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Abstract In this study, equal channel angular pressed
(ECAP) 5052Al alloy sheet was friction stir processed
(FSP). This was carried out to understand the effect of FSP
on the microstructure and mechanical properties of the
ECAP sheet. FSP led to further grain refinement and a
tighter distribution of grains. Fraction of high-angle grain
boundaries changed from 15% in ECAP condition to more
than 70% after FSP. Although FSP caused lowering of
yield strength (YS) and ultimate tensile strength (UTS), it
resulted into a substantial improvement in uniform defor-
mation region of the tensile sample (from 1.3% in as-
received condition to 12.9% in FSP condition). Strain
hardening rate (SHR) analysis showed lowering of recov-
ery rate on FSP. A static grain growth model correctly
predicted the average grain size obtained after FSP.
Existing grain boundary, solid solution, and dislocation
strengthening models were used to estimate the YS of
5052A1 alloy in both the conditions. The strengthening
model was able to predict the YS of the alloy in as-received
and FSP conditions very well.

Introduction
In recent years, friction stir processing (FSP) has emerged

as a potential severe plastic deformation technique (SPD)
for grain refinement. FSP is a derivative of friction stir
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welding (FSW) process which was developed in 1991 at
TWI, UK by Thomas et al. [1]. FSP was introduced by
Mishra et al. [2] in 1999 when they showed high-strain rate
(HSR) superplasticity in a friction stir processed (FSP)
7075Al alloy. The details of this process can be found
elsewhere [3, 4]. Subsequently, many researchers have
reported the use of FSP as a grain refinement tool [5—11].
Su et al. [11] reported a grain size of 100 nm in a FSP
7075A1 alloy. Rhodes et al. [10] obtained a grain size of
25-100 nm after FSP of 7050Al alloy. FSP causes not only
a substantial reduction in the grain size but also results
into an improvement in the fraction of high-angle grain
boundaries (HAGBs) and uniform ductility [12].
Conventionally, processes such as equal channel angular
pressing (ECAP) [13], high pressure torsion (HPT) [14],
accumulative roll bonding (ARB) [15, 16], etc., have been
used to refine the microstructure. Owing to limitations on
the geometries which can be processed using these pro-
cesses, it becomes necessary to subject such semi-finished
products to further processing. For example, a cold-rolled
(CR) sheet might undergo some joining process or some
forming operation to give a material final shape. Sometime
a material can be subjected to multiple processing tech-
niques to take advantage of each processing technique. A
secondary operation will result into a change in the
microstructure and mechanical properties of an alloy. Zhu
et al. [17] showed that the application of thermo-mechan-
ical treatment to an ECAP UFG Ti resulted in improvement
in mechanical properties of resulting Ti foils. Ti foils
produced by the same thermo-mechanical treatment of a
CG Ti showed inferior mechanical properties. Park et al.
[18] reported increase in high-strain rate (HSR) super-
plastic elongation in a 5154 Al alloy which was cold rolled
after ECAP. Increase in HSR superplasticity was also
reported by Nikulin et al. [19]. It was shown in their work
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that equal channel angular extrusion followed by isother-
mal rolling at 250 °C resulted in HSR superplasticity.
Akamatsu et al. [20] showed feasibility of producing
superplastic sheets by combining ECAP and cold rolling of
Al-Mg-Sc samples.

In this study ECAP has been combined with FSP. The
primary goal of this study is to investigate the effect of FSP
on ECAP 5052Al sheets. Combining both the processes
(FSP and ECAP) might result in attractive combination of
strength, ductility, and work hardening behavior. In this
study, the effect of FSP on the microstructure has been
studied in terms of distribution of grains and grain
boundary misorientation. Mechanical properties have been
compared in terms of change in uniaxial tensile strength,
ductility and work hardening behavior of ECAP and FSP
5052Al alloy. An effort was made to predict the average
grain size obtained after FSP by using a static grain growth
model. Also, theoretical estimation of yield strength (YS)
was carried out using existing grain boundary, solid solu-
tion, and dislocation strengthening models.

Experimental procedures

The ECAP of 5052Al sheet was carried-out at Monash
University, Australia. The details of this process can be
found elsewhere [21, 22]. The 5052Al sheet underwent
three ECAP passes. The thickness of the ECAP sheet
was ~ 1.6 mm. The nominal composition of the alloy was
Al-2.5 wt%Mg-0.25 wt%Cr. It was friction stir processed
(FSP) using a tool made of tool steel. The tool pin had step-
spiral profile. The pin height and the shoulder diameter
were 1.5 and 10.0 mm, respectively. The diameters of the
pin near tool tip and pin root were 3.0 and 4.5 mm,
respectively. A tool rotation rate of 400 rpm and a tool
traverse speed of 3.4 mm/s were chosen to process the
material. The tool tilt angle was 2.5° and plunge depth was
1.52 mm. The direction of tool traverse was in the direction
of ECAP.

Grain size and its distribution in ECAP and FSP con-
ditions were measured using electron backscattered dif-
fraction (EBSD) microscopy. For ECAP material, EBSD
was carried-out on a section parallel to the pressing
direction. EBSD in FSP condition was done on transverse
cross-section in the dynamically recrystallized region of
the alloy. All the samples for EBSD were first mechani-
cally polished using water-based diamond suspension up to
1 um grit size, before final polishing with 0.02 um col-
loidal silica suspension. EBSD was done on a FEI Helios
NanoLab 600 FIB/FESEM fitted with an HKL Electron
Backscatter Diffraction system. A step-size of 0.1 um was
chosen for OIM in both the conditions.
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The strength of the ECAP and FSP 5052Al sheets were
evaluated using mini-tensile testing at room temperature at
an initial strain rate of 1 x 107> s~'. The gage orientation
of the mini-tensile sample was transverse to the ECAP or
FSP direction. Mini-tensile specimens had a gage length
1.3 mm, width 1.00 mm, and thickness 0.50 mm. Samples
were polished using water-based diamond suspension up to
3 um grit size before mini-tensile testing.

Results
Microstructure

The orientation imaging microscopy (OIM) images of the
alloy in ECAP and FSP conditions are shown in Fig. 1. The
OIM map is colored according to the projection of longi-
tudinal direction (LD) in the inverse pole figure (IPF). The
average grain size for ECAP condition was found to be
4.0 & 7.9 pum. Since, some of the grains were as large as
48 nm, this caused standard deviation to be larger than the
average grain size. The OIM micrograph corresponding to
ECAP alloy is shown in Fig. la. White arrow in Fig. la
indicates the ECAP direction. FSP caused grain-refinement
of the alloys. After FSP the average grain size was
1.9 £ 1.2 pm. The OIM micrograph corresponding to FSP
condition is shown in Fig. 1b. FSP caused not only
reduction in the average grain size but also a tighter dis-
tribution of the grain size. Standard deviation from average
value for ECAP alloy was 7.9 pm which on FSP reduced to
1.2 pm. The grain size distribution (GSD) histograms and
corresponding cumulative GSD curves are shown in Fig. 2.

The misorientation angle distribution (MAD) is shown
in Fig. 3. The MAD presented here is pixel-to-pixel mis-
orientation frequency. It is evident that ECAP alloy had
high amount (~85%) of low angle grain boundaries
(LAGBs). In FSP condition, fraction of LAGBs changed to
30%. It is indicative of replacement of LAGBs with
HAGBSs during FSP. FSP also caused a reduction in dis-
location density in the grain interior. Researchers have used
local misorientation angle distribution (<2°) profile or
grain average misorientation (GAM) [12] to assess the
dislocation density inside a grain. A local MAD profile for
this alloy in both the conditions (ECAP and FSP) is com-
pared in Fig. 4. It shows that the local MAD profile cor-
responding to FSP alloy lies left to the profile of ECAP
alloy. Local MAD was used to calculate GAM. The GAM
values were found to be 0.55° and 0.32° in ECAP and FSP
conditions, respectively, after taking measurement error of
0.3° into account [12]. A lower GAM value in FSP con-
dition is indicative of low dislocation density in the grain
interior.
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Fig. 1 OIM images of 5052Al
in a ECAP and b FSP. The
white arrow in (a) is ECAP
direction. Thick black lines are
high-angle grain boundaries
(>15°) and gray thin lines in
OIM images represent grain
boundaries with misorientation
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Fig. 2 Grain size distribution and corresponding cumulative curves
of 5052Al alloy in a ECAP and b FSP conditions

Mechanical properties

The mini-tensile test results are shown in Fig. 5 and are
summarized in Table 1. 5052Al alloy in ECAP condition
had a YS and ultimate tensile strength (UTS) of 292 and
298 MPa, respectively. In this condition, this alloy showed
a total elongation of 20%. Uniform elongation (UE) was
just 1.3%. It indicates that most of the elongation was
concentrated in post-necking region. It is clear also from
the stress—strain curve for ECAP condition shown in Fig. 5.
After FSP, there was a drop in both YS and UTS. In FSP
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Fig. 3 Misorientation angle distribution of the 5052Al alloy in ECAP
and FSP conditions
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Fig. 4 Local misorientation angle distribution of 5052Al alloy in
ECAP and FSP conditions

condition the alloy showed a YS of 192 MPa and UTS of
235 MPa. The total elongation was 22.5% and UE was
12.9%. After FSP, UE was ~57% of the total elongation
undergone by the material. This was just 6.5% of total
elongation in ECAP condition.
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Fig. 5 Engineering stress—strain curves for ECAP and FSP

conditions

Strain hardening rate (SHR) is reported in Fig. 6. It
shows that rate of recovery is very high for the ECAP
sample. Rate of recovery reduced after FSP. This is evident
from the smaller slope of the solid line aligning with the
linear portion of the curve as compared with the slope of
the line for the curve representing ECAP sample. It should
be noted that the post necking part of the stress—strain
curve was not included for strain hardening rate
calculation.

Discussion
Grain refinement and its growth during FSP

The average grain size listed in Table 2 and its distribution
shown in Fig. 2 for FSP condition correspond to coarsened
grains during the course of FSP. As mentioned earlier, Su
et al. [11] and Rhodes et al. [10] demonstrated that FSP
was capable of producing nano-sized grains if grain growth
was arrested by deploying external cooling media. Grain
refinement is subsequently followed by grain growth. The
final average grain size depends on the peak temperature
attained during processing and the type of alloy. For the
same peak temperature, an alloy containing fine precipi-
tates will show smaller grain size than that of single phase
alloy. Absolute measurement of peak temperature attained
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Fig. 6 Strain hardening rate variation as a function of true stress

Table 2 Average grain size, fraction of grain size less than 1 pm and
fraction of HAGBs in ECAP and FSP conditions

d,, (Lm) d <1 pum fuace
ECAP 40+£79 70 15
FSP 19+12 55 70

during FSP is not possible due to vigorous material move-
ment in the nugget caused by the rotating and translating tool.
Owing to inherent difficulty of measuring peak temperature
in FSP, Arbegast and Hartley [23] obtained an empirical
relationship for peak temperature and it is given as

T ? *

T_mK(vx 104> m
where T,, is melting point of Al, K a constant ranging from
0.65 to 0.75, w tool rotation rate in rpm, v traverse velocity
in ipm, and « a constant ranging from 0.04 to 0.06. Taking
K as 0.75 and « as 0.06, Eq. 1 gave T as 456 °C. Experi-
mental study of temperature measurement has also shown
peak temperature to be in the range of 400-500 °C [24-28]
for aluminum alloys. Such a high temperature will induce
grain growth of recrystallized grains.

Recrystallized grains on the trailing side of the tool go
through grain growth process as the temperature is high
enough to cause sufficient grain coarsening. Hillert [29]
expressed growth rate of a uniform aggregate of grains of
radius R (m), as

Table 1 Experimentally determined and theoretically estimated mechanical properties of ECAP and FSP materials

YS (MPa) UTS, (MPa) % El % UE YS (MPa) (theoretical) Yoerror (exp. vs. theor.)
ECAP 292 + 28 298 + 27 20.0 + 7.8 1.34+0.2 293 +0.34
FSP 192 +£ 4 235 £ 0.1 225+ 175 129 £ 3.2 199 +3.65
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Table 3 Values of the parameters used in Eq. 4 in the prediction of
theoretical grain size

M, (m%/s) [30] Q (kJ/mol) [31] 7, J/m?) [32] t(s) T (°C)
1 x 107 90 0.324 10 450
T @

Eq. 2 can be rewritten as RAR = Myyaggdt/4. Integration
of this between R and R, gives an expression as

R® — R = Myyacpt/2 (3)
Since, R, < R ! Eq. 3 can be further simplified as
R~ (Myyacat/2)"? (4)

where M is the mobility of the grain boundary in m?s,
Taaceenergy of HAGB in J/m?, and ¢ time in seconds. M is
a function of temperature and is generally expressed in the
form of an Arrhenius equation as

M = M, exp <— R%") (5)

where M, is mobility constant in m?/s, Q the activation
energy of HAGB in J/mol, R the gas constant in J/(mol-K),
and T the temperature in K. Table 3 lists various values
used in the grain growth calculation. Substitution of the
values of these parameters in Eq. 4 predicted average grain
size to be 5.5 pm. In FSP condition average grain size was
1.9 pm. The maximum size of the grain detected by EBSD
analysis was 6.7 pm. Hence, calculated grain size is within
the range of grain size distribution and close to the
experimentally obtained values. It should be noted that the
calculated grain size represents an upper limit. In the cal-
culation of the grain growth it has been assumed that grains
experienced a temperature of 450 °C for 10 s (duration of
the processing). In reality, this is not the case. A particular
point in the wake of tool movement observes a continu-
ously decreasing temperature. The decrease in temperature
will cause decrease in mobility of grain boundaries. Also,
in this calculation grain boundary mobility has been
assumed to be a function of temperature only. But, it varies
with grain boundary curvature and defect density also.
When grains are very small, i.e., the curvature is very high,
mobility of grain boundaries will be very high. As grains
grow, curvature will reduce and so will grain boundary
mobility. Therefore, the deviation of calculated grain size
from the experimentally observed value is not surprising.

' As mentioned in the introduction section, during FSP grains as
small as 25 nm can be obtained. But because of grain growth during
processing commonly observed grain size is greater than 1 pm.
Hence, this inequality holds good.

Yield strength of the alloy

Even in FSP condition 30% of the boundaries were LAGBs
(Fig. 3). Hence, any discussion on the theoretical predic-
tions of YS of the material should include contribution
from LAGBs also. In a recent paper Kamikawa et al. [34]
have demonstrated the significance of LAGBs (down to
2-3°) in the strengthening of ARB processed pure Al.
General practice in modeling YS of a material is not to dis-
tinguish between high- and low-angle boundaries. In case of
fully recrystallized materials, this assumption does not lead
to a great deviation from the experimentally obtained values.
But, for deformed materials, such assumption is not appro-
priate and generally leads to a large error between predicted
and experimentally obtained values.

The YS of a material can be formulated on the basis of
contribution from low- and high-angle grain boundaries,
solid solution and dislocation as

0y = 0GB + 0ss + 0p (6)

where oy is the YS of the material, ogp the strength
contribution from high- and low-angle grain boundaries,
gss the strengthening from solutes in solid solution, and
op the strengthening contribution due to dislocations.
Following Hansen [35], strengthening contribution due to
low- and high-angle grain boundaries is given as

0GB = 0o + |:MOCG\/ 3b0LAB(1 —f) + k\/f]Dgl/z (7)

where g, is the lattice friction stress, k a constant, Dy the
boundary spacing (defined as boundary misorientation
>2°), M the Taylor’s factor, o a material-dependent
constant, G the shear modulus, b the Burgers vector, Or4p
average of LAGB misorientations, and f fraction of
HAGBs. Contributions because of solid solution and
dislocations are given as

gss — ACﬁ (8)
op = MaGbp'/? 9)
In Eq. 8 [36], A is a constant equal to 13.8 MPa/(wt%)”, C
is solute content in wt%, and f§ is a constant equal to 1.14.
In Eq. 9 p is the dislocation density. Substituting Eqgs. 7-9

in Eq. 6 and simplifying it, the expression of YS is found to
be as

0y = a0+ | MaG\/3b0as (1 —f) + ky/F| D' + AC?
+ MoaGbp'/?
(10)

Table 4 lists the values of various parameters used in
Eq. 10. Dislocation density was calculated using GAM
values which was calculated using local misorientation
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Table 4 Parameters used in Eq. 10 for the theoretical estimation of YS in ECAP and FSP conditions. The values of M, 0 ap, fuacs, and Dg

were obtained from EBSD data

M o [33] G (GPa) b (nm) Orag (°) (2-15°) Juacs Dg (um) g, (MPa) [31] k[31]
ECAP 2.25 0.3 26.2 0.286 4.09 0.15 0.545 20 0.04
FSP 2.25 0.3 26.2 0.286 5.38 0.71 1.025 20 0.04

distribution data (Fig. 4). The dislocation density
calculation was made using following argument.

If all the dislocations are assumed to be part of a pile-up
within a boundary spacing Dg, giving rise to a misorien-
tation across such pile-up equal to the GAM, misorienta-
tion across the pile-up can be given as

GAM(rad) ~ 0 = b/d (11)

where d is the dislocations spacing in such pile-ups. Inverse
of d gives the linear density of the dislocation in the
pile-up. Areal density of the dislocation can be obtained
dividing linear density by grain boundary spacing, Dg.
Equation 11 gave rise to a dislocation density of
6.10 x 10" m™>and 1.86 x 10"> m~? for ECAP and FSP
conditions, respectively.

Using these values in Eq. 10, YS in as-received and FSP
conditions were found to be 293 and 199 MPa, respec-
tively. Experimentally determined values for as-received
and FSP conditions were 292 and 192 MPa, respectively.
Hence, Eq. 10 predicted the YS of ECAP and FSP material
very well.

Strain hardening rate

Four stages of work hardening have been reported so far
[37]. Stage III of work hardening is most relevant since it
decides the rate of hardening and recovery. Characteristics
of stage III of work hardening is a decreasing SHR as a
function of stress or strain. Stage III is generally expressed
mathematically using Voce equation [37] which is given as

da_othkl_kLU (12)

de 2 2

where k; is a constant and k, is twice of the slope of the
strain hardening versus stress plot and is linked with the
rate of recovery. First term on the right hand side of Eq. 12
is rate of dislocation storage term and second term gives
rate of annihilation of dislocations. According to this
equation as stress increases, there is a decrease in SHR of a
material which is also observed experimentally. Figure 6
indicates that FSP caused lowering of the slope and hence
resulted in a lower rate of recovery in FSP condition. The
reason for lower recovery rate can be attributed to lower
fraction of LAGBs (21%) in FSP condition. The fraction of
LAGBs was 85% in ECAP condition. LAGBs have been
found to be a potential sink for dislocations. Sun et al. [38]
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has shown with the help of stress—strain curves that LAGBs
can act as effective sink for dislocations. In a recent work,
Kapoor et al. [12] showed that the rate of recovery
decreased linearly as fraction of HAGBs increased.

Ductility

The total ductility of the alloy in ECAP and FSP conditions
are almost same. But, FSP caused a significant shift in
uniform ductility of ECAP 5052Al alloy. In ECAP condi-
tion this alloy showed a uniform elongation of 1.3% which
changed to 12.9% on FSP. The reason for such a drastic
change is the difference in grain boundary character in both
conditions. Hung et al. [39] have shown that UFG Al
having higher fraction of HAGBs gave rise to higher uni-
form strain in comparison to UFG Al with lower fraction of
HAGB:S. In another study on UFG Cu [40], higher uniform
ductility was associated with higher fraction of HAGB:s.
Kapoor et al. [12] also found uniform ductility to be related
to fraction of HAGBs. Joo et al. [41] have also indicated
that the presence of higher fraction of HAGBs resulted into
good tensile ductility.

As mentioned earlier, ECAP alloy contained 85% of
LAGBs whereas it was only 21% in FSP condition.
Assuming a lower boundary cut off angle of 2°, boundary
spacing was ~0.55 pm and ~1.0 um in ECAP and FSP
conditions, respectively. Also, a lower dislocation density
was found for FSP alloy by using GAM values. The
combination of relatively lower dislocation density and
lower fraction of LAGBs in FSP condition suggests that
mean free path for the movement of dislocations is more
than that of ECAP alloy. A large mean free path for the
movement of dislocations will introduce higher plastic
strain in the material. It will result into higher UE. Also, as
mentioned earlier, LAGBs have been associated with
higher recovery rate in a material. Since fraction of LAGBs
is higher for ECAP alloy, rate of recovery will be higher in
this alloy and this will lead to early onset of plastic insta-
bility. Figure 6 supports this argument. The linear portion
of the curve is a measure of the rate of recovery. The slope
in ECAP condition is higher which is indicative of a higher
rate of recovery. Outcome of this study can be applied to
joining of such sheets. Since FSP led to reduction in the
strength of the alloy, it indicates that if such materials are
joined together the welded region will have lower strength
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than parent region. Although parent alloy has a very high
strength, application of such structures will be dependent
on the mechanical properties of the welded region. Hence,
it calls for selection of different process parameters for FSP
which will lead to relatively lower reduction in the strength
in the processed zone.

Conclusions

D Combining FSP with ECAP resulted in further
refinement of grains. FSP also caused a narrow
distribution of grain size range in the processed
region.

(II)  FSP of ECAP sheet resulted into increase in HAGBs
from 15% in ECAP condition to 71% in FSP
condition.

(IIT)  FSP caused decrease of YS and UTS of the ECAP
material while the UE increased significantly.

(IV) Improvement in strain hardening behavior and

lowering of rate of recovery were observed in FSP
condition as compared to ECAP condition.
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