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a  b  s  t  r  a  c  t

In this  study,  the  ultrafine  grained  (UFG)  6061  Al alloys  fabricated  by cold  rolling  were  friction  stir  welded
(FSW)  with  different  rotation  rates  under  both  air  cooling  and  rapid cooling  in  water.  Low-heat-input
parameters  of 400  rpm  rotation  rate  in water  (400-Water)  could  effectively  inhibit  the  coarsening  of
recrystallized  grains,  reduce  the precipitation  rate,  and  retain  more  dislocations  of  the  UFG  6061  Al
eywords:
luminum alloys
ltrafine grained material
riction stir welding
echanical properties

parent  metal.  400-Water  joint  showed  high  lowest-hardness  value,  narrow  low-hardness  zone,  and  high
tensile  strength,  attributing  to the effect  of  dislocation,  grain  boundary,  solid-solution,  and  precipitation
hardening.  This  work  provides  an  effective  strategy  to fabricate  large-sized  bulk UFG  Al alloy  by  cold
rolling  with  large  deformation  and  low-heat-input  FSW.

©  2017  Published  by Elsevier  Ltd  on  behalf  of The editorial  office  of  Journal  of  Materials  Science  &
Technology.
. Introduction

Ultrafine-grained (UFG) Al alloys fabricated by severe plastic
eformation (SPD) have attracted great attention for structural
pplications because of their excellent mechanical properties and
elatively simple preparation way of SPD [1–6]. Various SPD tech-
iques including cryo-rolling (CR) [1], high-pressure torsion (HPT)
3], equal channel angular pressing (ECAP) [7], accumulative roll
onding (ARB) [8], and friction stir processing (FSP) [4–6], have
een developed to produce UFG materials.

It should be noted that large bulk UFG Al alloys are hardly
btained using the current SPD technologies. For example, the size
f UFG materials is severely restricted by the processing equipment
uring HPT and ECAP; and the inevitable edge cracking and frac-
ure during ARB and CR greatly reduce the useful size. Therefore,
he small size of UFG samples prepared by SPD becomes the key
actor inhibiting the engineering applications.
In addition to the efforts of increasing the size of UFG samples
ia the optimization of mold design and processing parameters,
elding SPD-fabricated UFG Al alloys is another effective method of

∗ Corresponding author.
E-mail address: zyma@imr.ac.cn (Z.Y. Ma).

ttps://doi.org/10.1016/j.jmst.2017.02.008
005-0302/© 2017 Published by Elsevier Ltd on behalf of The editorial office of Journal of
increasing the size of UFG samples. However, the high temperature
in conventional welding processes leads to severe coarsening of the
ultrafine grains, which deteriorates the mechanical properties of
the UFG Al alloys.

Friction stir welding (FSW), as an environment-friendly and
energy-efficient “solid-state” joining technique, has been proven to
be one of the most remarkable achievements in the welding field
[9–18]. Similar to SPD technologies, FSW is also a plastic defor-
mation process, and the grains of the parent metal (PM) can be
refined during FSW [10,16–18]. Therefore, the fine grain struc-
ture and excellent mechanical properties of UFG  Al alloys may be
retained after FSW.

Sato et al. [19,20] first used FSW to weld the UFG Al fabricated by
ECAP and ARB. Subsequently, UFG pure Al [21–24], UFG Al matrix
composites [25], and UFG Al alloys [26,27] have been successfully
welded by FSW. However, the strength of these welded samples is
low [22,27]. For example, the UFG 1050 Al even shows lower hard-
ness compared with its coarse grain counterpart after FSW [22]. The
joint efficiency of the obtained FSW joints was  found to be only 57%
in the cold rolled Al-Mg-Sc-Zr alloy [27].
Heat is generated from severe friction between the rotation
tool and the workpiece during plastic deformation of FSW. The
maximum temperature in the stirred zone (SZ) usually reaches
400–480 ◦C [10]. Similar to other conventional welding processes,
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pure Al (40 HV [32]). However, the average hardness value in the SZ
C.Y. Liu et al. / Journal of Materials S

igh heat input also leads to softening in the SZ [28]. Clearly, reduc-
ng the heat input during FSW is the key in producing large bulk UFG
l alloys with excellent mechanical properties.

In recent years, low rotation rate, high traverse speed, and addi-
ional rapid cooling have been proven effective in reducing heat
nput during FSW [13,29,30]. For example, liquid nitrogen, water,
nd dry ice have been used as cooling medium to decrease the peak
emperature of Al alloys during FSW [10]. Xue et al. [13] found that
he peak temperature and the duration at higher temperatures of
he heat affected zone (HAZ) of pure Cu were significantly reduced
hen rapid cooling by flowing water and low rotation rate were

pplied during FSW. The temperature history of the SZ is very dif-
cult to obtain during FSW, but the results of numerical analysis
howed the peak temperature of the SZ decreased gradually when
he cooling rate was increased [31].

In this study, UFG 6061 Al alloy produced by rolling with large
eformation was friction stir welded with different rotation rates
nder both air cooling and rapid cooling in water. The aim of this
ork is to (a) obtain the large-sized bulk UFG Al alloy via SPD

nd FSW and (b) elucidate the influence of rapid cooling on the
icrostructure and mechanical properties of FSW joints of UFG

061 Al alloy.

. Experimental methods

The raw material was a cast ingot of commercially available
061 Al alloy obtained from Alcoa Inc. The ingot was  cut into
amples with a dimension of 80 mm × 80 mm × 30 mm,  solution-
reated at 530 ◦C for 3 h, and then quenched in water. These
olutionized samples were then rolled from 30 mm to 2 mm for
0 cycles at room temperature (the plastic strain is approximately
.3) at a rolling speed of 0.4 m/s, obtaining UFG structure.

The rolled 6061 Al (UFG 6061 Al) were cut into Plates 300 mm in
ength and 70 mm in width, and were butt-welded along the rolling
irection using an FSW machine under three conditions: (i) in air
ith an 800 rpm tool rotation rate (defined as 800-Air); (ii) in water
ith an 800 rpm tool rotation rate (defined as 800-Water); and (iii)

n water with a 400 rpm tool rotation rate (defined as 400-Water).

ll FSW processes were performed at a constant traverse speed
f 50 mm min−1. A tool with a concave shoulder 10 mm in diame-
er and a taper threaded pin 1.7 mm in length was  used. Fig. 1(a)

ig. 1. (a) Schematic illustration of the low-heat-input friction stir welding process;
nd (b) dimension and location of the tensile specimen.
 & Technology 34 (2018) 112–118 113

shows the schematic illustration of the low-heat-input friction stir
welding process.

The microstructures of the PM and the FSW samples were exam-
ined via transmission electron microscopy (TEM, JEM-2010). TEM
images were obtained from the rolling direction–transverse direc-
tion (RD–TD) planes. The films for TEM were prepared by grinding
to a thickness of 80 �m,  followed by thinning using a twinjet elec-
tropolishing unit in a solution of 7 vol.% perchloric acid and 93 vol.%
methanol at room temperature.

The Vickers hardness profiles were measured along the middle-
thickness of the FSW samples perpendicular to the welding
direction using a 200 g load for 10 s. Tensile tests were con-
ducted on an Instron-5982-type testing machine at a strain rate
of 1 × 10−4 s−1. The tensile specimen with a gauge length of 21 mm
was machined perpendicular to the welding direction (Fig. 1(b)).
Fracture surfaces after the tensile tests were observed by scanning
electron microscopy (SEM) to determine the failure mode.

3. Results

Fig. 2 shows the microstructure of the 6061 Al alloy after
solid solution treatment and rolling with an equivalent strain
of 5.3. Clearly, the UFG structure with an average grain size of
700 nm and ill-defined grain boundaries (GBs) was obtained in the
rolled 6061 Al alloy. The UFG 6061 Al alloy was  characterized by
non-equilibrium GBs, high dislocation density, and absence of pre-
cipitates.

Fig. 3 shows the tensile properties of the UFG 6061 Al alloy tested
along the TD direction. Sound properties of 0.2% yield strength (YS,
∼380 MPa), ultimate strength (UTS, ∼422 MPa), and elongation (EL,
∼6%) were obtained in the initial UFG 6061 Al alloy.

Fig. 4 shows the Vickers hardness profiles across the SZ along
the mid-thickness of the FSW UFG 6061 Al alloy joints under dif-
ferent welding parameters. The PM exhibited a high hardness value
of ∼125 HV. By comparison, the SZ of the FSW samples exhibited
lower hardness, and the hardness value depended on the welding
parameters. The average hardness value in the SZ of 800-Air was
∼52 HV, which was only slightly higher than that of the as-annealed
of 400-Water reached ∼105 HV. This value was  close to the hard-
ness of the rolled UFG 6061 Al alloy. The highest hardness values
of these welded samples appeared in the HAZ. The hardness value

Fig. 2. TEM image of UFG 6061 Al alloy.
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Fig. 3. Stress–strain curve of UFG 6061 Al alloy.

f 800-Water reached as high as 151 HV at the region 6 mm away
rom the centerline, where the HAZ is located. Compared with air
ooling FSW joint, the water cooling joints showed narrowed low-
ardness zone (LHZ) at both 800 and 400 rpm. In particular, the LHZ
idth of 400-Water decreased to 3 mm,  which was close to that of

tirring pin diameter.
Fig. 5 shows the TEM images of the SZ and HAZ of 800-Air.

quiaxed grains with sizes larger than 2 �m were observed in the
Z (Fig. 5(a)). The microstructure of the SZ was also characterized
y low dislocation density and well-defined GBs. The equiaxed pre-

ipitates of ∼ 200 nm were obtained in the SZ as shown in Fig. 5(b).
ompared with the SZ, the HAZ exhibited smaller grains, slightly
igher dislocation density, and slightly finer equiaxed precipitates

Fig. 5. TEM images of (a) and (b) SZ a
Fig. 4. Hardness profiles in cross-sections of FSW UFG 6061 Al joints at various
parameters.

(Fig. 5(c, d)). Furthermore, the rod-like precipitates with several
tens of nanometers were observed in the HAZ as shown in Fig. 5(d).

Fig. 6 shows the TEM images of the SZ and HAZ of 800-Water.
In the SZ, the equiaxed grains with sizes ∼ 1 �m,  and the equiaxed
and rod-like precipitates with several or several tens of nanometers
were obtained (Fig. 6(a, b)). In the HAZ, finer grains and higher
dislocation density were observed (Fig. 6(c)). Furthermore, needle-

like precipitates were also obtained in the HAZ as shown in Fig. 6(d).

Fig. 7 shows the TEM images of the SZ and HAZ of 400-Water.
The SZ showed lower dislocation density compared with the rolled

nd (c) and (d) HAZ of 800-Air.
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Fig. 6. TEM images of (a, b)

061 Al alloy. The UFG structure with an average grain size of
00 nm was also obtained in this region as shown in Fig. 7(a).
he equiaxed and rod-like precipitates of ∼ 50 nm were observed
n the SZ as shown in the TEM dark-field image (Fig. 7(b)). The
AZ exhibited a similar PM microstructure characterized by the
FG structure, non-equilibrium GBs, and high dislocation density

Fig. 7(c)). Furthermore, the precipitates with nanometer size were
lso obtained in the HAZ (Fig. 7(d)). Therefore, the large bulk UFG Al
lloy was successfully fabricated via cold rolling with large defor-
ation and FSW in water with a 400 rpm tool rotation rate.
Fig. 8 shows the stress–strain curves of the FSW samples. The

amples welded in water showed a higher strength and lower
uctility than the sample welded in air. 400-Water exhibited the
ighest YS and UTS of 276 and 308 MPa, respectively. The EL of
00-Water was 7.2%.

. Discussion

The rolled 6061 Al alloy PM shows a typical SPD processed struc-
ure, i.e., UFG, high dislocation density, and non-equilibrium GBs
fter cold rolling with large deformation. The Si and Mg  atoms in
he 6061 Al alloy show high stability in the Al lattice during cold
olling; in addition, the dynamic precipitation found in other Al

lloys [33,34] did not occur in this system. Therefore, the strength-
ning mechanism of the rolled UFG 6061 Al alloy includes boundary
ardening by UFG, dislocation hardening, and solid-solution hard-
ning by lattice distortion.
d (c, d) HAZ of 800-Water.

800-Air exhibited the lowest hardness in the SZ (Fig. 4). The high
temperature present in the conventional FSW process led to coars-
ening of the UFG grains. Furthermore, the dislocation annihilation
and the precipitation of the coarsened � phase occurred during FSW
because of the high heat input (Fig. 5(a)). Therefore, the SZ showed
the lowest hardness and the hardness increased with the distance
from the SZ (Fig. 4). The HAZ even showed a higher hardness than
that of the PM.  This phenomenon can be attributed to precipitation
hardening by heat-induced nanometer precipitates (Fig. 5(d)).

FSW in water can effectively inhibit the generation of a high
temperature during processing [13]. The size of the recrystallized
grains in the SZ was  finer in 800-Water than in 800-Air. More
dislocations were retained, and the precipitation rate obviously
decreased (Fig. 6(a, b)). Consequently, the hardness value in the
SZ of 800-Water improved. Compared with the PM,  800-Water
showed a larger grain size and a lower dislocation density in the
HAZ (Fig. 6(c)). However, the hardness in this area was  significantly
higher than that of the PM.  This phenomenon can be attributed to
the precipitation hardening effect. The metastable �′′ phase which
was characterized by needle-like shape and nanometer size was
obtained in the HAZ of 800-Water (Fig. 6d). It is well known that
the 6061 Al alloy achieves its optimal strength when the �′′ phase
precipitates from the Al matrix [33]. Therefore, the increase in the
precipitation hardening effect overrides the loss of GB, dislocation,

and solid-solution hardening effects in the HAZ of 800-Water.

TEM images (Fig. 7) indicate that a low heat input, which can-
not led to the coarsening of recrystallization grain in the SZ, was
achieved during the fabrication of 400-Water. The low heat input
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Fig. 7. TEM images of (a, b) SZ and (c, d) HAZ of 400
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Fig. 8. Stress–strain curves of various FSW samples.

lays a significant role in determining the hardness of FSW joints
13,35,36]. Therefore, compared with other welding processes, FSW
n water with 400 rpm can significantly enhanced the lowest-
ardness value and decreased the LHZ width of FSW samples as
hown in Fig. 4.
The precipitation was not inhibited during the fabrication of
00-Water (Fig. 7). A large number of crystalline defects, such
s vacancies, dislocations, and GBs, were obtained in the UFG
061 Al alloy because of the rolling deformation (Fig. 2). These
-Water. Arrow in (d) denotes the precipitate.

crystalline defects provided a large number of atom propagation
channels, which enhanced the mobility of the solute atoms during
thermo-mechanical coupling [33,34,37,38]. Therefore, precipita-
tion occurred in the UFG Al alloys under a low-heat-input FSW
condition.

During tensile process, all of the FSW joints fractured at the SZ
where the lowest-hardness value was observed in those joints as
shown in Fig. 9(a). The YS, UTS, and EL of 800-Air were 115 MPa,
195 MPa, and 13%, respectively (Fig. 8). These mechanical proper-
ties of the present FSW joints of UFG 6061 Al alloy were similar
to those of the FSW joints of conventional 6061-T6 Al alloy under
similar welding parameters [39,40]. Therefore, the effect of the
microstructure characteristics of the PM on the properties of the
FSW joints of 6061 Al alloy was negligible during the conventional
FSW process.

The YS, UTS, and EL of 800-Water were 188 MPa, 223 MPa, and
9.5%, respectively (Fig. 8). This sample shows much finer grains
in the SZ, as compared with 800-Air (Fig. 5(a) and 6(a)). The finer
grains led to a decrease in dislocation accumulation capability and
an increase in GB hardening effect. So, compared with 800-Air, 800-
Water shows higher strength, but lower work-hardening rate and
EL value.
The tensile strength increased with further decreasing heat
input in the FSW samples. 400-Water exhibits a joint efficiency of as
high as 73%. Compared with the PM,  the SZ of 400-Water exhibited
smaller grains, lower dislocation density, and higher precipitate
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ig. 9. (a) Fracture locations after the tensile test of various FSW samples; fracture 

00-Water.

ensity (Fig. 7(a, b)). The decrease in dislocation hardening due
o the annihilation of dislocations and solid solution strengthen-
ng due to the decomposition of solid solution is more pronounced
han the increase in boundary hardening arising from grain refine-

ent and precipitation strengthening caused by the precipitates.
he net effect results in the decrease of UTS and YS after FSW in
ater with 400 rpm.

An SEM study of the fractured surfaces after the tensile tests was
onducted to clarify the rupture mechanisms in the FSW samples
Fig. 9). The necking and dimples (the inset in Fig. 9(d)) in all sam-
les exhibited a typical ductile fracture. So the FSW joints show
ell ductility.

. Conclusions

This study suggests the potential of achieving large bulk UFG Al
lloys using SPD and FSW. The following conclusions are reached:

1) The UFG 6061 Al alloy could be fabricated by rolling with
an equivalent strain of 5.3, which was characterized by
non-equilibrium GBs, high dislocation density, absence of pre-
cipitates, and good mechanical properties.

2) FSW in water could effectively inhibit the grain coarsening in
recrystallization, retain the high dislocation density, and reduce
the precipitation rate of the UFG 6061 Al alloy. Therefore, large
bulk UFG 6061 Al alloys were successfully fabricated by cold
rolling with large deformation and low-heat-input FSW.

3) The samples welded in water showed high hardness and
strength compared with that welded in air. A joint efficiency

of 73% was obtained in 400-Water. The strengthening mech-
anism of 400-Water included dislocation, GB, solid-solution,
and precipitation hardening. The FSW joints showed higher EL
compared with that of the rolled 6061 Al alloy PM.

[

[
[

es after the tensile test of various FSW samples: (b) 800-Air, (c) 800-Water, and (d)
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