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ABSTRACT

We report a neutron diffraction study of residua stresses in 6061- T6 duminum friction stir
welds. The specimens were 6 mm thick plates friction stir welded in the buitt joint
configuration a two welding speeds, 279 and 787 mm/min, respectively. The experimentdly
determined residud stresses show a symmetric double-peak profile across the weld center
line, with the peaks located in the middle of the heat- affected zone. The maximum tensile
dress, which is in the longitudina direction, is 130 and 200 MPa, respectively. It isshown
that the difference in the resdud stressis due to a change in the microstructure and siress
relaxation that occurred as aresult of the longer heeting time associated with the low welding
gpeed. Theimpact of these resdud stresses on the mechanica properties of friction stir
welds is discussed.

INTRODUCTION

Friction gtir welding is an emerging solid-state joining technique [1]. The processis
illugtrated in Figure 1, where awed is formed by plunging a rotating nonconsumable tool
into the workpiece materids and driving the tool from beginning to finish. In the region of
contact, the welding tool generates frictiona heat and induces extensive plastic deformation
within the workpiece materids. Asthe tool moves forward, the deformed materids are
driven to the rear of the tool and mixed together, creating a dense, porosity-free weld zone.
Because they are made by solid-gtate joining methods, friction stir welds are inherently
immune from the cracking problems associated with solidification of liquid weld deposits.
Wedding rdaed digtortion is dso smdler due to the low heat input and the use of fixtures
during friction stir welding. In addition, high integrity welds with good mechanica
properties have been made using friction tir welding for severd classes of aloyswhich were
previousy deemed unweldable.

Despite the considerable progress made in recent years, the fundamental aspects of thermal-
mechanicd deformation in friction stir welds have not been well understood. In particular,
little information is available about the magnitudes of the resdud stressin friction stir welds,
much less about the impact of these stresses on the mechanica properties. The low heat
input and the forging force imposed by the todl in friction stir welding could lead to avery
different resdua stress profile than that generated by conventiond fuson welding.
Furthermore, the rotating tool adds a shear force in the stirred or weld zone. It is unclear how
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this shear force would modify the resultant resdua stress profile. 1ssues like these have
limited the broad use of this technology in many industrid applications.

Fg. 1 Schematic illudration of the friction stir welding process.

In this paper, we report a neutron diffraction study of resdua stresses in 6061- T6 duminum
(Al-6061-T6) friction stir welds made at two welding speeds (279 and 787 mm/min,
respectively). Al-6061-T6 isa hest treatable wrought auminum aloy. It has excdlent
acceptance of coatings and istypicaly used infittings, brake pistons, computer parts,
couplings, and valves. Dueto hot cracking problems, fuson welding of Al-6061 aloys
generdly requires the use of afiller meta, whose presence modifies the properties of the
welded region. However, using thefriction stir welding method, high integrity Al-6061
welds have been obtained in the aosence of afiller metd.

EXPERIMENTAL

The specimens were made by friction stir welding of two large (~150" 300 mm?), 6 mm thick
Al-6061-T6 plates in the butt joint configuration. Two specimens were prepared with a
welding speed of 279 and 787 mm/min, respectively, in order to investigate the influence of
welding speed on the magnitudes of the residual stress gnereated. Coupons of 200" 200° 6

were cut from each welded piece for resdua stress measurements. Additional coupons
were cut out of the remaining weld pieces for metalographic observations and hardness
measurements.

Samples for microgtructure analysis were mounted, and polished using sandard
metallographic procedures. The specimens were etched with Kellers reagent. Hardness
profile was taken & mid-depth at an interva of 0.25 mm across the samples using LECO
hardness tester with a diamond pyramid indenter and aload of 100 grams. The residua

stress measurements were conducted at the High Fux Isotope Reactor of Oak Ridge National
Laboratory usng amodified triple-axis spectrometer. Details of the instrument have been
givenprevioudy [2]. In the present experiment, a (3 3 1) reflection off an dadticaly bent S
crystal was used as the monochromator. The take-off angle for the monochromator was 84°
and the incident neutron wavelength was 1.513 A. A sampling volume of 2 2° 2 mm?® was



used in the neutron diffraction experiment and the measurements were made on amid
cross-section normd to the weld center line. The duminum (3 1 1) reflection was used for
determination of strains. The residua stresses were derived assuming the bi-axia stress
condition. For athin plate specimen under a bi-axid stress gate, the in-plane stresses can be
determined without the knowledge of the stress-free | attice parameter, do, which in this case
varies across the weld.

RESULTS

Optical micrographs taken on the metallography samples revealed four regions with distinct
microgtructures. (1) stirred or weld zone; (2) thermal-mechanicaly affected zone (3) heet-
affected zone; (4) base metd. No defects were observed in any of the samples examined.
The hardness data are shown in Figure 2. Asin welds of other duminum aloysin the fully
aged condition, Al-6061-T6 friction stir welds dso exhibit arather complex hardness profile.
Quadlitatively, the hardness profiles determined for these two specimens look smilar and are
characterized by the presence of two pairs of apesk and avalley located on each side of the
therma-mechanically affected zone. Congderable softening was observed in the weld zone.
However, the hardness in the weld and the thermal-mechanicdly affected zonesiis higher
than that in the heat-affected zone. This differenceis attributable to the dynamic
recrystalization that took place within the weld zone as aresult of the friction heat and
mechanica work [3]. In the heat-affected zone, the hardness increases with increasing
distance from the weld center and approaches that of the base metal (110 VHN) at 12-15mm
from the weld center.
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Fig. 2 Hardness profile in the vicinity of the weld zone. The base metd hasa
hardness of 110 VHN, asindicated by the horizontd bars. The shaded areas are
thermal-mechanicaly affected zones and between them is the weld zone.



Theresdud sressin Al-6061-T6 friction stir welds exhibits a double- peak profile across the
weld center line that is much amilar to that in fuson duminum welds[4-5]. The peaks are
located in the middle of the hegt-affected zone. For both specimens, the stress data obtained
at three depths (0, and +2 mm from mid- depth) reveded no evidence of through-thickness
dependence. In addition, no apparent asymmetry was observed with respect to the weld
center line, indicating thet the effect of asymmetric materia flow induced by the rotating tool

is not evident for the two specimens under investigation. Figures 3(a) and 3(b) shows the
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Fig. 3 Resdud dressin Al-6061-T6 friction stir welds for specimens made at
(@ 279 mm/min; (b) 787 mm/min. The estimated Sandard deviation is
approximately 15 MPa.



longitudina and transverse stress data for each specimen. The maximum tensile stress,
whichisin the longitudind direction, is 130 and 200 MPa, respectively, for the 279 and 787
mm/min specimens. These stress vaues amount to 53% and 73% of the yidd strength of
Al-6061-T6 dloy, which is 276 MPaat room temperature. To facilitate discussions, the
hardness data are dso plotted in the figures. For both specimens, the transverse stress is
smdl a dl locations.

DISCUSSION

As can be seen from Figures 2- 3, the microstructure and residua stressin friction stir welds
are srongly influenced by the welding speed. Despite exhibiting smilar spatia dependence,
the hardness and resdud stress differ sgnificantly in magnitudes for welds made at different
welding speeds. Because duminum is an excellent therma conductor, the longer heating
time associated with the lower welding speed widens the heat- affected zone and continued
hesting lowers the minimum in hardness & the outer edges of the therma- mechanicaly
affected zone. These microdructura changesin turn affect the development of residua
stresses. The extended hest-affected zone resultsin aredigtribution of resdua stresses, with
reduced pesk stress. The lower minimum in hardness means lower yield strength, which
further limits the development of tensle resdud stresses. In addition, stress relaxation
occurs. This effect isreadily seen when comparing the longitudind stressin the weld and
therma-mechanicaly affected zones. In these regions, the longitudina residua stressis
consderably lower in the specimen made a low welding speed, even though the hardnessis
of Smilar magnitudes.

Weding speed aso affects the mechanical properties of friction stir welds [6-7]. Hashimoto
et d. [6] demondrated that for agiven duminum dloy, high strength friction stir welds are
obtained when the welding speed fals within a processing window. When the welding speed
istoo high, surface and sub-surface defects form, lowering the notch tensile strength in the
weld zone. At low welding speed, the notch tensile strength is negatively affected by the
formation of a softened zone. Detailed studies by North et . [8] found that the notch tensile
grength, in fact, scaes with the width of the softened zone and when a small softened zone is
produced, the notch tensile strength of the joint approaches that of the base metd. Ina
Separate study, Karlsson et a. [9] noted that for Al-6082 friction stir welds, whose hardness
profile resembles that of the Al-6061-T6, fracture occursin the softest region outside the
weld zone. On the other hand, for 5083 auminum alloys, whose hardness exhibits hardly
any variation across the weld, fracture was found mostly in the weld zone. Fatigue tests by
Bussu and Irving [10] showed thet the region of minimum hardness is so where most of the
fatigue cracks wereinitiated. Thus, from microgtructure point of view, higher welding speed
produces friction stir welds with improved mechanical properties, so long as defects are not
formed.

It should be noted, however, that in dl of the works referenced above, the specimens were
quite smal in which much of the resdud siresses are relaxed due to specimen preparation.
Inreal components, where sgnificant resdua stresses are present, the influence of the
resdud stress cannot be ignored. The present experiment has shown that higher welding
gpeed dso leads to a higher tengleresdua stress. This gpparently will negate the effect
produced by the less softened microstructure. To quantify the influence of the resdud stress,
mechanica testing results on large welded pieces are needed. Once the influence of the



resdud sressis established, it should be possible to optimize the welding speed, or in
generd welding parameters for that matter, based on a compromise between the
microgructure and residua stressto produce friction stir welds with desirable mechanica

properties.
CONCLUDING REMARKS

Resdud stressesin Al-6061-T6 friction stir welds were determined with neutron diffraction
and the influence of welding speed was investigated. The experimenta data show that
resdud sressesin Al-6061-T6 friction stir welds exhibit a double-peak profile across the
weld center line, with the pesks located in the middle of the heat-affected zone. Welding
gpeed has sgnificant influence on the magnitude and spatid digtribution of the resulting
resdud sresses. The specimen made at low welding speed exhibits lower residud stress,
due to a change in the microgtructure and stress relaxation that occurred as aresult of the
longer heeting time associated with the low welding speed.  Further development of friction
gir welding techniques requires quantitative assessment of the influence of the resdud stress
on the mechanica properties of welded components.

ACKNOWLEDGEMENT

This research was supported in part by the U. S. Department of Energy, Assistant Secretary
for Energy Efficiency and Renewable Energy, Office of Trangportation Technologies as part
of the High Temperature Materids Laboratory User Program. Neutron diffraction
measurements were made at the High Flux 1sotope Reactor, operated with the support from
U.S. Department of Energy, Office of Basic Energy Sciences. Oak Ridge Nationa
Laboratory is managed by Lockheed Martin Energy Research Corporation for the U.S.
Department of Energy under contract number DE-A C05-960R22464.

References

1. W. M. Thomas, International Patent Application, No. PCT/GB92/02203, June 10, 1993.

2. X.-L.Wang, C. R. Hubbard, S. Spooner, S. A. David, B. H. Rabin, and R. L. Williamson,
"Mapping of the resdud stress distribution within abrazed zirconia-ironjoint,” Mat. Sci.
Eng. A211, 45-53 (1996).

3. L.E Murr, G. Liu,and J. C. McClure, “A TEM Study of Precipitation and Related
Microstructures in Friction Stir Welded 6061 Aluminum,” J. Mat. Sci., 33, 1243-1251
(1998)

4. K. Masubuchi, Analysis of Welded Structures, Pergamon Press, United Kingdom,

Chapter 6 (1980).

5. X.-L.Wang, S. Spooner, C. R. Hubbard, Z. Feng, B. Tdjat, “ Characterization of Welding
Residua Stresses with Neutron Diffraction,” pp. 491-494 in Proceedings of the 1998
SEM Spring Conference on Experimental and Applied Mechanics, Society for
Experimental Mechanics, Bethel, Connecticut (1998).

6. T.Hashimoto, S. Jyogan, K. Nakata, Y. G. Kim, and M. Ushio, “FSW joints of high strength
auminum aloy,” Paper # 9-3in Proceedings of the 1* International Symposiumon Friction Stir
Welding (June 14-16, 1999, Thousand Oaks, Cdlifornia, USA), The Welding Indtitute,
Cambridge, United Kingdom (CD-ROM).



7.

10.

G. Bidlas, R. Braun, C. D. Donne, G. Staniek, and W. A. Kaysser, “Mechanical

properties and corrosion behavior of friction stir welds,” Paper # 3-3in Proceedings of the
1% International Symposium on Friction Stir Welding (June 14-16, 1999, Thousand Oaks,
Cdifornia, USA), The Welding Ingtitute, Cambridge, United Kingdom (CD-ROM).

T. North, G. Bendzsak, C. Madonado, and Y. Zhai, “New advancesin friction welding,”
pp.533-540in Trends in Welding Research, Edited by J. M. Vitek et d., ASM
International, Materials Park, Ohio, USA (1999).

L. Karlsson, L.-E. Svensson, and H. Larsson, “Characterigtics of friction stir welded
duminum dloys,” pp. 574-579, Trendsin Welding Research, Edited by J. M. Vitek et d.,
ASM International, Materids Park, Ohio, USA (1999).

G. Bussu and P. E. Irving, “Fatigue performance of friction stir welded 2024-T351 duminum
joints,” Paper # 3-1in Proceedings of the 1% International Symposiumon Friction Stir Welding
(June 14-16, 1999, Thousand Oaks, Cdifornia, USA), The Welding Ingtitute, Cambridge, United
Kingdom (CD-ROM).



