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Abstract Quantitative microstructural studies using
optical and electron microscopy were carried out to
determine the grain size and intermetallic particle distri-
butions in various locations of friction stir welds in
AAS5251 to study their influence on the microhardness.
Grain-boundary strengthening, (using Hall-Petch relation)
was found to be the dominant factor controlling weld
hardness within the thermomechanically-affected zone
(TMAZ), yet with a minor increase in the Hall-Petch
intercept from the Al-Mg alloys literature values. This
deviation was associated with solid-solution strengthening
resulting from the dissolution of Mg,Si particles during
welding. A contribution from precipitate strengthening
accounted for deviations from the overall Hall-Petch rela-
tionship. This was linked to the formation of submicron
Alg(Fe,Mn) particles observed within the TMAZ grains,
varying in density with position in the weld, and accord-
ingly their strength contribution. Differential Scanning
Calorimetry (DSC) was used to quantify the strengthening
contribution of the dislocation stored energy in the TMAZ
of the weld. Although significant stored energy was
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detected, this was mostly due to the presence of geomet-
rically-necessary (non-strengthening) dislocations and did
not contribute to hardness.

Introduction

Friction Stir Welding (FSWing) is a solid-state joining
process in which joining takes place through a combination
of frictional heating and plastic deformation by stirring [1].
The maximum temperature measured during FSWing of
Al-based alloys falls between 0.7T,, and 0.9T,, [2], which
can thus classify FSWing as a hot working process. Hot
working processes are usually associated with recrystalli-
sation, forming new strain-free grains (dislocation density
in the range of 10°~10'° dislocations/m?), provided that the
thermal activation and driving force are sufficient [3].
During FSWing, a major component of the total energy
is dissipated as heat, and a small component is retained
within the deformed microstructure as stored energy, due to
point defects, boundaries and particularly dislocations [4].
Establishing structure-property relationships for FSWs of
age-hardenable Al-based alloys, is relatively simple since
the precipitate distribution within the weld (and accord-
ingly the strength) depends on the thermal fields generated
by the tool [5, 6], which can be readily modelled. However,
for work hardenable Al-based alloys, the complex micro-
structural development associated with FSWing (e.g.,
dislocation structure [7], grain refinement by dynamic
recrystallisation [8], particle break-up or fragmentation-
assisted particle dissolution [9-11]), makes establishing
structure-property relationships more difficult. There has
been an ongoing discussion regarding the main factors that
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control the FSW strength in work hardenable Al-alloys
[12-17]. For example, the strength in AA5Sxxx FSWs has
diversely been attributed to the grain size [15-17], the
extent of the thermally-dissolved Mg solute atom concen-
tration which increases the strength by dislocation-block-
ing [16], and finally the influence of the fragmented
submicron dispersoids that block dislocation movement
(dislocation looping, Orowan hardening) [14]. However,
these studies generally conclude that the influence of dis-
location density, which has not been quantified, causes a
discrepancy between the predicted and measured strength
levels in the weld.

There has been recent progress in utilising Differential
Scanning Calorimetry (DSC) to indirectly determine the
dislocation density by measuring the release of stored energy
[4, 18-20], which provides a feasible and simple technique
when compared to transmission electron microscopy (TEM).
The dislocation density (p) is related to the released stored
energy per unit volume (E) through [4, 20]:

E = paGb® (1)

where o is a dimensionless dislocation interaction param-
eter, G is the shear modulus, and b is the Burger’s vector.
In this paper, DSC measurements are used to provide an
approximation for the extent of the dislocation-stored en-
ergy in the thermomechanically-affected zone (TMAZ),
which is combined with microstructural quantification in
order to account for hardness (and hence strength) varia-
tions through an Al-Mg FSW.

Experimental

The base material used in this study was AA5251 5 mm
thick sheets. The chemical composition of the alloy is
shown in Table 1. FSWing was carried out on fully-an-
nealed (O) and work-hardened to half-hard and stabilised
(H34) conditions. The welding parameters were a rotation
speed of 500 rpm and traverse speed of 500 mm/min.
DSC thermal analysis was performed in a DSC 404C
Pegasus® calorimeter. Small specimens (~3.5 X 2.5 X
1.5 mm, ~35 mg) were cut from the weld transverse cross-
section as shown in Fig. 1 using a low-speed SiC cutting
disc. A block of fully annealed commercially pure Al-alloy
(99.5%) or 5251-0, of virtually the same mass as the spec-
imen, was used as a reference. The latter provides a reference

Table 1 Chemical composition of AA 5251 used in this study (wt.%)

of matching temperature-dependent thermal properties.
Specimens and references were thermally cycled for two runs
[18], in fully recrystallised Al,O; pans in a flowing Ar
atmosphere at a heating rate of 20 °C/min. After the first run,
the calorimeter was left to cool down without removing the
sample, the second run (being linear indicating no transfor-
mations taking place) was used as a baseline as shown in
Fig. 2. Quantification of the exothermic peak characteristics
(start, end, energy release) was performed using Proteus-
NETZSCH software. Interrupted thermal cycles (to peak
temperatures of 375°, 400°, 475°, and 525 °C), using the
DSC heating rate followed by cold water quenching, were
carried out on base metal and full weld specimens using a
Gleeble 3500 thermomechanical simulator.

Transverse sections, cut as above, were mounted,
ground and polished to a 0.04 um colloidal-silica suspen-
sion finish. A two-stage etchant, based on Weck’s reagent,
was used to reveal the grain structure of the recrystallised
weld nugget (WN). The specimen was first immersed in a
2 g NaOH in 100 ml distilled water solution for ~30 s.
After rinsing in distilled water and drying, the specimen
was immersed in a 4 g KMnOy,, 1 g NaOH, 100 ml dis-
tilled water solution for ~10-15 s. The resulting structures
were observed optically using a Leica DMRX microscope
equipped with KS300 image analysis software. The latter
software was used to determine grain size (equivalent cir-
cle diameter) from six fields at 1 mm spacing within the
labelled dashed black boxes in Fig. 1 as well as interme-
tallic particle equivalent diameter and area fraction. Glee-
ble specimens were prepared and analysed in a similar
manner.

Vickers hardness testing was carried out on polished
specimens using a Mitutoyo microhardness tester, with a 2-
axes micrometer-controlled stage to define the exact posi-
tion relative to the surface, using a 1 kg load. Hardness
traces were taken at depths of 1.5 mm and 3.5 mm from
the weld surface, covering £20 mm from the weld centr-
eline, with 1 mm spacing between the indentations. Aver-
age values for hardness within the specified locations of the
weld (as the WNU, WND, AS and RS regions in Fig. 1)
were obtained by taking at least eight measurements within
the dashed black boxes in Fig. 1, yet keeping the spacing
between the indentations at 2-5 times larger than the
diagonal of the indentation.

For TEM, specimens were prepared by spark-eroding
3 mm discs from the weld face as shown in Fig. 1. The
discs were mechanically ground, electro-polished, and

Mg Mn Cr Cu

Fe Si Ti Zn Al

Measured 1.94 0.35 0.11 0.1

0.5 0.32 0.03 0.06 Bal

@ Springer



J Mater Sci (2007) 42:7299-7306 7301
Fig. 1 Section through the 7 speci @ 3.5 x7 = Shoulder Diameter = 25 mm
FSW (slightly etched in 10% Advancing side (AS)

Retreating side (RS)
H3PO, solution) showing where e
DSC specimens were taken
from (dashed black boxes) and
selected notation (U ‘upper’ half
of sheet and D ‘down’ or bottom
half of sheet). The white dashed
circles show the location of the
TEM specimens
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Fig. 2 The two-run approach
used in measuring the stored
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investigated in a Philips CM20 TEM operating at 200 kV.
The KS300 image analysis software was again used to
measure grain and particle equivalent diameter, and parti-
cle area fraction from TEM micrographs.

Results and discussion

FSWs are typically composed of a WN, a TMAZ, and a
heat affected zone (HAZ). The WN is the region previously
occupied by the tool pin and is generally considered to be
part of the TMAZ. The TMAZ is the trapezoidal region
whose bases are the shoulder diameter and the pin diameter
at the bottom as shown in Fig. 1. The TMAZ contains
dynamically recrystallised and plastically deformed grains.
Beyond the TMAZ, the HAZ exists, which is only ther-
mally affected. Other features include concentric ellipses
within the WN, generally at the bottom (lower half) of the
sheet, referred to as onion rings [12]. FSWs are asym-
metric; whereby the side where the traverse speed and the
tangential velocity component of the rotating tool are in the
same direction is called the advancing side (AS), while the
other side is called the retreating side (RS). The TMAZ/
HAZ boundary towards the AS is sharper, compared to a
more diffuse boundary towards the RS.

By looking into the hardness traces obtained for the
H34-FSW and O-FSW conditions (Fig. 3), taken at 1.5 mm
(up) and 3.5 mm (down) from the weld surface (Fig. 1), it
is possible to link the macrostructural regions to the

Temperature (°C)

hardness. For the ‘up’ trace, the highest hardness (~72-
74 Hv) was found at the AS, with the hardness decreasing
towards the RS reaching a minimum of 50-55 Hv at the
TMAZ/HAZ boundary. Then, within the HAZ the hardness
increases in the H34-FSW gradually with the fading out of
the thermal field experienced during welding, or decreases
gradually in the O-FSW until it reaches the O-base metal
hardness (54 + 2 Hv). For both the O and H34 base metal
conditions, the ‘up’ hardness traces exhibit similar features,
i.e., a hardness around 55 Hv at the RS extending through
to the centreline (fluctuation between 50 Hv and 60 Hyv is
seen with the O-base metal, Fig. 3b) followed by a rise to a
peak of 70-75 Hv on the AS. This suggests that the
structure developed during FSWing in the TMAZ on the
AS has a stronger effect on hardness than the starting
structure, which appears to have greater influence towards
the RS. The ‘down’ traces also show similar trends for both
welds with the peak hardness being recorded along the
weld centreline in both cases. In the H34 FSW, the hard-
ness through the onion rings region of the WN (+4.5 mm
from the weld centreline along the ‘down’ traces) was
relatively constant, before decreasing sharply towards a
minimum in the HAZ. The overall behaviour was similar
for the O base metal, although the hardness decreased
across the onion rings region before decreasing sharply into
the HAZ. These profiles differ from many traces reported
for FSWs of work-hardened and annealed tempers (e.g.,
[12]), but the variations noted above indicate that the
hardness throughout different weld regions results from a
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Fig. 3 Hardness traces for (a) the H34-FSW and (b) the O-FSW taken at 1.5 mm (up) and 3.5 mm (down) from the surface (the AS of the weld

is to the right in each graph)

combination of the base metal and the structural modifi-
cation during welding. Hence, more detailed characterisa-
tion was undertaken to explain the trends in hardness.

Grain size

To establish the grain size strengthening effects, thermal
simulations for the H34 base metal to temperatures of 375,
400, 475, and 525 °C (i.e., after full recrystallisation,
determined from DSC measurements) were carried out to
establish a Hall-Petch relationship. It was found that grain
growth caused a decrease in strength for heat treatments to
375, 400 and 475 °C however at 525 °C an increase in
strength of ~4 Hv was seen which is consistent with dis-
solution of Mg,Si, enriching the Mg-content in solid
solution [21], as shown in Fig. 4.

The three specimens cycled at 375, 400, and 475 °C
were fitted to a Hall-Petch-based relation given by:
Hv = 43 + 44d™"? as shown in Fig. 5. Based on the
structure-property work of Furukawa et al. on Al-Mg alloys
[22], and assuming a linear relationship between the Hall-
Petch slope and intercept, and the Mg content of the alloy,
the Hall-Petch relation for 5251 can be estimated at:
Hv =38 + 45d_1/2, which is close to the one calculated for

60

57

[+ Grain size —0—Hardness

Grain size (um)
Hardness (HV)

Mg,Si dissolves [

T T T T T T l‘ 45
350 375 400 425 450 475 500 525 550
Temperature (°C)

Fig. 4 Grain size and hardness development for the H34-base metal
specimens thermally cycled at 20 °C/min to peak temperature then
quenched
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the investigated alloy. Possible reasons for the difference
between the calculated relation and the one estimated from
the literature (especially the intercept value) can be related
to differences in other alloying elements (e.g., the extent of
Mg or Mn in solid solution) and varying amounts of con-
stituent particles.

Microstructural quantification was carried out to relate
to microhardness values for the various regions indicated in
Fig. 1. Hence, the average grain sizes were determined for
these regions rather than any variation within them. These
average values are summarised in Table 2, and indicate
that the finest grain size existed towards the AS below the
weld surface, and increasing towards the RS.

This grain size trend is at variance with some previ-
ously published data (e.g., [23]), but the grain size is
determined by a variety of factors including base metal
condition, process parameters and tool design. Within this
study the development of grain size has not been fully
characterised to explain the differences with the previ-
ously published trends, which is the subject of a separate
study. Figure 5 shows that the grain size effect on hard-
ness accounts for the high hardness values seen in the
WNU and RS of the TMAZ. However the WND and AS
show higher hardness values than would be predicted by
grain size alone. A WNU specimen was thermally-cycled
in the Gleeble to 375 °C at 20 °C/min (complete recrys-
tallisation) to study the change in strength due to the
change in grain size. Yet, the hardness still did not change
despite the change in grain size and annealing (stored
energy release). It can be inferred from the Hall-Petch

Table 2 Grain size data for the various regions in the weld

Region Average grain size (Lm) Standard deviation
WNU 5.69 0.67
WND 6.40 1.05
TMAZ-AS 3.69 0.23
TMAZ-RS 6.57 1.23
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plot that there are two Hall-Petch relations; a lower one
which includes RS and WNU points from the weld which
rely mainly on grain size strengthening, and the upper one
which includes the Gleeble-cycled base metal and WNU.
Due to the relatively long thermal exposure, the upper
limit relation may be influenced by the dissolution of
particles, such as Mg,Si, in addition to grain size
strengthening, as opposed to the weld specimens that
experienced similar transient thermal cycles. Thus, this
may slightly increase their hardness as will be discussed
in Sect. ‘‘Other strengthening factors’’. The Gleeble-cy-
cled WNU has an even higher hardness due to the
superposition of the thermal-stirring effect during welding
followed by further thermal cycling. Still, both the AS
and WND points from the weld seem even higher than
the upper-limit relation by about 4-8 Hv. Hence there is a
need to quantitatively consider the other factors that
contribute to the FSW hardness, such as the stored
energy, solid solution and particle strengthening.

Fig. 6 DSC scans for the H34-
base metal, compared to 50
selected locations from the H34- 0.015

Stored energy

In Fig. 6, the DSC trace for the ‘H34 base metal is plotted
alongside the traces for a section extracted from the WN
base (WND) and a neighbouring specimen from the
TMAZ. Compared to the base metal, specimens in both
conditions extracted from the TMAZ (including the weld
nugget) showed an exothermic peak corresponding to re-
crystallisation between 240 °C and 330 °C (compared with
320 °C and 385 °C in the ‘H34’ base metal). This is
attributed to the fact that recrystallisation depends on the
amount of pre-deformation and grain size. The higher the
extent of deformation, the higher is the tendency of the
material to undergo recrystallisation at a lower temperature
than the normal recrystallisation temperature [4, 20]. Low-
energy peaks (<0.1 J/g) were frequently observed for
TMAZ and WN samples between ~160 °C and ~190 °C, or
between ~340 °C and ~360 °C which correspond to
recovery and grain growth respectively. Both the single-run

Temperature (°C)
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in Fig. 1 and the amount of
energy release and temperature
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as well as the double-run traces were compared to deter-
mine the position of the peaks.

The spatial variation in the extent of stored energy
within specimens extracted from the weld (only covering
the tool shoulder width) is shown in Fig. 7. The energy
levels in the WNU and WND specimens were ~—2.5 J/g for
both the O-FSW and H34-FSW conditions, which suggests
that this region has experienced a similar amount of ther-
mo-mechanical exposure. This also indicates that the dy-
namic recrystallisation processes and dislocation formation
were dominant irrespective of the starting base material
condition. The distribution also shows that the maximum
stored energy was observed at the AS regardless of the
starting condition (-3.65 J/g and -3.72 J/g for the O and
H34 conditions respectively).

In Sect. ‘“Grain size’’ it was shown that the RS and
WNU hardness values were predicted well by considering
grain size strengthening. However, the WND and AS were
not well predicted, with the experimental values being
greater than that predicted by grain size alone. It can be
seen from Fig. 7 that the stored energy in the WNU and
WND are virtually the same (~-2.5 J/g) whereas the stored
energy in WNU and RS are different (2.5 J/g and <1 J/g
for the H34 condition).

To obtain an estimate for the dislocation density in the
weld based on the stored energy release in the DSC, equa-
tion [1] can be used, which gives pgisiocation ~0-2 X 10" m™2
corresponding to an energy release of -2.51J/g
using o = 0.5 (which is a typical literature value [4]), and
gives Pdgisiocation ~1.3 X 10" m™ for an energy release
of —0.5 J/g in the case of the base metal (H34). The dislo-
cation density in the base metal, as estimated by the DSC, is
comparable to the values measured in a cold-rolled Al-Mg—
Cu-Mn alloy using a combination of TEM and electron
backscattered diffraction [24].

Several models have been used in an attempt to explain
the dislocation density development in deformed materials
and its influence on strength. In Ashby’s strength model

Energy Release (J/g)

-125 -10 -7.5 -5 -25 0 25 5 7.5 10 125
Distance from Weld Centreline (mm)

Fig. 7 Variation in energy release (stored energy) at different
locations within the weld
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[25], it is suggested that the total stored dislocations are
divided into two types: statistically stored dislocations
(ps), which occur within the grains independent of any
constraints imposed by the grain boundaries, and geo-
metrically-necessary dislocations (pg) which are created
due to constraints imposed by the grain boundaries, non-
deformable particles, and the plastic shear strain (y), and
are thus dependent on the grain size (d) and non-
deformable particle distribution. This model shows that
any work hardening effects are entirely due to ps. Thus,
since dynamic recrystallisation takes place during
FSWing within the TMAZ, it can be expected that the
influence of pg becomes reduced compared to the influ-
ence of pg. Using Ashby’s model, pg, due to the strain
incompatibility caused by the solid solution matrix grains,
can be estimated using:

pe = 4y/bA (3)

where 4 is the geometric slip distance, which is assumed to
be the grain size in pure, polycrystalline materials.

There will also be a contribution to pg from the non-
deformable particles (e.g., Al(FeMn)Si particles in Al-al-
loys), which, for an area fraction F, and particle size r, is
given by:

pG = 3Fyy/rb (4)

where the total pg is the sum of the contributions from Eqgs.
(3) and (4).

As indicated in the literature [4, 25], these relations have
only been studied for low-strains. However, there is evi-
dence that the strain incompatibility due to the existence of
non-deformable constituent particles or the grains will in-
crease the dislocation density of the material. For large
strains, the influence of dynamic recovery may reduce the
dislocation density from that predicted by Ashby’s model.
Estimates for the shear strain in the WN of a FSW vary
between 10 and 20 [26]; using the lower strain value for the
WN of the welds in this study with Al(FeMn)Si constituent
particles (Fy, = 0.02, » = 0.5 pm) and an average grain size
of 6 um, gives a total pg value of 3.9 x 10'® m™. This
compares with a total dislocation density of 6.2 x 10" m™
calculated using equation [1] (for a = 0.5) from DSC
measurements. Thus, for the plastic strains experienced in
the WN to be retained after dynamic recovery, the sum of
the geometrically-necessary contributions dominates the
measured stored energy.

Therefore, despite the energy stored in dislocations in
the weld, these dislocations do not seem to contribute much
to the weld strength since it is mainly due to the geomet-
rically-necessary dislocations. Therefore, to explain the
strength of WND or AS, it is important to consider the
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other strengthening factors, which are solid solution and
particle strengthening.

Other strengthening factors

There are two additional strengthening factors to be con-
sidered: solid solution strengthening, which could be
influenced by both the Mg and Mn content in solid solu-
tion, and particle (Orowan) strengthening by fine particles
that precipitate during welding.

Depending on their size and solidus temperature, Mg,Si
particles were found to experience spatially heterogeneous
dissolution; the area fraction of Mg,Si ranging between
0.001 and 0.003 within the TMAZ compared to 0.005 in
the base metal, which accordingly alters the solid solution
levels [9]. The dissolution of Mg,Si increases the Mg
content in solid solution, which increases the strength
through dislocation-solute atom interaction. If the Mg,Si
particles completely dissolve, they are expected to produce
a strengthening contribution of about ~4 Hv corresponding
to an increase of ~0.25 wt.% Mg.

Moreover, it was reported that during the thermal cycle
of the weld precipitation of Alg(Fe,Mn) particles takes
place within the WN [14, 27]. As shown in Fig. 8, pre-
cipitation of Alg(Fe,Mn) was evident in the WND to an
area fraction of around 0.025, whereas the average size
(equivalent radius) was found to be ~100 nm. TEM
imaging of specimens from the RS failed to reveal such a
level of precipitation. The small particles in WND can
increase the strength through Orowan hardening, which is
given as:

T = Gb/l (5)

where [ is the interparticle spacing, which is given as a
function of the particle fraction Fy and radius 7:

1 = (2n/3Fy)"*r (6)

Fig. 8 TEM micrographs from
the weld showing the
precipitation of the Al6 (Fe,
Mn) particles in: (a) Weld
nugget (down), (b) Retreating
side, (c) Particles in the weld
nugget down

This estimates the contribution of Orowan strengthening
to correspond to about ~8 Hv. This agrees with the esti-
mate of Sato et al. [14] of the contribution of Orowan
hardening in a 5083-FSW to be ~10 Hv. It would be dif-
ficult to quantify this influence throughout the weld as this
can only be done using the TEM, but this estimate accounts
for approximately half the Hv difference between WND
and WNU/RS, Fig. 5.

Thus, it appears that the weld strength depends mainly
on two structural factors: grain-size and particle strength-
ening with increased solid solution strengthening from
soludle particle dissolution having a secondary effect. The
complex microstructural development associated with
FSWing divides the weld into regions which depend pri-
marily on grain boundary strengthening and other regions
that depend on grain boundary and particle strengthening.
Despite the high dislocation density within the weld, these
provide insignificant contribution to the weld strength
compared to grain and particle strengthening. Whilst in-
creased solid solution strengthening might be significant in
other weld systems, for the system studied here the extent
of dissolution of Mg,Si particles gives increased hardening
by about 4 Hv only.

Conclusions

The influence of the various microstructural strengthening
factors on the hardness in AA5251 FSWs was studied.
After distinguishing the various influences, it was found
that the TMAZ/WN strength was found to be primarily
controlled by grain boundary strengthening and, in specific
locations by dislocation-particle (Orowan) strengthening
caused by the submicron Alg(Fe,Mn) particles. Despite the
high dislocation stored energy measured in the TMAZ/WN
compared to the base metal, the high stored energy was
associated mainly with geometrically-necessary (non-
strengthening) dislocations resulting from the grain

()

‘o."' ﬁ\! > .

500 nm S »
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refinement and presence of intermetallic particles as a
result of the large strain deformation during FSW.
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