
Structural Evolution and Superplastic Formability of
Friction Stir Welded AA 2095 Sheets

H.G. Salem, A.P. Reynolds, and J.S. Lyons

(Submitted 18 August 2003; in revised form 31 October 2003)

Friction stir welding was used to join superplastic AA 2095 sheets. The effect of welding rate on the grain
size distribution and grain boundary misorientations in the stir zone was investigated. The superplastic
behavior of the weld nugget parallel to the welding direction was also characterized at 495 °C and strain
rates from 10−4 s−1 to 10−2 s−1. Increasing the welding rate during friction stir welding augmented the
formation of a fine-equiaxed high-angle grain boundary structure within the stir zone. Increasing intensity
of plastic straining during friction stir welding resulted in enhanced properties during subsequent super-
plastic formation. The maximum strain-to-failure was obtained for the weld made at a tool speed of 1000
rpm and a weld rate of 4.2 mm/s when tested at a superplastic forming strain rate of 10−3 s−1.
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1. Introduction

The intense plastic straining associated with friction stir
welding (FSW) can create very fine grain structures in the
stirred region of the weld nugget. Due to the frictional effect as
well as shear deformation, the material undergoes localized
heating, and hence, relative softening, which facilitates plastic
deformation. The temperature in the weld has been suggested
to be around 450 °C for Al-alloys. Recrystallization taking
place within the stirred region was responsible for the refine-
ment of the structure to 0.5 �m in a 2024-aluminum (Al)
alloy.[1,2] Grain refinement depends on the welding rate, rota-
tional speed of the tool, pin geometry, thickness of the work
piece, and the material processed. Such grain refinement can
be sufficient to create a material amenable to high strain rate
superplasticity in plates with initially coarse grain struc-
tures.[3,4]

Al alloys like 2095 are thermomechanically processed to
obtain an ultrafine grain structure suitable for superplastic
forming (SPF) by design. The retention or enhancement of
superplasticity of these alloys through friction stir welding is
therefore of interest. It has been shown that Weldalite alloy
sheets retain their superplastic properties after being friction
stir welded if they are tested transversely to the weld direc-
tion.[5,6] This paper explores the superplastic behavior parallel
to the welding direction. Specifically, the effects of the differ-
ent friction stir welding rates on the microstructural evolution
and superplastic behavior of AA 2095 dynamically recrystal-
lized superplastic sheets are investigated.

2. Material and Procedure

The alloy selected for the current work was Weldalite 2095
Al-Cu-Li base alloy received in the form of dynamically re-
crystallized sheets 1.63 mm in thickness and with an average
grain size of 3 �m. Weldalite is a trademark of the Reynolds
Aluminum (Reynolds Metal Company, Richmond, VA). The
alloy composition is Al-1.14% Li-4.6% Cu-0.38% Mg-0.17%
Zr-0.33% Ag-0.03% Ti-0.02% Zn, and minor additions of Fe
and Si. The sheets were friction stir welded using a tool with pin
and shoulder diameters of 3.8 and 10 mm, respectively, and a tool
rotation speed of 1000 rpm. Three different welding rates of 2.1,
3.2, and 4.1 mm/s were investigated. Figure 1(a) shows a sche-
matic representation for the tool rotation direction, where the
right-and left-sides of the weld center are consistent with the
retreating and advancing sides of the rotating tool, respectively.
Also Fig. 1(a) shows that rectangular strips prepared for butt
joining using friction stir welding were cut from the sheets so
that the welding direction was parallel to the rolling direction.

Since alloy 2095 has a rapid natural aging response,[7] the
sheets were naturally aged 3 months after friction stir welding
before testing. The microstructure after natural aging was char-
acterized with optical microscopy and with orientation imaging
microscopy. The microstructural samples were cut from the
cross section perpendicular to the welding direction and were
etched by Keller’s reagent. The orientation-imaging micro-
scope (OIM) was attached to a PHILIPS XL-30 scanning elec-
tron microscope (SEM) (Philips, Hillsboro, OR) operating at
25 KV. The OIM was used to evaluate grain size distribution
and grain boundary misorientation for the friction stir welded
sheets at the different welding rates and for the base metal. The
OIM step size was 1 �m (Fig. 1b). The solid squares shown in
Fig. 1b show the locations of the OIM studies. These allowed
an investigation of the effect of the local plastic flow on the
microstructural evolution of the welded sheets. The grain size
distribution with the weld nuggets and the base metal were also
measured by the linear intercept method using LIECA image
analysis software (Leica Microsystems Ltd., Heerbrugg, Swit-
zerland). The superplastic behavior of the as-received and the
welded sheets was characterized through conducting uniaxial
tensile testing without backpressure using specimens cut par-
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allel (i.e., longitudinal) to the welding direction. The superplas-
tic tensile specimen gage length, width, and thickness were 16,
5, and 1.6 mm, respectively. Constant true strain rate testing
was conducted at strain rates from 10−4 to 10−2 s−1. Reported
total strain (elongation-to-fracture) for the base metal before
and after welding was based on the average of at least two tests.
The strain rate sensitivity was approximated at several strain
values from tests run at different constant strain rates.

3. Results

3.1 Microstructural Evolution

Detailed optical and transmission electron microscopy re-
sults of the as-received material were previously reported.[5,7]

The microstructure included elongated grains several hundred
microns long and few microns wide in the rolling direction
representing the as cast structure. The elongated cast grains
were composed of fine pancake shaped subgrains about 4.0 �m
long and 1.2 �m wide, in addition to a fine equiaxed structure
with grains about 3 �m in average size, as shown in Fig. 2. The
as received alloy contained a variety of coarse and fine second
phase particles such as �(Al2Cu), TB (Al15Cu8Li),
S/(Al2CuMg), �/(Al3Zr), and �/(Al3Li). Detailed information of
the base metal microstructure and analysis of the second phase
particles’ morphology has been presented in Ref 7.

Microstructural investigation using optical microscopy for
the welded sheets within the weld nugget for all three welding
rates revealed the formation of similar macro and microstruc-
tures with slight variations. Accordingly, the sheets welded at
the 2.1 and 4.1 mm/s were chosen for detailed analysis in the
current section. Based on evidence that the heat input to the
weld increases with decreasing welding rate using the same
rotational speed, the welds at 2.1 and 4.2 mm/s are referred to
as the hot and cold welds, respectively.

Similar to observations made by other researchers, the weld
zone widened near the upper surface, due to its exposure to

excessive heating by friction and plastic flow at the shoulder-
sheet-interface during welding.[8] However, the current weld
zones did not show the elliptical nugget shape reported for
other alloys,[1,9-11] which could be related to the small thick-
ness of the investigated sheets. Friction stir welding formed a
heterogeneous structure through the sheet thickness, as shown
in Fig. 3. Here, the advancing side is on the left and the re-
treating side is on the right. The microstructurally developed
regions can be divided into 4 distinct zones: the stir zone along
the weld centerline, a swirl zone extending towards the advanc-
ing side of the tool and within the stir zone, a thermomechani-
cally affected zone (TMAZ) on either sides of the weld and a
heat affected zone (HAZ) surrounding the TMAZ. Similar ob-
servations were made by Posada et al., on a stainless steel.[9]

The stir zone corresponds to the region covered by the 3.8 mm
diameter rotating pin and hence is located from +2 mm on the
retreating side to −2 mm on the advancing side. The stir zone

Fig. 1 (a) Schematics of the plate geometry showing the welding operation and (b) the locations of microstructural examinations shown by solid
squares on the sheet’s cross-section

Fig. 2 Optical photomicrograph showing the equiaxed and pancake
shaped structures (indicated by arrows) in the base metal
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shows a lack of symmetry along the centerline of the weld. For
all three welding conditions, intense plastic deformation and
material flow was more pronounced on the advancing side, as
shown in Fig. 3. The swirl zone is a region formed within the
stir zone that shows evidence of the material flow within the
pin threads. This was more pronounced in the cold weld. It
appears that the pin threads directed the material down to the
bottom of the pin and also fragmented the coarse particles in
the microstructure.

The hot weld shown in Fig. 3(a) differs from the cold one
shown in Fig. 3(b), primarily in the shape and size of the swirl
zone. Sharp delineation between the swirl zone and the sur-
rounding parts of the stir zone was observed in the cold weld.
The swirl zone in the hot weld extended more horizontally
across the weld nugget. The approximate widths of the swirl
zones for the hot and cold welds are 5 and 4.3 mm, respec-
tively. The hot weld showed aligned fine particles starting at
the top surface of the swirl zone and extending toward the
retreating shoulder to a distance of 2 mm on the right of the
weld nugget center, as indicated by the arrow in Fig. 3(a).

The TMAZ region extends on both sides of the weld to-
wards both shoulders where less material flowed and lower
temperatures occurred than in the stir zone. From Fig. 3, it was
observed that the TMAZ on the advancing shoulder was more
pronounced than on the retreating one. In general, friction stir
welding produced grain sizes that varied between 2.6 and 4.5
�m and 2.2 and 3.6 �m at different locations across the weld
nugget for the hot and cold welds, respectively.

The optical micrographs shown in Fig. 4 represent micro-
structures developed at different locations within the weld nug-
get of the hot weld. Following the notation shown in Fig. 1(b),
the displayed four microstructures shown in Fig. 4(a-d) repre-
sent (−1, 1.0), (−1, 1.2), (1, 1.0), and (6, 1.0), respectively.

Figure 4(a) shows the developed microstructure during
FSW at (−1, 1.0), which corresponds to the swirl zone and the
region just above it. A fine equiaxed structure associated with
very fine particles and almost no trace of the coarse ones is
developed within the swirl zone. On the other hand, coarse
particles can be observed above (Fig. 4a) and below (Fig. 4b)
the swirl zone, with relatively higher volume fraction below the
swirl zone. Figure 4(c) shows the microstructure of the swirl
zone where it terminates on the right hand side of the weld
nugget and extends towards the retreating side. For compari-
son, Fig. 4(d) shows the microstructure of the base metal at 6
mm from the weld nugget center on the retreating side and 1.0

mm from the top surface of the sheet. A mixture of equiaxed
grains of 4 �m in average size and pancake-shaped grains
about 4.2 �m long and 1.5 �m wide are observed. The mea-
sured structure size is slightly coarser than that measured in the
base metal sheets prior to welding (Fig. 2). This indicates that
regions on either side of the weld nugget are slightly affected
by the heat generated during FSW.

OIM analysis was performed on the base metal and on the
hot and cold-welds. Grain size distribution and misorientation
angle histograms within the weld nugget were determined.
Low angle boundaries are defined as boundaries with less than
15° in misorientation. High angle boundaries are defined as
boundaries with more than 15° in misorientation. Misorienta-
tion angles between the grain boundaries within the stir zone
for the hot weld are shown in Fig. 5. In the stir zone and above
the swirl zone the average grain size measured by OIM was 4.0
�m, and below the swirl zone the average grain size was 3.2
�m, which agrees with the measured grain size using linear
intercept technique. Regions below the swirl zone had a rela-
tively higher fraction of low-angle boundaries compared with
regions above and within the swirl zone. In particular, misori-
entations between 30° and 60° represented more than 60% of
the grains developed within the swirl zone.

The cold weld developed a finer structure throughout the
weld nugget in both the transverse and normal directions than
did the hot weld. Figure 6 demonstrates the grain size distri-
bution and misorientation angle histograms, within the swirl
zone for both hot and cold welds. An average grain size of 2.2
�m was measured for the cold weld compared with a 2.6 �m
grain size for the hot weld. These are finer than the base metal.
The misorientation angle histograms shown in Fig. 6 revealed
that the finer structure in the cold weld was associated with a
relatively high number fraction of low angle boundaries com-
pared with the hot weld. Figure 7 shows the misorientation
angle histogram for the base metal microstructure. The misori-
entation angle measured reveals the presence of a structure
with low-angle boundaries ranging between 5° and 15°, while
a large number fraction of boundaries has misorientation vary-
ing between 30° and 60°.

3.2 Superplastic Behavior

The superplastic behavior of the base metal and the FSW
material welded at 2.1, 3.2, and 4.2 mm/s was investigated at a
temperature of 495 °C and tensile strain rates ranging from

Fig. 3 Optical micrographs showing the flow pattern in the nuggets after welding at 1000 rpm and feed rates of (a) 2.1 mm/s and (b) 4.2 mm/s.
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10−4 to 10−2 s−1. Estimates of true-stress and true-strain were
determined from force and elongation measurements using the
assumptions of constant volume and uniform cross-sectional
area change. Figure 8(a) shows typical stress-strain curves be-
havior at 495 °C and a strain rate of 10−3 s−1 for all three
welded conditions. The sheets welded at 4.2 mm/s (cold welds)
displayed a uniform constant flow stress of 8.8 MPa over the
entire deformation path with the highest strain-to-failure of
1.9 (true strain). Sheets welded at an intermediate welding
rate of 3.2 mm/s displayed a strain hardening behavior up to
true strains of 0.4 followed by softening up to failure at 1.7.
Similar behavior was displayed by the sheets welded at 2.1
mm/s (hot weld) but at relatively lower flow stresses for the
same strain-to-failure. The base metal displayed a similar be-
havior to that of the hot welds, but had a higher flow stress of
around 10 MPa with a stain-to-failure of 1.75. A similar su-
perplastic behavior was reported by Kridli et al., who worked
with alloy W049.[12] Here the higher welding rate was associ-
ated with a higher strain-to-failure and more constant flow
stresses. Figure 8(b) shows the super plastic behavior of the
friction stir welded sheets at 4.2 mm/s at 495 °C at different

strain rates ranging between 10−4 and 10−2s−1. From the dia-
gram it is shown that the best strain rate is 10−3 s−1. Deforma-
tion at strain rates of 10−2 s−1 resulted in a significant deterio-
ration in the superplastic properties of the welded joints. Figure
9(a) shows a macrograph of the specimens tested at the opti-
mum strain rate of 10−3 s−1. It is observed that a uniform plastic
deformation occurred during SPF over the entire gage length
for all three welding rates. However, the 4.2 mm/s welds tested
at different strain rates experienced a non-uniform deforma-
tion, especially at the lowest strain rates (10−4 s×−1), as shown
in Fig. 9(b).

Figure 10 shows the effects of SPF strain rates on the per-
cent elongation-to-failure and the maximum flow stress for the
friction stir welded sheets at the welding rate of 4.2 mm/s
before and after welding. The maximum superplastic elonga-
tions were achieved at 10−3 s−1 and 3 × 10−4 s−1 for the welded
and un-welded sheets, respectively (Fig. 10a). A 570% elon-
gation-to-failure was achieved at a strain rate of 10−3 s−1 with
almost no change in flow stresses for the welded and un-
welded sheets. Both welded and un-welded sheets lost their
superplasticity at strain rates of 10−2 s−1. The strain rate sen-

Fig. 4 Optical micrographs showing the various zones after welding: (a) at the top of the swirl zone, (b) at the bottom of the swirl zone, (c) in
front of the swirl zone on the retreating side, and (d) at 1mm to the right of the retreating shoulder.
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sitivity (m) was calculated by plotting flow stress against strain
rate for different strains up to failure (Fig. 10b). The results
showed that for the tested conditions, the average strain rate
sensitivities were about 0.45 for the 4.2 mm/s weld and 0.52 for
the base metal over strain rates of 10−4 to 10−3 s−1.

4. Discussion

The swirl zone in the friction stir weld nuggets was smaller
than the stir zone. It appeared only at a depth of about 0.8 mm
from the surface of the sheet and was terminated above the

Fig. 5 Diagrams showing the misorientation angle histograms for the hot weld within the weld nugget center as a function of distance from the
surface of the sheets

Fig. 6 Diagrams showing the misorientation angle histograms within the swirl zone for the hot and cold friction stir welding sheets
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bottom surface by about 0.15 mm (Fig. 3). The heat lost to the
anvil supporting the bottom of the sheets resulted into a tem-
perature gradient that could be attributed to this observation.
Similar observations were made by Mishra et al., who worked
with 7075Al and 2519 alloys.[13] Inhomogenity in the micro-
structure was also observed across the width of the weld nug-
get. This may be related to greater heat generated at the re-
treating side of the weld due to shoulder friction with the sheet
surface, resulting in greater softening of the retreating side
material and hence a relatively coarser structure.

After friction stir welding, the non-uniform as-received
structure of equiaxed and pancake-shaped grains was replaced

by finer equiaxed structure in the swirl zone of the hot weld.
The OIM misorientation analysis revealed that friction stir
welding increased the grain boundary misorientation. This
agrees with the findings of Jata et al., who investigated the
effect of friction stir welding and processing on Al-Li-Cu al-
loy.[14] Jata suggested that a continuous dynamic recrystalliza-
tion by dislocation-glide-assisted-subgrain-rotation occurs dur-
ing friction stir welding since the strain rates are too high to
allow for subgrain rotation by boundary sliding. However, this
mechanism might not be applicable for materials with an initial
structure that is already dynamically recrystallized. Dynamic
recovery or extended recovery could be the dominating mecha-

Fig. 7 Diagrams showing the misorientation angle histograms of the as-received dynamically recrystallized (DRX) sheets

Fig. 8 True stress-true strain super plastic behavior of the friction stir welded sheets at 1000 rpm (a) at welding rate of 2.1, 3.2, and 4.2 mm/s
compared with base metal, and (b) 1000 rpm and 4.2 mm/s welding rate at different strain rates
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nism, however, further analysis and investigations are neces-
sary to conclusively determine which mechanism dominates.
Due to the material flow around the pin within the stir zone to
about 2 mm on either side of the weld nugget center, the coarse
second phase particles were fragmented into finer particles.
Regions closer to the surface (above the swirl zone) were sub-
jected to higher temperatures and hence greater dissolution of
second phase particles. Material moved down by the rotating
pin dragged the fragmented particles and fine precipitates with
it toward the swirl zone. This could explain the observed par-
ticle segregation within the swirl zone, which agrees with the
findings of Salem.[15] This also agrees with the observations,
made by Meyer et al., who investigated the behavior of friction
stir welding Al-Mg-Si-Cu Al alloys.[16] Higher welding rates
resulted in lower heat input during welding.[17,18] The lower the
deforming temperature (i.e., higher welding rate), the higher
the intensity of plastic deformation within the the swirl zone,
and hence, the higher the fraction of low-angle boundaries.
This is indicative of the early stages of dynamic recovery,
which produces a structure with low angles of misorientation.[19]

Previous research that was carried out on the superplastic
behavior of friction stir welding 2095 in direction transverse to

the weld indicated that, while friction stir welding retained the
superplastic properties of the material, the deformed specimens
showed non-uniform deformation across the weld nugget. This
was due to the structural differences between the various weld
zones. The current study focused on the super plastic behavior
of the stir zone. Not only did friction stir welding retain the
superplasticity of the original Weldalite 2095 sheet, but it also
produced a structure with higher strain rate superplasticity. The
superplastic behavior, investigated as a function of strain rates
of 10−4 s−1 to 10−2 s−1 at a deforming temperature of 495 °C,
obtained a maximum superplasticity at 10−3s-1 for the cold
weld. For this weld, elongation-to-failure was about 100%
higher than that of the un-welded sheets. Further investigation
should be made to understand the behavior of the second phase
particles before and after superplastic forming at 495 °C. It is
possible that segregation of fine coherent �/(Al3Zr) precipitates
within the swirl zone could have increased the stability of the
structure against grain growth and hence improved the super-
plastic behavior of the cold welds. Such particles are too small
to be revealed by optical microscopy. In addition, the fine
equiaxed structure developed by friction stir welding at the
highest welding rate could have evolved into a higher angle

Fig. 9 Macrographs showing the superplastic tensile tested specimens: (a) friction stir welded sheets at different welding rates, SPF at 495 °C, and
constant strain rate of 10−3 s−1 compared with base metal and (b) friction stir welded sheets at 4.2 mm/s at constant strain rates of 10−2 to 10−4 s−1.

Fig. 10 Diagrams representing the strain rate variation for the 2095 sheets before and after welding 4.2 mm/s welding rate as a function of (a)
percent elongation and (b) flow stresses.

30—Volume 13(1) February 2004 Journal of Materials Engineering and Performance



boundary structure by dynamic recovery during the equilabera-
tion time at 495 °C before tensile testing starts. According to
Jata et al.[14] the extensive plastic deformation and thermal
effect induced within the stir zone lead to contineous recovery
and dynamic recrystallization, which agrees with the current
suggestions. This could have resulted in the improved super-
plastic behavior of the cold welds.

5. Conclusions

Friction stir welding was used to join dynamically recrys-
tallized superplastic Weldalite sheets. Friction stir welding de-
veloped a fine equiaxed high angle boundary structure within
the swirl zone. The higher welding rate produced a more uni-
form fine-grained equiaxed structure with a uniform distribu-
tion of fine particles around the weld nugget center, which
increased the stability of the microstructure during elevated
temperature testing. The highest level of superplastic elonga-
tion (>570%) was achieved at a deforming temperature of 495
°C and a constant strain rate of 10−3 s−1. Results indicate that
friction stir welding is capable of shifting the SPF strain rate of
the Weldalite by one order of magnitude higher as well as
increasing the strain-to-failure by 20%. This is a significant
improvement in superplastic behavior.
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