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a  b  s  t  r  a  c  t

Low  tensile  ductility  owing  to  the  insufficient  strain  hardening  is  the  main  drawback  for  ultrafine-grained
(UFG)  materials,  which  restricts  their  practical  applications.  Here,  via  a simple  friction  stir  processing
technique  with  additional  cooling,  we  prepared  UFG  Cu  with  high  strength  and  tensile  ductility.  Enhanced
strain  hardening  capacity,  which  is  effective  in  blocking  and  accumulating  dislocations,  was  achieved
in  the  present  recrystallized  UFG  microstructure.  The  enhanced  strain  hardening  capacity  is attributed
eywords:
opper
rain boundaries
uctility

primarily  to the  low  dislocation  density,  and  the  presence  of large  fraction  of  high  angle  grain  boundaries
and  a certain  amount  of  coherent  twin  boundaries.  This  work  provides  a strategy  for  designing  UFG
materials  with  good  mechanical  properties.

© 2011 Elsevier B.V. All rights reserved.

ynamic recrystallization
riction stir processing

. Introduction

Good matching of strength and ductility for structure materials
as been a long-standing mission for material scientists. Signifi-
ant increases in hardness and strength have been documented
or nanostructured and ultrafine-grained (UFG) materials [1].  Dis-
ppointingly, nearly all these metals have low tensile ductility
t ambient temperature, which limits their practical applications.
he elongation to failure is far less than that of their coarse-
rained counterpart. More importantly, the useful uniform tensile
eformation, i.e. the plastic strain before localized deformation,

s close to zero for almost all UFG and nanostructured materials
2–4].

The disappointingly low ductility can be attributed to the arti-
acts from processing, the plastic instability with little or no strain
ardening (dislocation storage) capacity, and low resistance to
rack initiation and propagation [3].  Recently, a variety of strategies
imed at improving the poor ductility of the UFG and nanostruc-
ured materials have been reported [5–9]. Despite varying degrees
f success, most of these strategies have inherent processing and/or
aterial limitations. Preparing UFG and nanostructured materials
ith sound mechanical properties using simple processing meth-

ds is still a technical challenge.
One-step severe plastic deformation (SPD) provides practical
pproaches to producing 100% dense bulk UFG materials that can
xhibit mechanical properties controlled by their intrinsic defor-
ation mechanisms [10]. However, even these UFG materials
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always exhibit a low tensile ductility owing to their insufficient
strain hardening capacity [11–14].  Recently, a new simple pro-
cessing technique – friction stir processing (FSP), was  developed
by Mishra et al. [15] for microstructral modification, based on the
basic principles of friction stir welding. FSP causes intense plas-
tic deformation, densification, and homogeneity of the processed
zone, thereby changing the mechanical properties [15,16].

Moreover, FSP is also an effective method of preparing bulk UFG
materials, such as aluminum and magnesium alloys [17–20].  After
FSP, the microstructure of the processed zone is characterized by
equiaxed dynamically recrystallized grains with large fraction of
high angle grain boundaries (HAGBs, misorientation angle >15◦)
and low density of dislocations [15–20].  This is quite different from
most other plastically deformed UFG microstructures originating
from the dislocation related mechanism [11–14].

Recently, Zhao et al. [8] summarized the developed strategies
to improve the ductility of the UFG materials, and pointed out that
increasing the fraction of HAGBs and decreasing the dislocation
density were effective methods of improving the ductility of the
UFG pure metals. Considering that the FSP materials generally have
low density of dislocations and large fraction of HAGBs, it is worth-
while to investigate whether the enhanced tensile ductility can be
achieved in the FSP UFG materials. In this study, UFG Cu was  pro-
duced via FSP at low heat input, and the microstructure and tensile
properties of the UFG Cu were examined. The purpose is to achieve
an ideal combination of high strength and enhanced ductility.
2. Experimental procedures

In order to investigate the intrinsic deformation mechanism, we
used the high pure (99.99%) oxygen free Cu as our target metal.

dx.doi.org/10.1016/j.msea.2011.10.070
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:zyma@imr.ac.cn
dx.doi.org/10.1016/j.msea.2011.10.070


P. Xue et al. / Materials Science and Engineering A 532 (2012) 106– 110 107

ample

T
F
c
t
1
1
o
s
o

a
t
t
r
s
s

m
d
G
j
a
u
w

3

p
c
o
a
l
M
u
i
∼
b
t
r
t
s
(

p
s
u

als is the recrystallized microstructure [15–20].  Therefore, these
TBs in Fig. 3a should be annealing TBs which formed during the
recrystallization process. From the typical high-resolution TEM
image in Fig. 3b, it can be seen that these annealing TBs were
Fig. 1. (a) Tensile engineering stress–strain curves of FSP Cu and CG Cu s

o yield low heat-input, two pure Cu plates (designated as FSP-1,
SP-2, respectively) were first fixed in water. During FSP, additional
ooling by the flowing water was adopted. The water flew out from
he 4 mm diameter outlet at a velocity of about 7 L/min. The FSP-

 Cu sample was prepared using a rotating tool with a shoulder
2 mm in diameter at a rotation rate of 600 rpm and a traverse speed
f 50 mm/min, whereas the FSP-2 Cu sample was processed using a
maller tool shoulder 8 mm in diameter at a processing parameter
f 400 rpm – 50 mm/min.

For the tensile test, the dog-bone-shaped tensile specimens with
 gauge length of 5 mm and a width of 1.2 mm  were machined along
he processing direction from the processed zone, and polished
o a thickness of 0.6 mm.  Uniaxial tensile tests were conducted at
oom temperature at an initial strain rate of 1 × 10−3 s−1. After ten-
ile tests, the fracture surfaces of the samples were examined on a
canning electron microscope (SEM, Quanta 600).

Microstructural examination was completed with SEM, trans-
ission electron microscopy (TEM) and electron backscatter

iffraction (EBSD). TEM observation was carried out on a FEI Tecnai
2 20 microscope operating at 200 kV. Thin foils for TEM were twin-

et electropolished by a solution (25% alcohol, 25% phosphorus acid
nd 50% deionized water) at 263 K. EBSD scans were performed
sing an Oxford HKL Channel 5 system on a LEO Supra 35 FEG SEM
ith step size of 70 nm.

. Results and discussion

The engineering tensile stress–strain curves of the FSP Cu sam-
les, as well as the coarse grained (CG) Cu reference material, are
ompared in Fig. 1a. The CG Cu exhibited a low yield strength
f ∼60 MPa  and an elongation of ∼40%. It is apparent that under
n appropriate heat-input, the FSP-1 Cu sample showed a very
arge elongation of ∼35% with a high yield strength near 300 MPa.

ore importantly, the FSP-1 Cu sample exhibited a considerable
niform elongation of ∼10%. When the heat-input was  lower dur-

ng FSP, the FSP-2 Cu sample showed a higher yield strength of
370 MPa  with an elongation to failure of ∼22%. The fact that
oth FSP Cu samples showed high tensile ductility suggests that
he fast plastic instability observed in most UFG materials was
estrained in the present FSP Cu samples. This should be attributed
o the regaining of the strain hardening capacity in the FSP Cu
amples, which can be observed from the true stress–strain curve
Fig. 1b).
It is obvious that the stress of the 16-pass equal channel angular
rocessed (ECAP) Cu sample decreased quickly after a small plastic
train (∼2%) [11]. However, the FSP Cu samples showed a contin-
ous strain hardening to significant strains, resulting in the high
s and (b) true stress–strain curves of FSP Cu and 16-passes ECAP Cu [11].

tensile ductility. This difference is further verified by the normal-
ized strain hardening rate � versus the true strain curve as shown
in Fig. 2. The normalized strain hardening rate � was defined as

� = 1
�

(
∂�

∂ε

)
ε̇

(1)

where � and ε are the true stress and true strain, respectively. Fig. 2
demonstrates that the FSP-1 sample exhibited positive strain hard-
ening to significant strains compared to that of the SPD samples.
The enhanced strain hardening capacity of the FSP Cu samples is
controlled by their microstructures. In the following paragraphs,
the microstructures of the FSP Cu samples are analyzed in detail to
identify the mechanism responsible for the enhanced strain hard-
ening capacity.

Fig. 3 shows the TEM bright-field images of the FSP Cu samples.
It is clear from Fig. 3a that the grains of the FSP-1 Cu sample were
equiaxed and most grain boundaries were sharp, clear, and rel-
atively straight with clear contrasts between neighboring grains,
indicating that they were the grain boundaries with higher mis-
orientation angles [5,21].  Many straight boundaries that traversed
the whole grains were frequently observed in the fine grains,
as illustrated by the arrows in Fig. 3a. According to the typi-
cal selected-area electron diffraction pattern shown in the upper
right corner, most of them were �3 coincident-site lattice twin
boundaries (TBs). One typical characteristic of the FSP materi-
Fig. 2. Normalized strain hardening rate (�) against true stain of the UFG Cu pre-
pared by FSP and SPD methods [5,21].
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ig. 3. (a) Typical bright-field (BF) TEM image of FSP-1 Cu sample, inset: selected-ar
u  sample and (c) BF TEM image of FSP-2 sample.

erfectly coherent and no lattice dislocation was detected. The sim-
lar microstructure with reduced grain size and �3 TBs was also
btained in the FSP-2 Cu sample, as shown in Fig. 3b.

It is clear from the TEM observations that both FSP Cu sam-
les exhibited recrystallized grain structure, therefore, the grain
efinement in the FSP Cu samples referred to the dynamic recrys-
allize (DRX) mechanism. Many researchers have investigated
he grain refinement mechanism of the FSP materials; how-
ver, there is still no consensus among their results [17–20,22].
sually, three DRX mechanisms, continuous DRX (CDRX), discon-

inuous DRX (DDRX), geometric DRX (GDRX), have been invoked
s the mechanisms for the development of FSP fine grained
icrostructures [22]. Furthermore, dynamic recovery (DRV) was

lso considered as the grain refinement mechanism in FSP Al
lloys which had high stacking fault energies (SFEs) [19,22].  The
SP microstructure would undergo the growth stage of the grains
fter the formation of the initial grain units, so it is difficult to
eveal the initial crystallites formation. Su et al. [20] found that
he early elongated crystallites transformed quickly to equiaxed
rain structures by stable coarsening after passage of the FSP
ool.

DRX should be the refinement mechanism for the FSP Cu with
elatively low SFE, and the final structure in the present FSP Cu sam-
les consisted of the coarsened grains after the growth stage. Once

 given volume of plastically deformed material was outside the
eformation zone of the rotating tool pin, it coarsened very quickly
nder the influence of heat [19,20].  At lower heat input, the grain
rowth of the FSP-2 Cu sample was more strongly inhibited during

RX process compared to that of the FSP-1 Cu sample. Therefore,

he smaller grain size was obtained in the FSP-2 Cu sample, but the
umber of TBs was reduced because many TBs would form during
he grain growth process of DRX [23].
ctron diffraction pattern of the TB, (b) high-resolution TEM image of the TB in FSP-1

The TEM microstructural characteristics were further confirmed
by EBSD studies. The microstructure of the FSP Cu samples was
characterized by fine grains with a typical equiaxed recrystallized
microstructure (Fig. 4a and b). The average grain sizes of the FSP-
1 Cu sample and FSP-2 Cu sample were ∼700 nm and ∼400 nm,
respectively, calculated automatically by the grain area determi-
nation method of the Channel 5 software. It is noted that the
distributions of grain boundary misorientation angles of both FSP
Cu samples were similar to that of the random distribution for a
cubic polycrystalline, but the ECAP Cu sample exhibited the sig-
nificant different distribution (Fig. 4c and d). Considering all grain
boundaries with misorientation angles >2◦, the HAGBs (misorienta-
tion angle >15◦) comprised about 90% and 75% of the total GB length
in the FSP-1 and FSP-2 Cu samples, respectively. The fractions of
HAGBs in both FSP Cu samples were obviously larger than that in
SPD Cu samples in which the fraction of HAGBs reached only ∼60%
even after complex procedures [5,21,24]. Compared with the ECAP
Cu and also the random distribution for a cubic polycrystalline, the
FSP-1 Cu sample exhibited one large peak at approximately 60◦,
which resulted from the �3  TBs.

The strain hardening is very important for UFG materials
because the onset of plastic instability (necking or shear localiza-
tion) in tension is governed by the Considére criterion
(

∂�

∂ε

)
ε̇

≤ � (2)

The ultra-fine grains tend to lose the work hardening (left-

hand side of Eq. (2))  quickly on deformation owing to their very
low dislocation storage efficiency inside the tiny grains [5,7]. Such
a high-strength material is therefore prone to plastic instability,
severely limiting the desirable ductility [7].
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ig. 4. Representative EBSD images of (a) FSP-1 Cu sample, (b) FSP-2 sample, and
epresents a random misorientation distribution for a cubic polycrystalline) and (d

Due to the DRV and DRX process during FSP, the dislocation
ensity was very low in the FSP UFG materials [15–18].  Previ-
us studies indicated that the tensile ductility could be enhanced
n the UFG materials with lower dislocation density, which pro-
ided more room to store dislocations [8,21].  One of the structural
eatures that often existed in UFG materials produced by SPD
as their high dislocation density, which limited the further dis-

ocation accumulation during tensile tests and the low strain
ardening was usually achieved in this case [11–14].  Obviously,
ery low dislocation density in the present FSP Cu samples due
o the DRX process resulted in the enhanced strain hardening
apacity. The low dislocation density allowed further disloca-
ion accumulation during tensile tests, and this led to the strain
ardening.

Earlier reports demonstrated that coherent growth TBs usu-
lly exhibited high capacity to accommodate dislocations due to
heir much higher thermal and mechanical stability [6,25].  Copi-
us TBs could be formed in the UFG materials produced via SPD
ethods, however, most of them were deformation TBs [5,12,25].
igh density of partial dislocations existed along these deforma-

ion TBs, of which the excess energy was higher than that of
ully coherent TBs [25]. These deformation TBs had little disloca-
ion storage capacity, so the ductility increased by these TBs was
imited [5,12].  However, as mentioned before, the TBs in the FSP
u samples were coherent annealing TBs, which differed struc-
urally from the deformation TBs. Moreover, the TBs tended to
e distributed in the finer grains (Fig. 3a), which was  attributed
o that the stable TBs inhibited the further grain growth dur-
ng recrystallization process [23]. It is believed that some strain
ardening might be obtained in the fine grains owing to the

xistence of the coherent annealing TBs in the present FSP Cu
amples.

One significant characteristic of the present FSP Cu samples was
he large fraction of HAGBs as a result of recrystallization. Besides
bution of grain boundary misorientation angle for (c) FSP-1 Cu (the short dot line
 Cu and 12-passes ECAP Cu [5,21].

the intrinsic dislocations which formed the GBs, few dislocations
existed near these HAGBs (Fig. 3a). So these HAGBs were differ-
ent from the wavy, diffuse, and ill-defined non-equilibrium GBs
resulting from SPD [5,21,26]. Non-equilibrium GBs in the SPD UFG
materials contained a large number of extrinsic dislocations and
represent the source of long-range internal stress [26]. It is believed
that the HAGBs were more effective in accumulating slipping dislo-
cations than low angle grain boundaries (LAGBs) [5,8,21]. Slipping
dislocations was  probably easier to react with the extrinsic dis-
locations in the LAGBs and this would lead to an annihilation of
dislocations and a near-zero dislocation accumulation [21]. By con-
trast, the HAGBs in the present FSP Cu samples had few extrinsic
dislocations, so they were more effective in blocking slipping dislo-
cations, thereby forcing more dislocations to tangle and accumulate
near the boundaries.

On the other hand, though the detailed mechanism was  still
not fully understood, some trials indicated that reasonable ductil-
ity could be enhanced by the HAGB sliding and related activities
in UFG materials [8,27].  In the present FSP Cu samples, obvious
large fraction of HAGBs was obtained, so HAGB sliding and related
activities might generate, especially in the finer grain structure
of the FSP-2 Cu sample. Fig. 5 shows the fracture surface of the
FSP-2 Cu sample after tensile test. It is obvious that relatively
flat zone could be observed besides the dimple zone which is
the typical fracture characteristic for Cu (Fig. 5a). From the mag-
nified micrograph (Fig. 5b), the flat zone was characterized by
hummock-like features, and the size of the hummock was simi-
lar to the grain size of the FSP-2 Cu sample. That is to say, HAGB
sliding and related activities were very likely to happen for the
ultrafine grains in the FSP Cu samples during tensile deformation.

The in-depth examination is in progress to elucidate the detailed
mechanism of HAGB sliding. HAGB sliding led to dislocation emis-
sions at the triple junctions of the grains owing to the presence
of high stress concentrations, and these dislocations might act to
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Fig. 5. (a) Fractograph of FSP-2 Cu after tensile test and (b) m

ncrease the strain hardening [5,8]. Therefore, a large fraction of
AGBs could increase the strength and strain hardening simulta-
eously.

. Conclusions

In summary, the following conclusions are reached:

. UFG pure copper with high strength/ductility was success-
fully prepared by FSP. The YS and elongation were ∼300 MPa
and ∼35% for the FSP-1 Cu sample with a grain size of
∼700 nm,  and ∼370 MPa  and ∼22% for the FSP-2 Cu sample
with a grain size of ∼400 nm,  respectively. Further, both FSP
Cu samples showed continuous strain hardening to significant
strains.

. The microstructure of the FSP Cu samples was characterized by
equiaxed grains with low dislocation density and predominant
HAGBs as high as ∼90% in the FSP-1 Cu sample. Furthermore,
many annealing TBs were frequently observed in the fine grains.

. The sound tensile properties of the FSP Cu samples were
attributed to the enhanced strain hardening capacity in the
special microstructure, where the dislocations could be accu-
mulated effectively.
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