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University of So_ulh Carolina, butt-welded by the friction stir technique, was performed by neutron diffraction. Results
Golumbia, SC 29208 indicate that the residual stress distribution profiles across the weld region are asymmet-

ric with respect to the weld centerline, with the largest gradients in the measured residual
stress components occurring on the advancing side of the weld, with the longitudinal

D.-Q. Wang stress,o, oriented along the weld line, as the largest stress. Within the region inside the
C. R. Hubbard shou_lder diametc_er, the through-thickness stress, is _entirely compressive, with Iarge
- . gradients occurring along the transverse direction just beyond the shoulder region. In
) ] addition, results indicate a significant reduction in the observed residual stresses for a
High Temperature Materials Lab, transverse section that was somewhat closer to the free edge of an Arcan specimen.
Oak Ridge National Laboratory, Microstructural studies indicate that the grain size in the weld nugget, is approximately
Oak Ridge, TN 37830 6.4 microns, with the maximum extent of the recrystallized zone extending to 6 mm

on each side of the weld centerline. Outside of this region, the plate material has an
unrecrystallized grain structure that consists of pancake shaped grains ranging up to
several mm in size in two dimensions and 10 microns in through-thickness dimension.
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1 Introduction ness, ot (transverspando (longitudina), were measured using
- . . . . _— . the neutron diffraction technique. To obtain reliable residual stress
velr:::ecéloar; ?\;(/mildllg%(lFs‘lyk\?eli)%sggsd §e§§|ijglglggep£ﬂgezz ';E glqeasurements, miprostructural measurements .vyere.made to deter-
temperatures experienéed near the weld are lower than those ne how the grain structure varies with position in the FSW,
perienced during fusion welding and there are no large densgg\”dmg information regarding required sampling volume size.
S . f g sults for each stress component are presented and discussed in
changes due to a solid-liquid transformation. It is anticipated thﬁ.}e following sections
FSW will result in lower residual stress and distortion when com- '
pared to fusion welding techniqués]. Thein-situ extrusion pro- )
cess used to produce the FSW results in a gradation of microstrdc- Experimental Methods
ture across the weld. In the 2024-T3 alloy considered here, aThe material used in this work is a rolled 2024-T3 aluminum
refined, equiaxed grain structure is observed in the weld nuggghte (Al-4.5 percent Cu-1.5 percent Mg based alloygving a
and large grains elongated in the rolling direction comprise thgickness of 7 mm. In this work, a 1.22 m by 2.44 m plate was cut
parent material. Typical joint strength for 2024-T3 FSW's is in thento two square pieces, with the plane of the cut being perpendicu-
range of 80—85 percent of the base metal. lar to the rolling direction. As shown in Fig. 1, these sections were
Advantages of the FSW process for welding aluminum includgiction stir welded together using a tool having a 23.0 mm diam-
elimination of consumables such as filler wire and shielding gaster shoulder and an 8.2 mm diameter pin. Measured process pa-
no solidification zone in the weld region, thereby mitigatingameters were a rotational speed of 360 rpm and a travel speed of
cracking problems associated with segregation during solidifica:3 mm/s perpendicular to the rolling direction of the sheet.
tion of the weld metal. In addition, the FSW process allows one to Figure 1 shows a crown-side view of a typical FSW used in this
fabricate butt- and lap-seam welds between wrought, cast, apdrk. During the FSW process, the tool shoulder contacts the
extruded materials, leading to simplified fabrication processegwn sideof the two sections during processing while tloet
while producing none of the health hazards typically associateitieis in direct contact with a backing plate and opposite to the
with welds (e.g., fume, spatter, and radiation, gtc. crown side. Theadvancing and retreating sidesf the weld cor-
As a relatively new manufacturing process, there is little pubespond to where the maximum and minimum relative velocities
lished research on how friction stir welding affects the fatigubetween the tool and work-piece are observed.
crack growth and tearing strength of structural components. ForAfter completing the welding process outlined above, the sheet
example, it is well known that residual stresses can affect tias cut into several Arcan specimens. The Arcan specimens,
fatigue crack growth process, and possibly the ductile tearing bghich were used in this work to determine the residual stress
havior under mixed mode loadin@]. To better understand the distribution after friction stir welding, are shown in Fig. 2.
response of a FSW structure undergoing general loading, as wel

as its true fatigue crack growth resistance, the residual stress Qi . . . .
tribution is needed. rast images of each FSW microstructure, metallographlq speci-
gns were prepared by standard techniques and etched with either

In this study, the three residual normal stress components , ) . - .
measured in the FSW region of an Arcan specimen machin ller’s etch, Barkers_etch,_or hydr_ofluorlg acid. Al photomlcro-_
graphs were taken using either a light microscope or a scanning

from aluminum 2024-T3. The residual stresses(through thick- . ; .
2es( g electron microscop€SEM), depending upon the size of the fea-
comtibuted by the Materials Division f biication in theuR . tures to be characterized. Figure 3 presents a schematic of a FSW
ontripute y the Materials Division Tor publication in NAL OF ENGI- H : H H
NEERING MATERIALS AND TECHNOLOGY. Manuscript received by the Materials specimen, along with definitions for both the Cartesian axes and

Division March 23, 2001; revised manuscript received July 20, 2001. Associa?@cnon plapes ';Jse.d in thiS work.. As .Shown in Fig. 3, the longitu-
Editor: S. Mall. dinal (L) axis coincides with the direction of tool travel. The depth

2.1 Microstructure in FSW Region. To acquire high con-
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(2) axis is in the specimen thickness direction and directed to-
wards the weld crown. The transver@@ axis is perpendicular to

the direction of tool travel and is directed towards the advancing > «
side of the weld; depending upon the direction of tool rotation, the
L-T-Z coordinate will either be a right-hand€é@W tool rotation
or left-handed(CCW tool rotation) system. In this work, it is @ Fig. 4 Microstructure as a function of transverse location in
left-handed coordinate system. The origin of th€l-Z coordi- vertical transverse cross-section at mid-thickness of specimen
nate system is at mid-thickness at the weld centerline, where t®=0)
longitudinal location of the origin within the specimen is arbitrary.

Each vertical transverse cross-sectida parallel to theT-Z
plane and perpendicular to the longitudinal axisvektical longi- . ) . o
tudinal cross-sectioiis parallel to theL-Z plane and located at a INg side of the weld, respectively. Rorizontal cross-sectioms
pre-selected = T, location. The positive and negative values foParallél to theL-T plane and located at a depth posititr Z, .

T, correspond to cross-sections on the advancing side and retrddl€ POsitive and negative values fdf, correspond to cross-
sections on the crown side and root side of the weld, respectively.

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

2mm  2mm 1.5mm 3mm

1524
63.5
<4 N l; —
wy
i LN 1-6.35 |
10 D
Center-line| | o __?“- \ SN
™ 1] -.,up_
RI534N,
5450
All dimensions in mm 7

Fig. 2 Arcan specimen with location of friction stir weld
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Fig. 3 Coordinate system and cross-sectional designations Fig. 5 Microstructure as a function of through-thickness loca-
for micro-structural investigations tion in vertical direction
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the microstructure evolved within a vertical transverse section as a R
function of transverse position and depth. The central portion of [ “**"#®° Ad

: Y4

o A ) ' side A Retreating side
the friction stir weld, or “nugget,” has a refined microstructure EGr dT v s e s heaens o
that is consistent in general character with previous observations P 1—* e 0.0 040000 g

. , . e < " 4 00— o 0/ 0 0 O

[3-5]. At the edge of the welding tool's pin, an abrupt transition T {1 o ¢oe eeooeoe000 o
occurs from the highly refined, equiaxed, grains comprising the B(D) 3412 pesswy e A(C)
nugget to the deformed base metal grains. At a location corre- 30 20 10 0 10 20 -30
sponding to approximately the tool shoulder radius on the advanc- [ .., e o Few o
ing side, a relatively coarse, recrystallized grain structure is ob- Measurement locations in sections ABEF

served. At 45 mm from the edge of the shoulder, the

microstructure appears to be identical to the original, elongated

grain structure present in the rolled, 2024-T3 base material.
Figure 5 shows how the microstructure changes with through-

thickness position in a vertical longitudinal cross-sectioh (

=0). As one travels from the crown to the root of the FSW, the

grain size decreases, most likely due to the higher heat input near

the crown that causes additional grain growth in this region. As

the trailing edge of the shoulder passes over the welded material,

a substantial amount of heat is generated causing grain coarsening

in the crown relative to the root of the weld. 6.3
In summary, the grain size variation across and through the

FSW region has been investigated. In the weld nugget, the aver- 7

age grain size is 6.4 microns. The maximum extent of the recrys- A

tallized zone is 6 mm on each side of the weld centerline. Outside

of this region, the plate material has an unrecrystallized grajfyy 6 schematic of Arcan specimen with measurement loca-

structure that consists of pancake shaped grains that are elongaid (all units are in mm )

in the L-T directions and thin in th& direction; approximate

unrecrystallized grain size is 10 microns in tAalirection, and

several millimeters along both the rolling directidn and trans-

verse direction(T). It is noted that this variation in grain structure

L\su%pg:lﬁ)lyc;f friction stir welds in recrystallization-resistant alum"corresponding to the, T, andZ directions, respectively provid-

ing sufficient information to obtain the three normal stressges
2.2 Microstructure and Neutron Diffraction. Results oy, andoz, but not the shear stresses.

from the microscopy studies indicate that an average grain size o

6.4 microns is present across the weld centerline. This refi

grain structure assures that a good statistical average will be

tained usin ical neutron diffraction sampling volume siz : . : . .
(e.g., 2 mmgztxwpmxz mm). Furthermore, our npeut?on diffraction Were cut from various locations in the FSW weld region using the

results indicate that texture effects are minimal, as the neutrghecmc _dls_charge machining proce(ﬁ)l\_/l). Results f_r_om these .
diffraction peak intensity had only minor variations. studies indicate that the effects of chemical composition and grain

size were quite small, introducing diffraction angle variations
2.3 Neutron Diffraction Measurements. As shown in Fig. <0.01 deg throughout the weld region. Thus, the baseline tests
6, the normal stresses;, o1, and o were determined within indicated that a single initial atomic spacing was sufficient
two planar transverse sections, ABEF and CDGH, that cross tti@oughout the FSW region.
weld line with 65 data points in each section. The13 rectan- With regard to the neutron diffraction measurements, it is noted
gular grid of data locations is symmetric about both the welghat all of the data was corrected for the effect of sample volume
centerline and the transverse axis. Spacing is 1.25 mm in téige since previous studies have shown that changing the sampling
normal (2) direction for all data points anda) 4 mm for the volume (e.g., slit siz¢ will induce an error in the angular mea-
eleven inner rows antb) 6 mm for the outer two sampling rows. surements due to the difference in intensity uniformity in the sam-
All neutron diffraction measurements were made at the High Fligfing volumes. Using the following procedure, all of the 1x10
Isotope Reactor of Oak Ridge National Laboratory using a mocﬁmg diffraction angle data was corrected to achieve the same
fied triple-axis spectromet¢6]. A doubly focusing silicon crystal paseline values as obtained for the2x2 mn? during calibra-
monochromator was used in the experiment. The take-off angjgn tests. First, the initial atomic spacing in a stress-free reference
for the (311 Si reflection of the monochromator was 84 deg, andample was obtained by performing neutron scattering experi-
the incident neutron wavelength was 1.65 A. The alumii@81)  ments using both sampling volumes. By comparing the measured
reflection was used for determining the strains. _diffraction angle data obtained by both sampling volumes, and
Sampling volumes were>22x2 mn? for longitudinal strain assuming that the smallest sampling voluf@&2x2 mnt) is the
measurements and T(x1(Z)x10(L) mn? for both through- reference state, all diffraction angle data for each neutron detector
thickness and transverse strain measurements. The re5|qH§[ was obtained using thex11x10 mn? sample volumes were

stresses were calculated using strain-stress conversion equatif}sacted byAd. Thus, if the diffraction angles for a given neutron
according to an isotropic, homogeneous form of Hooke's law: yeatector and a X1X10 mn? sampling volume is;, then the

corrected diffraction angle for the X11x10 mn? volume is
E vE georected. g L A g
1 1 .

n .4 Calibration. To obtain the initial atomic spacing as a
f%r_lction of position within the weld region, long, rectangular
e(éomb-like samples with size 3 mit(X3 mm (Z) X 24 mm (L),

Ti T, fi T (1+v)(1—-2v) % &k @ Based on the experimental neutron diffraction angle data, an

estimate for the standard deviation in each measured strain com-
wherek is a dummy suffix summing over ak (i.e., e, ,=g11 ponentis 25ustrain, which corresponds to a standard deviation in
+e5te39); E, the Youngs modulusy, the Poissons ratiog;;, — stress of approximately 4 Mpa. The effects of material anisotropy
Kronecker’s delta function. In this work, neutron diffraction datand sample re-positioning errors are not included in this error
was obtained along three perpendicular directi¢hs2 and 3 analysis.
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Fig. 7 Longitudinal stress distribution in sections (a) CDGH and (b) ABEF

3 Residual Longitudinal, Transverse and Through- Consistent with the presence of a free boundary nearby, all three
Thickness Stresses components of normal stress on CDGH were lower than measured

. o at the centerline:~15-20 MPa for bothr | and , and ~5
Figures 7, 8, and 9 present the longitudinal, transverse a| a foroy, L arr

through-thickness normal stresses throughout the FSW region in .
the Al-2024-T3 friction stir weld Arcan specimen. The measur§g.A” three componentsy, | andorr, andoz;, are asymmetric

ment locations are shown on each figure as open circles. The ’[%I? respect to the weld centerline. Furthermore, inspection of
in Figs. 7—9 reveal that the residual stress distribution is a stron S. 7-9 clearly shows that the largest gradients in the residual

function of the {T,Z) position in the weld region and a somewhaf’ rmal stress occur on the advanqng side of the We'd- The trans-
weaker function of the. position. verse locations of the largest residual stress gradients are in the

Similar to residual stress distributions observed in fusion weld@£°XIMity .Of the shoulder diameter anq 10 mm peyond the ad-
[6,7], the longitudinal stress was the largest tensile componel} ncing side location where sharp gradients in microstructure are

with a maximum stress of 105 MPa locatedTat 7.5 mm from Observedsee Fig. 5 Though still a subject of debate, it is specu-
the weld centerlinéFig. 7) on the advancing side of the weld andated that the higher reS|duaI_stress gradients in _thls region are
at plate mid-thicknessZ~0); only a narrow region within the _rela_ted to higher thermal gradle_nts on the advancmg side, result-
nugget near the root side of the weld has residual longitudinB@ in the observed asymmetry in the measured residual stresses.
stresses lower than 75 Mpa. As shown in Fig. 8, the transversdn this study, the normal, transverse, and longitudinal strains
normal stress is tensile in the weld nugget region with a maximufeasured by neutron diffraction are three of the strain components
of 70 MPa near the plate mid-thickness. As shown in Fig. 9, ti& each pointin the field. Inspection of the shoulder region in Figs.
through-thickness normal stress was the largest compressive cdm?9 indicates that gradient terms suctvas;/dT, do /dT and
ponent with a maximum of-40 MP3 located near the root side dorr/JdZ are nonzero, resulting in nonzero gradients in shear
(Z=-2.7mm) and approximately 12 mm from weld centerlinstresses. Under such conditions, finite residual shear stresses are
on both the advancing and retreating sides of the weld. likely to be a general feature with the FSW region; similar results
Under the assumption that the residual shear stresses are neggire observed recently] for a butt-welded steel plate. Addi-
gible, Fig. 10 shows both the measurement locations and how tienal neutron diffraction experiments currently are being con-
effective stress varies throughout the weld region. As shown ducted on this specimen to determine the magnitude of the shear
Fig. 10, the largest residual effective stresses are located just aitesses in these regions.
side the pin diameter, extending from the crown side towardsAs outlined in recent analytical and computational wiB}g], a

mid-thickness. friction stir weld is obtained by rotational extrusion of material
. . around the tool and pin within a transverse region that is approxi-
4 Discussion of Results mately bounded by the shoulder diameter at the crown and the pin

The effect of post-weld machining of the friction stir weldeddiameter at the root, forming what may be called an extrusion
plate into the Arcan specimen is clearly visible through dire@one. Due to the complexity of the FSW process, models of the
comparison of the results in Figs. 7—9 for the planes COG¢ar process that are capable of predicting the residual stress fields
the machined surfagend ABEF(near the specimen centerljne have not been developed. Lacking a reliable model, the following
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Fig. 8 Transverse stress distribution in sections (a) CDGH and (b) ABEF
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Fig. 9 Normal stress distribution in sections (a) CDGH and (b) ABEF
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Fig. 10 Equivalent stress distribution in sections (a) CDGH and (b) ABEF

mechanics-based explanation is provided in an effort to providestve residual stresez; when released, the resulting increase in
qualitative framework for understanding the overall trends shovapecimen dimension induces crack face contact during the unload-
in Figs. 7-9. ing phase of the fatigue process.

Consolidation of the FSW material is achieved within the ex- )
trusion zone through downward forces exerted by the tool sho@onclusions
der. Due to the deformation constraint provided by the relatively npeasurements of both the ESW microstructure and the three-

cold material along each side of the extrusion zone, heating of thgnensional residual stress field in an aluminum 2024-T3 arcan

extruded material will result in thermal expansion that cannot %ecimen butt-welded by the friction stir weld technique were
accommodated by the surrounding material. Thus, the extrudﬁg,formed_

material experiencesompressive plastic strains in both the trans- pe stressesr,, and orr, and o5, obtained using neutron

verse and longitudinal directionsSince the plastic state is incom-gifraction show that(a) the longitudinal stress was the largest
pressible, this requires that thextruded material must undergo tensjle component, with a maximum value of 105 MPa, with the
extensional plastic strain in the Z-directioAs the extrusion zone highest stresses occurring near the crown side of the specimen
is def_ormlng plastlcally, the mate_rlal outside o_f the extrusion zonger the entire FSW regiorih) the transverse stress is approxi-
remains elastic. Thus, after cooling, the elastic material surroungyiely 70 percent of the longitudinal stress, with the largest
ing the extrusion zone_W|II attempt to return to its _|n|_t|al configustresses occurring at mid-thicknegs, o, is the largest compres-
ration. Since the plastically deformed material within the extrusjye component with a maximum 6f40 MP3 located near the
sion zone will try to retain its permanent deformation, theyot side €=—2.7mm) and approximately 12 mm from weld
resulting incompatibility between these two states resultéin centerline, with a rapid transition to tensile stresses outside the
tensile transverse and I_ongltudlnal_stresses in Wt_sld zongland ghoulder diameter an@l) post-weld machining resulted in a sub-
compressive through-thickness residual stresses in the weld zafigntial reduction in residual stresses for the transverse cross-
Qualitatively, the preceding description is consistent with resaction which was close to the free boundary.
sults shown in Figs. 7—-10. However, details in the residual stressgyrthermore, trends in each of the residual stress can be pre-
field (e.g., largets;; compressive stresses in the shoulder regiojicted qualitatively based on recent modeling efforts which indi-
will - require additional information, ideally from three- cate that the joining process involves the solid state, rotational

dimensional model results. _ _ extrusion and consolidation of material due to the motion of the
It is worth noting that the authors have obtain experimentglsyy tool.

evidence which indirectly supports the trendsoin noted in this
work. Recently, the authors performed &y, fatigue tests with
an initially planar, through-thickness flaw located in a vertica{?‘CknOWIedgments

transverse cross-section, where the planar crack propagated alorigesearch sponsored by the Assistant Secretary for Energy Effi-
the centerline of the FSW. By increasikg,.,, the authors were ciency and Renewable Energy, Office of Transportation Technolo-
able to induce slant fatigue crack growth. However, immediatefjies, as part of the High Temperature Materials Laboratory User
after slant crack growth occurred, crack surface interference wasogram, Oak Ridge National Laboratory, managed by UT-

observed. This trend is consistent with the presence of compr&sitelle, LLC, for the U.S. Dept. of Energy under contract DE-
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