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The present work was undertaken to evaluate the effect of second-phase particles on microstructure evolution
during friction-stir welding (FSW). To this end, Al-6.0Mg-0.35Mn-0.2Sc-0.1Zr alloy containing insoluble nano-
scale Al3(Sc,Zr) dispersoids was used as a program material. A particular emphasis was given to an establish-
ment of a microstructure-strength relationship in the welded material.

It was found that pinning effect of the Als(Sc,Zr) precipitates efficiently suppressed grain-boundary migration
and promoted a concentration of slip activity in heavily-stressed near-grain-boundary regions. This gave rise to a
preferential development of deformation-induced boundaries in the latter areas. Due to a complex character of
slip at the grain boundaries, the newly evolved grains had nearly random crystallographic orientations. As a
result, the final microstructure evolved in stir zone was characterized by relatively-fine grain size, poorly-
developed texture and large fraction of high-angle boundaries.

The retention of the coherent dispersoids as well as considerable grain refinement occurring during FSW
resulted in substantial material hardening in the stir zone.

1. Introduction

Friction-stir welding (FSW) is an innovative solid-state joining
technique [1,2]. Due to excellent service properties of produced welds,
this technology is sometimes referred as one of the most significant
achievements in the field of joining of structural materials. From a
standpoint of mechanics, FSW represents a unique thermo-mechanical
process involving very large strain at high temperature and strain rate.
It is worth noting that material behavior under such extreme deforma-
tion conditions is not studied well and thus FSW attracts not only
commercial but also an academic interest.

The extensive recent research has shown that the microstructural
evolution during FSW is a complex process. In relatively simple single-
phase materials, it typically involves a combination of continuous-
(cDRX) and discontinuous (dDRX) dynamic recrystallizations [3-7].
Moreover, mechanical twinning [e.g. 5, 7], annealing twinning [e.g.
3-5] and even grain convergence [7] may also occur in particular cases.
It is sometimes believed that activation of particular microstructural
mechanism is dictated by crystal structure and stacking fault energy but
may also be influenced by a welding temperature [8].

On the other hand, a structural response of alloys containing second-

* Corresponding author.
E-mail address: mironov@bsu.edu.ru (S. Mironov).

https://doi.org/10.1016/j.msea.2019.138540

phase particles is much less clear. During conventional thermo-
mechanical processing, the particles are well known to exert a consid-
erable effect on recrystallization behavior and mechanical properties.
Accordingly, it is of interest to examine their influence on the formation
of microstructure under extreme FSW conditions and mechanical
behavior of weld joints. However, the secondary particles often dissolve
at typical FSW temperatures (e.g. [9-11]) and therefore their impact on
recrystallization behavior remains poorly understood.

The present work attempts to shed some light on this issue. To this
end, an Al-Mg-Sc alloy containing coherent Al3(Sc,Zr) dispersoids,
which are stable until the melting point [12-31] and thus should affect
microstructure evolution during FSW, was examined. Indeed, the
FSW-induced microstructures in such materials are typically found to be
unusual. Specifically, they are often characterized by fine- or
ultrafine-grains [12-30], very weak crystallographic texture [19,20,26]
and relatively large fraction of high-angle boundaries [12,14-16,20,24,
26,27]. These structural characteristics are typically attributed to the
particle influence but the exact mechanism is not clear, to the best of the
authors’ knowledge.

To provide a deeper insight into this issue, the present work was
focused on investigation of microstructure evolution in a typical Al-Mg-
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Sc alloy during FSW. To this end, electron backscatter diffraction (EBSD)
and transmission electron microscopy (TEM) were employed for thor-
ough microstructural characterization. In addition, the obtained results
were used to elucidate the contributions of various hardening mecha-
nisms to the overall strength of the welded material and thus to establish
the microstructure-strength relationship.

2. Experimental

The material used in the present investigation was a commercial Al-
6.0Mg-0.35Mn-0.2Sc-0.1Zr (all in wt.%) alloy fabricated by semi-
continuous casting [28,30,31]. To precipitate the AlsSc dispercoids,
the produced ingot was annealed at 360 °C for 12 h. This route produced
equiaxed grain structure with a mean grain diameter of 35 pm, which
contained second-phase particles evenly distributed in grain interior.
The latter ones included relatively coarse (~40 nm) AlgMn dispersoids
as well as nano-scale (~6nm) Als(Sc,Zr) precipitates. The volume
fraction of the particles was measured to be 0.65 vol% and 0.12 vol%,
respectively. Further microstructural details have been described else-
where [31].

For the FSW experiment, the annealed ingot was sliced into 10-mm-
thickness sheets. The welding process was performed by using AccuStir
1004 FSW machine operating at a spindle rate of 500 rpm, a feed rate of
150 mm/min and a tool tilt angle of 2.5°. As it was found in the previous
work [22], this combination of welding variables ensures defect-free
joining and promotes a good combination of mechanical properties.
The welding tool was fabricated from a tool steel and consisted of a
shoulder of 16 mm in diameter and a threaded probe tapered from
6 mm at the tool shoulder to 4.8 mm at the tip; the probe length was
6.5 mm. To provide a full-thickness joining, double-side FSW was con-
ducted in the same welding direction. To maintain consistency with FSW
literature, the principal directions of welding geometry were denoted
throughout as welding direction (WD), transverse direction (TD) and
normal direction (ND).

Microstructural observations were conducted with optical micro-
scopy, EBSD and TEM. In all cases, the microstructural examinations
were made on transverse cross-section of the welds, i.e., TD x ND plane.
For optical microscopy, the samples were prepared by using conven-
tional metallographic techniques followed by final etching in Keller’s
reagent (2 ml HF + 3 ml HCl + 5 ml HNO3 + 190 ml H30). A suitable
surface finish for EBSD was obtained by vibratory polishing with
colloidal silica for 24h. TEM specimens were obtained by electro-
polishing in a solution of 25% nitric acid in ethanol at an applied po-
tential of 19.5 V.

TEM study was performed using a JEM-2100EX transmission elec-
tron microscope operating at 200 kV. EBSD analysis was conducted with
a Hitachi S-4300SE field-emission-gun scanning electron microscope
equipped with TSL OIM™ software and operated at accelerated voltage
of 25kV and a scan step size of 0.2 pm. The relevant statistics of EBSD
measurements is summarized in Table 1. To minimize misindexing
error, five Kikuchi bands were used for indexing of each acquired
diffraction pattern. To improve reliability of EBSD data, the small grains
comprising three or fewer pixels were automatically removed from the

Table 1
Statistics of EBSD measurements.
Location of EBSD  Area of each EBSD Number of pixels in Number of
map map, pm? each map grains
0.75 mm from 250 x 200 1,444,328 664
stir zone
0.5 mm from stir 697
zone
0.25 mm from 2210
stir zone
Stir zone 11,842
extremity
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maps using the standard grain-dilation option of the TSL software. To
eliminate spurious boundaries caused by orientation noise, a lower-limit
boundary misorientation cut-off of 2° was used. A 15° criterion was used
to differentiate low-angle boundaries (LABs) and high-angle boundaries
(HABSs). Grain size was quantified by applying the grain-reconstruction
approach [32], i.e., considering each grain as a circle with equivalent
area and calculating the associated circle-equivalent diameter. To get
additional insight into microstructure distribution in the welded mate-
rial, microhardness map was acquired across the weld cross section.
Vickers microhardness data were obtained by applying a load of 100 g
with a dwell time of 15s.

To establish the microstructure-strength relationship in the welded
material, the longitudinal tensile tests were used. To this end, tensile
specimens were machined from the stir-zone material. The specimens
were cut parallel to the WD, and had a gauge section of 16 mm in length,
3 mm in width, and 2mm in thickness. Appropriate tensile specimens
were also made from the base material. In all cases, tension tests to
failure were conducted at ambient temperature and a nominal strain
rate of 2 x 103 5! using an Instron 5882 testing machine.

3. Results
3.1. Low-magnification overview of welds

Low-magnification optical image of a typical weld is shown in
Fig. 1a. A distinct stir zone is seen. In this zone, a clear evidence for two
overlapping FSW passes (conducted during double-side welding) is
visible. In both cases, the stir zone somewhat enlarged towards upper (or
bottom) surfaces thus presumably reflecting a pronounced influence of
the tool shoulder on material flow. Remarkably, no characteristic onion-
ring structure was found in the stir zone. On the other hand, a relatively
dark optical contrast was noted in several locations including advancing
side, near-surface layer as well as an overlapping area of the upper and
lower FSW passes.

In order to provide an additional insight into FSW-induced micro-
structures, microhardness map was measured across the weld zone, as
shown in Fig. 1b. For clarity, the contours of the tool probes were also
indicated in the map (dotted lines). The microhardness measurements
had confirmed inhomogeneous character of microstructure distribution
within the stir zone. As follows from comparison of Fig. 1a and b, the
microstructural regions with relatively dark optical contrast exhibited
comparatively high hardness.

3.2. Broad aspects of grain structure evolution

To investigate grain structure development during FSW, the micro-
structure in a transition region between the base material and the stir
zone was examined. In this area, the parent microstructure gradually
transforms into the final stir-zone one thus enabling to ascertain the
broad aspects of microstructural changes. To avoid a specific character
of material flow presumably occurring in the optically-dark regions
discussed in the previous section, microstructural observations were
focused at the mid-thickness of the retreating side of the upper stir zone,
as indicated by a white rectangle in Fig. 1a. A composite EBSD map
taken from this area is presented in Fig. 2a; the selected areas of the map
are given at higher magnifications in Fig. 2b-d. The grain-size statistics
derived from the EBSD maps is shown in Fig. 3.

Near outer edge of the transition region, the extensive formation of
LABs was found (Fig. 2a and b). Importantly, this process was most
pronounced near original grain boundaries and was accompanied by
significant crystallographic rotations in these areas' (Fig. 2b). This

! In EBSD orientation maps in Fig. 2a, crystallographic rotations in the near-
grain-boundary regions appeared as essential changes of orientation contrast (i.
e., color) in these areas.
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Fig. 1. Low-magnification overview of transversal cross sections of friction-stir weld (a) and microhardness map measured across the weld (b). In (a), white rectangle
indicates EBSD map shown in Fig. 2a. In (b), dotted lines outline contours of the tool probes; the microhardness color code is given in the top right corner. RS and AS
abbreviate retreating side and advancing side, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

Fig. 2. Composite EBSD orientation map taken from thermo-mechanically affected zone (a) with selected areas given at higher magnifications in (b)-(d). In the map,
individual grains are colored according to crystal orientation relative to the WD and color code triangle is shown in the bottom left corner of (a); LABs and HABs are
depicted as white and black lines, respectively. See Section 3.2 for details. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

observation perhaps indicated a considerable difference in slip activity
between the grain interior and the near-grain-boundary areas. As a
result of the enhanced slip in the latter areas, the deformation-induced
boundaries rapidly accumulated misorientation. Moreover, some of
their segments have already transformed into HABs (arrows in Fig. 2b).

Approaching the stir zone, original grains were significantly sheared
to form a distinct flow pattern around the stir zone (Fig. 2a and c), thus
presumably reflecting a geometrical effect of the imposed strain. On the
other hand, new fine grains nucleated at prior grain-boundaries, thus
giving rise to a necklace-type structure (Fig. 2c). Accordingly, grain-size

distribution became bimodal (Fig. 3). In all observed cases, the new
grains appeared to originate from a gradual transformation of LABs to
HABs. No clear evidences of grain-boundary bulging was found. It is also
important to note that the newly nucleated grains typically had crys-
tallographic orientations essentially different from those of the original
grains (Fig. 2c¢).

At the stir zone extremity, volume fraction of fine equiaxed grains
increased significantly (Figs. 2d and 3). On the other hand, original
grains were significantly sheared and their thickness approached to the
subgrain size (Fig. 2d). From a thorough analysis of EBSD data, it seemed
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Fig. 3. Evolution of grain-size distribution as function of distance to the stir
zone. See Section 3.2 for details.

that the fine grains originated from progressive substructure develop-
ment within the parent grains (selected area in Fig. 2d). This process
eventually broke down the heavily-sheared original grains into reason-
ably uniform fine-grained structure with relatively high HAB fraction in
the stir zone (Figs. 2a and 3). The evolved microstructure was broadly
similar to that typically observed in friction-stirred Al-Mg-Sc alloys
[12-30].

Remarkably, a typical grain diameter of the fine grains did not alter
significantly approaching the stir zone, being ~3 pm in size in all cases
(Fig. 3a). This presumably evidenced no gross grain-boundary migration
occurring during FSW.

3.3. Texture formation

To provide an additional insight into grain-structure evolution, the
texture formation was also studied. To this end, orientation data were
derived from appropriate EBSD maps, arranged as 111 and 110 pole
figures and summarized in Fig. 4a-c.? It should be noted that the textural
data were appropriately rotated to align their reference frames with
presumed geometry of simple shear strain during FSW, as has been
recently discussed by Fonda et al. [33]. For comparative purpose, ideal
simple shear textures expected for face-centered cubic metals were also
shown in Fig. 4d.

In all cases, the measured textures were relatively weak and poorly
developed. This areeed well with previous texture observations in
friction-stirred Al-Mg-Sc [19,20,26]. Nevertheless, a more or less clear
evidence of {hkl}(110 > fiber texture was found in the present study
(compare Fig. 4a—c with Fig. 4d).

In order to establish a better understanding of the grain refinement
process, the bimodal grain structure evolved in close proximity to the
stir zone (Fig. 2d) was partitioned into domains comprising fine-grains
(grain size <10 pm) and coarse-grains (grain size >10 pm) by using
standard option of the used EBSD software. To avoid confusion in
definition of grains in heavily deformed microstructure, the term “grain”
in the present work was applied to denote a crystallite bordered by a
continuous HAB perimeter in EBSD map. The orientation data extracted
from such domains were shown in Fig. 5. Surprisingly, the pole figures in
both cases were found to be qualitative similar. It is worth noting,

2 In this work, no clear FSW-induced texture was found at the distances
exceeding ~0.25mm away from the stir zone. For simplicity, these textural
data were not shown in Fig. 4.
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meanwhile, that the texture of the fine-grained domain exhibited
relatively-large orientation spread and relatively-lower intensity
(compare Fig. 5a and b).

To quantify orientation difference between the fine- and coarse-
grained domains, appropriate orientation distribution functions
(ODFs) were calculated. For comparative purpose, ODF for the stir zone
material was also obtained. The selected sections of the ODFs (¢ = 0°
and ¢ =45°) were shown in Fig. 6. The volume fractions of various
textural components were summarized in Table 2.

From the ODFs, it was found that the coarse-grained domain was
characterized by a typical {hkl}(110 > fiber texture with pronounced B/
B{112} < 110 > components (Fig. 6a, Table 2). Such texture is often
reported to develop in friction-stirred aluminum alloys [33]. Therefore,
material flow within the coarse parent grains was probably more or less
close to that normally observed during FSW. On the hand, a develop-
ment of new fine grains led to a gradual randomization of the typical
FSW texture (Fig. 6b and c, Table 2). Considering a preferential nucle-
ation of the fine-grains at prior grain-boundaries, the above effect pre-
sumably indicated a complex (or even chaotic) character of slip in these
areas.

3.4. Dislocation structure and second-phase particles

To examine the second-phase particles as well as dislocation struc-
ture, TEM observations were done in the thermo-mechanically affected
zone and the stir zone with typical results being summarized in Figs. 7
and 8.

In thermo-mechanically affected zone, an increased dislocation
density was found in vicinity of original grain boundaries (Fig. 7a). This
observation presumably indicated an enhanced slip activity in these
areas thus being in the line with EBSD data discussed in Section 3.2.
Surprisingly, subtle serrations of the grain-boundaries were found
(Fig. 7b). It is important to emphasize, however, that the typical size of
the bulges was as small as ~0.1 pm, thus being very low. Another
remarkable observation was a development of relatively coarse semi-
coherent particles in grain interior (arrows in Fig. 7c).

In the stir zone, TEM observations confirmed the formation of the
relatively fine-grained microstructure (Fig. 8a). The dislocation density
was measured to be 1.3 x 10! m ™2, thus being relatively low. Never-
theless, sub-boundary structure could be sometimes revealed within the
relatively coarse-grained remnants (Fig. 8b). This was in the line with
EBSD measurements showing extensive LAB-to-HAB transformation in
transition zone, as discussed in Section 3.2. As expected, the second-
phase particles had survived in the stir zone (Fig. 8a and c); moreover,
the careful microstructural measurements revealed no notable changes
in the particle volume fraction. On the other hand, a subtle particle
coarsening was found. Specifically, the mean diameter of Al3(Sc,Zr) and
AlgMn dispersoids was measured to become 1l1nm and 44nm,
respectively.

3.5. Tensile behavior

Typical diagrams recorded during longitudinal tensile tests of the
base- and stir zone materials are shown in Fi.9. It is seen that FSW
promoted a substantial hardening effect. The possible mechanism of this
phenomenon is discussed in Section 4.2.

An important characteristic of the mechanical behavior of both
studied materials was repetitive oscillations observed along the defor-
mation diagrams. Such serrations are typical for Al-Mg alloys (including
the material studied in the present work), being typically referred to as
the Portevin-Le Chatelier (PCL) effect. The PCL effect is sometimes
attributed to an enhanced mobility of solutes which results in the solute
atmospheres at dislocations and thus promotes an instability of material
flow. A clear enhancement of this phenomenon in the stir zone (Fig. 9) is
thought to be associated with relatively fine grain size in this material
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align their reference frames with assumed geometry of simple shear strain. See Section 3.3 for details.
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Fig. 5. Comparison of preferential crystallographic orientations of coarse grains (a) and fine grains (b) measured in the bimodal microstructure evolved in close
proximity to the stir zone. SD and SPN abbreviate shear direction and shear plane normal, respectively. Note: The pole figures were appropriately rotated to align
their reference frames with assumed geometry of simple shear strain. See Section 3.3 for details.

condition (Fig. 2) and the concomitant increase in dislocation density.

Another remarkable issue was a more or less clear Luders strain at
the early stage of plastic deformation of the stir zone material (Fig. 9).
This phenomenon is well accepted to originate from an abrupt increase
of density of mobile dislocations at the onset of the plastic strain, which
usually leads to strain localization within the Luders bands. In the pre-
sent study, the observed effect was likely attributable to the relatively
low dislocation density in the stir zone material (Fig. 8a).

4. Discussion
4.1. Effect of second-phase particles on microstructure evolution

Since the second-phase particles survived at FSW temperature, they
are expected to influence microstructural behavior during welding. The
possible mechanism of this effect is considered in the present section.

Thorough microstructural examinations revealed no recrystalliza-
tion nuclei in vicinity of the secondary particles. This perhaps evidenced
that the so-called particle-stimulated nucleation (PSN) mechanism [34]

unlikely contributed to the microstructural evolution in the present
study. This, however, was not surprising considering a very fine size of
precipitates in the studied material (much less than 1 pum), which is
widely accepted to be insufficient for activation of the PSN mechanism
[34].

Moreover, no clear evidences of discontinuous recrystallization at all
were found, despite the subtle serrations were observed along the
boundaries of the parent grains (Fig. 7b). This effect is also thought to be
associated with the second-phase particles. Specifically, the size of the
stable recrystallization nucleus is well accepted to be determined by a
balance between its surface energy and the energy of the eliminated
dislocations. This relation is typically expressed as D > 3y/0.5pGb?,
where D is the critical nucleus size, y is surface energy of high-angle
boundaries (~0.3J/m?), p denotes dislocation density (taken to be
10! m‘z), G is shear modulus (=26 GPa), and b is the Burgers vector
(=0.286 nm) [34]. This criterion leads to a critical nucleus size of
~1pm, which is significantly greater that a typical dimension of
grain-boundary bulges revealed in the present work (Fig. 7b). It is
believed therefore that the survived precipitates essentially inhibited
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Table 2
Volume fractions of textural components in selected microstructural regions.

Crystall hi Microstructural region directly adjacent to
rystafographic stir zone Stir zone
orientations - - n
Coarse grains | Fine grains
Fiber textures
{111} <uvw> 13.2 7.0 58
{hkl} <110 > 224 11.7 9.1
Textural components

AQIDTIZ] 14 1.4 14
A1D[112] 0.9 0.8 0.9
AQTD[110] 0.9 1.1 1.0
AQTD[110] 1.9 1.1 0.9
BA12)[110] 6.5 1.6 0.8
B(112)[110] 3.8 1.0 0.8
C{001} <110 > 1.3 1.0 0.4

Note: The predominant textural components are highlighted with gray

grain boundary migration and thus suppressed a development of the
discontinuous recrystallization.

On the other hand, EBSD measurements conclusively demonstrated
that the grain structure evolution was governed by a gradual LAB-to-
HAB transformation, i.e., a mechanism which virtually fits a definition
of continuous recrystallization. This conclusion agrees well with recent
observations of microstructure evolution during hot severe plastic

deformation of Al-Mg-Sc alloys [26,35-37]. Importantly, however, that
the above process occurred preferentially near original grain boundaries
(Fig. 2b-d) and the evolved fine grains had nearly random crystallo-
graphic orientations (Table 2). The specific character of the micro-
structural changes is also thought to be associated with the secondary
particles.

Specifically, the particle pinning effect should inhibit a rearrange-
ment of dislocations into deformation-induced boundaries, thus virtu-
ally suppressing the continuous recrystallization. This process could
efficiently develop only in relatively heavily-stressed regions, i.e. near
original grain boundaries. Due to the complex stress fields in these areas
induced by the grain-to-grain interactions, the resulting slip activity
gives rise to the very weak deformation texture in the stir zone (Fig. 6¢
and Table 2). In turn, a nearly stochastic nature of crystallographic
orientations of neighboring grains resulted in relatively-high HAB
fraction in the stir zone, in close agreement with literature data [12,
14-16,20,24,26,27].

4.2. Microstructure-strength relationship

To investigate an effect of FSW on microstructure-strength rela-
tionship, various contributions to overall strength of the base- and stir
zone materials were evaluated on the basis of the detailed microstruc-
tural examination given above.

The relevant microstructural

Fig. 7. TEM observations in thermo-mechanically affected zone: high dislocation density near original grain boundaries (a), subtle grain-boundary bulging (b), and
second-phase particles (c). In (c), arrows exemplify semi-coherent particles whereas selected area shows Al3(Sc,Zr) dispersoids. See Section 3.4 for details.
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Fig. 8. TEM observations in stir zone: fine-grained structure (a), dislocation sub-boundaries (b), and second-phase particles (c). In (c), arrow exemplifies an AlgMn
particle whereas selected area shows Alz(Sc,Zr) dispersoids. See Section 3.4 for details.
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Fig. 9. Typical deformation diagrams of the stir zone material and the
base material.

characteristics were summarized in Table 3.

Considering low dislocation density in both studied material condi-
tions and assuming that different strengthening mechanisms act inde-
pendently (and thus have additive contributions), the total strength ¢
may be expressed as 6 = 6o + 0B + 0p, Where oy is the strength of the
Al-Mg solid solution, o¢p is the grain boundary strengthening, and o,
denotes the precipitation hardening.

In the studied material, the threshold stress can be evaluated as ¢ =
oA+ o5 , in which ¢4 is the threshold stress in pure aluminum
(~10 MPa) and oy is a solid-solution strengthening. In turn, the latter
one can be quantified as o5; = HMgC’,(,,g + Otrace + 0psa, Where Hyg is solid-
solution strengthening efficiency of magnesium solutes (taken to be 13.8
MPa/wt.% Mg [38-401), Cpg is wt.% of magnesium (6% in the program
material), n is a material constant, which is typically taken to be 1 in
Al-Mg alloys [38,411]), 6uqce defines the strengthening effect of trace
solutes (~24 MPa in Al-Mg alloys [38-40]), and opss is a hardening
effect associated with the dynamic strain aging. The latter one is usually

Table 3
Microstructural characteristics of base material and stir zone material.

Material Mean grain size, Particle volume Mean particle
condition pm fraction, vol% diameter, nm
Al(Sc, AlgMn  Al3(Sc, AlgMn
Zr) Zr)
Base material 30 0.12 0.65 6 40
Stir zone 3 0.12 0.70 11 44
material

estimated as a maximal magnitude of the stress drop observed in
deformation diagrams [42,43]; in the present study, it was measured to
be 11 MPa for the base material and 17 MPa for the stir zone material.
The calculated magnitudes of strength of Al-Mg solution were summa-
rized in Table 4.

The grain-boundary strengthening is conventionally described in
terms of the well-known Hall-Petch relationship viz. 6gg = kypd %% , in
which kgp is the Hall-Petch constant (taken to be 0.17 MPa m®® in the
present work [22,38-40,42,44]), and d denotes the mean grain size.
Assuming the mean grain size for the base material to be 30 pm and that
for the stir zone material of 3pm (Fig. 3), the grain boundary
strengthening for these material states was calculated to be 29 MPa and
98 MPa, respectively (Table 4).

Considering two types of precipitates contributing to the strength of
the examined materials (i.e., Al3(Sc, Zr) and AlgMn), the integral hard-
ening effect could be represented as 6, = 6a,(sc.zr) + Oatmn- Accounting
for a very dispersive nature of the Al3(Sc, Zr) dispersoids and coherent
relationship with aluminum matrix, the associated strengthening effect
was assumed to be governed by a particle cutting mechanism. According
to Kending et al. [44], the latter one could be quantified as ca,(sczr) =

05
M V;—; (g) , where M is Taylor factor (taken to be 3.06), y denotes an

energy of anti-phase boundary (= 0.185 J/m? [44]), r is the particle
radius, and f is the particle volume fraction. Taking the particle radius to
be 3.2nm for the base material and 5.5 nm for the stir zone material
(Table 3), the concomitant hardening effects were predicted to be
36.5 MPa and 48 MPa, respectively (Table 4).

On the other hand, AlgMn precipitates were relatively coarse in size
(~50 nm) and thus the particle bowing (i.e., Orowan-) mechanism was
suggested to operate in this case. Accordingly, the increment in material
strength could be calculated as oajpm = 0.84MTG” , where 1 is the particle

mean spacing; in turn, the latter one can be evaluated as 1 = ,/%.

Taking the particle volume fraction and mean radius as shown in
Table 3, the hardening effect was predicted to be around 52 MPa for the
base material and 58 MPa for the stir zone material® (Table 4).

In total, the above calculations predicted an increase of the material
strength from 246 MPa in the base material to 338 MPa in the stir zone,
which was very close to the measured variation in the yield strength
(Table 4). It is clear from Table 4 that the strengthening effect was
primarily associated with grain refinement as well as with retention of
Al3(Sc,Zr) dispersoids in the stir zone.

3 It should be noted that some tendency for clustering of Al¢Mn precipitations
was found, i.e., the spatial distribution of these dispersoids was not entirely
uniform. Accordingly, the real strengthening effect imparted by these particles
is believed to be lower than the predicted one. This issue, however, warrants
further study.
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Table 4
Contribution of different strengthening mechanisms to yield strength.
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Material Strength of Al-Mg solution, Grain-boundary strengthening, Precipitation Total calculated strength, Measured yield strength,
condition MPa MPa hardening, MPa MPa MPa
Al3(Sc, AlgMn
Zr)
Base material 128 29 37 52 246 225
Stir zone material 134 98 48 58 338 315
5. Conclusions [5] S. Mironov, K. Inagaki, Y.S. Sato, H. Kokawa, Development of grain structure

The present work attempted to ascertain an influence of the second-
phase particles on microstructure evolution during FSW. To this end, Al-
6.0Mg-0.35Mn-0.2Sc-0.1Zr alloy, which contained insoluble nano-scale
Al3(Sc, Zr) precipitates, was selected as a program material. The
extensive microstructural observations were used to elucidate the con-
tributions of various hardening mechanisms to the overall strength of
the welded material and thus to establish a microstructure-strength
relationship. The main conclusions derived from this work were as
follows.

As expected, Als(Sc, Zr) dispersoids survived during FSW. Due to the
particle pinning effect, an enhanced slip activity was observed in
heavily-stressed near-grain-boundary regions. This gave rise to a pref-
erential development of deformation-induced boundaries in these areas.
As a result of the complex stress fields generated by grain-to-grain in-
teractions, the newly evolved grains had nearly random crystallographic
orientations and, accordingly, the developed microstructure was char-
acterized by a relatively high HAB fraction. Moreover, the particles also
essentially retarded grain-boundary mobility thus suppressing a growth
of the nucleated grains and resulting in a relatively fine-grained
microstructure.

The preservation of Als3(Sc, Zr) precipitates and drastic grain
refinement occurring during FSW promoted substantial material
strengthening in the stir zone.
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