld pitch
(Figure 1(c)): As the weld is approached, the softening
behavior is similar irrespective of the welding speeds until
the hardness minimum is reached. In contrast, close to the
tool the extent of natural aging is strongly influenced by the
change in tool speed and is greater for the welds produced
at high speeds. This suggests that the dissolution and over-
aging kinetics have a different response to changes in the
peak temperature and the length of the thermal cycle. Spe-
cifically, high temperatures and rapid thermal cycles appear
to encourage dissolution and the retention of solute in the
matrix, with subsequently increased natural aging, at the
expense of coarsening or the reprecipitation of nonharden-
ing phases during cooling. As a result, and unlike the
AAS5083 material, the weld pitch is not such a useful qual-
ifying parameter for the hardness variation in the AA6082
sides of the welds.

B. Precipitate Distribution

The variation in precipitate microstructure for AA6082 is
shown in Figure 3. Those in Figures 3(b) and (c) are located
approximately at the position of minimum hardness. In the
parent plate (Figure 3(a)), there is a significant density of
needle-shaped precipitates, aligned along the {001} axis,
having typical dimensions of ~20 X 5 X 5 nm. The mor-
phology and dimensions of these particles are consistent
with the B"-phase discussed in the literature.!">'* As antici-
pated, in the region of minimum hardness it can be seen
that the precipitates have over-aged significantly, being sev-
eral times larger than in the parent plate. They have
retained the needle- or rod-like morphology and remain
aligned to the {001} axis. These precipitates are typically
over 100 nm in length and are most probably B’ precipi-
tates.!'> It was not possible to resolve any precipitates in
the region close to the tool. This is not surprising, given that
the TEM used does not have a sufficient resolution to
resolve GP zones. The thermal stability of the larger
(~1 pm) AlgMn particles means that these are still ob-
served (qualitative EDX confirmed their composition). The
grains also contained a greater number of dislocations com-
pared to those further from the weld line. This is presumably
an indication of deformation by the tool in this region. These
results are consistent with the TEM analysis performed by
Svensson et al. in a nominally identical alloy.”

C. Distribution of Grain Structure

The variation in grain structure across the welds is typi-
fied by that for M5 shown in Figure 4. In the AA6082
material the passage of the tool results in the deformation
of the original grains in the thermomechanically affected
zone (TMAZ). This deformation is accompanied by an
increased fraction of low-angle grain boundaries (35 to
40 pct of total boundary length compared to <5 pct in
the parent plate). In agreement with the literature,!®!"
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Fig. 3—TEM micrographs for AA6082: (a) parent plate, (b) the HAZ of weld M3 (12 mm from the weld line), (¢) as (b) but higher magnification, and

(d) 6 mm from the weld line in the fully reverted and naturally aged region.

the strain appears to have been insufficient to bring about
significant recrystallization. Due to the size of the grains in
this material, it was not possible to produce statistically
relevant grain size data.

In contrast to the AA6082 material, the microstructure in
the AAS083 appears to be essentially independent of dis-
tance from the tool within the low hardness plateau. The
mean linear intercept (MLI) of the grains is 5.79 = 0.8 um
at 0 mm, 6.11 = 0.6 wm at 5 mm from the weld line, and
6.12 = 1.1 pwm at the edge of the tool shoulder (8 mm). A
grain size of 6.85 £ 0.3 um was recorded beyond the
shoulder at 10 mm (not shown). In all cases, the fraction
of low-angle boundaries is also constant at around 20 pct,
which is rather less than in the AA6082 material. The lack
of variation in the grain size with distance from the tool
would suggest that because the parent plate was in the cold-
worked condition, there is sufficient driving force for
recrystallization within the hot zone beneath the shoulder,
irrespective of the deformation caused by the pin. As a
result, the grain size is likely to be determined primarily
by the temperature around the tool, with lower temperatures
producing a smaller grain size.!'® This is confirmed by our
finding that while the grain size shows a strong dependence
on the processing conditions (Figures 5 and 6), it is essen-
tially constant within the region characterized by the pla-
teau of low hardness.

The striking relationship between process conditions and
the grain size in the process zone of the AA5083 is evident
from Figures 5 and 6. It is clear from both figures that the
grain size decreases as the traverse speed increases or the
rotation speed decreases (i.e., as the weld pitch increases).
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Consequently, the grain size is the largest for weld M3
(8.5 wm) and smallest for weld M7 (2.5 um). Generally
speaking, the rotation speed appears to have a more signifi-
cant effect on the grain size than the traverse speed; as a
result, using a faster rotation speed while maintaining the
weld pitch will result in a larger grain size. This is consis-
tent with the temperature predictions presented in part 1.2

D. Hardness Response to Isothermal Exposure

To understand the variation in hardness across the FS
welds, a series of hardness measurements were carried
out on samples isothermally exposed to different temper-
atures. The effects of hold time at several temperatures on
the hardness of the AAS5S083 parent material are summar-
ized in Figure 7(a). As would be expected, the rate of soft-
ening increases considerably as the annealing temperature
is increased. Indeed, above 345 °C it was not possible to
determine the kinetics, as the material had fully softened in
less than 3 seconds (the minimum practical test time).

The effect of isothermal hold time on the hardness is
shown in Figure 8(a) for several isothermal temperatures.
These values were all determined within 10 minutes of
quenching (the minimum practical time) to minimize the
extent of natural aging. The parent plate of AA6082 has
a baseline hardness of 110 HV, which is consistent with
its T6 (fully aged) condition. The minimum hardness is
~42 HV in this alloy. This is reached only at temperatures
greater than 375 °C. In terms of realistic welding times,
where peak temperatures are likely to be sustained for a
matter of seconds, maximal softening occurs only at 525 °C

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 4—EBSD maps taken close to the midthickness of the M5 weld showing the variation in grain structure (high-angle grain boundaries in black, low-angle
in gray) in relation to the hardness profile in the weld. The region (bottom left) in the stir zone was selected to include only AA5083.

(in fact, the hardness is 50 HV at this temperature, probably
as a result of some natural aging in the interval between
quenching and testing). The extent of natural aging after
6 weeks of natural aging is presented in Figure 8(b). At this
point aging is essentially complete, as most of the harden-
ing occurs within 5 to 7 days. It can be seen that the level of
natural aging is negligible in samples held at temperatures
less than 375 °C. In contrast, at 525 °C the increase in
hardness is constant, at 30 HV, indicating that dissolution
is complete even at short hold times.

IV. ANALYSIS OF THE HARDNESS VARIATION
ACROSS FS WELDS

Marked variations in hardness have been measured local
to the FS welds in Figure 1. These variations determined

METALLURGICAL AND MATERIALS TRANSACTIONS A

the locations of failures in the cross-weld testing described
in part L™ If it is not possible to restore the hardness by
subsequent aging of the joint, then it will be necessary to
design around the softer region and use appropriate safety
factors. Consequently, it is important to understand the
relationship between weld process condition, thermal his-
tory, and the resulting hardness. In this regard a simple,
empirical model based on the predicted thermal history
for estimating the hardness may be a useful tool. If suc-
cessful, such a model would validate the thermal model on
which it depends—particularly close to the tool, where
thermocouple data are not available. Furthermore, it would
provide a measure of the hardness of AA6082 immediately
after welding before natural aging can occur and for
which it is difficult to make actual measurements. Since
the yield strength of the material during and immediately

VOLUME 37A, JULY 2006—2199



Rotation speed
(rpm)

M1 M7
100 200 300

Traverse speed
{mm/min)

Fig. 5—EBSD maps of AA5083 material in the stir zone, at the intersection of

different conditions, each with AA5083 on the advancing side.

Mean Linear Intercept (um)
E- N ]
1 1
4
1
]
N

T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Weld Pitch (mm/rev)
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against the weld pitch in welds M1-9 (AA5083 on the advancing side).
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the weld line and the midthickness of the plate, for welds produced under

after welding can have a controlling effect on the residual
stresses, a prediction of the instantaneous hardness is useful
in assessing the capacity of the weld to sustain significant
residual stresses. In the following section a model of hard-
ness is presented, coupling the thermal model developed in
part I on the basis of thermocouple results to a hardness
model trained on classical isothermal measurements. As a
result, a comparison with the FSW hardness curves repre-
sents a valid test of the thermal model.

A. Modeling the Hardness of AA5083

It has been shown that the softening of the AA5083 in
the FS weld process zone is driven largely by the recrystal-
lization and recovery of the cold-worked parent plate.”
The rate at which these processes occur in a deformed
material is dependent on the material condition (dislocation
density, grain size, texture), the annealing temperature, the
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Fig. 7—(a) The hardness of AA5083 parent material after isothermal exposure at various temperatures and times (standard error is around 2 HV), (b) the
recrystallized fraction estimated from the resulting hardness measurements as a function of isothermal hold time and temperature, (c) plot of In(7y 5) against 1/
T for the determination of Q. (d) plot of In(In(1/1 — Fy)) against In(#/%,s) for the determination of the Avrami exponent.

rate of heating, and the structure/properties of the material
in question."® A common approach to modeling the recrys-
tallization of industrial aluminum alloys during isothermal
heating is to use a modified version of the Johnson-Mehl-
Avrami-Kolmogrov (JMAK) equation:!**%

t n
X, =1—exp [—0.693 (—) } [1]
105
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where X, = the fraction recrystallized, n = the Avrami
exponent, and 7,5 = the time required to reach 50 pct
recrystallization. The value of 745 for a given material, at

a given temperature, is often estimated using an equation
of the form:****

fos = f(dg, &, Z) exp( Qrex ) = AeXp( Qrex > 2]

RTIEX

VOLUME 37A, JULY 2006—2201



120
| ___________basehardness —e— 250
100 - —%— 325
—e— 375
g 80 - —m— 425
5 —— 525
& 60
Q
[
g
T 404
ARk 5
20
0 I I I T
1 10 100 1,000 1 10 100 1,000

isothermai hoid time (s)

(@)

(b)

Fig. 8—(a) The effect of isothermal heat treatments on the hardness of AA6082. (b) The extent of natural aging represented as the difference between the
hardness after quenching and after 6 weeks of natural aging. The estimated error is +2 HV.

where ¢ = the previously applied strain, d, = the original
grain size, T.x = the isothermal holding temperature, R = the
universal gas constant, and Q..x = the effective activation
energy for recrystallization. Z is the temperature compen-
sated strain rate given by the Zener-Hollomon parameter
Z = £exp(Qges/RTqer) where ¢ is the strain rate, Quer =
the activation energy for deformation, and T4 = the
deformation temperature. In the current case the deforma-
tion conditions of the parent plate are unknown and the
same everywhere, and so the material-dependent para-
meters have been replaced by a single constant, A. The con-
stants A and Q. can be estimated by regression from
experimental data obtained from classical isothermal expo-
sure tests.

The purpose of this model is to estimate the extent of
softening of the AAS5083 after welding rather than the frac-
tion of recrystallized material. The relative softening can be
determined from hardness indents by:®

HVyr — HVgs
Fe=1—-——— 3
(HVFH HVFS) ]

where HVyr = the hardness after heat treatment and HVgg
and HVgy = the hardnesses of the fully softened and fully
hard (i.e., parent) material, respectively.

The determination of the constant A, the Avrami expo-
nent 7, and the activation energy for softening (Qyos) from
the isothermal hold data in Figure 7(a) involves several
steps. If the softening behavior of the AA5083 alloy can
be described using the JIMAK equation (Eq. [1]), then in a
plot of In(In(Z/1 — Fy)) against log(f), the data from any
given temperature will fall on a straight line. Such a plot is
shown in Figure 7(b). It can be seen that most points do
indeed fall on a straight line, with the exception of very
short or very long times, particularly at the lower temper-
atures (<300 °C). The intercept of the data fit with Fy = 0.5
provides an experimental estimate of 7y s at each temper-
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ature. Note that only the linear sections of the plots were
fitted.

Eq. [1] predicts that in a plot of In(#ys) against 1/T
(Figure 7(c)), the gradient will be equal to Q/R, where
R = the gas constant. The intercept of this plot will provide
the constant A. Analysis of the data and rounding to the
nearest KJ indicates that Q. = 148 KJmol~' while A =
5.5 X 107", Including the nonlinear points was found to
change Q. by up to 10 KJ. Raghunathan et al."! found
that the activation energy for recrystallization was 186 KJmol
in hot-rolled AA5083. This discrepancy may reflect the
fact that recovery is included in the present analysis, while
the previous study directly determined the recrystallized
fraction. However, differences in composition or previous
thermomechanical treatments between the two materials
cannot be ruled out.

Once the values for #y 5 have been determined for each
temperature, n can be estimated from the gradient of a plot
of In(In(1/1 — F)) against the time normalized with respect
to #y5.*"1 These data are plotted in Figure 7(d). Although
there is some scatter in the data, a best fit using a least
squares approach indicates a gradient of ~0.5. This is
lower than that normally expected for JMAK kinetics,
where 7 is normally in the range 2 to 4,!""?'!" which could
be due to the use of total softening rather than recrystallized
fraction. It is certainly inappropriate to draw any strong
conclusions from this value.

Egs. [1] to [3] provide us with the capacity to estimate
the fractional softening of a sample that has been held at a
constant temperature for a given time. However, we wish to
determine the effect of a continuously varying thermal
cycle rather than an isothermal hold. This can be achieved
by determining the “effective time” of the thermal cycle.
Essentially, the thermal cycle is split into a series of iso-
thermal holds of duration 6t; and temperature 7;. The effec-
tive time 7. of the entire thermal cycle is given by the sum
of each incremental hold:?***
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fofp = ZSI, exp <R$) [4]

The recrystallized fraction will then be given by:
le
X,,—l—exp{ 0693( ff) ] [5]

Using these equations, it is possible to estimate the frac-
tional softening in AAS5083 for any given thermal cycle.

B. Modeling the Hardness of AA6082

Modeling the hardness of AA6082 is more difficult than
for AA5083, as the model must also account for the
increase in hardness that occurs around the weld line as a
result of natural aging after welding. The model used in the
current study was developed by Myhr and Grong with some
modifications, as reported by Russel.'''*! Only the most
relevant details are presented below in as far as they are
required to apply the model. Those interested in the details
are referred to the literature.'!126:27.28]

In the model, the particles in AA6082 are separated into
two groups: hardening B” and GP zones and nonhardening
B’ and B phases. It is assumed that softening occurs by the
dissolution of the hardening precipitates, which begins at
around 200 °C, increasing in extent with temperature until
dissolution is complete. Upon cooling, some solute will
precipitate as nonhardening phases, but any remaining sol-
ute will contribute toward hardening through natural aging
via the precipitation of GP zones and B”. Thus, the model
includes three main elements: the dissolution of the hard-
ening phases, the potential for reprecipitation of nonhar-
dening phases during cooling, and the extent of natural
aging.

The dissolution of the hardening precipitates is depend-
ent on both the temperature and the time spent at that
temperature. The fraction of precipitate remaining after
an isothermal hold of duration 7 at a temperature 7 is given

by: (11
VA S
fo ! (IT) - [©]

where a; = the relative hardness of the material, n = a
time exponent (assumed to be constant and equal to 0.5 for
rods and needles), and ] is the temperature-compensated
time for the dissolution of hardening phases. This is the
time required to achieve full dissolution at a temperature
T compared to the time (7.) required for full dissolution at
some reference temperature Tes:!*!

. 1 1
£} = tet €Xp <Q;g“ (T ~ f) ) (7]
Te

where Qg;ss = an effective activation energy for precipitate
dissolution that is refined from isothermal hardness data
(see below). Rather than perform a detailed and lengthy
microstructural examination, it is possible to estimate the

METALLURGICAL AND MATERIALS TRANSACTIONS A

fraction of remaining precipitate by using Eq. [3] and
replacing F, with f/f,.!'!

Eq. [6] predicts that in a plot of log(1 — f/fo) vs log(¢/t])
the data will form a straight line with a gradient of 0.5. In
fact, as a result of the increase in solute around the precipi-
tates as dissolution progresses, the data will actually fall on
a curve, as shown in Figure 9. This indicates that the expo-
nent n changes throughout the dissolution process, and
hence models based on Eq. [6] will tend to overestimate
the softening behavior. An alternative approach to using
Eq. [6] directly is to use Figure 9 as a kind of “‘master
curve” or look-up table where values for the fraction of
precipitates are determined directly from the graph for
any estimated value of (7/¢]) !

The equations shown enable one to predict the softening
response during the isothermal treatment of AA6082. To
apply them to a continuously varying thermal cycle, such as
that experienced during welding, we can use a similar
approach to that used for the AA5083 material. The thermal
cycle is split up into a series of incremental isothermal
holds of time #; and temperature 7;. Thus ¢/¢] is replaced
by the integral fo dt/r;. This integral can be evaluated by
summing the value of t/t; for each incremental hold.””
The fraction of precipitates remaining can then be deter-
mined from the master curve (Figure 9).

In the regions where dissolution occurs, and hence solute
remains in the material, some precipitation of 8” and GP
zones may occur, leading to recovery of some of the hard-
ness. The maximum hardness after natural aging (approxi-
mately 80 HV) is significantly lower than the T6 condition
due to the nonoptimal distribution and morphology of the
precipitates and the reduction in available solute due to the
precipitation of nonhardening B’ during the cooling
cycle.[43%

Myhr and Grong demonstrated that within the fully
reverted region, the fraction of hardening precipitates can
then be given by:!'!

0.0

0.2 - /

-04 4 |deal 2D dissclution
-0.6 -
-0.8 -

-1.0

log(1-/f))

-1.2
-1.4
-1.6
-1.8
2.0

-10 -8 -6 -4 -2 0

Fig. 9—The master curve for the softening of AA6082 estimated from the
isothermal hold data in the current study. The curve is a best fit using an
activation energy for dissolution of 190 KJ/mol. The straight line repre-
sents the ideal case of 2D dissolution in the absence of solute build-up in
the surrounding matrix.

VOLUME 37A, JULY 2006—2203



a, = 0.56[0.95)" 8]

where the constant 0.56 = the relative hardness of the
natural aged zone compared to the parent plate [i.e.,
(80 — 42)/(110 — 42)]. I is the kinetic strength of the ther-
mal cycle with respect to the precipitation of stable
phase:

ai

0 b

I = [9]

where 75 is the temperature compensated time to reduce a;
to 95 pct of its original value at a temperature 7, given by:

* *
ty =1, exp

Ao 1 - 1
R T(Ts - T>2 Trz(Ts - Trz)z

+Qd(11)} [10]
R\T T,

The parameters in this equation and the values used by
Myhr and Grong (and here) are shown in Table I.

If the thermal exposure is insufficient to fully dissolve all
of the precipitates, then Eq. [8] needs to be modified, and
the most general equation for the natural aging after weld-
ing is obtained:'"'"

ay = 0.56{(%)0'5611] [11]

where a3 = the fraction of remaining precipitates after
natural aging.

If the thermal cycle is known as a function of distance
from the weld line, then the contributions by the softening
and natural ageing models can be determined for each
position using Eqgs. [6] and [11]. The hardness at any point
will be given by:

HY = HVpin + (HV max
HV = HV i + (HV ma

_vain) a; when o = a3
7vam) [0 %] when a3 = o
[12]

The minimum hardness of the sample will be determined
by the intersection of «; and as.

Although the material is nominally identical to that used
by Myhr and Grong (i.e., AA6082 in the T6 (fully aged)
condition), it is prudent to check that our plate material
follows the predicted behavior. This has been performed
via a series of isothermal hold tests. The activation energy
for the dissolution of the hardening precipitates has been
determined using the method outlined by Russel and
Shercliff.””) In this method, the activation energy is
adjusted in an iterative process until the data in a plot of
(1 —f/fo) versus log(t/r}) falls on a continuous curve (if
the activation energy is incorrect, those data will form sev-
eral curves, one for each testing temperature). The data
from the isothermal holds shown above are plotted in
Figure 9. In general, the scatter in the data is fairly low,
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although it increases for samples with a low level of soft-
ening. This curve is essentially identical to that determined
by Myhr and Grong."'!! The estimated effective activation
energy for dissolution is 190 KJmol™', which is slightly
higher than the values estimated by Russel for AA2014-
T6 (155 KImol™") and AA7010-T6 (165 KJmol").*! This
may indicate that dissolution occurs less readily in this
alloy compared to the higher-strength 2xxx and 7xxx series
age-hardening alloys.

C. The Predicted Weld Hardness

Figure 10 shows the predicted variation in hardness
across weld M9 (840 rpm and 300 mm/min) directly after
welding, before natural aging can occur, and after natural
aging is complete. While the hardness of the AA6082 close
to the weld line is similar to that in the AA5083 when the
weld is in the fully aged condition, in the as- welded con-
dition the hardness is very different in the two alloys.

The hardness predicted by the models is compared to the
experimental data in Figure 11. It can be seen that for the
most part, the model is in good agreement with the exper-
imental data. Specifically, the model is in good agreement
with those welds where thermocouple data are available
(M1, M3, and M9) but does not agree so well with the weld
where actual temperature data are not available (M7). In
this weld, the predicted width of the HAZ is slightly too
wide, implying that the thermal model has overestimated
the peak temperature and/or the length of the thermal cycle.
The AA5083 softening model is somewhat more successful
than the aging model for the AA6082. In the former case
there is an encouraging level of agreement between the
predicted and experimental data, including the similar hard-
ness variations for the welds produced at the same weld
pitch. The AA6082 model shows a good level of agreement
only for weld M3, which has the widest HAZ. It is encour-
aging that the model accurately predicts the maximum
hardness of the naturally aged region in all of the welds,
but the point of minimum hardness is consistently too far
from the weld line, apparently as result of an overestima-
tion of the amount of dissolution. This may have occurred
because the softening model is overly sensitive to the dis-
solution of the hardening phases or because the thermal
model overestimates the temperature near the tool. It is
known that the predicted temperature at 15- and 30-mm
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Fig. 10—The predicted variation in hardness across FS weld M9 (840 rpm
and 300 mm/min) before and after natural aging based on the isothermal
tests and the thermal history model.
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Fig. 11—A comparison of the predicted and measured hardness profiles in
the dissimilar welds with AA5083 on the advancing side for (a) welds with
the highest (1.1 mm/rev) and lowest (0.12 mm/rev) weld pitches and (b)
welds with the same weld pitch (0.36 mm/rev).

distance is in good agreement with the experimental data
(since the model was calibrated with these values), but it
has not been determined whether the temperatures within
15 mm are representative of the actual conditions. Since the
softening in the AA6082 occurs closer to the tool than the
AA5083, the AA6082 model will be more sensitive to
inaccuracies in the predicted temperature near the tool.

V. DISCUSSION AND SUMMARY

The aim of this paper has been to investigate the relation-
ship between the welding speeds, rotation and traverse, and
certain microstructurally related characteristics of dissim-
ilar FS welds between AAS5083 and AA6082. These include
the hardness variation across the weld and the grain size
and structure within the weld. The former has been further
investigated by the implementation of two materials models
that can predict the hardness as a function of distance from
the weld line. These models use the predictions of the
thermal model presented in part 1."! The model can explain
the hardness variations in both AA5083 and AA6082.

In part I we concluded that the temperature close to the
weld line was governed primarily by the rotation speed,
while the traverse speed had a secondary influence. The
variation in grain size in the AAS5083 material and the
extent of natural aging in the AA6082 would seem to sup-
port this conclusion. The hardness models provide a sterner
test of the thermal model, as there must be a quantitative
agreement between the real and predicted data. In general
there is a reasonable agreement, in particular for the
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AAS5083. The most significant discrepancy is in overesti-
mating the distance of the point of minimum hardness from
the weld line in the AA6082. This may be a result of
inaccuracies in the thermal model due to the somewhat
simplistic representation of the tool.!*!

The data from the current study would suggest that for
this combination of materials, problems of under- or over-
heating during welding are best solved by changing the
rotation speed rather than the traverse speed. Even large
changes in the traverse speed may not significantly alter
the temperature around the tool. It is also noteworthy that
the extensive hardening of the AA6082 upon natural aging
raises the hardness in the welding region to a value near
that of the AAS5083. However, the lower hardness, and
hence strength, during and immediately after welding on
this side of the weld may limit the magnitude of the resid-
ual stresses that can build up in this location.
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