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A Study of Residual Stresses and
Microstructure in 2024-T3
Aluminum Friction Stir Butt Welds
Three-dimensional residual stress mapping of an aluminum 2024-T3 arcan spec
butt-welded by the friction stir technique, was performed by neutron diffraction. Re
indicate that the residual stress distribution profiles across the weld region are asym
ric with respect to the weld centerline, with the largest gradients in the measured res
stress components occurring on the advancing side of the weld, with the longitu
stress,sL , oriented along the weld line, as the largest stress. Within the region inside
shoulder diameter, the through-thickness stress,sZ , is entirely compressive, with large
gradients occurring along the transverse direction just beyond the shoulder regio
addition, results indicate a significant reduction in the observed residual stresses
transverse section that was somewhat closer to the free edge of an Arcan spe
Microstructural studies indicate that the grain size in the weld nugget, is approxima
6.4 microns, with the maximum extent of the recrystallized zone extending to 6
on each side of the weld centerline. Outside of this region, the plate material ha
unrecrystallized grain structure that consists of pancake shaped grains ranging u
several mm in size in two dimensions and 10 microns in through-thickness dimens
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1 Introduction
Friction stir welding~FSW! is a solid state joining process in

vented at TWI in 1991. The process is solid state and as s
temperatures experienced near the weld are lower than thos
perienced during fusion welding and there are no large den
changes due to a solid-liquid transformation. It is anticipated t
FSW will result in lower residual stress and distortion when co
pared to fusion welding techniques@1#. The in-situ extrusion pro-
cess used to produce the FSW results in a gradation of micros
ture across the weld. In the 2024-T3 alloy considered here
refined, equiaxed grain structure is observed in the weld nug
and large grains elongated in the rolling direction comprise
parent material. Typical joint strength for 2024-T3 FSW’s is in t
range of 80–85 percent of the base metal.

Advantages of the FSW process for welding aluminum inclu
elimination of consumables such as filler wire and shielding g
no solidification zone in the weld region, thereby mitigatin
cracking problems associated with segregation during solidifi
tion of the weld metal. In addition, the FSW process allows one
fabricate butt- and lap-seam welds between wrought, cast,
extruded materials, leading to simplified fabrication proces
while producing none of the health hazards typically associa
with welds ~e.g., fume, spatter, and radiation, etc.!.

As a relatively new manufacturing process, there is little pu
lished research on how friction stir welding affects the fatig
crack growth and tearing strength of structural components.
example, it is well known that residual stresses can affect
fatigue crack growth process, and possibly the ductile tearing
havior under mixed mode loading@2#. To better understand th
response of a FSW structure undergoing general loading, as
as its true fatigue crack growth resistance, the residual stress
tribution is needed.

In this study, the three residual normal stress components
measured in the FSW region of an Arcan specimen mach
from aluminum 2024-T3. The residual stressessZ ~through thick-

Contributed by the Materials Division for publication in the JOURNAL OF ENGI-
NEERING MATERIALS AND TECHNOLOGY. Manuscript received by the Material
Division March 23, 2001; revised manuscript received July 20, 2001. Assoc
Editor: S. Mall.
Journal of Engineering Materials and Technology
Copyright © 2
-
ch,
ex-

sity
hat
m-

ruc-
, a
get

the
e

de
as,
g
ca-
to

and
es

ted

b-
ue
For
the
be-

well
dis-

are
ned

ness!, sT ~transverse! andsL ~longitudinal!, were measured using
the neutron diffraction technique. To obtain reliable residual str
measurements, microstructural measurements were made to d
mine how the grain structure varies with position in the FS
providing information regarding required sampling volume siz
Results for each stress component are presented and discus
the following sections.

2 Experimental Methods
The material used in this work is a rolled 2024-T3 aluminu

plate ~Al-4.5 percent Cu-1.5 percent Mg based alloys! having a
thickness of 7 mm. In this work, a 1.22 m by 2.44 m plate was
into two square pieces, with the plane of the cut being perpend
lar to the rolling direction. As shown in Fig. 1, these sections w
friction stir welded together using a tool having a 23.0 mm dia
eter shoulder and an 8.2 mm diameter pin. Measured proces
rameters were a rotational speed of 360 rpm and a travel spee
3.3 mm/s perpendicular to the rolling direction of the sheet.

Figure 1 shows a crown-side view of a typical FSW used in t
work. During the FSW process, the tool shoulder contacts
crown sideof the two sections during processing while theroot
side is in direct contact with a backing plate and opposite to
crown side. Theadvancing and retreating sidesof the weld cor-
respond to where the maximum and minimum relative velocit
between the tool and work-piece are observed.

After completing the welding process outlined above, the sh
was cut into several Arcan specimens. The Arcan specim
which were used in this work to determine the residual str
distribution after friction stir welding, are shown in Fig. 2.

2.1 Microstructure in FSW Region. To acquire high con-
trast images of each FSW microstructure, metallographic sp
mens were prepared by standard techniques and etched with e
Keller’s etch, Barker’s etch, or hydrofluoric acid. All photomicro
graphs were taken using either a light microscope or a scan
electron microscope~SEM!, depending upon the size of the fea
tures to be characterized. Figure 3 presents a schematic of a
specimen, along with definitions for both the Cartesian axes
section planes used in this work. As shown in Fig. 3, the long
dinal ~L! axis coincides with the direction of tool travel. The dep

iate
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~Z! axis is in the specimen thickness direction and directed
wards the weld crown. The transverse~T! axis is perpendicular to
the direction of tool travel and is directed towards the advanc
side of the weld; depending upon the direction of tool rotation,
L-T-Z coordinate will either be a right-handed~CW tool rotation!
or left-handed~CCW tool rotation! system. In this work, it is a
left-handed coordinate system. The origin of theL-T-Z coordi-
nate system is at mid-thickness at the weld centerline, where
longitudinal location of the origin within the specimen is arbitra

Each vertical transverse cross-sectionis parallel to theT-Z
plane and perpendicular to the longitudinal axis. Avertical longi-
tudinal cross-sectionis parallel to theL-Z plane and located at a
pre-selectedT5T0 location. The positive and negative values f
T0 correspond to cross-sections on the advancing side and re

Fig. 1 Crown-side view of FSW process

Fig. 2 Arcan specimen with location of friction stir weld

Fig. 3 Coordinate system and cross-sectional designations
for micro-structural investigations
216 Õ Vol. 124, APRIL 2002
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ing side of the weld, respectively. Ahorizontal cross-sectionis
parallel to theL-T plane and located at a depth positionZ5Z0 .
The positive and negative values forZ0 correspond to cross
sections on the crown side and root side of the weld, respectiv

Figures 4 and 5 present micrographs showing the evolution
2024-T3 microstructure in the FSW region. Figure 4 shows h

Fig. 4 Microstructure as a function of transverse location in
vertical transverse cross-section at mid-thickness of specimen
„ZÄ0…

Fig. 5 Microstructure as a function of through-thickness loca-
tion in vertical direction
Transactions of the ASME
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the microstructure evolved within a vertical transverse section
function of transverse position and depth. The central portion
the friction stir weld, or ‘‘nugget,’’ has a refined microstructu
that is consistent in general character with previous observat
@3–5#. At the edge of the welding tool’s pin, an abrupt transiti
occurs from the highly refined, equiaxed, grains comprising
nugget to the deformed base metal grains. At a location co
sponding to approximately the tool shoulder radius on the adva
ing side, a relatively coarse, recrystallized grain structure is
served. At 4.5 mm from the edge of the shoulder, t
microstructure appears to be identical to the original, elonga
grain structure present in the rolled, 2024-T3 base material.

Figure 5 shows how the microstructure changes with throu
thickness position in a vertical longitudinal cross-sectionT
50). As one travels from the crown to the root of the FSW, t
grain size decreases, most likely due to the higher heat input
the crown that causes additional grain growth in this region.
the trailing edge of the shoulder passes over the welded mate
a substantial amount of heat is generated causing grain coars
in the crown relative to the root of the weld.

In summary, the grain size variation across and through
FSW region has been investigated. In the weld nugget, the a
age grain size is 6.4 microns. The maximum extent of the rec
tallized zone is 6 mm on each side of the weld centerline. Outs
of this region, the plate material has an unrecrystallized gr
structure that consists of pancake shaped grains that are elon
in the L-T directions and thin in theZ direction; approximate
unrecrystallized grain size is 10 microns in theZ-direction, and
several millimeters along both the rolling direction~L! and trans-
verse direction~T!. It is noted that this variation in grain structur
is typical of friction stir welds in recrystallization-resistant alum
num alloys.

2.2 Microstructure and Neutron Diffraction. Results
from the microscopy studies indicate that an average grain siz
6.4 microns is present across the weld centerline. This refi
grain structure assures that a good statistical average will be
tained using typical neutron diffraction sampling volume siz
~e.g., 2 mm32 mm32 mm!. Furthermore, our neutron diffractio
results indicate that texture effects are minimal, as the neu
diffraction peak intensity had only minor variations.

2.3 Neutron Diffraction Measurements. As shown in Fig.
6, the normal stressessZ , sT , and sL were determined within
two planar transverse sections, ABEF and CDGH, that cross
weld line with 65 data points in each section. The 5313 rectan-
gular grid of data locations is symmetric about both the w
centerline and the transverse axis. Spacing is 1.25 mm in
normal ~Z! direction for all data points and~a! 4 mm for the
eleven inner rows and~b! 6 mm for the outer two sampling rows
All neutron diffraction measurements were made at the High F
Isotope Reactor of Oak Ridge National Laboratory using a mo
fied triple-axis spectrometer@6#. A doubly focusing silicon crystal
monochromator was used in the experiment. The take-off an
for the ~311! Si reflection of the monochromator was 84 deg, a
the incident neutron wavelength was 1.65 Å. The aluminum~331!
reflection was used for determining the strains.

Sampling volumes were 23232 mm3 for longitudinal strain
measurements and 1(T)31(Z)310(L) mm3 for both through-
thickness and transverse strain measurements. The res
stresses were calculated using strain-stress conversion equa
according to an isotropic, homogeneous form of Hooke’s law:

s i j 5
E

11n
« i j 1

nE

~11n!~122n!
d i j «kk (1)

where k is a dummy suffix summing over allk ~i.e., «kk5«11
1«221«33); E, the Youngs modulus;n, the Poissons ratio;d i j ,
Kronecker’s delta function. In this work, neutron diffraction da
was obtained along three perpendicular directions~1, 2 and 3
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corresponding to theL, T, andZ directions, respectively!, provid-
ing sufficient information to obtain the three normal stressessL ,
sT , andsZ , but not the shear stresses.

2.4 Calibration. To obtain the initial atomic spacing as
function of position within the weld region, long, rectangul
comb-like samples with size 3 mm (T)33 mm (Z)324 mm (L),
were cut from various locations in the FSW weld region using
electric discharge machining process~EDM!. Results from these
studies indicate that the effects of chemical composition and g
size were quite small, introducing diffraction angle variatio
,0.01 deg throughout the weld region. Thus, the baseline t
indicated that a single initial atomic spacing was sufficie
throughout the FSW region.

With regard to the neutron diffraction measurements, it is no
that all of the data was corrected for the effect of sample volu
size since previous studies have shown that changing the sam
volume ~e.g., slit size! will induce an error in the angular mea
surements due to the difference in intensity uniformity in the sa
pling volumes. Using the following procedure, all of the 131310
mm3 diffraction angle data was corrected to achieve the sa
baseline values as obtained for the 23232 mm3 during calibra-
tion tests. First, the initial atomic spacing in a stress-free refere
sample was obtained by performing neutron scattering exp
ments using both sampling volumes. By comparing the measu
diffraction angle data obtained by both sampling volumes, a
assuming that the smallest sampling volume~23232 mm3! is the
reference state, all diffraction angle data for each neutron dete
that was obtained using the 131310 mm3 sample volumes were
corrected byDu. Thus, if the diffraction angles for a given neutro
detector and a 131310 mm3 sampling volume isu1 , then the
corrected diffraction angle for the 131310 mm3 volume is
u1

corrected5u11Du.
Based on the experimental neutron diffraction angle data,

estimate for the standard deviation in each measured strain c
ponent is 25mstrain, which corresponds to a standard deviation
stress of approximately 4 Mpa. The effects of material anisotro
and sample re-positioning errors are not included in this e
analysis.

Fig. 6 Schematic of Arcan specimen with measurement loca-
tions „all units are in mm …
APRIL 2002, Vol. 124 Õ 217



Fig. 7 Longitudinal stress distribution in sections „a… CDGH and „b… ABEF
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3 Residual Longitudinal, Transverse and Through-
Thickness Stresses

Figures 7, 8, and 9 present the longitudinal, transverse
through-thickness normal stresses throughout the FSW regio
the Al-2024-T3 friction stir weld Arcan specimen. The measu
ment locations are shown on each figure as open circles. The
in Figs. 7–9 reveal that the residual stress distribution is a str
function of the (T,Z) position in the weld region and a somewh
weaker function of theL position.

Similar to residual stress distributions observed in fusion we
@6,7#, the longitudinal stress was the largest tensile compon
with a maximum stress of 105 MPa located atT'7.5 mm from
the weld centerline~Fig. 7! on the advancing side of the weld an
at plate mid-thickness (Z'0); only a narrow region within the
nugget near the root side of the weld has residual longitud
stresses lower than 75 Mpa. As shown in Fig. 8, the transv
normal stress is tensile in the weld nugget region with a maxim
of 70 MPa near the plate mid-thickness. As shown in Fig. 9,
through-thickness normal stress was the largest compressive
ponent with a maximum of240 MPa! located near the root sid
(Z522.7 mm) and approximately 12 mm from weld centerli
on both the advancing and retreating sides of the weld.

Under the assumption that the residual shear stresses are
gible, Fig. 10 shows both the measurement locations and how
effective stress varies throughout the weld region. As shown
Fig. 10, the largest residual effective stresses are located just
side the pin diameter, extending from the crown side towa
mid-thickness.

4 Discussion of Results
The effect of post-weld machining of the friction stir welde

plate into the Arcan specimen is clearly visible through dir
comparison of the results in Figs. 7–9 for the planes CDGH~near
the machined surface! and ABEF~near the specimen centerline!.
218 Õ Vol. 124, APRIL 2002
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Consistent with the presence of a free boundary nearby, all th
components of normal stress on CDGH were lower than meas
at the centerline;;15–20 MPa for bothsLL and sTT , and ;5
MPa for sZZ .

All three components,sLL andsTT , andsZZ , are asymmetric
with respect to the weld centerline. Furthermore, inspection
Figs. 7–9 clearly shows that the largest gradients in the resid
normal stress occur on the advancing side of the weld. The tr
verse locations of the largest residual stress gradients are in
proximity of the shoulder diameter and 10 mm beyond the
vancing side location where sharp gradients in microstructure
observed~see Fig. 5!. Though still a subject of debate, it is spec
lated that the higher residual stress gradients in this region
related to higher thermal gradients on the advancing side, re
ing in the observed asymmetry in the measured residual stre

In this study, the normal, transverse, and longitudinal stra
measured by neutron diffraction are three of the strain compon
at each point in the field. Inspection of the shoulder region in F
7–9 indicates that gradient terms such as]sZZ /]T, ]sLL /]T and
]sTT /]Z are nonzero, resulting in nonzero gradients in sh
stresses. Under such conditions, finite residual shear stresse
likely to be a general feature with the FSW region; similar resu
were observed recently@6# for a butt-welded steel plate. Addi
tional neutron diffraction experiments currently are being co
ducted on this specimen to determine the magnitude of the s
stresses in these regions.

As outlined in recent analytical and computational work@8,9#, a
friction stir weld is obtained by rotational extrusion of materi
around the tool and pin within a transverse region that is appr
mately bounded by the shoulder diameter at the crown and the
diameter at the root, forming what may be called an extrus
zone. Due to the complexity of the FSW process, models of
process that are capable of predicting the residual stress fi
have not been developed. Lacking a reliable model, the follow
Transactions of the ASME



Fig. 8 Transverse stress distribution in sections „a… CDGH and „b… ABEF

Fig. 9 Normal stress distribution in sections „a… CDGH and „b… ABEF
Journal of Engineering Materials and Technology APRIL 2002, Vol. 124 Õ 219



Fig. 10 Equivalent stress distribution in sections „a… CDGH and „b… ABEF
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mechanics-based explanation is provided in an effort to provid
qualitative framework for understanding the overall trends sho
in Figs. 7–9.

Consolidation of the FSW material is achieved within the e
trusion zone through downward forces exerted by the tool sh
der. Due to the deformation constraint provided by the relativ
cold material along each side of the extrusion zone, heating of
extruded material will result in thermal expansion that cannot
accommodated by the surrounding material. Thus, the extru
material experiencescompressive plastic strains in both the tran
verse and longitudinal directions. Since the plastic state is incom
pressible, this requires that theextruded material must underg
extensional plastic strain in the Z-direction. As the extrusion zone
is deforming plastically, the material outside of the extrusion zo
remains elastic. Thus, after cooling, the elastic material surrou
ing the extrusion zone will attempt to return to its initial config
ration. Since the plastically deformed material within the ext
sion zone will try to retain its permanent deformation, t
resulting incompatibility between these two states results in~a!
tensile transverse and longitudinal stresses in weld zone and~b!
compressive through-thickness residual stresses in the weld z

Qualitatively, the preceding description is consistent with
sults shown in Figs. 7–10. However, details in the residual st
field ~e.g., largersZZ compressive stresses in the shoulder regi!
will require additional information, ideally from three
dimensional model results.

It is worth noting that the authors have obtain experimen
evidence which indirectly supports the trends insZ noted in this
work. Recently, the authors performed lowKmax fatigue tests with
an initially planar, through-thickness flaw located in a vertic
transverse cross-section, where the planar crack propagated
the centerline of the FSW. By increasingKmax, the authors were
able to induce slant fatigue crack growth. However, immediat
after slant crack growth occurred, crack surface interference
observed. This trend is consistent with the presence of comp
220 Õ Vol. 124, APRIL 2002
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sive residual stresssZ ; when released, the resulting increase
specimen dimension induces crack face contact during the unl
ing phase of the fatigue process.

Conclusions
Measurements of both the FSW microstructure and the th

dimensional residual stress field in an aluminum 2024-T3 ar
specimen, butt-welded by the friction stir weld technique we
performed.

The stressessLL and sTT , and sZZ obtained using neutron
diffraction show that~a! the longitudinal stress was the large
tensile component, with a maximum value of 105 MPa, with t
highest stresses occurring near the crown side of the spec
over the entire FSW region,~b! the transverse stress is approx
mately 70 percent of the longitudinal stress, with the larg
stresses occurring at mid-thickness,~c! sZZ is the largest compres
sive component with a maximum of240 MPa! located near the
root side (Z522.7 mm) and approximately 12 mm from wel
centerline, with a rapid transition to tensile stresses outside
shoulder diameter and~d! post-weld machining resulted in a sub
stantial reduction in residual stresses for the transverse cr
section which was close to the free boundary.

Furthermore, trends in each of the residual stress can be
dicted qualitatively based on recent modeling efforts which in
cate that the joining process involves the solid state, rotatio
extrusion and consolidation of material due to the motion of
FSW tool.
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