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Low-temperature friction-stir welding (FSW) was successfully applied for the joining of Al-Mg-Mn alloy with an
ultrafine-grained microstructure. The low-temperature conditions preserved fine-grained microstructure and
nano-scale second-phase particles in the stir zone and thus provided nearly-100% joint efficiency of the produced
welds. The deformation behavior of the welded joints was studied via the digital image correlation technique.
The strengthening mechanisms of the base material and the stir zone material were examined.

1. Introduction

Due to the attractive combination of excellent mechanical charac-
teristics at ambient conditions and superplastic properties at elevated
temperatures, bulk ultrafine-grained (UFG) aluminum alloys are some-
times considered the next-generation materials [1,2]. However, the
relatively small size of the material pieces that could be produced by the
available processing techniques, significantly restricts their commercial
applications. In this context, a joining of several UFG sheets into a single
package may be a possible solution to this problem.

Friction-stir welding (FSW) e.g. [3-6] is often considered the most
prominent candidate for this purpose. This approach avoids material
melting but, in contrast, involves very large plastic strains and therefore
may retain the UFG structure nearly unchanged. Indeed, the first results
in this area were in good accordance with expectations, i.e., FSW typi-
cally led to only subtle microstructural coarsening in the stir zone
[7-17]. Nevertheless, an essential material softening was typically
observed [7-17], presumably due to the dynamic recrystallization
occurring during the welding process. It may be suggested, therefore,
that only low-heat-input FSW is suitable for successful joining of the
UFG materials. To date, only limited works have been reported in this
field, which typically confirm the enhanced mechanical properties of the
low-temperature FSW joints [11,16]. It should be noted, however, that
the underlying mechanism of the microstructural evolution during low-
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temperature welding of UFG materials is still not clear, and therefore,
this issue obviously warrants further study.

It is worth noting that the second-phase particles are well-known to
suppress the recrystallization processes in friction-stir welded materials
via grain-boundary pinning e.g., [18-20]. Hence, the low-heat-input
FSW seems to be particularly effective for the particle-containing UFG
alloys. Although the above conception is remarkably simple, its feasi-
bility has not been proven experimentally so far. Therefore, the purpose
of the present study was to examine the efficiency of the low-
temperature FSW for joining of a typical UFG material that contained
fine unsolvable dispersoids.

2. Material and experimental procedures

The Zr-modified commercial AA5083 alloy with a measured chem-
ical composition of Al-5.4%Mg-0.5%Mn-0.1%Zr-0.12%Si-0.014%Fe (all
in wt%) was produced by direct chill casting. To obtain the UFG struc-
ture, the cast ingot was homogenized at 360 °C for 6 h [21,22] and then
subjected to equal-channel angular pressing (ECAP) at 300 °C to the true
strain of ~12 using the B¢ route [21]. The 2-mm-thick sheets of the
ECAPed material were butt-welded parallel to the pressing direction
employing a commercial AccuStir 1004 FSW machine. The welding tool
consisted of a shoulder with a diameter of 12.5 mm and an M5 cylin-
drical probe of 1.7 mm in length. To keep the welding temperature as
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Fig. 1. Microstructure of the base material: (a) EBSD grain-boundary map, (b)
TEM micrograph, and (c) the particle-size distribution.
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low as possible but avoid welding defects, FSW was conducted at a tool
rotation rate of 500 rpm and a tool travel speed of 125 mm/min. These
particular welding variables were selected on the basis of the previous
experiments.’ Though welding temperature was not measured in the
present study, from the authors’ previous experience of working with
various aluminum alloys e.g. [23], it unlikely exceeded 400 °C.

Microstructural examinations were performed by optical micro-
scopy, electron backscatter diffraction (EBSD), and transmission elec-
tron microscopy (TEM). The metallographic observations were carried
out using an Olympus GX71 optical microscope. High-resolution EBSD
analysis was conducted using an FEI Quanta 600 field-emission-gun
scanning electron microscope (FEG-SEM) equipped with TSL OIM™
software. The TEM study was performed using a JEM-2100EX TEM
operating at 200 kV. The suitable surface for the EBSD and TEM ob-
servations was obtained by mechanical polishing in a conventional
fashion followed by electro-polishing using a 25% nitric-acid solution in
ethanol at —32 °C (241 K) and a voltage of 19.5 V. In the EBSD maps
shown in this paper, low-angle boundaries (LABs) (2° < 6 < 15°) and
high-angle boundaries (HABs) (6 > 15°) were depicted as red and black
lines, respectively. Dislocation density was measured by TEM using the
point count technique [24].

To view microstructure distribution in the weld zone more broadly,
microhardness profiles were measured across the weld transverse cross-
section at the mid-thickness of the welded joints. Vickers microhardness
data was obtained by applying a load of 100 g with a dwell time of 15 s
in a Wolpert 402MVD microhardness tester.

The mechanical properties and deformation behavior of the pro-
duced joint were examined using transverse tensile tests according to the
ASTM E8M standard. To this end, tensile specimens were machined
perpendicular to the welding direction (WD), and the gauge section of
the specimens included all characteristic FSW zones. To examine the
mechanical properties of the stir zone material, the specimens were
machined along with the WD and included the stir-zone material only. In
all cases, the specimens had a gauge section of 35 mm in length and 5 x
2 mm? in cross-section. The face surfaces of all tensile specimens were
mechanically polished to achieve a uniform thickness and eliminate
surface defects. Tension tests to failure were conducted at ambient
conditions using an Instron 5882 universal testing machine equipped
with an automatic extensometer MFX500. Three tensile specimens were
tested for each material condition.

In order to investigate the distribution of local strains produced
during the tensile tests, the digital image correlation (DIC) technique
was employed. To this end, a random ink pattern was applied to the
specimens’ surfaces, and two high-speed digital cameras were used for
recording the changes occurring in such patterns during the tensile tests.
The in-plane Lagrangian strains were measured using a commercial Vic-
3D™ system by Correlated Solutions, Inc.

Further experimental details are available in the previous works
[7,21,22].

3. Results
3.1. Base material

The UFG microstructure produced during ECAP is shown in Fig. 1.
The microstructure consisted of low-aspect-ratio grains with a mean size

1 It is often believed that the peak FSW temperature is mainly governed by
the tool rotation rate, whereas the cooling speed is primarily controlled by the
welding speed. Hence, to provide the low-heat-input condition, it is necessary
to keep the spindle rate as low as possible, whereas the feed rate should be the
highest. On the other hand, the excessive lowering of the FSW temperature
typically leads to volumetric defects. On the basis of extensive preliminary
experiments, it was found that the optical welding conditions include a tool
rotation rate of 500 rpm and a tool travel speed of 125 mm/min.
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Fig. 2. Microstructure of the stir-zone material: (a) EBSD grain-boundary map,
(b) TEM micrograph, and (c) the particle-size distribution.

of ~1.1 pm, which contained only a poorly developed substructure
(Fig. 1a). Specifically, the LAB fraction was measured to be ~9%,
whereas the dislocation density was as low as ~4 x 10'®> m™2. TEM
observation revealed the incoherent AlgMn dispersoids of ~40 nm in
average diameter and of ~0.09% in volume fraction, which were evenly
distributed in the grain interiors (Fig. 1b and c). Previous research
[21,22] has demonstrated that these nano-scale particles play a crucial
role in microstructural refinement during ECAP. The prior homogeni-
zation of the cast ingot at a relatively low temperature of 360 °C (as
indicated in Section 2) prevented the constituent AlgMn precipitates
from excessive coarsening. Hence, due to the relatively high Zener force,
the particles efficiently pinned grain boundaries during ECAP and thus
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Fig. 3. Microhardness profile measured across the joint mid-thickness. AS and
RS denote the advancing- and retreating sides, respectively.

promoted the formation of the fine-grained structure.

3.2. Stir zone

The microstructure produced in the stir zone after FSW was domi-
nated by the almost fully recrystallized equiaxed grains of ~1.8 pm in
diameter (Fig. 2a). As compared to the base material state, the LAB
fraction somewhat increased up to ~16%, whereas the dislocation
density was reduced to ~1 x 10'®> m~2. The reason for the disclosed
increase in the LAB content is not clear. One of the possible explanations
may be the relatively high temperature of the FSW process. As shown
recently [25], this may promote the activation of recovery mechanisms
that reduce dislocation density and thus retard the transformation of
LABs into HABs.

Importantly, the nanoscale AlgMn particles were retained nearly
unchanged (Fig. 2b) showing only a subtle increase in the mean diam-
eter up to 50 nm (Fig. 2c). This effect was apparently due to the rela-
tively low welding temperature employed in the present study, which
prevented the dispersoids from excessive coarsening.” Of particular in-
terest was the observation that the precipitates were often distributed
along grain boundaries (Fig. 2b) thus presumably pinning grain growth
in the stir zone.

Thus, it is evident that the fine-grained structure was essentially
preserved during FSW. In addition to the relatively low-temperature
character of the welding process, this effect is thought to also be
contributed by the pinning effect of the AlgMn dispersoids.

3.3. Microhardness profile

Fig. 3 shows the microhardness profile measured across the weld
mid-thickness. For clarity reasons, the shoulder diameter and probe
diameter were also indicated in the figure. To the first approximation,
the probe diameter outlines the stir zone, whereas the shoulder diameter
delineates the heat-affected zone.

Despite the low-heat-input welding condition employed in the pre-
sent study, it is seen that FSW provided notable material softening.
Specifically, the average microhardness decreased from ~105 Hv in the
base material to ~95 Hv in the stir zone. Remarkably, the softened re-
gion encompassed not only the stir zone but also included the heat-
affected zone. It is also worth noting that the softening effect was
most pronounced on the advancing side of the weld.

2 According to ThermoClac calculations (supplementary Fig. $1), the volume
fraction of AlgMn particles should experience only a minor change during FSW.
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Fig. 4. Typical tensile diagrams for the UFG base material, FSW joint, and the
stir zone material.

Table 1
Mechanical properties of the base material, FSW joint and the stir zone material.

Material Yield Ultimate Ductility, Joint efficiency, %
condition strength, tensile % ,
For yield For
MPa strength, " h Itimat
MPa streng ultimate
tensile
strength
Base 235+ 1 370 + 2 21 +2 - -
material
FSW joint 220 +1 365 + 2 15.7 £ 2 94 99
Stir zone 205+ 1 350 + 2 21 +2 - -

Note. Error shows instrumental accuracy of measurements.

3.4. Tensile test

Typical tensile diagrams of the base material, the welded joint, and
the stir-zone material are shown in Fig. 4. The relevant mechanical
properties are summarized in Table 1. In all studied conditions, the
material exhibited the jerky flow phenomenon (Fig. 4), which is usually
attributed to the Portevin-Le Chatelier (PLC) effect [26]. The magnitude
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of the stress oscillations increased with tensile strain, i.e., the serrations
resembled the type B behavior of the PLC effect. In the case of the
welded joint, the deformation diagram was characterized by relatively
high strain hardening at small tensile strains, but then it changed to the
rate close to the base material (Fig. 4). On the other hand, the base
material and the stir-zone material exhibited relatively monotonic strain
hardening behavior in comparison with the presence of a kink in the case
of the welded joint (Fig. 4).

Remarkably, the base material and the stir zone material exhibited
broadly similar ductility (Fig. 4). This effect is thought to additionally
reflect a close resemblance of the microstructures in both material
conditions (Figs. 1 and 2).

Of particular importance was the observation that the joint efficiency
for the FSW joint was measured to be 94% for the yield strength and
even 99% for the ultimate tensile strength (Table 1), thus being rela-
tively high. It is also worth noting that the reduction in the yield strength
(i.e., ~6%) was comparable with the decrease in microhardness (i.e.,
~10%, Fig. 3).

3.5. Digital-image correlation measurements

To provide additional insight into the tensile behavior of the welded
material, the digital image correlation technique was applied. The
typical results are shown in Fig. 5.

It is seen that the material flow during the tensile tests was charac-
terized by an inhomogeneous strain distribution. Specifically, the strain
was initiated at the advancing side of the weld (Fig. 5a), which was the
softest microstructural region according to the microhardness mea-
surements (Fig. 3).

With the increase in the global tensile elongation, the plastic strain
rapidly encompassed the entire weld zone (Fig. 5b) and then propagated
to the base material region (Fig. 5¢). This effect was clearly related to
both (a) the relatively small difference in strength between the stir zone
and the base material (10%, as discussed in Section 3.3) and (b) the
comparatively high strain hardening observed at the early stage of
tensile deformation of the FSW joint (Fig. 4). It is important to empha-
size that Fig. 5c corresponded to the kink on the deformation curve
where the work hardening became similar to that for the base materials.
Considering the relatively low strain hardening capacity of the stir zone
material per se (Fig. 4), the origin of the revealed strain propagation is
not completely clear.

eyy|%]- eyy|%]-
# Lagrange f @ Lagrange
40

25
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# Lagrange e
9.5

Fig. 5. Typical distribution of local longitudinal strains on the shoulder side and the cross-section side of the FSW joint, which evolved during transverse tensile tests
after global elongation of 0.2% (a), 1% (b), 3% (c), 5% (d), 11% (e), and immediately before failure (f). WD, TD and ND refer to welding direction, transverse
direction, and normal direction, respectively. AS and RS denote advancing and retreating sides, respectively. For simplicity, probe diameter and shoulder diameter

are indicated. Note: Tensile direction is vertical.
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Table 2
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Contribution of strengthening mechanisms in the base material and the stir zone material.

Material condition Calculated strengthening, MPa

Experimental yield stress, MPa

Solid-solution Precipitation Dislocation Grain-boundary Total
Base material 98.5 11.5 38 110 268 235
Stir zone 98.5 9.5 17 82 217 205

As follows from the works by Sato et al. [27] and Kar et al. [28], the
tensile properties of friction-stir welds are usually governed by the
softest microstructural region. This concept has been confirmed in
numerous studies, thus being beyond any doubt. Hence, the effect
revealed in the present study was somewhat unusual. On the other hand,
it was observed in all three tested specimens, so the authors are hopeful
that this phenomenon is real. One of the possible explanations for it may
be the back stresses that were presumably generated between the
differently-strained stir zone and the base material zone during the
tensile test. It is thought that the plastic deformation of heterogeneous
structures can cause significant internal (i.e., back-) stresses, which can
significantly affect deformation behavior e.g., [29]. On the other hand,
this assumption in the context of the present work is entirely speculative,
and therefore, the revealed effect obviously warrants further study.

Anyway, the propagation of the tensile strain into the base material
region provided excellent joint efficiency in terms of the ultimate tensile
strength (~99%) revealed during the tensile tests (Table 1).

Despite the propagation of the plastic strain across the entire tensile
specimen, the strain was still most pronounced at the advancing side of
the weld (Fig. 5d and e), which caused the final failure in this micro-
structural region (Fig. 5f). This observation was probably attributable to
the relatively low strain-hardening rate of the stir zone material, as
mentioned above.

4. Discussion

In order to get a quantitative insight into the strength of the welded
material, the mutual contributions of different strengthening mecha-
nisms were evaluated. Assuming that these mechanisms act indepen-
dently, the yield strength of the examined material may be represented
as follows [22,30]:

0p2 = 0'81+0ss+ap+5d+(703 1)

where 642! is the lattice friction stress of high-purity aluminum (~10
MPa [31,32]), oss is solid solution strengthening, o, is precipitation
hardening, o4 is dislocation strengthening, and o¢p is grain-boundary
strengthening.

The solid solution strengthening in aluminum alloys is often believed
to be mainly contributed by magnesium and manganese solutes and
could be expressed as follows [22,33]:

0ss = Ouace + HugCyyy + Huu Gy, @

where o6yqce is the strengthening effects of trace elements (24 MPa
[311), Hyy is the hardening efficiency of magnesium (~13.8 MPa/(wt%
Mg) [32]), Cug is concentration of Mg in weight percent, n is the
strengthening exponent (x~1 for Al-Mg alloys [34,35]), Hpp is the
hardening efficiency of manganese (~18.35 MPa/(wt% Mn) [32]), Cym
is the concentration of Mn in weight percent, and m is another
strengthening exponent (~0.9 for the Al-Mg alloys [33,35]).

In the Al-Mg-Mn alloys (including the examined material), the pre-
cipitation strengthening is mainly associated with incoherent AlgMn
particles [36] and could be quantified in terms of the Orowan bowing
mechanism [34]:

. _ 04MGb In(27/b)
P Vi-o

3

where M is the Taylor factor (x3.06), G is shear modulus of aluminum
(~25.4 GPa), b is the Burgers vector (~0.286 nm), A is the mean particle
spacing, ¥ = 1/2/3r is the mean radius of a circular cross section in a
random plane for a spherical precipitate, r is the average particle
diameter, and v is Poisson’s ratio for aluminum (=0.33).

Assuming a random distribution of the dispersoids, the mean edge-
to-edge inter-particle distance could be estimated as [34].

_ T
z:2r< Z—f—l), @)

where f is the particle volume fraction. From the calculations, it was
found that A in the base material was ~1.41 pm whereas that in the stir
zone was ~1.77 pm. These results were comparable with that reported
by Sato et al. [13].

The dislocation strengthening is usually described in terms of the
Taylor law [22,31,34,36]:

64 = aMGbp'? (5)

where «a is a constant (~0.24), and p is density of free dislocations.
The contribution of the grain boundary strengthening is usually
expressed in terms of the Hall-Petch relationship [1,6,13,22,32,36]:

oo = kydgy” (6

where k, is the Hall-Petch slope (taken to be ~0.11 MPa x m'/? [22]),
and dgp is the average HAB spacing.

The calculated contributions of the strengthening mechanisms and
the measured yield strengths of both the base material and the stir zone
materials were summarized in Table 2. The acceptable agreement be-
tween the predictions and the experimental results is worthy of the
remark. From the calculations, it is seen that the relatively high strength
of the stir zone material was mainly associated with the preservation of
the fine-grained microstructure. On the other hand, the contribution of
the precipitation hardening was relatively small. Hence, it is likely that
the principal role of AlgMn particles was the suppression of the micro-
structural coarsening in the stir zone thus indirectly contributing to the
grain-boundary strengthening. It is also worth noting that the crucial
role played by the AlgMn particles in the Hall-Petch relationship for the
friction-stir welded 5xxx aluminum alloys has been first emphasized by
Sato et al. [13,37].

As shown in Section 3.3, the material softening within the weld zone
was most pronounced on the advancing side of the heat-affected zone
(Fig. 3). In the context of the above considerations, it is likely that this
effect was associated with either prominent grain coarsening and/or
static recrystallization in this microstructural region. This assumption is
in line with typical temperature measurements and numerical simula-
tions, which show an increased welding temperature in this area. In the
present work, however, this idea has not been proven experimentally,
and therefore this issue requires further investigation.

5. Conclusion
In this work, low-temperature FSW was applied to preserve the

unique mechanical characteristics of a UFG aluminum alloy during
welding. The main conclusions derived from this work are as follows:
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(1) Despite the marginal microstructural coarsening that was

observed in the welded material due to the FSW heat input, the
fine-grained microstructure and the constituent nano-scale par-
ticles were preserved.

(2) The joint efficiency of the produced weld was found to be as high

as 99%. The low-heat-input FSW is highly feasible for the joining
of UFG materials.
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