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Abstract—In this work, two simple but effective strategies were proposed to optimize friction-stir welding
of 6061-T6 aluminum alloy. The first one involved an optimization of welding variables to provide a combi-
nation of a relatively high welding temperature and the shortest possible thermal cycle during friction-stir
welding. This inhibited precipitation coarsening in the heat-affected zone and resulted in considerable resid-
ual stress. Accordingly, the produced welds exhibited excellent strength characteristics under static and cy-
clic loading conditions. The second method was based on the application of the standard postweld T6 tem-
pering. To avoid the abnormal grain growth, which usually occurs during solutionizing of aluminum friction-
stir welds, a prestrain rolling was employed prior to the material tempering. This promoted an activation of
recrystallization processes during subsequent heat treatment, thus suppressing the abnormal grain growth.

Keywords: heat-treatable aluminum alloys, friction-stir welding (FSW), heat treatment, precipitation

strengthening, abnormal grain growth, fatigue

DOI: 10.1134/S1029959920050057

1. INTRODUCTION
1.1. Weldability of Heat-Treatable Aluminum Alloys

Due to attractive combination of low density, good
service properties and reasonably low cost, heat-trea-
table aluminum alloys are widely used in transporta-
tion industry. However, a significant problem of such
materials is a relatively poor weldability by conven-
tional fusion techniques. This necessitates using a riv-
eting approach for manufacturing of large-scale avia-
tion structures thus increasing their total weight and
cost and degrading performance. In this regard, fric-
tion-stir welding (FSW), an innovative technology, is
widely considered as a very promising candidate for
joining of these alloys [1, 2]. Being a solid-state tech-
nique, friction-stir welding avoids (or minimizes) soli-
dification problems associated with the fusion welding
and therefore may produce high-quality welds with
excellent mechanical characteristics. In aviation in-
dustry, friction-stir welding may replace riveting and
thereby principally improve the manufacturing tech-
nology.

Given industrial significance of friction-stir weld-
ing of heat-treatable aluminum alloys, significant ef-
forts have been undertaken recently to explore the

fundamental aspects of this process and thus to effi-
ciently control the weld properties. Some of the most
important results are briefly summarized below.

1.2. Precipitation Phenomena Induced
by Friction-Stir Welding

Since the strength characteristics of the heat-trea-
table aluminum alloys are essentially contributed by
nanoscale coherent precipitates, the particle behavior
during friction-stir welding represents a particular in-
terest.

Due to the large temperature gradient associated
with friction-stir welding, the welded material may
experience complex precipitation phenomena. In the
microstructural region exposing at relatively low tem-
peratures (the so-called heat-affected zone), an essen-
tial coarsening of the strengthening dispersoids is usu-
ally found [3-26]. This normally leads to the loss of
coherent relationship between the particles and alumi-
num matrix [13, 21, 27]. The both processes result in
essential material softening [6-8, 14, 15, 19, 21, 25,
28, 29]. In 7xxx alloys, a development of precipita-
tion-free zones along grain boundaries has been also
observed [3, 30].
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In the microstructural areas experiencing an influ-
ence of relatively high temperatures (i.e., the so-called
thermo-mechanically affected zone and the stir zone),
the precipitates typically dissolve, thus also degrading
the strength characteristics of the welded material [3—
8, 11, 13-15, 17-22, 24-26, 31-39]. However, de-
pending on the cooling rate, the particles may partially
reprecipitate during weld cooling cycle [3, 14, 15, 19—
23, 31, 39], thus partially restoring the material
strength. Since the welded microstructure may contain
numerous crystal defects (e.g., dislocations, subgrain
and grain boundaries) as well as survived second-
phase particles, the reprecipitation may occur in a he-
terogeneous manner [3, 22, 23, 31].

The particles coarsening observed in the heat-af-
fected zone is often considered as the most detrimen-
tal effect of friction-stir welding, because it could not
been recovered during standard postweld aging treat-
ment [5, 28]. This phenomenon may give rise to rela-
tively low joint efficiency' of friction-stir welded
heat-treatable aluminum alloys.

It was suggested by the authors that the production
of high-strength welds in heat-treatable alloys may be
possible via enhancement of the particle dissolution
but suppressing of the particle coarsening processes.
In this case, friction-stir welding thermal cycle would
be similar to a typical solution heat treatment and thus
the weld properties could be efficiently recovered du-
ing the subsequent aging.

The particle dissolution may be achieved by the in-
creasing of the weld temperature at high tool rota-
tional rates. On the other hand, the suppression of the
particle coarsening may be realized by the shortening
of the weld thermal cycle at relatively high welding
speeds. It was hypothesized, therefore, that an opti-
mized friction-stir welding, which involves a combi-
nation of a high tool rotational rate and a high welding
speed, may improve the joint efficiency of the fric-
tion-stir welded heat-treatable aluminum alloys.

1.3. Abnormal Grain Growth during
Post-Weld Heat Treatment

An alternative approach to avoid the undesirable
effect of the particle coarsening in the heat-affected
zone is an application of the standard T6 tempering of
the produced welds. T6 tempering includes solutioniz-
ing treatment followed by artificial aging and may
provide a relatively uniform precipitation of strength-
ening dispersoids across the welded material. How-

! The joint efficiency represents the ratio of the strength of
the welded joint to the strength of the base material.
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ever, the first experiments in this area have shown that
the high-temperature annealing of friction-stir welded
materials frequently gives rise to an abnormal grain
growth in the stir zone [28, 40—76]. This phenomenon
involves a catastrophic growth of few grains, which
may consume an entire stir zone and thus result in
substantial degradation of weld ductility [28].

Despite the abnormal grain growth is known for
many years, the origin of this phenomenon is still not
completely clear. The extensive recent research has
demonstrated that the abnormal grain growth in fric-
tion-stir welded joints is sensitive to welding condi-
tions; specifically, the welds produced at relatively
high heat-input usually demonstrate relatively high
thermal stability [40—48]. It has been also established
that the catastrophic grain growth often initiates either
from the upper surface of the stir zone or from the
weld root [40, 45, 48-51]. This observation is some-
times attributed to a specific microstructures produced
in these areas during friction-stir welding [49]. It is in-
teresting to note that crystallographic orientations of
the abnormally growing grains have been recently
found to be not random [50]. By analogy with the the-
ory of recrystallization texture, this effect was ex-
plained in terms of increased mobility of 40°(111)
boundaries in face-centered cubic crystals [77].

From a broad perspective, the abnormal grain
growth in the friction-stirred materials is often inter-
preted in terms of the so-called Humphreys’ cellular
model [78, 79], i.e. virtually attributed to a local imba-
lance between the grain-growth pressure and the pin-
ning force exerting by either low-angle boundaries or
second-phase particles. It should be emphasized in
this context, that the friction-stir welded materials are
characterized by a considerable microstructural gradi-
ent, which is not accounted in the above model. Ac-
cordingly, the genesis of the abnormal grain growth in
friction-stir welds is still not completely clear and
therefore there is no clear understanding of how to
suppress this effect.

It is worth noting in this regard that ~50 years ago
a simple but effective approach for inhibition of the
abnormal grain growth has been proposed [80]. It in-
volved a prestrain rolling and was based on the idea of
activation of recrystallization instead of the abnormal
grain growth during subsequent annealing. To the best
of the authors’ knowledge, this technique has not been
applied for friction-stir welded material so far.

1.4. Fatigue Performance of Friction-Stir Welds

Since the welded structures in transportation sector
are typically undergone a cyclic loading, an evaluation
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of the fatigue behavior of friction-stir welded heat-
treatable aluminum alloys is of particular importance.
Accordingly, this topic is currently attracting a sub-
stantial interest, thus being a research hotspot [1, 2, 4,
81-107].

An extensive research over the last two decades
has conclusively demonstrated that fatigue properties
of friction-stir joints are superior to that of conventio-
nal fusion welds [1, 2, 81-83]. On the other hand, fa-
tigue performance of friction-stir weldments is nor-
mally lower than that of the base material [1, 2, 84,
85].

It is long time known that a fatigue crack often
(though not always) initiates from the imperfections
of a specimen surface. Accordingly, the characteristic
tool marks, which are normally produced on a weld
surface during friction-stir welding, are of a great con-
cern. The relatively sharp profile of these weld fea-
tures give rise to stress concentrations and therefore
those may serve as favorable sites for the fatigue
crack nucleation [1, 2]. Therefore, an elimination of
such tool marks by a machining prior to the fatigue
tests may essentially enhance the fatigue life [1, 2,
86].

In the machined welds, where the surface finish is
not a critical issue, three factors are believed to play
the key role in fatigue resistance: welding defects, re-
sidual stress, and microstructure [1, 2]. Without detail-
ed consideration of these factors, as well as their inter-
actions, it is hard to explain the fatigue behavior. This
may be one of the possible reasons for relatively large
experimental scattering of the fatigue results reported
in the friction-stir welding literature [2].

Despite the welding defects are usually considered
to be deteriorating for the fatigue behavior, it has been
recently shown that up to a certain size they may be
tolerable without significant compromising of fatigue
life [87]. On the other hand, due to the specific cha-
racter of friction-stir welding process, the produced
welds normally contain an unbonded region at the
weld root (the so-called “kissing bond™) [108]. This
inherent attribute of friction-stir welding joint my
serve as a precursor for a fatigue crack [88, 89]. Ac-
cordingly, this issue should be taken into account
when considering even nominally defect-free welds.

Since friction-stir welding results in localized heat-
ing, the concomitant thermal expansion of the welded
material gives rise to residual stress. This may signifi-
cantly affect fatigue behavior [1, 2, 90-96]. Specifi-
cally, the nucleation as well as propagation of the fa-
tigue cracks is well known to be promoted the tensile
residual stress. On the other hand, the compressive re-
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sidual stress is believed to be beneficial for suppres-
sion of the fatigue cracks. Often, an introduction of
the compressive stress in friction-stir welded materi-
als, for instance, by using a shot peening or a low-
plasticity burnishing, are recommended to improve
the fatigue resistance [92, 93, 95]. On the other hand,
a stress-relief heat treatment may result in degradation
of the fatigue strength [2].

Considering the microstructural factor influencing
the fatigue behavior, the precipitation coarsening in
the heat-affected zone is believed to be the most unde-
sirable effect [11, 109—112]. Specifically, the fatigue
failure is frequently observed to occur in the heat-af-
fected zone [111, 112].

It has been suggested that the optimization of fric-
tion-stir welding conditions, as discussed in Sect. 1.2,
may essentially narrow the heat-affected zone as well
as to result in relatively high compressive residual
stresses. Both these factors may improve fatigue per-
formance of friction-stir welded heat-treatable alloys.

1.5. Motivation of This Work

Significant microstructural changes occurring du-
ring friction-stir welding as well as during subsequent
heat treatment may result in degradation of mechani-
cal properties of heat-treatable aluminum alloys. The-
refore the aim of the present work was an optimiza-
tion of these technological steps in order to provide a
nearly-100-pct joint efficiency. Two strategies were
used for this purpose.

First, the welding variables were optimized to en-
sure a combination of a relatively high welding tem-
perature and the shortest possible thermal cycle during
friction-stir welding. This approach should result in
relatively homogeneous distribution of strengthening
precipitates during the standard postweld aging treat-
ment.

Second, a prestrain rolling of friction-stir welded
material was applied in order to suppress the abnormal
grain growth during the standard postweld T6 temper-
ing.

2. EXPERIMENTAL
2.1. Program Material

The material used in the present investigation was
a commercial AA6061 aluminum alloy with measured
chemical composition (wt%) of 0.88Mg, 0.66Si,
0.72Fe, 0.26Cu, 0.12Mn, 0.12Cr, 0.09Zn, and balance
Al. This is a typical heat-treatable aluminum alloy,
which may serve as a representative example for in-

PHYSICAL MESOMECHANICS Vol.23 No.5 2020
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vestigation of friction-stir welding behavior of such
materials. The material was produced by semiconti-
nuous casting followed by homogenization at 380°C
(653 K) for 1 hour and subsequent extrusion at this
temperature to 75% of area reduction. To produce the
peak aged condition, the extruded material was sub-
jected to the standard T6 tempering, i.e., it was solu-
tionzed at 550°C (823 K) for 1 hour, water quenched,
and then artificially aged at 160°C (433 K) for
8 hours.

2.2. Friction-Stir Welding Procedure

The To6-tempered material was friction-stir butt
welded using an AccurStir 1004 friction-stir welding
machine. The thickness of the welded sheets was
3 mm. The welding tool was fabricated from a tool
steel and consisted of a shoulder of 12.5 mm in dia-
meter and an M5 cylindrical probe of 1.9 mm in
length. To avoid a formation of the “kissing bond” de-
fect (and thus ensuring a full-thickness joining), a
double-side friction-stir welding was applied in the
same welding direction. To provide a relatively high
welding temperature, the maximal tool rotational
speed (allowable by the used friction-stir welding ma-
chine) of 1100 rpm was used. To examine the effect
of the welding speed, three welding trials were con-
ducted at the tool travel speeds of 125, 380 and
760 mm/min”. In all cases, the tool tilting angle of
2.5° was employed. The principal directions of the
friction-stir welding geometry were denoted through-
out as the welding direction (WD), transverse direc-
tion (TD) and normal direction (ND).

2.3. Postweld Heat Treatment

To recover mechanical properties of the welded
material, the postweld heat treatments were applied.
Those included either the artificial aging at 160°C
(433 K) for 8 hours or the T6 tempering in the manner
described in Sect. 2.1. To minimize the possibility of
natural aging of the welded material and hence its po-
tential influence on mechanical properties, all anneal-
ing procedures were performed within ~20 min after
the friction-stir welding process.

To suppress the possible abnormal grain growth,
which may occur during the T6 tempering, a prestrain
rolling was applied. To this end, selected welds were
cold rolled in the WD x TD plane to either 10 or 20%
of thickness reduction prior to the heat treatment.

2 A further increase in the welding speed led to pronounced
welding defects.
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It should be emphasized that all microstructural
observations and examinations of mechanical proper-
ties in this work were conducted on the postweld heat-
treated samples, i.e., the as-welded material condition
was not considered in the present study.

2.4. Microstructural Observations

The microstructural observations were performed
using optical microscopy, electron backscatter diffrac-
tion (EBSD), and transmission electron microscopy
(TEM).

For optical observations, the microstructural speci-
mens were prepared by a mirror-polishing using con-
ventional mechanical-polishing technique, and then
chemically etched in Keller’s reagent. A suitable sur-
face finish for EBSD and TEM were obtained using
electropolishing in a solution of 25% nitric acid in
methanol. Particular care was undertaken during ma-
chining of the TEM specimens from the areas of inte-
rest.

EBSD analysis was conducted using an FEI Quan-
ta 600 field-emission-gun scanning electron micro-
scope (FEG-SEM) equipped with TSL OIM™ soft-
ware operating at the accelerated voltage of 30 kV.
Depending on a scale of particular microstructure,
EBSD scan step size was ranged from 0.2 to 5 um. To
improve reliability of EBSD data, small grains com-
prising three or fewer pixels were automatically re-
moved from the acquired maps using the standard
grain-dilation option of the TSL software. Further-
more, to eliminate spurious boundaries caused by ori-
entation noise, a lower-limit boundary misorientation
cut-off of 2° was applied. A 15° criterion was employ-
ed to differentiate low-angle boundaries (LABs) from
high-angle boundaries (HABs). Grain size was quanti-
fied by using the grain-reconstruction approach [113],
i.e., converting each grain to a circle of equivalent
area and calculating the associated circle-equivalent
diameter.

TEM observations were performed using JEM-
2100EX transmission electron microscope operating
at 200 kV. In the TEM micrographs shown throughout
the manuscript, the TEM specimens were typically
tilted to align the incident electron beam with a (100)
zone axis in order to enhance the contrast associated
with the second-phase particles.

2.5. Residual Stress Measurements

Residual stress components, both along the trans-
verse and normal directions, were measured on the
weld cross section, by X-ray diffraction (XRD) tech-
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nique using PROTO-LXRD diffractometer and the
sin®y method [114].

To avoid undesirable influence of the stresses ge-
nerated during grinding and polishing steps of the
sample preparation procedure, the measurements were
carried out on an electropolished surface. The employ-
ed electropolishing procedure was the same as that
used for the EBSD and TEM sample preparation.

A cobalt target and accelerated voltage of 25 kV
were used to produce X-ray beam with a wavelength
0f' 0.179026 nm. A round collimator with 1 mm radius
and 11y-off set angles in the range of maximum +33°
were employed.

The stresses were calculated from the strains of the
{311} Bragg reflection at 148.9° Bragg angle, assum-
ing X-ray elastic constants of Sl(hkl) =4.58x10°MPa
and 1/25{"=18.45x 10° MPa ",

To examine the distribution of the residual stresses
on the weld cross section, the measurements were per-
formed on a rectangular grid at equally spaced points,
1 mm distance in both the normal and transverse di-
rections, encompassing both the entire weld and the
base material regions. For each point, 10 measure-
ments with 1 s exposure time were performed.

2.6. Mechanical Tests

An examination of mechanical properties of the
weldments included microhardness measurements,
transverse tensile tests and transverse fatigue tests.

To provide a broad view of microstructure distri-
bution within the welds, microhardness profiles were
measured across the weld midthickness. Vickers mi-
crohardness data were obtained by applying a load of
200 g with a dwell time of 10s, using a Wolpert
402MVD microhardness tester.

The tensile specimens were machined perpendicu-
lar to the welding direction, and were centered along
the weld line. The specimens had a gauge section of
30 mm in length and 7 mm in width, and included all
characteristic microstructural zones generated during
friction-stir welding. The upper and lower surfaces of
the specimens were mechanically polished to achieve
a uniform thickness and remove the surface defects.
For comparative purposes, appropriate tensile speci-
mens were also machined from the base material’. The

3 Taking into an account the initial T6 heat treatment, the to-
tal aging time of the parent-material section of the aged
specimens was 16 hours. Accordingly, the tensile and fa-
tigue specimens machined from the base material were also
artificially aged for 16 hours.

VYSOTSKIY et al.

Table 1. Statistics of fatigue test

. Meximal Number of tested speci-
Amplitude . mens
stress, MPa cyelic Base Welded
stress, MPa
material material
67.5 150 2 5
72 160 3 3
76.5 170 2 4
81 180 3 2
85.5 190 3 3
90 200 3
94.5 210 — 3
99 220 3 3
108 240 3 3

Note: The amplitude stress o, was calculated as 6, = 0.5(Gax —
Omin), Where o, and G, are maximal and minimal stress of
a loading cycle, respectively.

tension tests to failure were conducted at an ambient
temperature and a constant cross-head velocity corre-
sponding to a nominal strain rate of 10 s"'. An In-
stron 300LX universal testing machine was used for
the tests. Two tensile specimens were tested for each
material condition.

To evaluate fatigue behavior of the welds, dog-
bone-shaped specimens were machined perpendicular
to the welding direction. The fatigue specimens were
also centered along the weld line, had a gauge section
of 30 mm in length and 8 mm in width, and included
all characteristic friction-stir welding zones. To achi-
eve a uniform thickness and to prevent the potential
effect of surface defects, both the top and bottom sur-
faces of the specimens were mechanically polished to
a final 2400 grit emery paper. On the other hand, the
lateral surfaces of the fatigue specimens were pro-
duced by electrical-discharge machining and thus had
a relatively high roughness. For the aid of comparison,
appropriate specimens were also machined from the
base material, using the same preparation procedure.
The fatigue tests were conducted using an Instron
8801 servo hydraulic testing system, which operated
at ambient temperature in a load control mode. A si-
nusoidal load-time function with a frequency of 50 Hz
and a maximum-to-minimum load ratio of R=0.1 was
used. The total statistics of the fatigue tests is summa-
rized in Table 1. Statistical analysis of the test results
was carried out in accordance with ASTM E 739-91
standard. Fracture surface was examined with the FEI
Quanta 600 FEG-SEM. Other details on the fatigue
tests can be found elsewhere [115].

PHYSICAL MESOMECHANICS Vol.23 No.5 2020
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using a combination of high welding temperatures and
high cooling rate. This should result in complete par-
ticle dissolution in the stir zone but should inhibit the
particle coarsening in the heat-affected zone. Accord-
ingly, the postweld aging should result in relatively
uniform reprecipitation of strengthening dispersoids in
the welded material and thus efficiently recover its
strength. In the present section, a reliability of this ap-
proach was evaluated. To this end, microstructural
changes occurring in various weld zones were analyz-
ed and related with mechanical properties.

3.1. Base Material

The microstructure of the base material is shown in
Fig. 1. The grain structure was dominated by the
coarse elongated grains which contained developed
LAB substructure (Fig. 1a). Remarkably, crystallogra-
phic axes (100) and (111) of the grains were aligned
with prior-extrusion axis (not shown) thus represent-
ing a typical extrusion texture. It is likely therefore
that the grain structure was primarily associated with
the preliminary hot extrusion process described in

Sect. 2.1.
Fig. 1. Microstructure of base material: EBSD grain- On t}_le cher har%d’ the subsequeqt T6 te.mperlng
boundary map (a) and TEM image (b). LABs and HABs resulted in high density of nanoscale dispersoids even-
are depicted as gray and black lines, respectively (a); the ly distributed in grain interior (Fig. 1b). The precipi-
insert in the top right corner shows diffraction pattern (b). tates often had a characteristic coffee-bean contrast
reflecting a coherent relationship with aluminum ma-
3. OPTIMIZATION OF FRICTION-STIR trix. The revealed precipitation pattern was broadly si-
WELDING PROCESS milar to that is usually observed in the peak-aged

As suggested in Sect. 1.2, friction-stir welding of  6xxx alloys [e.g. 116, 117]. Specifically, it was domi-
heat-treatable aluminum alloys can be optimized by nated by the needle-shaped B” dispersoids but also

Fig. 2. Low-magnification overview of transversal cross-sections of the welds produced at the tool travel speeds of 125 (a), 380
(b) and 760 mm/min (c). AS; (AS;) and RS, (RS;) denote the advancing and retreating sides at the first (second) FSW pass, re-
spectively. The while dotted lines indicate the microhardness profiles shown in Fig. 3. The white and black rectangles show the
approximate locations of EBSD maps and TEM images given in Figs. 4 to 6.

PHYSICAL MESOMECHANICS Vol.23 No.5 2020
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Fig. 3. Effect of welding speed on microhardness profiles
measured across transverse cross sections of the postweld
aged joints: 125 (7), 380 (2), 760 mm/min (3). The hori-
zontal dotted line shows the mean microhardness of base
material (BM).

included a minor fraction of lath-shaped Q' particles.
It is also worth noting in this regard that the metasta-
ble B" phase is well accepted to be the main strength-
ening precipitate in the peak-aged 6xxx alloys.

3.2. Low-Magnification Overview of Welds

Low-magnification optical images of the cross-sec-
tioned welds produced at different welding speeds are
summarized in Fig. 2. In all cases, the revealed macro-
scale structures were more or less similar in appear-
ance. Specifically, a distinct stir zone with clear over-

VYSOTSKIY et al.

lap between two friction-stir welding passes (i.e., a
double-side friction-stir welding) was seen. It was evi-
dent that the welds contained no macroscale defects,
including the “kissing bond” defect.

To evaluate microstructure distribution within the
welds, microhardness profiles were measured along
the dotted lines in Fig. 2, with the obtained results be-
ing summarized in Fig. 3. For clarity, the shoulder and
probe diameters were also indicated in the microhard-
ness profiles. To a first approximation, the probe dia-
meter delineates the stir zone whereas the shoulder
diameter shows the heat-affected zone.

From Fig. 3, it was clear that friction-stir welding
resulted in essential material softening. Moreover, this
effect was very sensitive to the welding speed. Parti-
cularly, the weld produced at the lowest welding
speed of 125 mm/min exhibited the most pronounced
softened zone. In accordance with the literature [e.g.
118-121], the softest region was located near the
shoulder edge. On the other hand, an increase in the
welding speed provided a gradual elimination of the
softening effect thus leading to a smoothing of the
microhardness profiles. This encouraging result was
obviously in the line with one of the proposed idea.

As expected, the postweld aging essentially restor-
ed material strength in the stir zone (Fig. 3). This also
agreed well with previous reports [e.g. 109]. Remar-

Fig. 4. TEM images showing second-phase particles in the heat-affected zone of the friction-stir welds produced at the welding
speed of 125 (a, b), 380 (c, d), and 760 mm/min (e, f). The inserts in the top right corners of (b, d, and f) show diffraction pat-

terns.

PHYSICAL MESOMECHANICS Vol.23 No.5 2020
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Fig. 5. EBSD grain-boundary maps showing grain structures evolved in central sections of the welds produced at the welding
speed of 125 (a), 380 (b), and 760 mm/min (c). LABs and HABs are depicted as gray and black lines, respectively. The fi5p, and
0,, in the inserts in the top right corners indicate the HABs fraction and the average misorientation, respectively.

kably, all studied welds showed nearly the same mic-
rohardness level. Another interesting issue was the ob-
servation that the recovered microhardness in the stir
zone was somewhat lower than that in the base mate-
rial, despite the exactly the same aging treatment was
applied (i.e., soaking at 160°C for 8 hours). This inte-
resting effect is discussed in Sect. 3.4.

3.3. Heat-Affected Zone

The microhardness measurements discussed in the
previous section revealed two microstructural regions
of particular interest, viz. the heat-affected zone and
the stir zone. The microstructures evolved in these
areas were studied by TEM and EBSD techniques and
the obtained results are considered in this and the fol-
lowing sections.

Typical TEM images of the microstructures evolv-
ed in the heat-affected zones are summarized in
Fig. 4. As expected, the weld produced at the lowest
welding speed was characterized by the relatively
coarse rod-shaped particles (Fig. 4a). Considering the
specific morphology of these precipitates as well as
their alignments with (100) direction (not shown),
they could be interpreted as the B’ phase. It is well ac-
cepted that these particles originate from a growth of

the B” dispersoids. On the other hand, the volume
fraction of the original B” dispersoids was found to es-
sentially decrease (compare Figs. 1b and 4b). These
observations presumably evidenced a coarsening of
the " precipitates occurring during weld thermal cy-
cle, in full accordance with the literature reviewed in
Sect. 1.2.

In accordance with expectations, an increase of the
welding speed resulted in gradual disappearance of
the relatively coarse ' phase (Figs. 4c and 4e) but re-
tention of the original B” precipitates (Figs. 4d and
4f). These results agreed well with the observed
smoothing of the microhardness profiles (Fig. 3) and
perhaps evidenced an inhibition of the particle coars-
ening process.

3.4. Stir Zone

EBSD maps showing the stir zone microstructures
evolved in different welds are summarized in Fig. 5.
As expected, friction-stir welding gave rise to drastic
a grain refinement (compare Figs. la and 5). In all
cases, the friction-stir welding-induced microstruc-
tures were comprised by relatively fine nearly-equi-
axed grains; HAB fraction was measured to vary from
~60 to 80% (Fig.5). Such grain structures are often

Fig. 6. TEM images showing second-phase particles in the central section of friction-stir welds produced at the welding speed of
125 (a) and 760 mm/min (b). The inserts in the top right corner show diffraction patterns.

PHYSICAL MESOMECHANICS Vol.23 No.5 2020
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Fig. 7. Typical deformation diagrams (a) and appearance of the failed specimens (b) showing the effect of welding speed on
transverse tensile properties of aged welds: base material (/), welding speed of 125 (2), 380 (3), and 760 mm/min (4).

observed in friction-stir welded aluminum alloys be-
ing usually attributed to a continuous recrystallization
operating during the welding process [122—124]. It is
interesting to note than the grain refinement effect be-
came more pronounced with the welding speed
(Fig. 5). This observation was in the line with shorten-
ing of the weld thermal cycle at high welding speeds
which should inhibit microstructural coarsening oc-
curring during weld cooling cycle [122].

Typical TEM images of the stir zone microstructu-
res are given in Fig. 6. It is clear that the postweld ag-
ing promoted reprecipitation of the strengthening dis-
persoids. In terms of morphology, size and even cof-
fee-bean contrast, the reprecipitated particles were
broadly similar to that found in the base material, and,
perhaps, were also composed by the ” and Q' phases.
On the other hand, from comparison of Figs. 1b and 6,
it seems that the volume fraction of the stir zone preci-
pitates was somewhat lower than that in the base ma-
terial. This perhaps explains a subtle difference in
strength between those microstructural regions seen in

Table 2. Effect of welding speed on static mechanical
properties of aged welds

Material s t:(elrfktih Joint effi- | Ducti- | Failure
condition Ml§a > | ciency, % | lity, % | location
Base material 290 - 11 -
FSW at
125 mm/min + 190 66 1.6
aging
FSW at Sof-
380 mm/min + 260 90 14 tened
aging region
FSW at
760 mm/min + 280 97 33
aging

the microhardness profile (Fig. 3). If so, this interest-
ing effect deserves an explanation.

Assuming that the welding temperature in the stir
zone was high enough for the particle dissolution, it is
necessary to emphasize than the air-cooling conditions
of the weld cooling cycle were likely different from
those associated with the water quenching. If so, a
partial reprecipitation of the dispersoids could occur,
as noted in Sect. 1.2. This should reduce a supersatu-
ration degree of the solid solution, and, accordingly,
decrease a driving force for the particle nucleating du-
ring postweld aging. As a result, the population den-
sity of the stir zone dispersoids was lower than that in
the base material.

3.5. Tensile Behavior of Aged Welds

The effect of welding speed on transverse tensile
behavior of the aged welds is shown in Fig. 7. For
comparative purpose, the deformation diagram of the
base material was also given in Fig. 7a. In all cases,
the duplicate test demonstrated very similar results
and thus only single data set was presented. The rele-
vant mechanical properties were summarized in Ta-
ble 2. An appearance of the failed specimens is shown
in Fig. 7b; for clarity, the shoulder diameter was indi-
cated in the figure.

The tensile tests also revealed the material soften-
ing occurring during friction-stir welding (Fig. 7a),
thus being in the line with microhardness measure-
ments. Also in agreement with the microhardness ex-
periment, an increase in the welding speed promoted a
gradual restoration of material strength (Fig. 7a). Spe-
cifically, the weld produced at the speed of
760 mm/min exhibited a joint efficiency of 97% (Ta-
ble 2).

Another remarkable observation was the relatively
low ductility of the welds (Fig. 7a, Table 2). As follows

PHYSICAL MESOMECHANICS Vol.23 No.5 2020
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from Fig. 7b, this effect was associated with strain lo-
calization at the shoulder edge region (i.e., virtually in
the heat-affected zone) during the tensile tests. This
agrees well with measurements of strain distribution
in tensioned 6xxx friction-stir welds [111, 112]. It is
worth noting that the increase in the welding speed
improved ductility somewhat (Table 2).

All the above observations could be explained in
the terms of particle coarsening occurring in the heat-
affected zone during friction-stir welding and gradual
elimination of this effect at high welding speeds.

3.6. Preliminary Conclusions

From the results considered above, the following
conclusions could be drawn.

An increase in the welding speed during friction-
stir welding tends to inhibit precipitation coarsening
occurring in the heat-affected zone. This improves the
weld-scale uniformity of the particle distribution pre-
cipitated during subsequent aging and thus essentially
restores strength characteristics of the welded mate-
rial. Specifically, the weld produced with the highest
employed welding speed of 760 mm/min exhibited a
joint efficiency of 97%.

Despite a significant progress achieved in recover-
ing of the weld strength, the weld ductility remained
very low. This effect could be attributed to preferen-
tial strain localization in the softest microstructural re-
gion (i.e., the heat affected zone) during transverse
tensile tests.

In the peak-aged condition, the microhardness of
the stir zone material was found to be somewhat lower
than that of the base material. This effect was associ-
ated with the relatively low cooling speed inherent to
the weld cooling cycle which could result in partial re-
precipitation of dispersoids. This should reduce the
precipitation potential of the welded material during
subsequent aging and thus slow down the precipita-
tion kinetics.

4. SUPPRESSION OF ABNORMAL GRAIN
GROWTH DURING T6 TEMPERING

4.1. Effect of T6 Tempering on Microstructure
and Mechanical Properties

As shown above, the optimization of friction-stir
welding process enabled to recover efficiently the
weld strength but the weld ductility remained rela-
tively low. Attempting to overcome this problem, the
produced welds were undergone the standard T6 treat-
ment. The details of the tempering procedure are de-
scribed in Sect. 2.1. It is important to emphasize that
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the T6 tempering was applied only to the optimized
welds, i.e., those produced at the tool rotational speed
of 1100 rpm and the welding speed of 760 mm/min.

As follows from EBSD map in Fig. 8a, the micro-
structure produced in the stir zone after T6 tempering
was dominated by mm-scale irregular-shaped grains.
Importantly, the annealed material also contained a
minor fraction of survived fine grains (an example is
arrowed). The bimodality of the evolved microstruc-
ture as well as its exceptionally coarse-grained nature
presumably evidenced an abnormal character of the
grain growth. As shown in Sect. 1.3, this phenomenon
is often observed during high-temperature annealing
of friction-stir welded aluminum alloys.

Despite the catastrophic grain growth occurred in
the stir zone, the material microhardness was fully re-
covered and uniformly distributed across the weld
(Fig. 8b). This result was obviously attributable to the
complete precipitation of the strengthening B” phase
during aging step of the T6 treatment. As a result, the
joint efficiency of the tempered weld achieved ~100%
(Fig. 9a).

The weld ductility was also improved but was still
lower than that of the base material (Fig. 9a). From
Fig. 9b, it was evident that the limited ductility of the
tempered weld was associated with strain localization

@
250 pm
1601 i Shoulder i (®)
E i diameter 1
%1401 fore)
= DIYSE
b=
5‘5 1201
o)
S 100 1
= © Postweld aging
20 O Postweld T6 treatment

12 8 4 0 4 8 12
Distance from weld center, mm

Fig. 8. Effect of the postweld T6 tempering treatment on
stir zone microstructure (a) and microhardness distribution

(b).
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Fig. 9. Effect of the postweld T6 tempering on tensile-
deformation diagrams (a) and appearance of the failed
specimen (b). Base material (1), postweld aging (2), post-
weld T6 (3).

within the stir zone, most likely due to the abnormally
coarse-grained microstructure evolved in this region
(Fig. 8a).

VYSOTSKIY et al.

4.2. Effect of Prestraining on Annealing Behavior

As suggested in Sect. 1.3, the prestrain rolling may
suppress the abnormal grain growth. This idea was
based on the activation of recrystallization process in-
stead of the abnormal grain growth during subsequent
annealing, which should promote a competitive cha-
racter of microstructural coarsening. To examine a re-
liability of this approach, the produced welds were
cold rolled prior to the postweld T6 tempering. The
details of the rolling procedure are explained in
Sect. 2.3. It is also should be noted that the prestrain-
ing was also applied only to the optimized welds.

The effect of the prestraining on subsequent an-
nealing behavior of the welded material is summariz-
ed in Figs. 10 and 11. From comparison of Figs. 10
and 8a, it is clear that the prestrain rolling resulted in
substantial microstructural refinement, i.e., the abnor-
mal grain growth was suppressed. As expected, this
effect became more pronounced at higher rolling re-
ductions (compare Figs. 11a and 11b).

Of particular interest was the observation that the
grain-refinement efficiency of the prestraining was

&= ®
940
SNV A
Fig. 10. EBSD maps showing microstructures produced in the central section of stir zone of the T6-tempered welds as function
of prestrain path: 10% rolling along the welding direction (a), 10% rolling at 45° to the welding direction (b), 10% rolling along
transverse direction (c), 20% rolling along the welding direction (d), 20% rolling at 45° to the welding direction (e), and 20%

rolling along the transverse direction (f). In the maps, HABs are depicted as solid black lines. The reference frame for all maps is
shown in (a). Note difference in scales.
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Fig. 11. Grain-size distributions measured in the central section of stir zone after prestrain rolling to 10 (a) or 20% (b) of thick-
ness reduction and subsequent T6 tempering. Rolling along welding direction (7), at 45° to welding direction (2), along trans-

verse direction (3).

sensitive to the rolling path. This effect was most pro-
nounced after relatively low rolling reduction. Specifi-
cally, the smallest grain size was produced after 10%
rolling along the welding direction (Figs. 10a and
11a). With increase in the rolling strain to 20%, how-
ever, the anisotropy of the annealing behavior became
relatively small (Figs. 10d—10f and 11b).

4.3. Effect of Prestraining on Tensile Properties
of T6 Tempered Welds

The effect of the prestraining path on tensile beha-
vior of T6 tempered welds is summarized in Fig. 12.
The appearance of the failed specimens is shown in
Fig. 13.

From Fig. 12, it is clear that the yield strength of
all tempered welds was comparable with that of the
base material, i.e., the joint efficiency was virtually
100%. As suggested in Sect. 4.1, this result was likely
associated with relatively uniform distribution of
strengthening dispersoids across the welds.

In contrast, the weld ductility was relatively low
(Fig. 12). The welds subjected to the standard T6 tem-
pering without any prestraining exhibited the lowest
elongation-to-failure (Fig. 12). As noted in Sect. 4.1,

340
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this was presumably due to the abnormal grain growth
occurring in the stir zone (Fig. 8a).

The prestraining resulted in essential recovery of
the weld ductility (Fig. 12). It is important to empha-
size, however, that this effect was very sensitive to the
rolling path. Specifically, the welds prerolled to 10%
of strain along the welding direction (Fig. 12a) as well
as those rolled to 20% at 45° to the welding direction
(Fig. 12b) showed the highest elongation-to-failure.
As follows from the observations of the deformation
relied in the failed specimens (Figs. 13a and 13e), the
excellent ductility of these welds was associated with
relatively uniform strain distribution. On the other
hand, other prestrained specimens exhibited clear evi-
dences of strain localization in either the stir zone
(Figs. 13b and 13c), or the base material (Figs. 13d
and 13f). Accordingly, the global elongation-to-failure
of these weldments was relatively low (Fig. 12). The
possible origin of the strain localization is discussed in
Sect. 4.6.

4.4. Effect of Prestraining on Recrystallization
Behavior

The pronounced grain refinement observed in the
prestrained material appeared to indicate that the pre-
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Fig. 12. Tensile behavior of welded material as function of prestrain rolling and subsequent T6 tempering: 10% rolling (a) and
20% rolling (b). Base material (1), FSW+T6 (2), FSW +rolling along WD +T6 (3), FSW + rolling at 45° to WD+ T6 (4), FSW +

rolling along TD + T6 (5).
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Fig. 13. Appearance of failed tensile specimens as function of prestrain rolling path: 10% rolling along the welding direction (a),
10% rolling at 45° to the welding direction (b), 10% rolling along transverse direction (c), 20% rolling along the welding direc-
tion (d), 20% rolling at 45° to the welding direction (e), and 20% rolling along the transverse direction (f). Note: RD is rolling di-

rection.

rolled material has indeed experienced a recrystalliza-
tion instead of the abnormal grain growth during T6
tempering. The possible mechanisms of this pheno-
menon are discussed in the present section.

It is widely accepted that the recrystallization pro-
cess is critically influenced by a density of stored dis-
locations. Specifically, a higher dislocation density
achieved after larger preliminary strain enhances the
nucleation of recrystallization nuclei and thus results
in finer recrystallized grain size. This well-known
phenomenon explains well the observed enhancement
of the grain-refinement effect with increasing of the
prerolling strain from 10 to 20% of thickness reduc-
tion (Figs. 10 and 11).

It is worth noting that the total dislocation density
in a deformed polycrystalline material could be divid-
ed in two broad groups, i.e., the so-called statistically
stored dislocations and the geometrically necessary
dislocations [125]. The dislocations belonging to the
first group are accumulated by a random mutual trap-
ping whereas those of the second type are generated to
accommodate the strain gradients arising between dif-
ferently deformed grains [125]. Thus, depending on
the strain compatibility requirements in a particular
microstructure, a nominally equivalent strain may re-
sult in different density of the geometrically necessary
dislocations. To evaluate this effect in the present

Table 3. Average Taylor factor for different paths
of prestrain rolling

Average
Taylor factor
Rolling along welding direction 3.17
Rolling at 45° to the welding direction 3.10
Rolling along the transverse direction 2.95

study, appropriate Taylor factors for three employed
rolling directions (i.e., along the welding direction, at
45° to the welding direction, and along the transverse
direction) were calculated from EBSD data of the as
friction-stir welded material. The obtained results
were summarized in Table 3. It is seen that the highest
Taylor factor (and thus the presumably highest density
of the geometrically necessary dislocations) was pre-
dicted for the rolling along the welding direction.

In addition to the total dislocation density, the re-
crystallization behavior is also believed to be very
sensitive to the orientation spread existing within the

Negative
shear

Fig. 14. 111 and 110 pole figures showing texture meas-
ured in central section of the stir zone in as-welded condi-
tion (a), and ideal simple shear textures expected for face-
centered cubic metals (after Fonda et al. [126]) (b). In (b),
SD and SPN abbreviate shear direction and shear plane
normal, respectively.

PHYSICAL MESOMECHANICS Vol.23 No.5 2020



OPTIMIZATION OF FRICTION-STIR WELDING OF 6061-T6 ALUMINUM ALLOY

""'4 nF wmy

-“-,T

0 5° 10° 15°

1.! T TR ™
“oo'o

415

wmr W ‘-’"--

l‘llll‘l'!---‘.

PC’O’I 1 1 . ..1.. .\

40° 45°
- - ™ W™ W ‘ ‘ ‘ ‘ ‘ '
4;'.;.[.* ‘)‘ Q‘Qﬁ ‘b
e e . 4 |
50° 55° ; 60° 65° 70° 50° 70° 70"
-I - W™ ‘ L. ' ‘ ' ‘ ' ‘ ' ' ' '
@ 1]
‘ L J
B B B .o b wh wh ok a (b | s | Sm O ©
75° 80° 85° 90° 75° 80° 85° 90° 75° 80° 85° 90°
gigg Constant angle ¢,
= 1812 91 (0°-90°)
— 1.000
Togs D090

Fig. 15. Orientation distribution functions (ODFs) showing orientation of the stir zone material in the reference frame assuming
rolling along welding direction (a), at 45° to the welding direction (b), and along transverse direction (c).

prestrained grains [77]. It is well established that the
orientation gradients stimulate the nucleation process
and thus may contribute to refinement of the recrystal-
lized grains. It is believed that the orientation gradi-
ents are generated during straining of grains with un-
stable crystallographic orientations. Such grains are
typically split into regions of different crystallogra-
phic orientations thus giving rise to the orientation
gradients. In contrast, the grains with stable crystallo-
graphic orientations are expected to experience a rela-
tively uniform strain and thus no significant orienta-
tion gradients are produced.

To evaluate the above effect, the texture of the as
friction-stir welded material was examined, as shown
in Fig. 14. It was found that the FSW-induced texture
(Fig. 14a) was close to the ideal {Akl/}(110) simple
shear fiber (Fig. 14b) [127]. A formation of such tex-
ture during friction-stir welding of aluminum alloys
has been reported in the literature [e.g. 124]. It is im-
portant to note that the texture in Fig. 14 was shown in
conventional reference frame for the simple-shear
strain mode, which is believed to be dominant during
friction-stir welding [126]. To evaluate its stability
against the subsequent rolling strain, orientation data
were rearranged into the appropriate rolling reference
frame and the calculated orientation distribution func-
tions (ODFs) were summarized in Fig. 15.

In the reference frames assuming a rolling along
either the welding direction of the transverse direc-
tion, the FSW-induced texture was dominated by the
{001}(110) rotated cube orientation (Figs. 15a and
15c, respectively). This orientation is known to be un-
stable during cold rolling [128, 129]. Accordingly, the
two above rolling paths are expected to give rise to the
considerable orientation spreads within the deformed

PHYSICAL MESOMECHANICS Vol.23 No.5 2020

grains. This should promote grain refinement during
subsequent recrystallization. In contrast, the texture of
the material rolled at 45° to the welding direction was
rather close to {001}(110) cube orientation (Fig. 15b).
This orientation is believed to be relatively stable at
low rolling reductions [130]. As a result, a relatively
coarse-grained structure could be expected in this
case.

It was suggested, therefore, that the relatively fine-
grained structure produced after prestrain rolling
along the welding direction (Fig. 11a) was associated
with a combined effect of the relatively high Taylor
factor (Table 3) and low-stability of the as-FSWed
texture (Fig. 15a).

4.5. Annealing Textures

In order to provide an additional insight into an-
nealing behavior of the prestrained welds, annealing
textures were studied. To this end, orientation data
were derived from appropriate EBSD maps in Fig. 10,
arranged as 111 and 110 pole figures, and shown in
Fig. 16",

In all studied cases, the produced textures were re-
latively weak and diffusive. Nevertheless, from com-
parison with Fig. 14a, it was clear that the annealing
textures originated from a ~25°(111) rotation of the
FSW-induced texture, as exemplified in Fig. 16a.
Such texture rotation is well known for recrystallized

* Due to relatively coarse-grained nature of the microstruc-
tures produced after 10% rolling either at 45° to the welding
direction or along the transverse direction (Figs. 10b and
10c), reliable textural data were difficult to obtain. There-
fore, these two material conditions were excluded from con-
sideration.
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Fig. 16. 111 and 110 pole figures showing textures produced in the central portion of T6-tempered welds as function of pre-strain
path: 10% rolling along welding direction (a), 20% rolling along the welding direction (b), 20% rolling at 45° to the welding di-
rection (¢), and 20% rolling along transverse direction (d). See Sect. 4.5 for details.

aluminum, being usually explained in terms of either
the theory of orientation nucleation or the theory of
orientation growth [76].

According to the first conception, the recrystalliza-
tion texture is attributed to the preferred nucleation of
grains of particular crystallographic orientation. Such
orientations are characterized by a relatively low stor-
ed energy and therefore their nucleation is energetical-
ly beneficial. To evaluate the applicability of this idea
for the present study, grain orientation spread within
the as-FSWed microstructure was measured by using
the standard options of EBSD software, as shown in
Fig. 17. As follows from the figure, the grains with
crystallographic orientations close to the final recrys-
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Fig. 17. Analysis of grain orientation spread measured
within the grains with preferential crystallographic orien-
tation in the as-welded condition. Note: The preferential
crystallographic orientation was defined within 10° toler-
ance. See Sect. 4.5 for details.

tallization texture had relatively large orientation
spread (i.e., a presumably high stored energy). It is
unlikely therefore that these grains had an advantage
for the recrystallization nucleation. Therefore, the ori-
entation nucleation theory could not explain the an-
nealing texture measured in the present study.

In appliance with the orientation growth theory, a
formation of the annealing texture is associated with
increased mobility of grain boundaries with particular
misorientation. Specifically, the 30°—40°(111) boun-
daries in face-centered cubic metals are often believed
to have the relatively high migration mobility [77].
Due to the preferential migration of such boundaries,
the annealing texture could be produced by the 30°—
40°(111) rotation of the deformation texture. Despite
the texture rotation found in the present work was
somewhat lower than that predicted by the orientation
growth theory, this concept seems to be quite appro-
priate for explanation of the experimental results.

4.6. Microstructure-Ductility Relationship

As shown in Sect. 4.3, the ductility of the pre-
strained welds was virtually governed by the strain lo-
calization in either the stir zone or the base material.
Therefore, to establish a relationship between the pre-
strain path and the weld ductility, it is necessary to
compare the final microstructures produced in these
areas after T6 tempering. In this regard, it is important
to realize that the prestrain rolling encompassed not
only the stir zone but also the base material. Accord-
PHYSICAL MESOMECHANICS Vol. 23
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Fig. 18. Comparison of grain size distributions measured in the base material zone and the stir zone in the T6 tempered welds as
function of prestrain path: 10% rolling along welding direction (a), 10% rolling at 45° to the welding direction (b), 10% rolling
along transverse direction (c), 20% rolling along the welding direction (d), 20% rolling at 45° to the welding direction (e), and
20% rolling along the transverse direction (f). See Sect. 4.6 for details.

ingly, the latter region should also experience micro-
structural changes during subsequent heat treatment.
To evaluate the microstructure distribution across the
tempered welds, grain size distributions were measur-
ed in the stir zone and the base material and then com-
pared in Fig. 18.

In the welds, subjected to either 10 pct rolling
along the welding direction or 20% rolling at 45° to
the welding direction, grain size distributions measur-
ed in both microstructural areas were found to broadly
overlap with each other (Figs. 18a and 18e, respecti-
vely). This agreed well with relatively uniform strain
distribution (Figs. 13a and 13e) and the highest ducti-
lity (Fig. 12) observed in these welds during trans-
verse tensile tests.

In the joints rolled to 10% of thickness reduction
either at 45° to the welding direction, or along the
transverse direction, the stir zone was characterized by
coarser grain structure that the base material
(Figs. 18b and 18c). As a result, the tensile strain was
localized in the former microstructural region
(Figs. 13b and 13c¢), thus resulting in comparatively
low elongation-to-failure (Fig. 12).

In contrast, the welds which undergone 20% roll-
ing along either the welding direction or the transverse
direction were characterized by relatively fine-grained
stir zone (Figs. 18d and 18f, respectively). According-
ly, the tensile strain in these cases was preferentially
concentrated in the base material region (Figs. 13d
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and 13f). This also resulted in degradation of the weld
ductility (Fig. 12).

4.7. Preliminary Conclusions

From the results considered in Sect. 4, the follow-
ing conclusions could be drawn.

The postweld T6 treatment provided complete re-
covery of the weld strength but led to the abnormal
grain growth in the stir zone.

The prestrain rolling was shown to be a very effec-
tive tool for suppression of the abnormal grain
growth.

At relatively low rolling reductions (10%), the sub-
sequent annealing behavior was found to be very sen-
sitive to the prestrain path. Specifically, the rolling
along the welding direction was established to be the
most effective for inhibition of the abnormal grain
growth. This effect was attributed to the comparative-
ly high Taylor factor as well as low orientation stabil-
ity of the FSW-induced texture, which enhanced re-
crystallization kinetics during subsequent heat treat-
ment. However, an increase of the rolling strain to
20% of thickness reduction eliminated the anisotropy
of the annealing behavior. This result was explained
in terms of relatively high dislocation density generat-
ed during large rolling strain.

Recrystallization of the stir zone material gave rise
to a ~25°111) rotation of the FSW-induced texture.
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Fig. 19. Residual stress distributions measured on the weld cross section along the transverse (a) and normal direction (b). For
clarity, the stir zone borderlines are outlined in both maps (dotted lines). AS; (AS,) and RS; (RS,) denote advancing and retreat-
ing sides of the first and second FSW passes, respectively. Note: the horizontal lines 4, B and C show the positions at which the
residual stress profiles were plotted and shown in Fig. 20 (color online).

This observation was explained in the terms of the ori-
entation growth theory, i.e., attributed to the increased
mobility of ~30°-40°(111) boundaries in aluminum.

Tensile behavior of the T6 tempered welds was
found to be dictated by the strain localization in relati-
vely coarse-grained regions. The appropriate micro-
structural control by the prestraining could provide a
reasonably uniform microstructure distribution across
the weld and thus essentially enhance the weld ducti-
lity.

5. FATIGUE PERFORMANCE OF OPTIMIZED
WELDS

As suggested in Sect. 1.4, optimization of FSW
process may inhibit precipitation coarsening and result
in relatively high compressive residual stresses. Both
these factors should contribute to the enhancement of
fatigue performance. To validate this suggestion, fa-
tigue behavior of the optimized welds was examined
and then related with the underlying microstruc-
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ture and residual stresses. The obtained results were
summarized below.

5.1. Residual Stress

Considering significance of residual stresses in fa-
tigue performance of the welded structures, as dis-
cussed in Sect. 1.4, the residual stress distribution was
measured in the as-welded condition. Figures 19a and
19b show the transverse (along the transverse direc-
tion) and through-thickness normal (along the normal
direction) residual stress maps, respectively. For cla-
rity, a borderline of the stir zone was also outlined in
the maps (dotted lines). It is clear that the magnitude
and distributions of both residual stress components
substantially vary with position in the weld. To pro-
vide an additional insight into this variation, the pro-
files of the residual stress were measured along three
lines across the welds (labelled as 4, B, and C in
Fig. 19) and shown in Fig. 20. These profiles illus-
trated the stress distribution in the center of the stir
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Fig. 20. Profiles of the residual stress measured along the lines shown in Fig. 19 for transverse (a) and normal directions (b).
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Fig. 21. Fatigue lifetime versus applied stress for the base- and welded materials: entire data set (a), the data used for statistical
analysis (b). The arrows represent run-out tests (a); solid lines represent median curves whereas dotted lines show 95% confi-

dence bands (b). See Sect. 5.2 for details.

zone produced during the second weld pass (line A),
that in the first weld pass (line C) and also in the over-
lapping region of both weld passes (line B).

In all cases, the uncertainties associated with the
residual stress measurements were less than £35 MPa
(Fig. 20). Remarkably, the experimental scattering wi-
thin the stir zone was considerably lower than that
measured in the heat-affected zone and/or the base
material (Fig. 20). This was presumably due to a sub-
stantially finer grain size in the former microstructural
region and thus the respectively higher sampling sta-
tistics.

The residual stress distributions were found to be
fairly heterogeneous (Figs. 19 and 20). This perhaps
additionally emphasizes a complex character of struc-
tural response to friction-stir welding. However, de-
spite the complexity of the measured distributions, se-
veral important observations could be made.

Specifically, the residual stresses were rather ten-
sile in character within the stir zone but compressive
in the base material region (Fig. 19). Considering a lo-
calized character of material heating during friction-
stir welding (and the concomitant thermal expansion
of the heated material), this result seems to be quite
expectable. The highest tensile stress in the stir zone
was measured to be around +50 MPa, whereas the
largest compressive stress in the base material was
—80 MPa (Fig. 20a).

It is also worth noting that the upper half of the stir
zone exhibited a higher level of the residual stresses
than its lower section (Fig.19). This observation
could be attributable to the double-side character of
friction-stir welding employed in the present work.
That is, the residual stress in the bottom half of the stir
zone generated during the first friction-stir welding
pass were partially relieved by a thermal effect of the
second welding pass.
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5.2. Fatigue Performance

The effect of cyclic loading on fatigue life of the
base and welded materials is shown in Fig. 21a. The
statistical details of the test are summarized in Ta-
ble 4. Despite the fatigue tests were characterized by
essential experimental scattering, several important
observations were made.

As expected, the fatigue lifetime in both studied
material conditions gradually reduced with stress
(Fig. 21a). Also quite expectedly, both fatigue dia-
grams demonstrated no clear saturation (Fig.21a).
Accordingly, no clear fatigue limit could be defined.
In this work, therefore, the fatigue limit strength of
107 cycles was accepted as a measure of the high-
cycle fatigue performance.

In appliance with ASTM E 1823-96 standard, the
fatigue limit strength is defined as the maximal stress
amplitude for which at least 50% of the tested speci-
mens survived a predetermined number of cycles. If
so, the fatigue limit strength for the base material
should be 67.5 MPa, whereas that for the welded ma-
terial should be 76.5 MPa (Table 4). In other words,
the friction-stir welds exhibited superior fatigue
strength as compared to the base material.

To verify this surprising result, the fatigue data
were statistically analyzed in accordance with recom-
mendations of ASTM E 739-91 standard. To this end,
the run-out tests as well as all suspicious results were
excluded from consideration® and the remaining data
were linearized as shown in Fig. 21b. It is clear from
the figure that the fatigue strength of the welded mate-
rial at relatively low stress amplitudes had indeed ex-
ceeded that of the base material. At relatively high
cyclic stresses, however, the measured data points for

> The data excluded from consideration consisted of 13 run-
out tests (2 base material specimens and 11 welded speci-
mens) and 1 suspicious result (welded material).
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Table 4. Details of fatigue tests

VYSOTSKIY et al.

) Maximal cyclic stress Cveles to failur .
?mpllﬁ%’e (in fraction of yield strength o) yeies to fatiute Wleld ia.ulure
stress, a ocation

Base material Welds Base material Welds
67.5 0.47c, 0.55c, Run-out tests -
1,704,748
72 0.500, 0.580, 2538856 | e run-out -
tests
6,764,240
2,763,392 6,717,387 m}:tisr?al
76.5 0.540, 0.620, .
WO run-out
4,020,179 oste -
Base
861,513 3,360,543 e
81 0.57cy 0.65c, 1.006.680 One run-out )
1,417,184 test
364,845 292,961
85.5 0.606 0.696 452,393 1,829,003 Base
y y material
620,615 5,183,806
248,991
90 - 0.73c - 619,010 Base
Y material
6,029,954
112,994 Base
material
94.5 - 0.76G -
Y 771,268 Heat-affected
1,145,951 zone
46,472 202,805
99 0.70, 0.80c, 90,369 661,812 Heatz'iflf:“ed
115,993 943,967
57,046 125,552 mgésreial
108 0760, 0870 83,048 104777 | Heataffected
87,718 129,689 zone

both studied material conditions tended to overlap
thus indicating a comparable strength level.

Another important issue was the failure location of
the welded specimens. At relatively low amplitude
stresses (<94.5 MPa), the welds failed exclusively in
the base material section (Table 4), despite this region
exhibited a relatively high strength under static load-
ing condition (Figs.3 and 7a). At higher amplitude
stress, however, the fatigue failure often occurred in
the heat-affected zone (Table 4), i.c., the softest mic-
rostructural region of the optimized welds.

5.3. Fracture Analysis

To get additional insight into the fatigue perfor-
mance, fracture surface of the fatigues specimens was
examined. Three characteristic cases were considered
for this purpose, viz. base material, the welds fatigued
at relatively low stresses and failed in the base mate-
rial region, and the welds fatigued at relatively high
stress and failed in the heat-affected zone.

Typical appearance of the specimens representing
three above groups is shown in Fig. 22. The magnified
images of the failure locations are given in the top

PHYSICAL MESOMECHANICS Vol.23 No.5 2020
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(®)

Fig. 22. Typical appearances of the specimens failed during fatigue tests: base material (a), the weld fatigued at a relatively low
stress magnitude and failed in the base material zone (b), and the weld fatigued at a relatively high stress magnitude and failed in
the heat-affected zone (c). The magnified images of fracture surfaces are shown in the top right corners of the figures. The dotted
lines show the gauge length of each specimen. Amplitude stress of 72 (a), 90 (b) and 99 MPa (c).

right corners of the appropriate micrographs. In all
cases, the fracture profile was relatively complex be-
ing comprised by two more or less distinct constitu-
ents. One of the segments was relatively flat thus indi-
cating a brittle mechanism of fracture. The second one
was characterized by a developed surface relief thus
probably evidencing a ductile failure (high magnifica-
tion inserts in Fig. 22)°.

The direct observations of fracture surfaces have
confirmed the relatively complex character of the fai-
lure process (Figs.23a, 24a and 25a). In all cases,
three characteristics regions were observed, which re-
presented three typical stages of fatigue failure: crack
initiation (stage ), crack propagation (stage II), and
catastrophic fracture (stage III) [131, 132].

Typically, the fatigue crack was found to initiate at
the lateral surface of the specimens (Figs.23a, 23b
and 24a). This was likely due to the relatively high
roughness of these surfaces, as noted in Sect. 2.6. In
some welded surfaces, however, the crack nucleation
was also observed at the upper weld surface
(Figs. 25a, 25b). The fracture surface at stage I was
highly faceted (Figs. 23b and 24b) thus perhaps indi-
cating that the crack nucleation occurred by a slip-
plane cracking.

In stage II, the fracture surface was dominated by
fatigue striations (Figs. 23c, 24c¢ and 25c), which are

6 1t should be also noted that some fraction of the tested
specimens (2 out 17 in the base material and 3 out 17 in the
welded material) failed either close to the borderline of the
gauge section (Fig. 22b) or slightly outside it (Fig. 22a).
This observation was thought to be attributable to a smooth
transition between the gauge and grip sections of the fatigue
specimens.
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conventionally attributed to a discontinuous character
of the crack propagation [132]. In some cases, small
secondary cracks were also observed (Fig. 23c). Re-
markably, the striations were typically arranged into
larger-scale banded structure, thus exhibiting a relati-
vely complex nature of failure. Sometimes, contours
of original grains may also be seen (Fig. 23b). This
may evidence the preferential crack propagation along
original grain boundaries which led to the material de-
cohesion [131, 132].

The fracture surfaces at stages I and II were relati-
vely smooth, thus indicating a brittle character of fai-
lure (Figs. 23b, 23c, 24b, 24c, and 25b, 25c¢). In cont-
rast, stage III exhibited a dimpled appearance
(Figs. 23d, 24d, and 25d), thereby evidencing a ductile
fracture mechanism governed by the nucleation and
coalescence of voids.

From a broad perspective, the fracture analysis gi-
ven above revealed no principal difference between
the studied specimens. This probably indicated a near-
ly-similar character of the crack propagation in all stu-
died cases. In this context, of interest was the observa-
tion that the global fracture surface was dominated by
stage III (Figs. 23a, 24a, and 25a), i.e. the crack pro-
pagation resistance was relatively low. This suggests
that fatigue performance of the welded material was
probably dictated by the crack initiation process.

5.4. Broad Aspects of Fatigue Behavior

As noted in Sect. 1.4, it is believed that fatigue be-
havior of friction-stir welds is governed by the follow-
ing primary factors, viz. geometrical characteristics of
FSW process including tool marks and the “kissing
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Fig. 23. SEM micrographs showing typical fracture surfaces of the base material: low-magnification overview (a) and character-
istic areas given at higher magnifications in (b) through to (d). In (a), the arrow is pointing at the likely crack initiation site. See
Sect. 5.3 for details. Note: The sample was fatigued at amplitude stress magnitude of 72 MPa.

bond” defect, weld flaws, microstructure, and residual
stresses [1, 2]. Since the welds examined in the pre-
sent work contained no sample-scale defects (Fig. 2c)
and were carefully polished to remove the tool marks,
only the microstructure and residual stresses were of
critical importance.

As deduced in Sect. 5.3, fatigue life of the exam-
ined welds was likely dictated by the crack initiation
stage. It is widely accepted that the fatigue cracks
typically nucleate from the slip bands [132]. Hence, a
suppression of the slip banding due to a grain refine-

ment is frequently believed to improve the crack ini-
tiation resistance [133—135]. It is likely therefore that
the excellent fatigue resistance of the stir zone mate-
rial observed in the present work was related (partial-
ly, at least) to the pronounced grain refinement occur-
ring in this microstructural region during friction-stir
welding (Fig. 5¢).

On the other hand, the heat-affected zone experi-
enced no grain refinement during friction-stir welding.
Therefore, considering a notable material softening in
this microstructural region (Fig. 3) due to the particle

(a)

Fig. 24. SEM micrographs showing typical fracture surface of the welds, fatigued at a relatively low stress where the failure was
occurred at the base-material zone: low-magnification overview (a) and characteristic areas given at higher magnifications in (b)
through to (d). In (a), the arrow is pointing at the likely crack initiation site. See Sect. 5.3 for details. Note: The sample was fa-

tigued at the amplitude stress magnitude of 76.5 MPa.
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Fig. 25. SEM micrographs showing fracture surface of the welds fatigued at a relatively high stress where the failure was oc-
curred at the heat-affected zone: low-magnification overview (a) and characteristic areas given at higher magnifications in (b)
through to (d). In (a), the arrow is pointing at the likely crack initiation site. See Sect. 5.3 for details. Note: The sample was fa-

tigued at the amplitude stress magnitude of 94.5 MPa.

coarsening (Fig. 4¢) as well as the concomitant reduc-
tion of mechanical properties under static loading
(Fig. 7a), it was somewhat surprising that the fatigued
specimens often failed in the base material region
(Table 4). To comprehend this result, fatigue behavior
under low and high cyclic stresses is discussed in the
following two sections.

5.5. Low Cyclic Stresses

At relatively low magnitude of cyclic stress
(<210 MPa), a crack was found to nucleate primarily
in the base material zone; however, the welded speci-
mens exhibited generally longer fatigue life than the
base material specimens (Fig. 21a, Table 4).

These apparently contradictory results could be ex-
plained by considering two factors, including stochas-
tic nature of nucleation of the fatigue crack, and signi-
ficant compressive residual stresses in the base mate-
rial region of the welded specimens (Figs. 19a and
20a). Indeed, the maximal fatigue stress in this case
did not exceed ~60-70% of the static yield strength
(Table 4) and thus an initiation of the fatigue crack
was probably governed by the purely stochastic fac-
tors. Since the base material section comprised ~60%
of the gauge length of fatigue specimens, the statisti-
cal probability of the crack nucleation in this micro-
structural region was greatest. It was also highly likely
that the initiation of the fatigue crack there was addi-
tionally promoted by the coarse grained microstruc-
ture of the base material zone (Fig. 1a).

On the other hand, due to the relatively high resi-
dual compressive stresses generated during friction-
2020
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stir welding (Figs. 19 and 20), the base material zone
of the welded specimens should exhibit a higher fati-
gue resistance than the original material.

5.6. High Cyclic Stresses

At relatively high magnitude of cyclic stress
(2210 MPa), the welds often failed in the heat-affect-
ed zone (Fig.21a, Table 4), i.e., the softest micro-
structural region. Nevertheless, the welded specimens
showed the fatigue strength comparable to that of the
base material specimens (Fig. 21).

To comprehend the fatigue behavior in this case, it
is important to realize that the maximal cyclic stresses
reached ~90% of the static yield strength (Table 4).
Considering a relatively high residual tensile stresses
in the heat-affected zone (Figs. 19a and 20a), it is li-
kely that the total tensile stress in this area exceeded
the yield strength level and thus the material experi-
enced a plastic strain prior nucleation of the fatigue
crack.

To evaluate this idea, microhardness profiles were
measured across the failed welds and compared with
these of the nonfatigued ones, as exemplified in
Fig. 26. The measurable material strengthening re-
vealed in the weld zone after the fatigue test appears
to be indicative of a strain hardening effect. If so, the
fatigue crack has indeed originated from a proceeding
plastic strain. This perhaps explains the observed fai
lure of the welds in the softest microstructural region,
1.e., the heat-affected zone. On the other hand, due to
a relatively small difference in strength between this
microstructural area and the base material (~10%, as
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Fig. 26. Effect of high-stress fatigue on microhardness
profile measured across the welded specimen. See Sect.
5.6 for details. Note: The experimental data were taken
from the weld specimen after fatigue test at the amplitude
stress magnitude of 108 MPa.

follows from Fig. 26), as well as a substantial influ-
ence of the stochastic factor on the cyclic behavior,
the fatigue strength of the welded specimens was
comparable to that of the base material and a signifi-
cant portion of the welds failed in the parent material
zone.

With approaching of the magnitude of the fatigue
stress to the static yield strength, the role of the plastic
deformation on the fatigue behavior is expected to in-
crease. This is consistent with the fatigue diagrams in
Fig. 21b, which predict inferior fatigue strength of the
welded material in the low-cycle fatigue range.

5.7. Preliminary Conclusions

From the results considered in Sect. 5, the follow-
ing conclusions could be drawn.

The optimized welds exhibited excellent fatigue
performance that was comparable (and even superior)
to that of the base material.

At relatively low fatigue stress (<210 MPa), the
welds typically failed in the base material region. This
effect was attributed to a stochastic nature of the fa-
tigue crack nucleation. Remarkably, the welded speci-
mens showed longer fatigue life than the base material
specimens. This result was explained in the terms of
relatively-high compressive residual stress (up to
~80 MPa) generated in the base material region during
friction-stir welding.

At relatively high fatigue stress (=210 MPa), frac-
ture often occurred in the softest microstructural re-
gion, i.e., the heat-affected zone. This observation was
also associated with substantial tensile residual stress
(up to ~70 MPa) produced in this area during friction-
stir welding. It was suggested that a sum of the appli-
ed fatigue stress and the residual stress in this zone ex-
ceeded the yield point and therefore the material expe-
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rienced a plastic strain prior to the nucleation of the
fatigue crack. On the other hand, due to the subtle
character of the softened effect in the heat-affected
zone (~10%) and the stochastic nature of the fatigue
cracking, significant portion of the welds failed in the
base material zone. Accordingly, the fatigue strength
of the welded specimens was comparable to that of
the parent material.

In the heat-affected zone as well as the base mate-
rial, the crack initiation was facilitated by relatively
coarse-grained microstructure.

Despite the significant tensile residual stress re-
vealed in the stir zone (up to ~50 MPa), as well as a
relatively low static strength of the stir zone material,
none of the welds failed in this microstructural region.
This effect was attributed to significant grain refine-
ment occurred in this area during friction-stir welding.

6. SUMMARY

Due to the relatively high-temperature character of
FSW process, it typically involves complex precipita-
tion phenomena in heat-treatable aluminum alloys.
These typically includes particle coarsening in the
heat-affected zone and particle dissolution in the stir
zone, both leading to essential degradation of mecha-
nical properties of such materials. The present work
aimed to overcome these problems in order to provide
a nearly 100% joint efficiency in friction-stir welded
heat-treatable aluminum alloys. To this end, 6061-T6
aluminum alloy was used as a program material and
two strategies were employed for this purpose.

The first strategy involved optimization of FSW
variables in order to provide a combination of a relati-
vely high welding temperature and the shortest possi-
ble thermal cycle during friction-stir welding. In this
case, the precipitation coarsening occurring during fric-
tion-stir welding could be inhibited and thus the mate-
rial properties could be recovered during the standard
postweld aging process. Moreover, the relatively high
residual stress associated with such thermal cycle as
well as drastic grain refinement induced by the fric-
tion-stir welding should improve fatigue performance
of the welds. Detailed microstructural observations as
well as thorough examinations of mechanical proper-
ties have confirmed a reliability of the proposed ap-
proach. Specifically, a joint efficiency of 97% for the
yield strength was achieved, whereas the fatigue be-
havior of the welds was found to be even superior to
that of the base material.

The second approach was based on the application
of the standard postweld T6 tempering involving a so-
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lutionizing treatment followed by the artificial aging.
This procedure should provide a relatively uniform
precipitation of strengthening dispersoids across the
welded material and thus complete recovering of ma-
terial properties. It was found, however, that the solu-
tionizing annealing led to the abnormal grain growth
in the stir zone which had a detrimental effect on the
weld ductility.

To inhibit this undesirable phenomenon, the pre-
strain rolling of the welds was applied prior to the T6
tempering. It was shown that the prestraining was ef-
fective for suppression of the abnormal grain growth
due to the activation of a competing recrystallization
process. At relatively low prestrain rolling, the subse-
quent annealing behavior was found to be considera-
bly influenced by the prestrain path. This effect was
attributed to the sensitivity of Taylor factor as well as
to the orientation stability of the as-welded micro-
structure to the rolling direction. At relatively high
pre-rolling reductions, however, the anisotropy of the
annealing behavior was eliminated presumably due
the relatively high dislocation density generated in the
material irrespective on the applied rolling path.

It was also established that recrystallization of the
stir zone material gave rise to a ~25°(111) rotation of
the FSW-induced texture. This observation was ex-
plained in the terms of the orientation growth theory,
i.e., attributed to the increased mobility of ~30°-
40°(111) boundaries in aluminum.
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