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Introduction

As with most welding processes, fric-
tion stir welding (FSW) produces a non-
homogenous macrostructure whose
regions, illustrated in Fig. 1, include the
heat-affected zone (HAZ), thermome-
chanical-affected zone (TMAZ), and weld
nugget or stir zone (SZ). Each zone is
characterized by a unique microstructure
related to different levels of thermome-
chanical processing. The tool rotation and
travel impart a nonsymmetrical flow pat-
tern that is observed in the nonsymmetric
weld structure of the transverse section in
Fig. 1. The side where the tool rotation
and travel vectors are in the same direc-
tion is labeled the advancing side (AS),
and where they are opposed is labeled the
retreating side (RS). Because FSW is a
solid-state process, correlation of the tem-
perature at the workpiece/weld tool inter-
face with the processing parameters
presents challenges. Understanding of this
correlation is needed for control of the
processing temperature and optimization
of the resulting mechanical properties. 

Because the maximum temperature in
FSW is generally considered to be at the
shear interface between the SZ and the
TMAZ (Refs. 1–3), understanding the
variation in temperature in this region

with respect to processing parameters is
necessary. Numerous studies report the
resulting weld temperature to be most
strongly influenced by the tool rotation ve-
locity (Refs. 2–7). In addition to under-
standing the temperature, the heating rate
can also affect the kinetics of the phase
changes in age-hardenable alloys such as
the AA2xxx series. Since the FSW process
is considered to involve a large shear strain
at high rates (Refs. 2, 8–12), the heating or
up-quenching times associated with the
process may be very rapid (Ref. 13). 

Determining the temperature at the
workpiece/weld tool interface was directly
approached using embedded thermocou-
ples in 2xxx series aluminum alloys (Refs.
1, 2, 14–20), and it has provided informa-
tion on the relative homologous tempera-
ture in the range of 0.80 to 0.90 Tm (where
Tm is the melting temperature of the Al
with a value of 933 K). Little variance has
been reported with SZ temperature meas-
urements of 525°C in AA2024 (Ref. 17)
and 480°–520°C in AA2195 (Ref. 14),
where the increase in temperature corre-
sponded to an increase in tool rotation.
Positioning the thermocouple close to the
shear zone has noted difficulties due to

potential displacement by the resulting
material flow and response to rapid heat-
ing conditions. Thus, most thermocouple
measurements have been used to validate
a numerical model with extrapolation of
measured temperatures outside the SZ to
the workpiece/weld tool interface. At-
tempts to model the temperature in the
shear region have often resulted in over-
prediction of the weld temperature, which
has been attributed to slippage occurring
at the workpiece/weld tool interface (Refs.
21, 22). While relationships between peak
temperature and processing conditions
have been shown (Refs. 2, 14), they are not
considered to change the overall tempera-
ture field significantly (Ref. 22).  

Conversion of weld power to thermal
energy has also being pursued to deter-
mine the weld temperature (Refs. 23–27),
and may have validity if the temperature
does not exceed the eutectic or solidus
temperature resulting in tool slippage and
reduced efficiency (Refs. 13, 21).

Since the processing temperature con-
trols the resulting mechanical properties,
as affected by microstructural variations,
interpretation of the resulting grain size
and precipitate state can be used to verify
processing temperatures and provide in-
sight as to the heating conditions, and
hence, strain rate experienced during
FSW of age-hardenable alloys (Refs. 8–10,
12, 13, 28). Due to the complex nature of
the FSW process, various characterization
methods at different length scales are
often needed to interpret the results. Al-
though much research has been published
on the resulting microstructure and me-
chanical properties of FSW in the age-
hardenable 2xxx series (Refs. 14, 15, 19,
20, 27–39), these studies generally charac-
terized a single FSW obtained with a sin-
gle set of processing parameters that
covered a range of tool rotations from 120
to 1040 rev/min. Further adding to the dif-
ficulty of comparing findings, not all stud-
ies document details of the tool design and
processing parameters. Thus, assessing
whether the microstructural evolution ob-
served is due to the material, tool design,
processing parameters, or some combina-
tion is difficult and sometimes results in
conflicting findings. Studies on 2024 (Refs.
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19, 30, 33–35) report a range of complex
precipitate morphologies in the SZ with
coarse particles dissolving providing solute
for postweld natural aging. In contrast,
studies on 2219 report either particle
coarsening (Refs. 36–38, 40) and/or the
dissolution of the Al2Cu phase in the SZ
(Refs. 15, 20). Nonhomogeneities ob-
served at the macroscale have been attrib-
uted to banding of large constituent
particles, which correspond to tool rota-
tion variations in 2024 (Refs. 41, 42), dif-
ferent tempers of 2219 (Ref. 36), or
overpass repair welds in 2219 (Ref. 38).
While differences in the microstructural

characterization of 2195 in
two different studies were at-
tributed to variations in phase
transformations kinetics as in-
fluenced by FSW process pa-
rameters (Refs. 14, 31), no
systematic study has been con-
ducted to verify.  

Conductivity measurements
provide a well-established non-
destructive evaluation (NDE)
technique for determining the
temper of a metal. However, its
sensitivity is affected by varia-
tions in alloy uniformity due to
heat treatment condition, the
degree of cold work, presence
of residual stresses, or effect of
thermal exposure (Refs.
43–45). Thus, a combination of
NDE techniques are often used
to evaluate the temper of an
alloy such as combining eddy
current with hardness testing.
While these standard tech-
niques are typically used at the
macroscale where homogeneity
of the thermomechanical pro-

cessing is assumed, characterization at the
microscale can provide insight into nonho-
mogenous variations. 

This study evaluated the combined use
of conductivity measurements with hard-
ness testing at the macro and micro length
scales to evaluate the resulting mi-
crostructure in a FSW SZ formed by vary-
ing the tool rotation. The range of tool
rotations in the study was selected based
on earlier studies where a large change in
the resulting SZ strength was observed
(Ref. 46). Microstructural features were
correlated with conductivity and hardness

measurements. The results in this study
were also compared with temperature cal-
culations based on conversion of weld
power to thermal energy (Ref. 27). 

Experimental Procedure

Friction stir welds were made in rolled
panels of aluminum alloy 2219-T87 approx-
imately 610 mm long, 152 mm wide, and 6.4
mm thick that were butted together. Nomi-
nal composition of the 2219 alloy (wt-%) is
Cu 6.30%, Mn 0.30%, Zr 0.17%, V 0.10%,
Ti 0.06%, Fe 0.15%, Si 0.10%, and balance
Al. The FSW tool consisted of a 12.7-mm-
diameter UNF left-handed pin, a 30.5-mm-
diameter scrolled shoulder, and a pin length
of approximately 6.2 mm. All FSWs were
performed with a zero degree lead angle
and in-position control. A RM-1 model
FSW machine from Manufacturing Tech-
nology, Inc. (MTI), was used to produce the
welds with the data recorded using a high-
speed National Instruments Data Acquisi-
tion system.  

Metallographic specimens were taken
of the transverse section of each FSW seg-
ment. The specimens were mounted and
polished using standard metallurgical pro-
cedures. All samples were etched using
Keller’s reagent to document the
macrostructure as recorded with a Nikon
D1 camera. Surface topography was ob-
tained in a scanning probe microscopy
(SPM) using a diamond Berkovich probe
mounted on the Hysitron TI 950™. Prior
to SPM, the specimens were mechanically
reground and repolished using 1.0-  and
0.5-micron alumina on the pad followed by
colloidal silica. 

Indentation experiments were con-
ducted using the Hysitron TI 950™ instru-
ment equipped with the nanoECR™
(electrical contact resistance) package and
a conductive boron-doped diamond
Berkovich probe with a tip radius of ap-
proximately 150 nm. The nanohardness of
each transverse specimen was measured
across the width approximately 1.3 mm
below the crown surface. One hundred in-
dents with a spacing of 250 µm were made
using a 5-s loading to a peak of 10 mN, 5-
s hold, and 5-s unloading segments, which
corresponded to an average indentation
contact depth of 485 nm. 

To measure the nanoconductivity, the
nanoECR™ package was used, which en-
ables simultaneous electrical measure-
ments to be made during standard
nanoindentation testing. During testing, a
fixed voltage was applied to the sample via
a conducting stage and the resultant cur-
rent flow through the sample was meas-
ured through the conducting tip. Voltage
was held constant at 2 V and the measured
current was used to calculate the average
current density based on the contact area
of the indenter at peak loading.
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Fig. 1 — Transverse view of a conventional friction stir weld with regions of interest labeled.

Fig. 2 — Miniature tensile specimens fabricated from the FSW
nuggets. A — Shown are the specimens from the FSW transverse mi-
crostructure with the specimen geometry superimposed; B — an end
mill was used to machine the dogbone geometry; C — which was then
sliced into individual specimens using wire EDM.

A B

C
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Bulk eddy current measurements were
made with Rohmann GmbH Elotest M2
with a probe diameter of approximately
1.3 cm, which was operated at a frequency
of approximately 1 MHz. The values were
recorded as % IACS, where the electrical
conductivity of annealed Cu was refer-
enced as 100% IACS at 20°C, and IACS
refers to the International Annealed Cop-
per Standard, which was established in
1913 (Ref. 47). Advertised accuracy of
measurements was ± 0.1% IACS. Because
the probe diameter was larger than the
weld cross section, some air was picked up.
Although this may have resulted in slightly
lower values for % IACS, the comparative
trend was considered valid.  

To evaluate the mechanical properties
of only the SZ of the FSW, tensile speci-
mens were designed with the gauge sec-
tion entirely within the transverse section
of the FSW SZ, as shown in Fig. 2A. The
geometry was first machined, and then
sliced using wire electrical discharge ma-
chining (EDM) into individual specimens
2.0 cm long × 0.64 cm wide × 0.03 cm thick,
as shown in Fig. 2B and C, respectively.
The tensile specimens were tested in uni-
axial tension using a stepper-motor-driven
miniature tensile tester with a 0.5-kN (100-
lbf) load cell. All tests were run at ambi-
ent temperature at a constant crosshead
velocity of 0.05 mm/min with a data-
acquisition rate of 1 sample per s. The
maximum load (Fmax) was divided by the
initial specimen cross-sectional area (A) to
calculate the engineering stress (σ). Yield
strength (σYS) was defined using the
0.02% offset criteria (Ref. 48) and ulti-
mate tensile strength (UTS) was defined
using the maximum load carried by the
specimen cross-sectional area. 

A JEOL 6500 F field emission, scan-
ning electron microscope (FE-SEM) with
an Oxford electron backscatter detector
(EBSD) was used to obtain orientation
image maps (OIM) of the SZ. Analysis
was performed in 0.4-μm steps over 215-
× 161-μm rectangular areas in the banded
regions of the transverse sections. All
OIM scans were obtained using an excita-
tion condition of 20 kV with a working dis-
tance of 20 mm. EBSD/OIM was used to
determine grain size based on a 5-deg mis-
orientation angle. 

Transmission electron microscope
(TEM) foils, 3 mm in diameter, were
punched from the SZ region of the FSW
specimens and were prepared for imaging
using traditional techniques of mechanical
thinning, two-sided dimpling, and ion
milling to electron transparency. Initial
images were obtained in a JEOL JEM-
100CX TEM with a tungsten filament op-
erated at an accelerating voltage of 100 kV
to obtain bright field image (BFI). Com-
plementary higher-resolution BFIs and se-
lected area diffraction (SAD) patterns

were obtained using a JEOL 2010 200
KeV field emission (FE) TEM.

A Rigaku Smartlab X-ray diffractome-
ter (XRD) with Cu-k  X-ray was used to
identify the minor phases present in the
aluminum matrix. A continuous scan was
made at a rate of 0.035 deg/min over a 2-θ
range of 18 to 55 deg. 

The SZ temperature was taken to be
that of the workpiece/weld tool interface
or the shear zone. The shear zone tem-
perature was calculated from the meas-
ured experimental torque values using an
alternative heat index (Ref. 27). This nu-
merical approach considered the power
generated by rotating an axial symmetric
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Table 1 — Summary of FSW Conditions and Corresponding Shear Strain Rate

RPM Tool Radius Shear Zone Shear
(mm) Thickness Strain Rate

(mm) (s-1)

150 6.35 0.13 5 × 104

200 6.35 0.13 6 × 104

300 6.35 0.13 9 × 104

Fig. 3 — Flow stress of 2219-T87 vs. temperature
showing a precipitous drop at 0.5Tm before  reach-
ing an almost constant, linear plateau in the range
of 0.7 to 0.9 Tm (Ref. 50). 

Fig. 4 — Phase diagram for the Al-Cu binary sys-
tem (Ref. 51).

Table 2 — Grain Size as Inferred from EBSD/OIM

Specimen Grain Size (μm)

AS RS
150 2.5 1.8
200 2.8 2.6
300 4.1 4.2

A B

Fig. 5 — A — A low-magnification image of the base metal in which a few large overaged particles
(200–500 nm) can be observed; B — the higher-magnification image shows the θ’ strengthening phases
in the base metal matrix.
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plug of metal around the tool. By assum-
ing that 100% of the weld torque was con-
verted into thermal energy and contact
conditions remain constant, an energy bal-
ance was used to equate the heat input
(Qg) with the heat loss terms as given in
Equation 1. The heat loss terms included
conduction, through the weldment (Qw),
anvil (Qa), and spindle (Qsp), in addition
to convection, which captured the pre-
heating of metal (Qv) passing through the
shear surface in advance of the weld. 

Qg = Qw + Qa + Qsp+Qv (1)

The resulting relationship given in Equa-
tion 2 was used to determine a FSW tem-
perature from the actual weld torque (Mt)
(Refs. 27, 49) where ω was the tool rota-
tion, τ  was the flow stress, Rs was the ra-
dius of shear surface, R was the radius of
the tool pin, and H was the length of the
tool pin. 

(2)

The flow stress (τ) was approximated by
Mt* ΔT such that as the shear zone temper-
ature approached Tm, the flow stress ap-
proaches zero (Refs. 27, 49). This linear
approximation was based on Fig. 3, which
plots the flow stress vs. temperature for
AA2219-T87 7 and shows a precipitous drop

at around 0.5 Tm reaching a constant, linear
plateau at approximately 0.7 Tm (Ref. 50).
The value of flow stress at Tm was assumed
to be zero. Thus, considering the range of
published temperature measurements for
FSW Al alloys of 0.8 to 0.9 Tm, the corre-
sponding flow stress was relatively unaf-
fected by temperature and was considered
linear just prior to reaching Tm. 

Results and Discussion

AA2219 is an Al-Cu alloy whose nom-
inal composition is slightly above the max-
imum solid solubility as shown in the
equilibrium diagram in Fig. 4 (Ref. 51).
This yields a microstructure composed pri-
marily of the saturated α-aluminum ma-
trix plus a small amount of excess θ phase.
The T87 temper used in this study refers
to a heat treatment that artificially ages
the Cu-rich precipitates in the α-matrix
through a well-accepted sequence of equi-
librium transformation given in Equation
3, where αss refers to a solid solutionized
Al matrix. 

αss→GPI→GPII→θ′→θ (3)

The T8 temper refers to a solid-solution
heat treatment of the α phase at 535°C,
followed by cold work and artificial aging
at 175°C for 18 h (Ref. 52). This results in
a base metal with the main strengthening

metastable phase of θ′phase as shown in
Fig. 5. Figure 5A is a low-magnification
image of the base material microstructure,
which shows a few large Cu-rich particles
around 200–500 nm, corresponding to the
excess θ phase. Figure 5B is a higher mag-
nification image that shows the
θ′strengthening metastable phase with a
reported morphology of tetragonal discs
that are semicoherent with the α-alu-
minum matrix (Ref. 53). 

The FSW process is considered to
occur at high strain rates and impart a high
strain to the metal surrounding the weld
tool (Refs. 2, 8–12). Thus, the kinetics of
the dynamic microstructural evolution
would be expected to differ from the static
equilibrium conditions (Refs. 13, 19). The
occurrence of a high strain rate acting on
the metal as it moves around the weld tool
implies very rapid deformational heating
and associated up-quenching followed by
slow cooling. The strengthening precipi-
tates in the base metal undergo coarsen-
ing during the FSW process and eventually
lose their strengthening effectiveness due
to elevated temperatures and/or longer
times at elevated temperatures. 

Near the workpiece/weld tool interface,
where the rate of heating was the highest
due to the high shear strain rates, the Cu-
rich phases underwent dissolution. During
the rapid up-quenching, if the eutectic
temperature was exceeded at the work-
piece/weld tool interface, the remaining θ
phase may have liquated (Refs. 13, 54).
However, if the temperature remained
below the eutectic, an increasing degree of
dissolution of the Cu-rich phases was ex-
pected as the rate of temperature rise in-
creased at the workpiece/weld tool inter-
face, thereby increasing the solute
concentration. At lower strain rate regions
away from the shear zone, the Cu-rich
phases would have continued to coarsen,
depleting the solute from the α matrix
(Ref. 19). 

Estimations of the strain rate associated
with FSW have been based on various ana-
lytical or numerical models that rely on ma-
terial property databases (Refs. 8–11) in
addition to use of the Zener-
Holloman parameter, which relates grain
size to strain rate (Ref. 12). These methods
have provided estimates in the range of 104

to 101 s–1, respectively, with lower values cal-
culated from the Zener-Holloman method.
Studies have indicated that the grain size at
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Table 3 — Tensile Strength of the FSW SZ Specimens

Specimen Yield Strength Ultimate Tensile Strength
(MPa) (MPa)

150 151 ± 2 269 ± 11
200 163 ± 11 295 ±11
300 190 ± 2 332 ± 9
PM 396 469

Fig. 6 — Macrographs of the FSWs in this study with horizontal line indicating location
of nanoindentations. 

Table 4 — Bulk Eddy Current Measurements

Specimen Eddy Current
(% IACS)

150 26.2 ± 0.1
200 26.2 ± 0.7
300 22.7 ± 0.1
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the workpiece/weld tool interface are
smaller than in the FSW wake, which has
been attributed to grain growth during the
slow cooling of the workpiece (Ref. 55). As
grain sizes have been reported to increase
with increasing tool rotation due to post-
weld grain growth, use of the Zener-Hollo-
man method results in an underestimation
of the strain rate. The highest shear strain
rate has been estimated based on a kine-
matic approach that does not rely on an as-
sumption of material properties at the FSW
conditions (Refs. 11, 49). Using this ap-
proach, an estimate of the mean shearing
strain rate (γ) across the shear surface of
thickness (δ) at the workpiece/weld tool in-
terface has been made using Equation 4
(Ref. 11). 

(4)
In Equation 4, r is the radius of the shear
surface approximated by the pin tool ra-
dius and ω is the angular velocity of the
metal inside the shear surface taken to be
approximately the same as that of the tool.
The shear zone thickness, δ, is estimated
to be on the order of 0.1 times the pin di-
ameter (Refs. 1, 3, 46, 49). The estimated
shear strain rates are summarized in Table
1 showing increasing rates as the tool ro-
tation increases. As the travel speed was
constant in this study at 114 mm/min, the
higher strain rate corresponded to a faster
heating rate at the shear surface sur-
rounding the SZ. Note that this was an in-
stantaneous shear strain rate that the
material experienced as it crossed the
shear zone. Neighboring material adjacent
to the shear zone experienced less shear-
ing, and hence, lower temperatures. The
intertwining of these two flow paths in the
SZ region was reported to result in the
shear textures or onion ring pattern ob-
served in the FSW SZ (Refs. 56, 57)

Macrographs of the etched transverse
sections of the three welds are shown in
Fig. 6. They were repolished to obtain the

SPM surface profiles shown in Fig. 7. Pref-
erential polishing around the harder Cu-
rich particles reveal an increasing number
as the rotation is increased from 150 to
200 rev/min. However, at 300 rev/min, a
decrease in the average size and the vol-
ume fraction of hard Cu-rich particles as-
sumed to be the θ phase was observed.
This would correspond to an increased
dissolution rate of the θ phase as the
rev/min, and hence the strain rate, in-
creased above a critical level. 

The representative grain size measure-
ments for the three FSWs in this study were
obtained using electron backscattered dif-
fraction (EBSD)/orientation image map-
ping (OIM). Table 2 summarizes the
variation in grain size observed between the
AS and RS of the FSWs. The larger, more
uniform grain size in the 300 rev/min FSW
specimen was consistent with exposure to
higher temperatures or longer cooling times
for the workpiece, similar to other reports
(Refs. 39, 55). Thus, the higher SZ strength
at the higher revs/min cannot be attributed
to Hall-Petch strengthening, but rather to
the precipitate state.

The horizontal dashed line, shown on
the macrographs in Fig. 6, indicate the lo-

cation of the nanoindentations summa-
rized in Fig. 8. While a reduction in hard-
ness was observed for the welds made at
150 and 200 rev/min, the 300 rev/min FSW
had a higher value. Table 3 lists a compar-
ison of the FSW strengths to the base
metal. Although all FSWs had a lower
strength than the base metal, a trend to-
ward increased tensile strength was noted
for the SZ as the tool rotation increased.
Estimating a weld temperature based on
conversion of power to heat, assuming a
100% efficiency and constant contact con-
ditions, predicted a higher temperature at
the higher tool rotation. For natural aging
to occur, Cu-rich phases in the 2219-T87
material would have to dissolve and in-
crease the amount of solute in the α-ma-
trix in the wake of the FSW. TEM images
indicated that the θ phase was dissolved,
thus replenishing the solute in the α phase
for postweld natural aging. 

On the basis of the hardness data and
corresponding SPM images, there was a sig-
nificant change in either the localized tem-
perature or the heating rate between the
FSWs made at 300 rev/min and the 150 and
200 rev/min. There was no evidence of ex-
ceeding the eutectic temperature, either by

γ
ω

δ
≅
( )r *
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Fig. 7 — SPM images show higher amounts of precipitates on the surfaces of the FSWs made at A — 150 rev/min; B —  200 rev/min; than on the C — 300
rev/min sample surface.

Fig. 8 — Nanohardness measurements on FSW samples showing higher hardness at 300  rev/min
due to natural aging.

.
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a decrease in FSW torque or in the mi-
crostructure. A reduction in the volume
fraction of the θ phase accompanied by a
coarsening of the θ′ phase cannot be ex-
plained by equilibrium kinetics, which
would predict the dissolution of the smaller
particles and coarsening of the larger parti-
cles within a constant temperature field. 

Table 4 summarizes the bulk eddy cur-
rent measurements. Similar readings were
obtained for the 150 and 200 rev/min spec-
imens, whereas the 300 rev/min specimen
was significantly lower. It has been re-
ported that the hardness does not have a
1-to-1 correlation with electrical conduc-
tivity in heat-treatable alloys (Ref. 45). At
sufficiently high temperatures, dissolution
of particles increased the amount of solid-
solution solute causing a decrease in elec-
trical conductivity. The increased solute
presence results in natural aging of the
weld nugget postweld thereby increasing
the hardness. This hardness reversion with
decreased electrical conductivity has been
reported in other 2xxx series aluminum al-
loys (Refs. 45, 58) similar to the findings
in this study. Although the combined use
of eddy current and hardness testing was
not generally used for identification of
2xxx series aluminum alloys (Ref. 45), it
was useful for understanding the precipi-

tate state in the difference zones of a
FSWs by correlation with complementary
microscale techniques. 

To further probe the bulk eddy current
measurements, corresponding nanocurrent
density measurements were calculated from
indents applied in the center SZ region and
the base metal region which was assumed to
be near the edge of the transverse specimen.
Figure 9 presents a bar graph plot showing
the relative occurrence of each current den-
sity for the SZ (lighter color) and the base
metal (darker color). At all rev/min condi-
tions, a low occurrence of current densities
in the range of 13–27 A/mm2 is observed
only in the SZ region. Comparing Fig. 9A
and B, corresponding to the 150 and 200
rev/min specimens respectively, an increase
can be observed in the occurrence of the
current densities in the range of 11–21
A/mm2. This increase in higher current den-
sities for the 200 rev/min specimen corre-
sponds to a decrease in the occurrence of
the lower current densities (< 10 A/mm2).
For the 300 rev/min specimen in Fig. 9C, the
major occurrence of current densities is in
the range of 1–5 A/mm2 with similar behav-
ior noted for the SZ and the base metal.
Very few higher current densities in the SZ
are observed in the narrower range 18–22
A/mm2. 

To understand this variation, individual
current density measurements were made
directly on the Cu-rich particles and com-
pared with the Al matrix as shown in Fig. 10.
As can be observed, a higher current den-
sity range of 11–16 A/mm2 was associated
with the large Cu-rich particles. with a lower
current density range of 1–7 A/mm2 was as-
sociated with the matrix. Thus, the his-
tograms can be interpreted as the 150 and
200 rev/min FSWs having a higher concen-
tration of larger Cu-rich particles in the SZ
than in the 300  rev/min FSW. This corre-
sponded with the decrease in eddy current
measurements as the volume fraction of
large Cu-rich particles decreased. This was
also consistent with predominant coarsen-
ing of the θ phase at lower revs/min and
greater dissolution at the higher revs/min. 

To investigate the details of the precip-
itate state, TEM images were obtained as
summarized in Figs. 11–13 for FSWs at
150, 200, and 300 rev/min respectively. At
150 and 200 rev/min, a mixed precipitate
state was observed, which included a range
of large Cu-rich precipitates that were
identified as CuAl2 or θ phase. Smaller θ′
disc-shaped strengthening precipitates,
ranging from 20–50 nm, were also ob-
served in Fig. 11, which coarsen to 50 to
150 nm in Fig. 12. In Fig. 13, for the 300
rev/min specimen, a more uniform coars-
ening of the smaller θ′ precipitates was ob-
served, which was also observed in the
superlattice reflections in the accompany-
ing SAD pattern of Fig. 13C due to in-
creased volume fraction (Ref. 20). The
microstructure of the 300 rev/min speci-
men showed almost none of the larger
overaged  phase or CuAl2 precipitates as
compared with Figs. 11 and 12. Instead,
the microstructure was similar to that of
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Fig. 9 — Histograms of current density from indents performed within the weld nugget and at the outer edge of each sample. High current density “outliers” are linked
to the presence of Cu-rich precipitates.

Fig. 10 — Piezo-automation results confirming higher current density for indents placed on Cu-rich
precipitates.

Table 5 — FSW Temperatures Calculated
Using the Alternative Heat Index

Specimen Calculated Temperature
(°C)

150 523
200 532
300 542
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the base metal shown in Fig. 5. 
To obtain a bulk characterization of

the precipitate state in the FSW nugget,
corresponding XRD analysis was also
conducted. The XRD data are summa-
rized in Fig. 14 with the minor peaks
identified as the stable θ phase (Ref. 59).
The θ phase peaks increased in intensity
for the SZ of the 150 rev/min weld shown
in Fig. 14B, decreased in intensity in Fig.
14C of the 200 rev/min weld, with further
reductions in the 300 rev/min weld in Fig.
14D, which were similar in intensity to
the base metal in Fig. 14A. This bulk
XRD analysis was in agreement with the

TEM images in Figs. 11–13.
Using the torque data from the FSW

panels, an alternative heat index (Ref. 27)
was used to calculate the FSW tempera-
tures as summarized in Table 5. The calcu-
lated temperatures ranged from 0.86–0.88
Tm, corresponding to the empirically pub-
lished range of 0.80–0.90 Tm for FSW of
AA2xxx alloys (Refs. 1, 2, 14–20). The phase
diagram in Fig. 4 for Al-Cu binary system
showed the nominal 6.30% Cu alloy was
slightly above the maximum solid solubility
composition. The α and θ  phases can form
a eutectic at a composition of 33.2 wt-% Cu
with a eutectic temperature of 548°C. The

calculated temperatures were in agreement
with experimental studies that showed an
increase in peak temperature as the tool ro-
tation increased. However, whether the
small amount of temperature difference was
responsible for the variations observed in
the microstructure is questionable. Rather
than a critical temperature threshold being
crossed, it was proposed that only the ma-
terial flow that crosses the severe shear zone
into the SZ experiences heating rates that
drive the stable θ phase into dissolution.
Since a constant tool travel was maintained,
the corresponding higher shear strain rate
in addition to the higher tool rotation re-
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Fig. 11 — A and B — TEM images of the 150 rev/min FSW specimen; C — corresponding SAD pattern for the [100]Al zone axis of the aluminum matrix. 

Fig. 12 — A and B — TEM images of the 200 rev/min FSW specimen; C — corresponding SAD pattern for the [100]Al zone axis of the aluminum matrix.

Fig. 13 — A and B — TEM images of the 300 rev/minFSW specimen; C — corresponding SAD pattern for the [100] zone axis of the aluminum matrix. Note
the superlattice reflections in the SAD pattern corresponding to the Θ' phase.

A B C

A
B

C

A B C

Schneider 1-13_Layout 1  12/13/12  1:10 PM  Page 17



sulted in this material staying at tempera-
ture longer. Thus, the high heating rate in-
crease combined with a longer time at
temperature at 300 rev/min resulted in the
θ dissolution that replenished the solute in
the supersaturated α  phase for postweld
natural aging. 

Based on the macro and micro scale
data, the SZ of the FSW had a mixed state
of stable and metastable Cu-rich phases. To
obtain both dissolved larger particles and
coarsened small particles implied that the
material was subjected to two different tem-
perature fields (Refs. 56, 57). This was ex-
plained using the kinematic model for FSW
in which some material flow lines near the
weld tool crossed a severe high shear rate
region while other material flow lines fur-
ther from the weld tool were subjected to
lower shear rates and hence lower temper-
ature (Refs. 11, 49, 56, 57). 

Other researchers have observed de-
creased second phase particle size in the
FSW microstructure corresponding with in-
creased tool rev/min, which was attributed
to fragmentation resulting from the shear-
ing action of the material flow in the FSW
process (Refs. 60, 61). Although agglomer-
ation of θ particles have also been reported
in a study at higher tool revs/min (Ref. 40),
in addition to a study on second pass repair
FSWs (Ref. 38). 

The results in this study were consistent
with another study on the microstructural
evolution in AA2219-T87 (Ref. 15). Al-
though that study (Ref. 15) only reported
one set of unknown FSW parameters, sim-

ilar FSW strengths and precipitate state
were reported that align with the results of
the 200 rev/min specimen in this study. Cor-
relation of microstructural evolution with
the FSW temperature relied on the use of
thermocouples mounted away from the SZ
(Ref. 15). The measured temperature was
extrapolated to the SZ resulting in a esti-
mated value of 475°C or 0.8 Tm, which is
lower than the 532°C or 0.86 Tm tempera-
ture calculated from the FSW data in this
study for the shear zone. 

Conclusions

In all the FSWs, a coarsening of the θ′
phase was observed that resulted in the
decreased SZ hardness and tensile
strength. The solute lost from the α-ma-
trix due to the coarsening of the θ′ phases
was eventually replaced by the dissolution
of the θ phase at the higher tool rotation,
which promoted postweld natural aging.
Occurrence of coexisting coarsened θ′ and
θ phases in the SZ result from the com-
bined effect of two flow streams of metal,
which were subjected to different thermo-
mechanical processing conditions.  Thus,
only the metal flow stream that crossed the
severe shear zone experienced either
higher temperatures or more severe shear
as influenced by the tool rotation. At
higher revs/min, the material also remains
around the tool for a longer time, which
suggests time at temperature was also crit-
ical to the final precipitate state. 

Using the alternative heat indexing

method, the calculated temperature at 300
rev/min was estimated to be 542°C, which
was close to the 548°C eutectic temperature
shown on the Al-Cu phase diagram in Fig.
3. This provided a temperature rate suffi-
cient for up-quenching to dissolve the
θ phase in the FSW nugget region, but in-
sufficient temperature to cause spontaneous
melting of the θ phase. The resulting mi-
crostructure was similar to the base metal in
conductivity as shown in Fig. 10 and hard-
ness as shown in Fig. 8. While the calculated
temperatures for the shear zone were not
extreme over the range of FSW parameters
investigated, they did highlight a region
where critical changes in the microstructure
in the SZ occurred. It was speculated that
further increases in FSW rev/min may result
in liquation as evidenced by a drop in weld
power or torque. These FSWs were not per-
formed as higher rev/min conditions in com-
bination with the tool used in this study have
resulted in voids. 

The results of these experiments
showed that processing parameters of
FSW have a strong impact on precipitate
position and dispersion, affecting localized
mechanical and electrical properties. Due
to the nonhomogeneity of the resulting
FSW SZ, microscale hardness and con-
ductivity measurements were useful in un-
derstanding the effect of precipitate state
on the resulting electrical properties. 
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