Available online at www.sciencedirect.com

“»_“ ScienceDirect

Trans. Nonferrous Met. Soc. China 22(2012) 2672-2678

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Formation mechanism and organizational controlling of ultra-fine-grain copper
processed by asymmetrical accumulative rolling-bond and annealing

WANG Jun-li"?, XU Rui-dong’, WANG Shao-hua', QIAN Tian-cai', SHI Qing-nan’

1. Research Center for Analysis and Measurement, Kunming University of Science and Technology,
Kunming 650093, China;
2. Key Lab of Advanced Materials in Rare and Precious and Non-ferrous Metals of Ministry of Education,
Kunming University of Science and Technology, Kunming 650093, China;
3. Faculty of Metallurgical and Energy Engineering, Kunming University of Science and Technology,
Kunming 650093, China

Received 19 October 2011; accepted 19 March 2012

Abstract: The initial copper with large grain sizes of 60—100 pum was processed by six passes asymmetrical accumulative
rolling-bond (AARB) and annealing, the ultra-fine-grained (UFG) copper with grain size of 200 nm was obtained, and the
microstructures and properties were studied. The results show that there are large sub-structures and also texture component C for the
UFG copper obtained by six passes AARB, possessing high strength and microhardness in company with poor elongation and
conductivity. Thereafter, the UFG copper was annealed at 220 °C for 35 min, in which the sub-structures disappear, the grain
boundaries are composed of big angle grain boundaries, and the textures are composed of a variety of texture components and parts
of twins. Compared with the UFG copper obtained by six passes AARB, the tensile strength and yield strength for the UFG copper
obtained by six passes AARB and annealing at 220 °C for 35 min are decreased slightly, the elongation and conductivity are
improved obviously.
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1 Introduction

Ultra-fine-grained (UFG) copper has caused a
extensive attention owning to the excellent performance,
which has a very important practical value in the fields
of fine processing and plastic micro modeling for
materials [1—4]. UFG structure in the material is an
effective way for high performance, and the continuous
preparation technology is very important [5,6]. At
present, there are many methods of severe plastic
deformation (SPD) to prepare bulk UFG materials [7-9],
but they are very difficult to realize the continuous
preparation [10—13]. The preparation of UFG materials
such as IF steel, Cu, Al and Al alloy has been succeeded
by accumulative rolling-bond (ARB) technology [14],
while the preparation process must be carried out under

high temperatures in order to eliminate work hardening,
raw edges and promote interface combination which
decrease the preparation efficiency for UFG materials
[15,16]. There are some other reports on asymmetrical
rolling (AR) technology for UFG materials [17—19], in
which the reduction rate is very large, and sometimes,
the maximum reduction rate reaches 99.99%, but the
cumulative deformation strain is relatively small because
of the limit of the process [20].

Asymmetrical accumulative rolling-bond (AARB)
technology has developed from asymmetrical rolling
technology and accumulative rolling-bond technology, in
which the asymmetrical process can be realized by a pair
of rollers with different diameters and UFG materials can
be obtained [21]. The introduction of asymmetrical
process into ARB technology leads to compressive
deformation and shear deformation because of the
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existence of shear stresses for the asymmetric, which
promotes the interface combination and makes the
rolling process conduct at room temperature and
accelerates grain refinement. Compared with the
conventional preparation method for powder nano-
materials, AARB technology can produce bulk UFG
materials, in which the processing step from powder
materials to bulk materials is omitted, and some
shortcomings can also be avoided during the course of
preparation [22—25]. In this work, UFG copper with
grain size of 200 nm has been obtained by six passes
AARB and annealing, the microstructures and properties
for the UFG copper are studied, and the formation
mechanism and organizational controlling for the UFG
copper are discussed.

2 Experimental

The initial copper sheet with grain sizes of 60—100
pm was used in the experiments, and the chemical
components are shown in Tablel.

Table 1 Chemical compositions for initial copper sheet (mass
fraction, %)

Cu Bi Sb Fe Pb S P O  Others
99.95 0.001 0.002 0.005 0.005 0.005 0.003 0.003 0.026

The initial copper sheet was processed like the
rectangular shape with dimensions of 400 mm %30 mm
x0.8 mm. Six passes AARB was conducted to the initial
copper, in which the reduction rate was controlled at
50%, the asymmetry ratio was controlled at 1.08, the
equivalent strain was controlled at 4.8, the rolling speed
was controlled at 100 r/min, and no lubrication was
introduced. The first step was the roughness treated for
bonding surfaces. Thereafter, the roughness treated
copper was cut in middle, and the roughness treated
surfaces were lapped to roll for one pass. Above same
process was repeated until the sixth pass and the UFG
copper (Deformed copper) was obtained by six passes
AARB, the microstructures, microhardness, strength,
elongation and conductivity for the UFG copper were
tested. Then, the UFG copper obtained by six passes
AARB was annealed at 220 °C for 20 min and 35 min,
respectively, the microstructures and component textures
for the UFG copper were observed, and the
microhardness, strength, elongation and conductivity
were also tested.

XL30™" SEM+EBSD and Dmax/2200 XRD
texture accessory were used to measure the
microstructures and texture components for UFG copper.
During the course of XRD measurement, the voltage of
ray tube was 30 kV, the current of ray tube was 50 mA,
divergence slit was 1.2 mmx3 mm, receiving slit was 3

mm and the monochromator was used. TEM was used to
measure the microstructures for UFG copper. HX-1
microhardness tester was used to measure the
microhardness for the initial copper and UFG copper.
AG—250KNE tensile tester was used to measure the
strength and elongation for the initial copper and UFG
copper, and the sizes for the tested samples were
processed according to GB/T228-2002 standards. 7501
Eddy current conductivity meter was used to measure the
conductivity for the initial copper and the UFG copper.

3 Results and discussion

3.1 Microstructures and properties for UFG copper
obtained by six passes AARB

Microstructure and texture for UFG copper obtained
by six passes AARB are shown in Fig. 1. Figure 1(a)
shows the TEM photograph of rolling plane for the UFG
copper, it can be seen that the grain sizes for the UFG
copper are refined and reach 200 nm in the order of UFG
magnitude. Simultaneously, some dislocation webs form
and several small sub-grains generate in parts of refined
grains. Figure 1(b) shows the {111} pole figure of the
rolling plan for the UFG copper obtained by six passes
AARB, which exhibits that {112}<111> is the main
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Fig. 1 Microstructure and texture for UFG copper obtained by
six passes AARB with TEM photograph of rolling plane (a)
and (111) pole figure of rolling plan, examined by XRD (b)
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texture component, which is a typical texture component
C. So, the UFG copper obtained by six passes AARB is
the deformed copper.

The properties for the UFG copper obtained by six
passes AARB are listed in Table 2. It is obvious that the
microhardness is HV110.7, the tensile strength is 455.7
MPa, the yield strength is 349.6 MPa, the elongation is
2.1%, and the conductivity is 45.4 MS/m. Therefore,
compared with the initial copper, the tensile strength,
yield strength and microhardness for the UFG copper
obtained by six passes AARB are improved obviously,
while the elongation and conductivity are decreased
obviously. Figure 1 shows that there have many structure
defects, sub-structures and obvious preferred orientations
in the UFG copper obtained by six passes AARB, which
leads to the increase of the microhardness and strength in
company with the decrease of the elongation and
conductivity. Therefore, the UFG copper obtained by six
passes AARB needs to be annealed in order to improve
the elongation and conductivity further.

3.2 Microstructures and properties for UFG copper

obtained by six passes AARB and annealing

To explore annealing technique for the UFG copper
obtained by six passes AARB, the annealing experiments
were conducted at low temperatures for long time or high
temperature for short time, in which the annealing
temperatures were controlled in the range from 100 °C to
400 °C. Finally, the determined annealing temperature
was controlled at 220 °C.

Table 2 Properties of copper for different stages

TEM morphologies for the UFG copper obtained by
six passes AARB and annealing at 220 °C for 20 min and
35 min, are shown in Fig. 2. It can be seen in Fig. 2 that a
large number of dislocations aggregate towards grain
boundaries or other local regions and react with parts of
sub-grain boundaries, which leads that some sub-grain
boundaries and dislocation tangles disappear when the
annealing time is controlled at 20 min. The recovery
course for the deformed copper will take place with
further increasing the annealing time. Longer annealing
time will bring about the nucleation and growth for parts
of sub-grains owing to the migration, rotation and
aggregation for two or more sub-grain boundaries. When
the annealing time is increased to 35 min, there are no
defects between grains or in the grains, the
microstructures are composed of equiaxed crystals and
the grain sizes are still about 200 nm. In the meantime,
some twins also appear in the microstructures for the
UFG copper.

The constant ¢2 sections of orientation distribution
function (ODF) for the UFG copper obtained by six
passes AARB and annealing at 220 °C for 20 min and 35
min are shown in Fig. 3. Figure 3(a) shows that when the
annealing time is controlled at 20 min, the cold-rolling
texture component C is reduced further and there have no
changes for texture components S and R. At this time,
faint B/G components appear and no cube texture
components. It can be seen in Fig. 3(b) that when the
annealing time is increased to 35 min, the recovery
course has finished, the textures are composed of faint

. . Microhardness ~ Tensile strength, Yield strength, .o, Conductivity/
Processing condition (HV) o/MPa 59,/MPa Elongation/% MS'm™)
Initial copper 63.0 231.3 101.5 44.0 76.3
UFG copper obtained by six passes AARB 110.7 455.7 349.6 2.1 454
UFG copper obtamed by six passes AARB and 1179 433.4 3209 46 62.5
annealing at 220 °C for 20 min
UFG copper obtained by six passes AARB and 108.8 4208 318.8 79 69.0

annealing at 220 °C for 35 min

Fig. 2 TEM morphologies for UFG copper obtained by six passes AARB and annealing at 220 °C for 20 min (a) and 35 min (b)
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Fig. 3 Constant ¢2 sections of ODF for UFG copper obtained
by six passes AARB and annealing at 220 °C for 20 min (a)
and 35 min (b) (Ap2=5°)

cube texture components, other texture components such
as R, S, B/G and cold rolled texture components such as
B and C, but their strengths are all weak and stable, and
the highest texture strength is only 16.6 grades.

The properties of the UFG copper obtained by six
passes AARB and annealing at 220 °C for 20 min and 35
min, are also listed in Table 2. As shown in Table 2,
when the annealing time is controlled at 20 min and 35
min, the microhardnesses for the UFG copper are
HV117.9 and HV108.8, respectively, the tensile strengths
are 433.4 MPa and 420.8 MPa, respectively. The yield
strengths are 320.9 MPa and 318.8 MPa, respectively,
the elongations are 4.6% and 7.2% respectively and the
conductivities are 62.5 MS/m and 69.0 MS/m,
respectively. Therefore, compared with the initial copper,
the tensile strength, yield strength and microhardness for
the UFG copper obtained by six passes AARB and
annealing at 220 °C for 20 min and 35 min are improved,
the elongation is decreased and the conductivity is also

decreased slightly. Compared with the UFG copper
obtained by six passes AARB, the tensile strength and
yield strength for the UFG copper obtained by six passes
AARB and annealing at 220 °C for 20 min and 35 min
are decreased slightly, the microhardness change is not
obvious, but the elongation and conductivity are
improved obviously.

The study on the boundaries is very important
because there are a large number of sub-boundaries in
the UFG copper. Generally, the grain boundary is divided
into high angle grain boundary in which the
misorientation is larger than 15°, and the small angle
grain boundary in which the misorientation is between 1°
and 10° according to the grain misorientation. The grain
boundary for the misorientation between 10° and 15°
may be defined as the big angle grain boundary or the
small angle grain boundary for the research needs. The
boundary structure is determined by its characteristics,
including relative grain orientation, coincidence site
lattice (CSL) and space orientation for grain boundary,
etc. The structure for the grain boundary is very complex,
thus it is not easy to forecast its microstructures and
properties with regard to the boundary with random
orientation. Grain boundary misorientation is related to
the texture which is the misorientation distribution
function for polycrystalline materials. In general, grain
boundary with small angle and grain boundary with low
value of CSL (<3) do not rupture and the crackles can
make a detour round the grain boundary. There are a
large number of grain boundaries with small angle and
grain boundaries with a low value of CSL because of the
existing of textures in the UFG copper obtained by six
passes AARB and annealing at 220 °C for 20 min, which
makes grain slipping difficult and leads to low
superplasticity or no superplasticity, high creep strength,
fracture toughness and oxidation resistance for the UFG
copper. The texture characteristics during the course of
annealing can be observed by the misorientation analysis,
which can display the change of grain boundary for the
UFG copper, and can also determine the performance
difference for the UFG copper with different grain
boundaries.

Misorientation distributions of the UFG copper
obtained by six passes AARB and annealing at 220 °C
for 20 min and 35 min, are shown in Fig. 4. There are a
large number of sub-grains and small angle grain
boundaries for the UFG copper obtained by six passes
AARB. It can be seen in Fig. 4(a) that when the
annealing time is controlled at 20 min (primary
annealing course), the grain misorientation is small and
no rule, and the different angle misorientations all exist
in the UFG copper, therefore, the above course is in the
stage of recovery annealing for the deformed copper. As
shown in Fig. 4(b), there are no substructures in the UFG
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copper when the annealing time is increased to 35 min,
most grain misorientation values are high, displaying that
the small angle grain boundary has turned to high angle
grain boundary, which is consistent with the analysis for
the grain boundary during the course of recrystallization.
Therefore, it can be seen that the grains are small grains
with high angle grain boundaries, and not subgrains for
the UFG copper obtained by six passes AARB and
annealing at 220 °C for 35 min.
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Fig. 4 Misorientation distributions for copper obtained by six
passes AARB and annealing at 220 °C for 20 min (a) and 35
min (b)

It can be concluded that the rolling texture
characteristics are maintained in the stage of primary
annealing, displaying that the recovery or in situ
recrystallization happens in the deformed copper.
Actually, there is no strict boundary for the recovery and
in situ recrystallization because two processes are
overlapped to a certain extent. Increasing the annealing
time will reduce the strength for the rolling textures in
company with the formation and growth of sub-grains, in
which the stage still belongs to recovery or continuous
recrystallization. Then, an extension of the annealing
time will bring out faint cube texture components, other
texture components such as R, S, B/G and cube texture
components. These are different from typical rolling
texture components, displaying that discontinuous

recrystallization happens. A further duration of the
annealing time leads to no obvious change of the
strengths for texture components during the course of
discontinuous recrystallization, showing that the
structures for the UFG copper are very stable. Therefore,
the sub-structures in the UFG copper obtained by six
passes AARB disappear, and the rolling textures
disappear or weaken when annealed at 220 °C for 35 min.
At this time, the elongation increases greatly with a bit of
reduction in the strength for the UFG copper obtained by
six passes AARB and annealing at 220 °C for 35 min.

3.3 Formation mechanism and organizational
controlling for UFG copper obtained by six
passes AARB and annealing

It can be seen from microstructures observation,
texture analysis and performance tests that there are a
large number of sub-structures and processing textures in
the UFG copper obtained by six passes AARB, which
brings out working-hardening effects, increases the
microhardness, tensile strength and yield strength for the
UFG copper and decreases the elongation. In the
meantime, the electron motion is hindered which leads to
the decline for the conductivity owing to the existence of
sub-structures for the UFG copper obtained by six passes
AARB.

The microstructures for the UFG copper obtained
by six passes AARB can be changed and the
sub-structures can be eliminated by annealing, in which
the texture components transform from cold-rolling
texture component C to texture multicomponents.
Therefore, the uniformity for the UFG copper is
improved and the grain sizes reach the order of UFG
magnitude. It can be concluded that a large of
sub-structures combine and react to form a large of grain
boundaries for the UFG copper obtained by six passes
AARB during the course of annealing, leading to the
grain refinement. Theoretically, the increase of grain
boundaries caused by the grain refinement will hinder
the electron motion and decrease the conductivity of the
UFG copper. Factually, the conductivity of the UFG
copper is not decreased slightly, the main reasons are that
there are some twins in the UFG copper obtained by six
passes AARB and annealing at 220 °C for 35 min (see
Fig. 5). The boundary energy of twins is lower than that
of normal grain boundary, which is faint to the electron
inhibition. The increase of grain boundaries caused by
the grain refinement and the occurrence of twins cancel
out for the movement of electrons [26]. Therefore, the
conductivity for the UFG copper obtained by six passes
AARB and annealing at 220 °C for 35 min, is declined
slightly and almost maintains the level of the initial
copper.

Tensile fracture morphologies for the UFG copper
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obtained by six passes AARB and annealing at 220 °C
for 20 min and 35 min, are shown in Fig. 6. It can be
seen in Fig. 6 that there is no obvious necking in the
tensile fracture location. Figure 6(a) shows that when the
annealing time is controlled at 20 min, the cleavage step
and tearing ridge can be observed for the UFG copper in
the tensile fracture location, which is a typical brittle
fracture feature. It can be seen from Fig. 6(b) that when
the annealing time is increased to 35 min, the tensile
fracture surface of the UFG copper is the same as Fig.
6(a), but there are other small dimples, which is a mixed
fracture feature, displaying that the plastic fracture
proportion of the UFG copper obtained by six passes
AARB and annealing at 220 °C for 35 min increases and
the plasticity increases.
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Fig. 5 Twins morphology of UFG copper obtained by six
passes AARB and annealing at 220 °C for 35 min
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Fig. 6 Tensile fracture morphologies of UFG copper obtained
by six passes AARB and annealing at 220 °C for 20 min (a)
and 35 min (b)

4 Conclusions

1) UFG copper with grain size of 200 nm obtained
by six passes AARB and annealing at 220 °C for 35 min,
possesses  excellent tensile and yield strength,
conductivity and microhardness.

2) There are a large number of sub-structures such
as dislocation tangles and sub-grains, and also rolling
texture component C exists in the UFG copper
(deformed copper) obtained by six passes AARB.
Compared with the initial copper, the tensile strength,
yield strength and microhardness of the UFG copper are
improved obviously in company with the decrease of the
elongation and conductivity.

3) The sub-structures disappear for the UFG copper
obtained by six passes AARB and annealing at 220 °C
for 35 min, in which the grain boundaries are high angle
grain boundaries and parts of twins appear. The textures
are composed of faint cube texture components and other
texture components such as R, S, B/G and cold-rolling
texture component C. Compared with the initial copper,
the tensile strength, yield strength and microhardness of
the UFG copper are improved, the elongation is
decreased and the conductivity is decreased slightly.
Compared with the UFG copper obtained by six passes
AARB, the tensile strength and yield strength are
decreased slightly, the microhardness change is not
obvious, but the elongation and conductivity are
improved obviously.
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