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a b s t r a c t

Samples with one through three passes with 100% overlap were created using friction stir processing
(FSP) in order to locally modify the microstructural and mechanical properties of 6082-T6 Aluminum
Alloy. A constant rotational speed and three different traverse speeds were used for processing. In this
article, the microstructural properties in terms of grain structure and second phase particles distribution,
and also the mechanical properties in terms of hardness and tensile strength of the processed zone were
addressed with respect to the number of passes and traverse speeds. The parameter combination which
resulted in highest ultimate tensile strength was further compared with additional two rotation speeds.
FSP caused dynamic recrystallization of the stir zone leading to equiaxed grains with high angle grain
boundaries which increased with increasing the number of passes. The accumulated heat accompanying
multiple passes resulted in increase in the grain size, dissolution of precipitates and fragmentation of
second phase particles. Increasing the traverse speed on the other hand did not affect the grain size, yet
articles reduced the particles size as well as increased the particle area fraction. Hardness and tensile test results
of the stir zone were in good agreement where increasing the number of passes caused softening and
reduction of the ultimate tensile strength, whereas, increasing the traverse speed increased the strength
and hardness. Increasing the tool rotational speed did not have a significant influence on particle mean
diameter, ultimate tensile strength and hardness values of the stir zone, whereas, it caused an increase
in mean grain size as well as particle area fraction.
. Introduction

During the last two decades, severe plastic deformation (SPD)
as been demonstrated as an effective approach to produce ultra-
ne grain (UFG) materials. Extensive research has been carried out
o develop SPD techniques and to establish processing parame-
ers to produce UFG metals and alloys; especially Aluminum Alloys
AA), with more desirable properties as summarized by Mishra
nd Ma (2005). Among different SPD techniques, friction stir pro-
essing (FSP) and equal channel angular pressing (ECAP) have
ossessed the main focus of researchers. Compared to FSP, multi-

ass ECAP is characterized by very low strain rates and requires
t least 6–8 passes to achieve micro or UFG as summarized by
iu and Ma (2008). They also added that this technique produces
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limited shapes and also relatively small quantities of material and
is difficult to scale up. FSP on the other hand, is essentially a
local thermo-mechanical metal working process that changes the
local properties without influencing the properties of the bulk
material. This causes intense plastic deformation/strain and ele-
vated temperatures in the processed zone, resulting in the
generation of fine recrystallized grains via dynamic recrystalliza-
tion (DRX) and break-up of constituent particles. Thus FSP creates
microstructure containing fine grains with large grain boundary
misorientations as concluded by Johannes et al. (2007) and high-
angle grain boundaries, features that are important for enhanced
mechanical properties as summarized by Mishra and Ma (2005).
Nakata et al. (2006) have achieved an improvement in the mechan-
ical properties due to the microstructural modification of an
aluminum die casting alloy by multi-pass friction stir processing
(MP-FSP), which is a solid-state microstructural modification tech-
nique using a frictional heat and stirring action.

FSP has been also applied by Johannes and Mishra (2007)

to produce superplastic-fine-grained microstructures by creat-
ing staggered pass samples of 7075 aluminum. These samples
were made with one through four passes under identical con-
ditions. Materials processed by single as well as multiple pass

dx.doi.org/10.1016/j.jmatprotec.2011.12.017
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
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applying one, two and three passes in an overlapping fashion as
shown in Fig. 1.

The tool was manufactured from Mo–W tool steel with a flat
shoulder of 15 mm diameter, and a concentric square pin with an

Table 1
Experimental parameters.

FSP – parameters combination
N (rpm) – feed (mm/min)

850–90 850–140 850–224

Number of passes One pass One pass One pass
158 M.M. El-Rayes, E.A. El-Danaf / Journal of Mate

xhibited superplasticity across various testing temperatures and
train rates while the as received materials exhibited elonga-
ions up to 200%. This study demonstrated the effectiveness of

ultiple passes-friction stir processing in creating larger areas of
aterial with superplastic properties. However, the largest elon-

ations were observed for the single pass material. It has been
lso concluded that grain boundary sliding is the primary mecha-
ism for superplastic deformation of multiple pass samples of 7075
A.

Ma et al. (2006a,b) applied five-pass FSP (with 50% overlap) on
ast Al–Si–Mg A356 alloy and it was found that overlapping FSP
id not exert a significant effect on the size and distribution of
he Si particles. The Si particles broken by FSP were uniformly dis-
ributed in the entire processed zones created by multiple-pass FSP.
t was found that in the as-FSP condition, the strength and ductil-
ty of the transitional zones between two FSP passes were slightly
ower than those of the nugget zones. Further, in the multiple-
ass material the strength of the previously processed zones was

ower than that of the subsequent processed zones due to overag-
ng from the FSP thermal cycles. After T6-heat treatment the tensile
roperties of the 5-pass FSP A356 samples were similar across
arious passes and comparable to those of the single-pass FSP
ample.

From the above review and in spite of the importance of
xxx series AA to various industries a limited number of research
ork have been devoted to FSP of this series. However, an

ttempt has been made by Elangovan and Balasubramanian (2008)
o understand the effect of tool pin profile and tool shoulder
iameter on FSP zone formation in 6061 AA. Five different tool
in profiles (straight cylindrical, tapered cylindrical, threaded
ylindrical, triangular and square) with three different shoul-
er diameters have been used to process the joints. From this

nvestigation it is found that the square pin profiled tool and irre-
pective of shoulder diameter produced mechanically sound and
etallurgically defect free welds compared to other tool pin pro-

les.
Woo et al. (2007) have studied the influence of the stirring

in and pressing tool shoulder on the microstructural soften-
ng occurring during FSP and subsequent natural aging behavior
f 6061-T6 AA. In that work it was found that the microstruc-
ural softening has occurred mainly due the frictional heating
rom the tool shoulder during FSP. Furthermore, the reduction
f the longitudinal residual strain profiles within the bead area
as correlated to the microstructural softening. In general, the

oftening in the DRX and thermo-mechanically affected zones is
elated to the dissolution of fine needle-shape precipitates (�′′)
ue to frictional heating, which reduced the microhardness from
he 110 to 70 HV. Softening has also occurred in the HAZ which
as similarly related to the dissolution of (�′′) and the growth

f coarse precipitate phase, which reduced the initial hardness to
0 HV.

As the need for strong, lightweight, high corrosion resistance,
igh thermal and electrical conductivity, hot and warm formabil-

ty materials has steadily been increasing, there has also been a
rowing interest in Aluminum Alloys which posses such proper-
ies like that found in age-hardenable Al–Mg–Si alloy. This alloy
s categorized under the 6xxx AA series, which is suitable for dif-
erent structural applications, automotive and aircraft industries,
ue to their strong modification of strength induced by precip-

tation phenomena as reported by Fujda et al. (2008). Takeda
t al. (1998) on the other hand studied the precipitation behavior
f Al–Mg–Si alloy. It was found that the metastable �′′ precipi-

ates played a major role in improving the hardness more than
′ does. The Al–Mg–Si alloys can be strengthened by the precip-

tation of the metastable precursors to the equilibrium � (Mg2Si)
hase as reported by Murayama et al. (1998), Murayama and Hono
rocessing Technology 212 (2012) 1157–1168

(1999) and Sha et al. (2003). An understanding of these precipi-
tation mechanisms during artificial aging is critical for achieving
optimal properties. A number of studies on the aging behavior of
Al–Mg–Si alloys have been conducted in several publications. Miao
and Laughlin (1999, 2000a,b) have summarized the precipitation
sequence for the 6xxx Al–Mg–Si alloy as follows:

�(sss) → GP zones → �′′needles → �′rods + lath − like particles

→ � + Si(various morphologies)

where �(sss) is the supersaturated solid solution and GP zones are
spherical clusters having an unknown structure. The exact compo-
sition of the alloy and the casting condition will directly influence
the volume fraction of intermetallic phases present as demon-
strated by Kuijpers et al. (2003, 2005). These intermetallic phases
have different unit cell structures, morphologies, stabilities and
physical and mechanical properties as demonstrated by Miao and
Laughlin (1999, 2000a,b).

Friction stir welding (FSW); the origin of FSP, has been fre-
quently applied on 6xxx AA. Mroczka and Pietras (2009) used 6082
AA whereas Rodrigues et al. (2009) used 6016 and Sauvage et al.
(2008) used 6061. They have reported the difficulty of achieving
UFG structure due to the instability of second phase particles �”
which leads to its dissolution and coarsening which ultimately
leads to larger DRX grains.

The large particle size for almost all processing conditions, can
lead to relatively larger dynamically recrystallized grains because
of the less pinning effect that these particles exert.

In the present work, the influence of traverse speed and number
of passes [100% overlapping] on the microstructural and mechan-
ical properties of the processed SZ in commercial cold rolled 6082
AA is investigated. This includes the evaluation of the extent of grain
refinement of the SZ and the microstructural modification as well
as the size and distribution of the second phase particles. Room
temperature tensile and microhardness tests are also conducted
in order to evaluate the influence of traverse speed and number of
passes on the strength of the processed SZ. In addition, the influence
of the tool rotational speed on the microstructural and mechan-
ical properties of the SZ will be further investigated. This will be
achieved by selecting the tool traverse speed and number of passes
combination which resulted in highest UTS and comparing it with
higher rotational speeds.

2. Experimental procedure

Commercial 6082-T651 AA plates – 6 mm thick, 100 mm wide
and 120 mm long with a nominal composition in wt.% 1.2 Si, 0.75
Mg, 0.79 Mn and 97.01 Al were used. A series of FSP runs were
conducted perpendicular to the rolling direction at constant tool
rotational speed of 850 rpm and varying the work piece traverse
speed and also the number of FSP passes according to Table 1.

FSP was carried out perpendicular to the direction of rolling by
100% overlap Two passes Two passes Two passes
Three passes Three passes Three passes

Note: The FSP – parameter combination which results in highest ultimate tensile
strength will be further compared with tool rotational speeds of 1070 and 1350 rpm.
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Fig. 1. FSP’ed sample using 3–100% overlapping passes.

Fig. 2. (a) FSP tool photo showing the tool shoulder and the square pin; (b) experi-
mental set-up of FSP, El-Danaf et al. (2010).
Fig. 3. Tensile test specimen.

edge length of 6 mm, and 5 mm long as shown in Fig. 2a). Test set-
up which has been used in earlier work by El-Danaf et al. (2010) is
shown schematically in Fig. 2b).

In order to reduce the extent of friction heating, cold air flow was
directed during FSP towards the SZ. After processing the specimen
was immediately immersed in cold water bath in order to hinder
the growth of the dynamically recrystallized grains. Microstruc-
ture characterization was performed on all samples using optical
microscope (OM). The microstructure of one sample was inves-
tigated by electron backscattered diffraction (EBSD). The FSP’ed
specimens were prepared according to the standard procedures
for specimen preparation including grinding, polishing and etch-
ing. Poulton’s reagent was used to reveal the second phase particles
and intermetallics, whereas, modified Poulton’s reagent was used
to reveal the specimen’s microstructure; grain size, by immersion
for 10 s. Grain size was measured by the linear intercept method
and was further checked using “Buehler Omnimet” Image analyzer
soft ware. The same software was also used to count the mean
particle size and its density within the Aluminum matrix, where
an average of five measurements was taken for each parameter.
For EBSD, the sample was taken through the same procedure for
OM, and further polished using colloidal silica on vibratory pol-
isher. Microhardness measurements were taken on the specimen’s
cross section using Vickers microhardness testing using 300 g load
and at 0.5 mm distance between successive indentations. In order
to evaluate the mechanical behavior of FSP 6082 AA, miniature ten-
sile specimens, shown in Fig. 3, were wire cut perpendicular to the
FSP direction, with SZ being centered within the gage length.

For consistent results, it is worth noting that the microstruc-
tural characterization, microhardness measurements and also the
extraction of tensile samples were conducted at a plane located
2.0 mm below the top of the SZ. Tensile samples were subsequently
ground and polished to a final thickness of 2.0 mm. Room tem-
perature tensile tests were conducted using a computer-controlled
Instron machine model 3385 H, at a cross head speed of 2 mm/min.
After testing, final length of failed specimens was measured to
determine ductility.

3. Results and discussion

3.1. Microstructural characteristics of the processed region

The FSP runs were conducted in the direction perpendicular to
the rolling direction having the microstructure shown in Fig. 4 in
the as-received condition. Second phase particles are seen within
the entire base metal microstructure. The average aspect ratio of the

elongated grains was measured to be 2.1 by using image analyzer
soft ware.

To document the grain structure and the distribution of sec-
ond phase particles, optical microscopy was conducted on the SZ of
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Fig. 4. Microstructure of the as-received Aluminum Alloy 6082-T651 base metal.

F
o

ig. 5. EBSD results of a sample processed at 850 rpm, 140 mm/min using one passes. (a)
f misorientation angle; (d) optical micrograph of SZ.
rocessing Technology 212 (2012) 1157–1168

all processed samples. Orientation image microscopy (OIM) using
electron back scattered diffraction on a Joel SEM analyzed and con-
trolled by TSL software was employed on several samples.

The grain tolerance angle (GTA) embedded in the analysis was
set as 15◦, which means that boundaries are not defined unless the
critical misorientation between two neighboring points is more
than 15◦, this was chosen with the purpose to define the grain
structure of well defined grain boundaries. The two microscopy
techniques were performed to validate the microstructure inferred
for same processing conditions and to get information about the
average misorientation angle developing through the OIM tech-
nique. Fig. 5(a)–(c) shows the image quality map, distribution of
grain size and a histogram for the misorientation angle, respec-
tively, for the sample processed at 850 rpm–90 mm/min for one
pass, from the EBSD results. Fig. 5(d) shows the optical micrograph
for the same sample. The average grain size and average misori-
entation angle, from EBSD, were depicted on the respective figure
sections Fig. 5(b) and (c). The grain structure in the SZ, inferred

from both microscopy techniques, attains the equiaxed morphol-
ogy that has developed through dynamic recrystallization (DRX).
Within this zone, severe plastic deformation and frictional heat-
ing occur during FSP resulting in the generation of a recrystallized

Image quality map; (b) distribution of grain size; (c) histogram for the distribution
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3.2. Second phase particles/intermetallic phases
ig. 6. The influence of varying number of passes on: (a) average misorientation
ngle; (b) fraction of high angle grain boundaries (HAGBs).

ne-grained microstructure due to DRX. This result confirms with
hat reported earlier by Mishra and Ma (2005) and also by Mroczka
nd Pietras (2009). The grain size obtained, by linear intercept
ethod; from optical microscopy was about 11.8 �m. It is obvious

he close agreement of grain size calculated by both techniques.
Fig. 6(a) and (b) presents the evolution of average misorien-

ation angle and fraction of high angle grain boundaries (HAGBs)
ith number of passes for the 850 rpm–224 mm/min processing

ondition. For all number of passes the average misorientation is
elatively high, yet increasing with number of passes. Also, the frac-
ion of HAGBs is seen to increase with number of passes, which
hows that almost 73% of the boundaries, for the sample processed
ith three passes, are well developed true grain boundaries. This

ives indication to the extent of DRX happening with increasing
umber of passes.

The thermo-mechanical affected zone (TMAZ), on the other
and, is found in the close vicinity of SZ, as shown in Fig. 7(a),
here the material experiences lesser strains and strain rates as
ell as lower peak temperatures compared to the SZ. The TMAZ is

haracterized by a less deformed structure, in which the parent
etal-elongated grains are markedly bent due to plastic defor-
ation into the direction inclined to the TMAZ/SZ boundary, as

n Fig. 7(a). A similar microstructure has been obtained by Scialpi
t al. (2007). Although the TMAZ underwent plastic deformation,
ecrystallization did not fully occur in this zone due to insufficient
eformation strain as reported by McNelley et al. (2008). The struc-
ure on the right in Fig. 7(b) [shown by arrow] appears to be partially

ecrystallized where some equiaxed grains started to form within
he elongated-deformed grains. This structure has been found in all
he FSP literature related to Aluminum Alloys.
Fig. 7. (a) Transition between the SZ, TMAZ and HAZ; (b) partial recrystallization of
grains [arrow] occurring at TMAZ on the retreating side.

The heat affected zone (HAZ) beyond the TMAZ, shown in
Fig. 7(a), is a zone which experiences a thermal cycle, but does not
undergo any plastic deformation and still retains the same grain
structure as the parent material as documented earlier in several
publications by Mishra and Ma (2005), Scialpi et al. (2007) and
Adamowski and Szkodo (2007).

Fig. 8(a) and (b) shows the influence of varying the number of
passes and traverse speeds on the SZ mean grain size respectively.
Increasing the number of passes at a given traverse speed, causes an
increase in the grain size, Fig. 8(a). This is due to the grain coarsening
resulting from the additional/accumulated thermal cycles which
the plate has experienced and the simultaneous occurrence of con-
tinuous dynamic recrystallization (CDRX) occurring with each FSP
pass. This result is in good agreement with earlier work of Johannes
and Mishra (2007). The increase in grain size is obvious between
the second and third pass, whereas, between the first and second
passes the increase is marginal.

On the other hand, increasing the traverse speed, at a given num-
ber of passes, slightly increases the grain size especially with first
and second passes, whereas with third the pass almost no differ-
ence is noted, Fig. 8(b). It can therefore be stated that the traverse
speed does not appear to be contributing to change the size of
dynamically recrystallized grain in the SZ. The work done by Ma
et al. (2006a,b) confirms this statement.
AA 6xxx contain a large amount of various intermetallic par-
ticles with size typically ranging between 1 and 10 �m. Most of
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ing between coarse to fine particles. In addition, the density of
ig. 8. Variation of grain size with: (a) number of passes; (b) traverse speeds.

he second phase particles were identified by energy dispersive
-ray spectroscopy (EDS) and X-ray diffraction (XRD), as typ-

cal Aluminum intermetallic phases containing Fe, Mn, Si and
g. Fig. 9 shows the XRD pattern of the sample processed at

50 rpm–224 mm/min using three passes. Different intermetallic
hases are identified and noted on their respective peaks.

Al–Mg–Si alloys can be strengthened through the precipitation
f the metastable precursors of the equilibrium � (Mg Si) phase.
2
s artificial aging commences, coherent needle-shaped �′′ parti-
les are precipitated leading to an increase in hardness. Urreta et al.
2001) showed that when the �′′ needles are still thin (under aged

Fig. 9. XRD pattern of the SZ processed at 85
rocessing Technology 212 (2012) 1157–1168

condition), they are sheared or cut by glide dislocations. As aging
continues these needles gradually grow and further harden the
material, as many of the larger �′′ precipitates behave as impen-
etrable obstacles. This is particularly the case at the beginning
of plasticity in the peak-aged condition. In addition, Urreta et al.
(2001) showed that the formation of the �′′ hardening phase is a
thermally activated process. As the aging process continues past
the peak-aged condition, the �′′ phase is reverted to larger, semi-
coherent rod-like or lath-like �′ particles, resulting in a softening
of the material.

At the final aging stage, equilibrium non-coherent Mg2Si and
silicon particles are precipitated. In this over-aged condition, pre-
cipitates are largely bypassed by dislocations through the Orowan
mechanism. The low strength of over-aged samples is due to the
poor solid solution hardening as the majority of the magnesium
and silicon present in the alloy is precipitated as relatively large
Mg2Si or silicon particles. Unfortunately the �” precipitates are not
temperature resistant and rapidly dissolve. In the SZ, due to the
dramatic increase of the temperature, �′′ precipitates partially dis-
solve and the rest coarsens to semi-coherent �′ and non-coherent
equilibrium � precipitates. One should note that dislocations shear-
ing and cutting precipitates may promote the decomposition of �′′

giving rise to local super saturated solid solutions, which can give
a dramatic loss of hardness in the weld nugget. A re-precipiation
stage following the full decomposition of precipitates was pro-
posed by Cabibbo et al. (2007) for a friction stir welded 6056 AA.
However, considering the work of Frigaard et al. (2001) on a 6082
AA processed by FSW (T6 state, 1500 rpm, 300 mm/min), the tem-
perature in the weld nugget is in a range of 350–480 ◦C during
only 2 s. During this short time, few precipitates may survive and
then coarsen during the cooling time as reported by Kamp et al.
(2006).

Metallographic testing has revealed abundant amounts of sec-
ond phase particles within the entire FSP’ed samples having
different shapes, sizes and distributions. Fig. 10 shows a typical
example of these particles at low magnification. Within the SZ,
and due to the intensified stirring action, the second phase par-
ticles are homogeneously dispersed and have almost regular size,
whereas, on the TMAZ side the particles size is heterogeneous rang-
particles within the TMAZ is obviously less than that in the SZ.
This is inferred from the larger area of the aluminum matrix in this
region.

0 rpm-224 mm/min using three passes.
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Fig. 11. Second phase particles found in specimen processed at 850 rpm, 90 mm/min
using one pass taken at different locations: (a) base metal, (b) SZ and (c) TMAZ.
ig. 10. Second phase distribution at the transition zone between SZ and TMAZ.

Fig. 11(a)–(c) shows, at higher magnification, the variation
f size and distribution of these particles in the base metal,
Z and TMAZ respectively, for the sample processed under
50 rpm–90 mm/min using three passes. Coarse particles with var-

ous shapes and size are spread heterogeneously within the base
etal as shown in Fig. 11(a). Within the SZ, the stirring action and

he severe plastic deformation involved, which can lead to fragmen-
ation, as well as decomposition and re-precipitation hypothesis

entioned-above, have resulted into smaller particles with occa-
ional finer ones which possessed new locations. These particles are
omogeneously dispersed throughout the matrix and have higher
ensity, as shown in Fig. 11(b). The TMAZ on the other hand, is
omposed of few coarse particles and also clusters of fine particles
hich have formed in upward flow lines, as shown in Fig. 11(c).

Fig. 12(a) and (b) shows the influence of varying the number of
asses at different traverse speeds on the particle area fraction and
he particle mean diameter respectively. These parameters were
btained using image analyzer software. The particle area fraction
epresents the fraction of the matrix covered by second phase par-
icles, i.e. density. The particle mean diameter refer to the average
article size. Increasing the number of passes as well as the traverse
peed increases the density of second phase particles and simul-
aneously reduces the average particle size. These two inseparable
article features are inversely related as shown in Fig. 13, where the
article density is plotted against the particle size. The increased
umber of passes causes repetitive stirring action and more effi-
ient mixing of plasticized SZ material; Mironov et al. (2008), which
eads to more fragmentation and re-precipitation of new parti-
les thus occupying a larger area with respect to the matrix, as
n Fig. 12(a). This fragmentation consequently causes more parti-
le refinement, as per Nakata et al. (2006), which is expressed in
maller particle diameter as shown in Fig. 12(b). A probable rea-
on, for the increased particle density/reduced particle size with
umber of passes, is due to the increased tendency of precipitate
ucleation. Rodrigues et al. (2009) have reported that precipitates
ucleate randomly at dislocations and the extent of nucleation is
trongly dependant on the dislocation density, which makes highly
lasticized SZ materials suitable for nucleating precipitates.

On the other hand, increasing the traverse speed at constant
umber of passes slightly increases the density of second phase
articles, Fig. 12(a), and simultaneously reduces the mean particle
ize, as in Fig. 12(b).
Jayaraman et al. (2010) have reported that increasing the
raverse speed intensifies the movement of the stirred material
rom front to back of the pin; i.e. stirring action, thus promotes

ixing of plasticized material. This favors the precipitates to
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Fig. 14. Hardness distribution across FSP-ed specimen at 850 rpm and 140 mm/min
ig. 12. Influence of number of passes on: (a) particle area fraction with respect to
atrix, and (b) particle mean diameter.

ucleate at dislocations leading to an increase of the precipi-
ates density, Fig. 11(a). Since the tool rotational speed was kept
onstant, therefore, increasing the traverse speed will cause an
ncrease in the stirring influence per one revolution and conse-
uently more fragmentation. Thus, leading to more distribution;

.e. higher density, and less particle size. The stirring influence
er revolution have been calculated by converting traverse speed
nits from mm/min to mm/rev. [90 mm/min = 0.105 mm/rev.;
40 mm/min = 0.164 mm/rev.; 224 mm/min = 0.263 mm/rev.]. Also,

t is expected that low traverse speed results into relatively more

rolonged exposure to heating and consequently leads to coarser
articles; shown in Fig. 12(b) as concluded by Jayaraman et al.
2010).

ig. 13. Relation between particle area fraction vs. particle mean diameter at dif-
erent traverse speeds and number of passes.
using two passes. Note: advancing side is on the right of SZ, whereas, the retreating
side is on the left.

3.3. Mechanical characteristics of the processed region

All variants of the processing parameters resulted in similar
microhardness profile. This profile confirms with that found in ear-
lier work conducted by Babu et al. (2008), Scialpi et al. (2007) on AA
6082, Rodrigues et al. (2009) on AA 6061, and Sato et al. (1999) on
AA 6063. A typical example of microhardness measurement results
is shown in Fig. 14, which corresponds to a sample processed at
850 rpm and 140 mm/min using two passes. In general, it can be
seen that the SZ became much softer than that of the unaffected
base metal. In addition, the TMAZ still experiences more soften-
ing than the SZ. The relatively high hardness of the base material
in the as-received condition is due to the type of treatment being
T651. In this treatment the material was solutionized, quenched,
stress relieved then artificially aged for a prolonged period of time
at temperature ∼180 ◦C. Within the SZ, severe plastic deformation
and friction heating during FSP result in generation of a recrys-
tallized equiaxed microstructure due to the occurrence of DRX,
which results in low dislocation density structure. The SZ soften-
ing with respect to the base metal is due to the decomposition of
�′′ precipitates, the coarsening of precipitates into semi-coherent
and non-coherent equilibrium precipitates (over aged precipitate
structure) and the low dislocation density associated with the
dynamically recrystallized structure. Another probable reason is
that intense deformation causes fragmentation of second phase
particles and precipitates, as shown earlier, leading them to be
redistributed in new locations at the interior of grains as reported
by Dadbakhsh et al. (2010). This consequently leads to less strain
and stress localization contributing to material softening.

The TMAZ exhibited significant softening when compared with
the SZ. This has been noted on both the advancing and retreating
sides as shown in Fig. 14. This softening can be attributed to the
dissolution and growth of precipitates as concluded by Sato et al.
(1999) during processing based on fact that the second phase par-
ticles exhibit less density and large particle size compared to SZ as
shown in Fig. 10.

The influence of varying the number of passes and different trav-
erse speeds on the SZ average hardness is shown in Fig. 15(a) and (b)
respectively. Increasing the number of passes at constant traverse
speed is accompanied by SZ softening. This softening is attributed to
the larger grain size, as was shown above in Fig. 8(a), accompanying

the increase of number of passes. The relation between hardness
and grain size is in good agreement with previous work done by
Nakata et al. (2006), who has correlated them using Hall–Petch
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Fig. 16. Stress–strain behavior of the SZ showing the: (a) influence of varying the
number of passes at 90 mm/min traverse speed; (b) influence of varying the traverse
speed at 2 passes.
ig. 15. The influence of varying: (a) the number of FSP passes; (b). traverse speed
n the SZ mean hardness at.

quation, which states that the hardness is inversely proportional
o grain size.

Increasing the traverse speed on the other hand, at a given num-
er of passes, increases the SZ hardness; however, this increase

s slight with the three passes condition as shown in Fig. 15(b).
ncreasing the traverse speed results into higher stirring action of
lasticized material, higher degree of deformation and also mate-
ial flow leading to more nucleation sites of fine precipitates in
hich, localization of stress and strain accumulates at its bound-

ries.
In this respect, Dadbakhsh et al. (2010) reported that fine pre-

ipitates assist work hardening by pinning dislocations. The work
ardening and the localization of stress and strain at the parti-
les boundary increase the material hardness as well as reduce
ts ductility. This encourages the strain hardening of the deformed

aterial and consequently the hardness of the SZ. Fig. 16 (a) and (b)
hows the influence of varying the number of passes and the trav-
rse speeds respectively on the stress–strain curves. In general, the
ltimate tensile strength (UTS) and the strain at fracture within all
pecimens ranged within 178–244 MPa and 0.36–0.4 respectively.
n the other hand, the base material in the as-received condi-

ion parallel to rolling direction gave higher strength; 323 MPa, and
ess strain at fracture; 0.2 indicating that FSP reduces strength and
nhances ductility.

Fig. 17 summarizes the tensile test results of the SZ. Increasing
he number of passes at a given traverse speed decreases the UTS
f the SZ, as in Fig. 17a. Increasing the traverse speed on the other
and increases the UTS as shown in Fig. 17(b). These results are in
ood agreement with the hardness results.
The average hardness results of the SZ, which is related to �′′

recipitate, is a reason for the reduction of the UTS when increas-
ng the number of passes due to the softening of the SZ as shown

Fig. 17. The relation between the ultimate tensile strength of the SZ with: (a) num-
ber of passes; (b) traverse speeds.
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are slightly higher than the other rotational speeds tested [78 HV].
This indicates that increasing the tool rotational speed has almost
no substantial effect on the SZ hardness. This can be further seen
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n Fig. 17(a). Increasing the number of passes intensifies the defor-
ation and fragmentation of precipitates as well as accumulates

eat which promotes the decomposition of �′′ precipitates, thus
oftening the material.

One of the reasons to this reduction is the increase in SZ grain
ize which is accompanied with the increased of number of passes.
t is also suggested that the reduction of the UTS is due to the
veraging effect which the subsequent passes cause to the previ-
us one. Ma et al. (2006a) have suggested that when performing
ultiple-pass FSP, each subsequent FSP pass causes a short-term

igh temperature exposure of the previously processed zones,
esulting in overaging of these zones. Therefore, the strength of the
reviously processed zones, which has undergone the maximum
umber of high-temperature thermal cycles, is lower than that of
he subsequently processed zones.

Increasing the traverse speed on the other hand increases the
TS as shown in Fig. 17(b). This result can also be attributed to the
resence of �′′ precipitates. With low traverse speed; 90 mm/min,
he specimen is subjected to relatively higher friction heating which
romotes the dissolution of �′′ precipitates thus reducing the UTS
f the SZ.

The size of second phase particles/precipitates probably plays a
ole in the strength of the SZ. As shown earlier in Fig. 12(b) that
ncreasing the traverse speed reduces the particles size. Hence,
t can be stated that the smaller the particles size the higher the
TS. Dadbakhsh et al. (2010) have studied the same alloy type,
nd reported that these particles assist work hardening by pin-
ing dislocations which consequently increases the accumulated
trains thus increases the strength of material at the particle bound-
ry [flow barrier]. This is normally more pronounced with smaller
article size than that with larger ones.

As it has been shown above that increasing the number of passes
ncreases both the grain size and the particle area fraction whereas,
t reduces the particle size. It is apparent from tensile test results
hat there is a good agreement between UTS and the hardness val-
es as well as particle size, where the UTS increases with increasing
ardness and reducing particle size. On the contrary, increasing the
raverse speed did not affect the grain size; however, it reduced the
article size and increased the UTS. This again appears to indicate
hat the particle size and its corresponding area fraction play the

ajor role in determining the UTS of SZ.

.4. Influence of tool rotational speed on the mechanical and
icrostructural characteristics of the SZ

As depicted from Fig. 17(a) and (b), the highest UTS value
btained among all processing parameters correspond to single
ass and traverse speed of 224 mm/min. In order to determine
he influence of the tool rotational speed on the mechanical and

icrostructural characteristics of the SZ, two additional FSP runs
ere conducted using 1070 and 1350 rpm at traverse speed of

24 mm/min with a single pass. All literature have agreed upon
hat the tool rotation speed in FSW/FSP results in stirring and mix-
ng of material around the rotating pin which in turn increase the
emperature of the material as reported by Jayaraman et al. (2010)
nd also summarized by Mishra and Ma (2005). Increasing the tool
otational speed caused the SZ grains to grow, as shown in Fig. 18.
his is due to the increased friction heating arising between the
ool shoulder and pin with the processed material. It can therefore
e stated that the tool rotational speed is more influential on the
Z mean grain size than the traverse speed does since its effect was
arginal as seen in Fig. 8(b).

The influence of increasing the tool rotational speed on the par-

icle area fraction; density, and mean particle size can be seen in
ig. 19(a) and (b) respectively. Increasing the rotational speed at
onstant traverse speed increases the stirring influence exerted by
tool rota�onal speed, rpm

Fig. 18. The influence of tool rotational speed on the mean grain size of the SZ.

the tool on the plasticized SZ material. This promotes fragmenta-
tion of particles as well as re-precipitation of new particles thus
occupying larger area; increases their density, with respect to the
matrix as reported by Mironov et al. (2008). The fragmentation con-
sequently causes more particle refinement, which is expressed in
smaller particle diameter, as reported by Nakata et al. (2006) and
observed in Fig. 19(b).

Fig. 20 shows the hardness distribution across the FSP’ed spec-
imens at different tool rotational speeds. Similar to the hardness
distribution shown earlier in Fig. 14, that the SZ became much softer
than that of the unaffected base metal. In addition, the TMAZ still
experiences more softening than the SZ. However, it can be noted
that the hardness values of the SZ corresponding to 850 rpm [83 HV]
tool rota�onal speed, rpm

Fig. 19. Influence of tool rotational speed on: (a) particle area fraction; (b) particle
mean diameter.
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Fig. 20. Hardness distribution across FSP’ed specimen at different tool rotational
speeds and constant traverse speed. Note: advancing side is on the right of SZ and
the retreating side is on the left.
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ig. 21. Stress–strain curves of specimens FSP’ed at different tool rotational speeds
nd constant traverse speed.

n Fig. 21, which shows that increasing the rotational speed also
id not have a significant influence on the stress–strain curves. The
lastic and plastic parts of the stress–strain curves exactly overlap
howing a good consistency of the mechanical properties of the
ested specimens, thus indicating that varying the tool rotational
peed had no effect on their UTS values.

. Conclusions

FSP has been conducted on 6082-T651 Aluminum Alloy by
pplying one through three-100% overlapping passes and also three
ifferent traverse speeds. The following can be concluded:

. The effect of increasing the number of passes led to an increase
in the SZ-grain size, more dissolution and re-precipitation with
simultaneous intense fragmentation of second phase particles
all of which are attributed to accumulated thermal cycles.

. Increasing the number of passes is accompanied by an increase
in the average misorientation angle and fraction of HAGBs that
are related to the extent of DRX.

. The number of passes is more influential on the DRX of grain size
of the SZ than the traverse speed does.

. The particle size and particle area fraction within the SZ are
inversely proportional.

. Increasing the number of passes accumulates more heat leading
to dissolution of hardening – �” phase which softens and reduces

the UTS of the SZ.

. Increasing the traverse speed reduces the second phase particle
size, increases the mean hardness and UTS of the SZ.
rocessing Technology 212 (2012) 1157–1168 1167

7. The influence of increasing the tool rotational speed on the SZ
mechanical properties as well as SZ hardness was insignificant
whereas it caused grain coarsening in the SZ.
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