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Abstract

Friction stir processing (FSP) is a solid-state process with the ability to refine grain sizes and uniformly disperse particles
to improve the mechanical properties of the base material. In this study, FSP was performed on AA6061-Té with and
without additions of multi-walled CNTs. For FSP on monolithic Al plates, dendrites were broken down and dispersed
uniformly with the increase in number of passes. As for FSP of AI-CNT composites, the CNTs have been successfully
dispersed with three FSP passes. Dispersion is more uniform with increasing number of passes. The Vickers hardness and
tensile yield strength were found to have improved after performing FSP with the addition of CNT as compared to FSP of

AA6061-T6 without CNT.
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Introduction
Friction stir welding and friction stir processing

Friction stir welding (FSW) was invented by The
Welding Institute (TWI) of UK in 1991." It is a
solid-state joining technique used to weld two pieces
of metal together without melting. Much research has
been done on the welding of aluminum due to its rela-
tive low melting pointing and low weldability using
traditional welding techniques.

The basic working principle of FSW involves a
nonconsumable tool with a threaded pin and shoulder
being plunged into the abutting edge of two sheets
and transverse along the direction of the line of
joint. The friction between the tool and the plate gen-
erates heat which softens the work piece. The rotation
of the tool moves the material from the front to the
back.?

The working principle of friction stir processing
(FSP) is based on FSW. Work is done on a single
work piece instead of joining two pieces together
(Figure 1). Friction stir processing technique was
first reported by Mishra et al.® for localized micro-
structure modification to achieve certain desirable
properties and has attracted much attention eversince.

For friction stir processing, the constituent phase
material in the process zone is being mixed and refined
by the tool due to the intense plastic deformation
during the FSP. The true strain during FSP is
approximately 40.* Mishra et al.® studied FSP with
the addition of SiC and observed an increase in

surface hardness as well as uniform distribution of
SiC particles in Al matrix. An investigation on the
effect of rotation speed on FSPed AZ31-Al,03 com-
posites, found that an increase in rotation speed led to
enhancement in the particle distribution and created
finer nanoparticle agglomeration.’

Metal matrix composites

High elastic modulus and wear resistance of particu-
late-reinforced metal matrix composites (MMCs)
have drawn the attention of the aerospace, automo-
bile and defence industries. Furthermore, additions of
small amount of nano-sized particles significantly
enhanced the material properties.®®

Guo et al.? studied the evolution of grain structure
and mechanical properties of AA6061 alloy reinforced
with nano-Al,Oj3. Slurry of nano-sized Al,O; particles
and a volatile solvent was used to preplace reinforcing
particles in an array of cylindrical holes on the surface
of AA6061 plate. Multiple FSP passes were applied to
improve the dispersion of the particles. In the study,
particle dispersion improved with increasing number

'School of Mechanical & Aerospace Engineering, Nanyang Technological
University, Singapore
ZSingapore Institute of Manufacturing Technology (SIMTech), Singapore

Corresponding author:

Ming-Jen Tan, School of Mechanical & Aerospace Engineering, Nanyang
Technological University, 50 Nanyang Avenue, Singapore 639798.
Email: mmjtan@ntu.edu.sg



XML Template (2015) [24.1.2015-4:52pm] [1-10]
/blmas3glyph.com/cenpro/ApplicationFiles/Joumals/SAGE/3B2/PILINGIO0000/ 150007 /APPFIR/SE-PILIS0007.30  (PIL)  [PREPRINTER stage]

Proc IMechE Part L: | Materials: Design and Applications 0(0)

Tilt angle

Downward Force |||

Shoulder

FS welded region

TMAZ: Thermo-mechanically Affected Zone
HAZ: Heat Affected Zone

Rotation :'Direction

X Longitudinal

Weld/Traverse Direction

ol

Figure 1. Schematic and actual illustration of FSP.

of FSP passes, and finer grain size was produced with
the addition of composite. Also, the final grain size for
one pass and three passes were similar, as the final
grain size is dependent on welding temperature.'®
Liu et al.'"' studied FSP of Mg-Li-Al-Zn under
water and reported fine equiaxed, recrystallized
alpha (hcp), and beta (bcc) grains. Superplasticity
with ductility of 300% at 100°C and more than
400% under high strain rate at 225-300°C was
achieved.

To the best of the author’s knowledge, no one has
reported on CNTs reinforcement using friction stir
processing. However, a study by Liao and Tan'?
was conducted on the addition of CNT to aluminum
matrix. CNTs were mixed with aluminum powder and
sintered before hot extrusion and hot rolling. The spe-
cimens were then tested for mechanical properties. It
was observed that the presence of CNTSs in the alumi-
num matrix slowed fatigue crack propagation by
crack-bridging, CNT frictional pull-out, and breakage
mechanism. AI-CNT composites showed significantly
improved densification, nano-indentation modulus,
hardness, tensile strength, and fatigue resistance.
However, the CNTs were not well dispersed and
agglomerated in clusters. FSP is able to achieve a uni-
form dispersion of many particles, hence the aim of
this study is to use FSP to obtain uniform dispersion
of the CNTs in the aluminum matrix and study its
microstructure and properties.

Experimental details

There are various methods of applying particles on
the substrate before performing FSP. Mishra et al.’®
prepared AI-SiC surface composites by applying a
mixture of SiC powder suspended in methanol onto
rolled 5083 aluminum Alloy surface. Holes, or
grooves can also be made on the surface of the base

material to contain the reinforcement particles.'?
Billets made from cold compacting and sintering a
mixture of metal powder and composites can also be
done prior to FSP.'* Cross rolling is then done on the
cast alloys to obtain a flat surface for FSP."”

In this study, CNTs were applied onto an AA6061-
T6 rolled plate of 300 mm length and 100 mm width
(rolling direction). An array of 960 cylindrical holes
with diameter of 1mm and depth of 2mm were
machined in an area of 240 mm x 50 mm (Figure 2).
Acetone was used to degrease the plates before air
drying. The multi-walled carbon nanotubes
(MWCNTs) are of outer diameter ranging from 10
to 20nm, length ranging from 10 to 30pum, and
purity of at least 95%. The nominal volume fraction
of CNTs produced by FSP is 0.5%. A friction stir
welding robot capable of generating a maximum
downward force of 12kN was used to carry out
FSP. The tool used to conduct FSP was a threaded
conical probe welding tool with three flats. The tool
has a shoulder diameter of 12.5mm, probe length of
2mm, and a probe base diameter of 5Smm. An add-
itional 1 mm thin sheet of AA6061-T6 was placed
above it prior to performing FSP, using a rotational
speed of 1800 r/min, travel speed of 8 mmy/s, and tilt
angle of 3°.

Metallographic samples were then sectioned trans-
versely from the plates after FSP was performed.
They are then polished using conventional mechanical
polishing method and viewed under field emission
scanning electron microscope (FESEM) equipped
with electron backscattered diffraction (EBSD).
EBSD was performed with step size of 0.5um and
maps were used to plot misorientation angle histo-
grams using Channel 5 software by HKL
Technology. A minimum of five points were sampled
from the cross section surface using Vickers hardness
with 50 gf loading. Tensile testing was conducted in
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Figure 2. (a) AA6061-T6 plate with an array of 720 holes with | mm diameter, | mm in depth, and spacing of 4.2 mm; (b) AA6061-T6

plate after FSP.

accordance to ASTM E08-04 standards at test speed
of 1 mm/min. A minimum of three “I”-shaped rect-
angular sub-sized samples with gage length of 25 mm
and width of 6 mm in the reduced section were used
(Figure 3). A fractography was done using scanning
electron microscope (SEM) on the fractured sites.

Results and discussions
Particle dispersion

Large dendrites as well as Si particles were observed in
the as-received AA6061-T6 (Figure 4(a)). FSP has
broken up some Si particles and aluminum dendrites
and dispersed them uniformly into the aluminum
matrix. Finer particles as well as a more uniform dis-
tribution of the particles were observed with increased
number of passes (Figure 4(b) and (c)). The stirred
zones of the FSP were free of porosities.

Similar observations were seen in the AI-CNT
SEM images. From SEM, clusters of CNTs were
found in the sample with one pass (Figure 4(d)). In
the sample with additions of CNT and three passes
condition, there were no visible CNT clusters
observed (Figure 4(d) and (e)). It is believed that the
CNTs were broken up by the stirring and mixing by
FSP.

Grain structure evolution

The EBSD results of the friction stir processed sam-
ples showed significant grain refinement compared to
the base material (Figure 5). It was also observed to
have sub-grain boundaries present in several slightly
elongated grains. More sub-grain boundaries were
seen in the stirred zone. This is in agreement with

the continuous dynamic recrystallization, which
occurred with the introduction of continuous strain
coupled with rapid recovery and migration of sub-
grain boundaries during friction stir processing.'® '
Hence, severe deformation was caused by the intense
dislocation generation experienced by the material in
the stir zone. The stored energy in the dislocation
resulted in the dynamic recovery and recrystallization
process.

For samples without CNT, the average grain size is
4.49um for samples that underwent one pass and
5.04um for samples that underwent three passes
(Table 1). This slight variation is in agreement with
a previous study that found grain sizes are similar and
independent on the number of passes.'” And, dynamic
recrystallization is a strong function of the flow stress
and not the temperature during deformation.?
Hence, the grain sizes were somewhat similar here.
However, studies have also showed that grain sizes
of the stir zone are a function of the welding tempera-
ture.''?! In this study, the processing parameters
were kept constant for the different passes, resulting
in a constant flow stress and processing temperature.

For the samples with CNT, the average grain size is
2.11um for samples that underwent one pass and
4.67um for samples that underwent three passes
(Table 1). Interestingly, samples with CNT that
went through three passes had larger grain sizes as
compared those that went through one pass. This
could be due to higher temperature experienced with
the increase in number of passes with the presence of
CNTs. For AI-CNTs with one pass, the average grain
size is smaller than those without CNT. This could
only be the result of adding CNT as the processing
parameters are the same; particle stimulated nucle-
ation may occur when Al-based metal matrix
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composites were friction stir processed.”*> >* However,
particle stimulated nucleation did not occur as it is
only possible when dislocations accumulate at the
particles during deformation and CNTs are smaller
than 1pm. Therefore, it is believed that Zener
pining effect by CNT has resulted in finer grain sizes
by retarding the grain growth of the matrix. The rate
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Figure 3. Dimensions of the samples used for tensile test in
millimeters.

of grain growth in the recrystallization of metals
with dispersed second phase particles can be
described using equation (1) according to
Humphreys et al*

dR oy, 3Fypy
dr M(P = P2) = M( R 2r

) (1

Here, F, is the volume fraction, M is the boundary
mobility, P is the driving pressure from the curvature
of the grain boundaries, P. is the Zener pinning pres-
sure, R is the radius of the grain, r is the radius of the
pinning particles, o is a small geometric constant, and
y,, 1s the boundary energy.

When P= P, grain growth will stop

avs _ 3Fyys

R 2r

2

Figure 4. FESEM image of AA6061-T6 samples (a) as received with x 1000 magnification; (b) with one pass condition with x 1000
magnification; and (c) three passes with x 1000 magnification; FSP AI-CNT composite with (d) one pass with x5000 magnification and

(e) three passes with x5000 magnification.
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Zener limiting grain size (a=1) can be obtained
when the mean grain radius (D) and the radius of
curvature (R) are taken to be the same

4r

D.=_—
3F,

3)

Tweed et al.>> suggested that the interaction
between the pinning particles and grain boundaries
is very complicated. Their study suggested that the
high energy of the grain boundary of the high-angle
boundaries may have curved the boundary plane
when it touches a second phase inclusion. This
result in a bypass long before the boundary bent
into a semi-circle as a whole. However, low angle
boundaries has lower energy and are more flexible
resulted in a more perturbed plane.

EBSD analysis was used to further investigate the
pinning effect of the CNTs (Figure 6).

For friction stir processing of AI-CNT with three
passes, the mean boundary misorientation and the
number of high angle boundaries (>15°) was observed
to have slightly decreased with a slight increase in the
number of low angle boundaries (<15°) when com-
pared to AA6061-T6 that underwent three passes
(Table 2). The reason for this observation is that the
CNTs were randomly oriented and very small in size.
Hence, there were no significant pinning effect and
differences in the results.

Micro-hardness

The Vickers’ micro-hardness values were measured
on the base material, samples without CNT, and

(c)

1 - "~ -+~ 1.1

5

Figure 5. Typical grain structures of EBSD image of AA6061-Té samples (a) as received, (b) with one pass condition and (c) three
passes; FSP AI-CNT composite with (d) one pass and (e) three passes. For the boundary misorientation: white lines: between 1° and
5°, grey lines: between 5° and 15°, black lines: >15°. (The reader is referred to the web version of the article for interpretation of the

references to colour in this figure legend.)
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Table I. Grain size measurements using EBSD.

Material and process AA6061-T6 AA6061-T6 | Pass AA6061-T6 3 Passes AI-CNT | Pass AI-CNT 3 Passes
Average grain size (um) 70.04 4.49 5.04 2.11 4.67
Standard deviation, SD 39.04 3.37 3.53 |.45 3.16
0.35 - Misorientation Histogram
' B AA6061-T6 1 pass
0.3 8 AAGO61-T6 3 passes
0.25 E\ O AI-CNT 1 Pass
.E 0.2 - :E B AI-CNT 3 Passes
S ’y
£0.15 [
0.1 1[0
’y
0.05 | PN
NI’ ] \
N N S I S I S A R
Misorientation (°)

Figure 6. Histogram showing the distribution of grain/sub-grain misorientation angle by EBSD.

Table 2. Grain/ sub-grain boundary misorientations.

Fraction of low angle grain

Fraction of boundaries (< 15°)
Material and Mean grain high-angle grain Number of
process misorientation (°) boundaries (>15°) (1-5°) (0-15°) samples
AA6061-T6 | Pass 23.11 0.50 0.29 0.50 49,871
AA6061-T6 3 Passes 24.00 0.58 0.26 0.42 39,629
AI-CNT | Pass 31.14 0.74 0.13 0.26 71,873
AI-CNT 3 Passes 22.75 0.48 0.30 0.52 50,795

Table 3. Micro-hardness values measurement of the base material, FSP of base material and FSP of AI-CNT composite.

Materials and

process AA6061-T6 AA6061-T6 | Pass AA6061-T6 3 Passes AI-CNT | Pass AI-CNT 3 Passes
HV 109.5 61.7 66.2 80.1 90.6
Standard deviation 1.38 1.70 0.72 0.93 0.87

samples with CNTs added (Table 3). The decrease
in hardness value was observed when FSP was con-
ducted on AA6061-T6. It is also observed that
increasing the number of passes did not influence
the hardness of the samples without CNT. This
could be due to the dissolution of the hardening
precipitates.”®

For AI-CNT composites, significant improvement
in the hardness value was observed when comparing
with those friction stir processed samples without
CNTs. This is due to the finer grain sizes and the
Orowan strengthening caused by the addition of
CNTs. An increase in the hardness value was

observed with the increase in the number of passes.
This could be due to the improved dispersion of the
CNTs under three pass conditions.

Tensile testing

The tensile stress strain verses strain curves were
plotted as shown in Figure 7. The tensile results of
FSP samples without CNTs showed that a decrease
in yield strength compared to a non-FSP sample
(Table 4). There is also a significant increase in per-
centage elongation-to-failure, indicating an improve-
ment in ductility. This is mainly due to the grain
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Figure 7. Stress versus strain plot of friction stir processed samples.

Table 4. Tensile results.

Tensile properties of Al

base metal and AI-CNT composites produced by FSP

Materials and process

Ultimate tensile strength (MPa) Yield strength (MPa)

Elongation (%)

Young’s modulus (GPa)

AA6061-T6% 290 240 8 69

AA6061-T6 | Pass 220+ 4 110+ 4 2741 71£1

AA6061-T6 3 Passes 20642 96+9 2941 71+ 1

A-CNT | Pass 157 +4 120+5 341 57+2

AI-CNT 3 Passes 178 +28 11242 10+5 65+ 12
(a) (b)

Figure 8. SEM image of the fracture site of the FSP monolithic Al plates with (a) one pass condition with x 000 magnification;
(b) one pass with x 10,000 magnification; (c) three passes with x 1000 magnification; and (d) three passes with x 10,000 magnification.
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Figure 9. SEM image of the fracture site of the FSPed AI-CNT samples: (a) one pass condition under x 1000; (b) one pass under
% 10,000; (c) three passes under x 1000; (d) three passes under x 10,000.

refinement (Figure 4). A reduction in the yield
strength was observed when comparing one pass
and three passes; this could be due to the dissolution
of the hardening precipitates.’®

The tensile results from the FSP with CNTs
showed no improvement in yield strength as com-
pared to the parent material (AA6061-T6) without
FSP (Table 4). However, the yield strength of Al-
CNT was superior when compared to FSP without
any addition of CNTs. For AI-CNT samples, there
was a significant reduction in the percentage elonga-
tion-to-failure in both one and three passes.
The CNTs could have acted as defects and
stress concentrators during the tensile test. The
strengthening of the material could be attributed
to the grain size differences from Hall-Petch
equation.’

Fractography

The fracture sites of the FSP samples without CNTs
were observed under SEM and dimpled appearances
at the fracture sites were observed indicating ductile
fracture. In addition, smaller dimples were observed
in FSP samples that underwent three passes
(Figure 8).

For the FSP samples with CNTs, larger dimples
were found on the samples with one pass condition
compared to three passes. This is in agreement with

the tensile results earlier indicating three passes is
more ductile than one pass. Some CNTs were
observed in the SEM (Figure 9).

Comparing the percentage elongation-to-failure of
the specimens with and without CNT, the specimen
with CNT had smaller percentage elongation-to-fail-
ure. This observation implies that specimens with
CNT are less ductile. In addition, some CNTs were
observed at the fracture site, indicating the CNTs
could have acted as defects in the material under ten-
sile load. The interaction between the CNTs and the
Al matrix may not be strong enough in enhancing of
the mechanical properties. The appearance of CNTs
at the fracture sites of the samples that underwent
three passes also suggested that crack bridging could
have occurred.'**®

Conclusion

1. In this work, FSP on monolithic AA 6061 plates
and AI-CNT composites were studied together
with the effects of different number of passes.
For the monolithic Al 6061, the dendrites were
broken down and dispersed uniformly with the
increase in the number of passes. In the study of
FSP of AI-CNT composite, the CNTs have been
successfully dispersed with three FSP passes; dis-
persion is more uniform with the increasing
number of passes.
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2.

The Vickers hardness number decreased with
increasing number of passes for the AA6061 spe-
cimens that underwent FSP due to dissolution of
the hardening precipitates. For specimens with
CNTs, the Vickers hardness increased with
increased number of passes. Overall, the speci-
mens with CNT have superior hardness values
than specimens without CNT that underwent
FSP, but inferior to the as-received AA6061-T6
specimens.

Grain refinement was achieved using FSP. The
addition of CNT resulted in further refinement
of the grains, improved tensile yield strength as
well as provided crack bridging in the material.
The ductility of the material improved with
increased number of passes.
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