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Abstract: The cyclic rotating—bending (CRB) processes under different deformation conditions were carried out to
refine the microstructure and improve the mechanical properties of the 65Cu—35Zn brass tubes. The microstructure and
the mechanical properties in the axial direction of the tubes after the CRB process were studied with the OM, EBSD and
conventional tensile test. To obtain the accumulated effective plastic strain of the tube during the CRB process, the FEM
simulation was also executed. The results show that the average grain size decreases with the increase of rotation time at
RT, and with the decrease of bending angle at 200 °C. With the increase of accumulated effective plastic strain during
the CRB process, the reduction rate of average grain size of the brass tube increases, the tensile strength of the brass
tube increases in wave shape and the elongation increases first and then sharply decreases.
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1 Introduction

The metallic tube has a wide application in the
industry because of its high stiffness, lightweight,
and hollow structure [1]. Generally, the metallic
tubes are manufactured with the processes of
hot-rolling, cold-rolling, cold-drawing, extruding
and welding, etc. The metallic tubes produced with
these conventional processes are often accompanied
by the poor mechanical properties due to the
microstructure consisting elongated and coarse
grains or nonuniform grain distribution, which
limited the applications of the metallic tubes.
Although the metallic tubes with high strength and
good ductility have a great application potential in
industry, few efforts have been undertaken to

produce the metallic tubes with fine grains and
excellent mechanical properties.

In the material science research field, to refine
the grains and improve the mechanical properties
of the metallic materials, several kinds of severe
plastic deformation (SPD) processes have been
proposed in the recent years [2-5]. The SPD
processes such as equal channel angular extrusion
(ECAE) [6], repetitive side extrusion [7], rotary-die
ECAP [8], parallel channel ECAP [9], accumulative
roll-bonding (ARB) [10], and twist extrusion
(TE) [11] have been successfully developed in the
last several decades. Based on the traditional SPD
process theory, some new kinds of SPD processes
suitable for metallic tubes were also proposed, such
as high-pressure tube twisting (HPTT) [12],
incremental high pressure torsion (IHPT) [13],
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accumulative spin-bonding (ASB) [14], tubular
channel angular pressing (TCAP) [15], parallel
tubular channel angular pressing (PTCAP) [16],
hydrostatic tube cyclic expansion extrusion
(HTCEE) [17] and rotary extrusion (RE) [18].
However, the exiting SPD processes are mainly
suitable for the grain refinement of the metal
tubular materials with very short length. In addition,
for most of the SPD processes mentioned above, the
complex tools and large forming force are needed.
The authors proposed a novel SPD technique of
cyclic rotating—bending (CRB) process to refine the
grain and improve the mechanical properties of
the metallic tubes [19]. The accumulated cyclic
compressive and tensile plastic strain in the
deformation part of tube are used to refine the
grains of the tubular materials. The tool of the CRB
process is simple and the deformation force is low.

The pure copper and copper alloy have wide
applications in electrical and automotive industries.
To improve the mechanical properties of the pure
copper, many efforts were implemented [20,21].
The exiting research report shows that for the
copper alloy, the reducing grain size to near
sub-micrometer or nanometer scale can effectively
improve its mechanical properties such as strength,
plasticity, hardness and fracture toughness [22].
There are several SPD processes used to refine the
grain and improve the mechanical properties of the
pure copper [17,23-27]. The constrained groove
pressing (CGP) was used to refine the micro-
structure of the copper alloy and the fine grains and
improved mechanical properties of copper alloy
were successfully obtained [28,29]. However, there
are few researches related to the grain refinement
and improvement of the mechanical properties of
copper alloy tube by the SPD process.

In this study, the CRB process developed by
the authors is utilized to refine the microstructure
and improve the mechanical properties of the brass
tube CuZn35 (ISO). The CRB processes with
different deformation conditions were carried out to
clarify the influence of the deformation parameters
on the microstructure and mechanical properties

evolution of brass tube. The microstructure of the
brass tube processed by the CRB process was
characterized with optical microscope (OM) and
electron backscattered diffraction (EBSD). The
mechanical properties such as strength and
elongation were evaluated with conventional tensile
test at RT. The FEM simulation was also
implemented to obtain the accumulated effective
plastic strain of the tube during the CRB process.

2 Experimental

The commercial extruded brass tube with a
dimension of 410 mm (outside diameter) x 1 mm
(wall thickness) x 200 mm (length) was employed
in this study. The chemical composition and tensile
properties such as ultimate tensile strength (UTS),
yield strength (YS) and total elongation (EL) of the
as-received brass tube are given in Table 1.

The schematic diagram of the CRB process
proposed by the authors is shown in Fig. 1. The
deformation part between the anti-friction bearings
was heated with the high-frequency induction
heating technique. When the temperature of the
deformation part reached a certain value, the
bending process began by moving anti-friction
bearings. After the tube was bent, the driving-motor
started to work to realize the rotation of the metal
tube. The rotating bending process was kept for a
given time with a certain rotation speed. Then, the
anti-friction bearings returned to the original
position to obtain the straight metal tube. The
complex tools are not needed for the CRB process.
It is suitable for process the tube or bar with large
length and diameter.

Simultaneously, as the comparative references,
the heat-treatment of the brass tubes were also
executed with the temperatures and holding time
same as the deformation temperatures and rotation
time in the CRB processes. The bending angle of
the tube is the key factor that influences the
deformation intensity of the CRB process. The CRB
processes with different bending angles were
carried out to study the effect of the deformation

Table 1 Chemical composition and mechanical properties of as-received brass tube

Chemical composition/wt.% Mechanical property
Cu Zn Pb Fe Total impurity UTS/MPa YS/MPa EL/%
Bal. 35.0 <0.03 <0.1 <0.3 605 470 4.1
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Fig. 1 Schematic diagram of CRB process

intensity on the microstructure evolution of brass
tube. The accumulated plastic strain has a strong
influence on the grain refinement of materials
in the SPD process. For the CRB process, the
accumulated plastic strain is influenced by the
deformation temperature, bending angle, rotation
speed and rotation time. In the present study, the
rotation speed of the CRB process was fixed to be
20 r/min. The bending angles of 171°, 174° and
177°  were utilized with the deformation
temperature of 200 °C and the rotation time of
S min. The rotation time of 2, 5 and 8 min was
adopted to investigate the influence of rotation time
on the microstructure and mechanical properties
evolution during the CRB processes carried out at
room temperature (RT).

The apparatus for the CRB process used in
this study is shown in Fig. 2. A high-frequency
induction heating device with a maximum output
power of 10kW and a frequency range of
150-400 kHz (Type: EASYHEAT LI 8310) was
employed to heat the deformation part of the tube.
The ultra-compact digital radiation temperature
sensor (KEYENCE FT-H40K) was conducted to
measure the surface temperature of the deformation
part of the tube. A water-cooling system was used
to cool the tube parts under the anti-friction
bearings to control the temperature distribution of
the deformation part. A dial indicator was employed
to measure the displacement of the bending
bearings in the direction perpendicular to the axial
direction of tube. The load cell was conducted to
obtain the load on the bending bearings.

The specimens for microstructure investigation
cut from the brass tubes along the axial direction

were mounted with epoxy resin. After mechanical
polishing, the specimens were etched in the solution
of FeCl; and HCl (5gFeCl; + 2mL HCI +
100 mL H,O) for 50s. The OM (OLYMPUS
BX51M) was used to observe the microstructure.
The average grain sizes were measured with the
linear interpret method. After mechanical polishing,
the specimens were prepared with electrolytic
polishing with a voltage of 3V for 50s in
the mixed solution (300 mL deionized water +
200 mL H3PO4, + 50 mL C3HsO + 2 g CO(NH>), +
4 ¢ EDTA) for the EBSD analysis. The SEM (Zeiss
Ultra Plus) equipped with EBSD was employed in
this study. The tensile properties of the samples at
RT were obtained with a universal test machine
(SHIMADZU AG—50KN) with a fixed cross head
speed of 2.5 mm/s. The specimens for the tensile
test were prepared according to the standard of
GB/T 228.1—2010 with an initial gauge length of
50 mm.

Load cell Ultra-cog]pqct digital

radiation
temperature sensor

Dial indicator

Driving motor
~ .
High-frequency

N\
induction

heating device |

Fig. 2 Apparatus of CRB process

3 FEM simulation

3.1 FEM model

The FEM simulation of the CRB process was
carried out to obtain the accumulated effective
plastic strain of the deformation part of the tube.
The relationship between accumulated effective
plastic strain and the average grain size reduction
rate of the deformation part of the tube was
determined with the FEM simulation results. A
commercial code of ANSYS/LS-DYNA was
employed in this study. The FEM model of the
CRB process is presented in Fig. 3. In the FEM
simulation, the chuck and bending bearings were
assumed as the rigid bodies. The tube was assumed
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Fig. 3 FEM model for CRB process

as the elastoplastic body. The friction coefficient
between the bending bearings and tube was
assumed to be 0.1 [30]. The initial temperatures
of the bending bearings and chuck and brace to
be set at RT. The temperature of the deformation
part of the tube was set as the same as that in the

s Met. Soc. China 32(2022) 3610—3622 3613

experiments. The temperature of the rest parts of
the tube were set as RT. The hexahedral solid
element was used for the tube in the simulation. The
element number of the tube was 12800. The
parameters same as those in the experiment were
used in the FEM simulation.

3.2 Verification of availability of FEM model

To verify the availability of FEM model, the
load along the Y-axis direction acting on the
bending bearing was examined in the experiment
and FEM simulation. By comparing the load—time
curves obtained in the experiment and FEM
simulation, the availability of FEM model was
confirmed. Figures 4(a, b) show the load—time
curves obtained in the experiment and FEM
simulation of CRB processes under the deformation
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Fig. 4 Load—time curves of bending bearings in CRB processes under different deformation conditions: (a) RT, 174°,

15 r/min, 6 s; (b) 200 °C, 174°, 20 r/min, 6 s
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conditions (deformation temperature, bending
angle, rotation speed and rotation time) of RT, 174°,
15 r/min, 6 s and 200 °C, 174°, 20 r/min, 6 s. It can
be seen that the load—time curves obtained in the
experiment and FEM simulation show a reasonable
agreement. It also can be known that the FEM
model is available both at RT and elevated
temperature.

Form Fig. 4, it also can be known that the load
on the bending bearings can be divided into two
parts of bending—rotating stage and steady stage.
It can be seen that the load increased rapidly in
both positive and negative directions during the
bending—rotating stage because the tube kept
rotating during the bending process. The load is the
bending force of the tube. The load became steady
when the bending angle reached the predetermined
value. In the steady stage, the tube rotated at the
bending state. The load kept a certain value in the
steady stage. The load value showed slightly
fluctuating at the alternating time of the first turn
and second turn. It also can be seen that with the
same bending angle, the maximum load value was
higher when the CRB process was carried out at RT
than that when the CRB process was carried out at
200 °C.

4 Results and discussion

4.1 Microstructure
4.1.1 Microstructure evolution with increase of
rotation time at room temperature

When the other deformation parameters are
fixed, the rotation time determines the accumulated
effective plastic strain in the deformation part of the
tube in the CRB process. In the current work, to
study the effect of rotation time on the micro-
structure evolution at RT and elevated temperature,
the CRB processes were performed with the
rotation speed of 20 r/min, bending angle of 174°,
rotation time of 2, 5 and 8 min at RT and
deformation temperature of 200 °C, respectively.

Figure 5 shows the OM images of brass tubes
processed by the CRB with the rotation time of 2, 5
and 8 min and the as-received tube. Figure 6 shows
the average grain size of the as-received brass tube
and the ones processed by the CRB. From Fig. 5, it
can be seen that the a-phase and f-phase grains are
found in all the samples. The average grain sizes of
the processed brass tubes are 83.95, 76.36 and
51.55 pm when the rotation time is 2, 5 and 8 min,
respectively. The average grain size of the brass

Fig. 5 Metallographic observations of longitudinal section for brass tubes processed by CRB (RT, 174°, 20 r/min) with
different rotation time: (a) 2 min; (b) 5 min; (¢) 8 min; (d) As-received tube
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Fig. 6 Effect of rotation time on average grain size of
brass tube

tube processed by the CRB becomes smaller
compared to that of the as-received tube. The
average grain size decreases with the rotation time
increasing from 2 to 8 min. From Fig. 5(a), it can be
seen that the a- and f-phase coarse grains can be
found in the microstructure of the tube when the
rotation time is 2 min. The big long twin structures
(marked by the arrows) can also be seen in Fig. 5(a).
With the rotation time increasing to 5 min, some
coarse grains are refined. The large a-phase grains
are broken, as shown in Fig. 5(b) (marked by the
white circle). The f-phase coarse grains are also
partly refined. It can also be found that the area
fraction of a-phase grain is higher than that when
the rotation time is 2 min. There are a lot of twins in
the microstructure. Some new grains (marked by
the red circles) appear in the microstructure, as
shown in Fig. 5(b). When the rotation time is
increased to 8 min, both a- and f-phase grains are
significantly refined (see Fig. 5(c)). The new grains
(marked by the red circles) can be found in the
microstructure of the sample. Only a few twins
(marked by the white circle) can be found in the
microstructure.

During the CRB process, the cyclic tensile and
compressive severe plastic deformation not only
leads to the fracture of the coarse grains but also the
new grain nucleation along the twins and at the
adjacent boundaries. The primarily responsible
reasons for strain-induced grain size reduction are
the dislocation activities for the copper alloy [31].
The dislocation movements, interactions and
rearrangements lead to the formation of the
substructure such as dislocation cells, dense

dislocation walls, and tangles in the original coarse
grains. The interactions between the substructures
and the newly formed dislocations lead to the
forming of the low angle boundaries and finally
result in the division of the original coarse grains
into smaller blocks. For the refinement of twins,
it can be speculated as the lamellar structure
formation and that is further subdivided into
nanograins. When the rotation time is 5 min, the
microtwins with high density are formed and
converse the coarse grains into a lamellar structure,
as shown in Fig. 5(b). It can also be speculated that
with the increase of the accumulated plastic strain,
the dislocation walls inside twin lamellae develop
and the lamellar structure is further subdivided into
equiaxed nanosized blocks. The preferentially
orientated blocks become the randomly orientated
nanograins. The nanograins grow into the small
grains and finally an approximately homogeneous
distribution of grains is achieved, as shown in
Fig. 5(c).
4.1.2 Microstructure evolution with increase of
rotation time at 200 °C

Figure 7 shows the EBSD orientation maps,
distribution of high and low angle grain boundaries
as well as misorientation of the samples processed
by the CRB with the rotation time of 2, 5 and 8 min
at 200 °C. Under the same deformation conditions,
the average grain size of the tube processed by the
CRB increases with the increase of the rotation time
from 2 to 8 min, as shown in Figs. 7(a, b, ¢). When
the deformation temperature is 200 °C, with the
same bending angle and rotation speed, the rotation
time shows a significant influence on the average
size of the processed brass tube. The gains grow up
with the increase of the deformation time at the
deformation temperature of 200 °C. It can be
deduced that at this temperature the grain grows up
rapidly, and the effect of the plastic deformation on
the grain refinement is smaller than the grain
growth speed. Figure 7(d) shows the microstructure
of the tube without deformation, which was only
heat-treated at 200 °C for 8 min. Under the same
temperature 1200 °C and time (8 min) conditions,
the average grain size of the tube processed by the
CRB (see Fig. 7(c)) is smaller than that of the only
heat-treated tube (see Fig. 7(d)). This means that
under the same temperature and time condition, the
grains are refined by the CRB process.
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Fig. 7 EBSD orientation maps and distribution of high and low angle grain boundaries misorientation of tubes
processed by CRB processes under deformation conditions of 200 °C, 174°, 20 r/min ((a) 2 min, (b) 5 min, and

(c) 8 min) and ones heat-treated at 200 °C for 8 min (d)

From Fig. 7, it also can be known that the
orientation of the grains is also influenced by the
deformation condition of the CRB process. The
area fraction of the grains orientated in (or closest)
(001)-direction increases with the rotation time
increasing from 2 to 8 min. However, the area
fraction of the grains orientated in (or closest)
(111)-direction decreases with the increase of
rotation time. The average size of the grains
orientated in (or closest) (111)-direction increases
with the increase of rotation time. The grains
orientated in (or closest) (101)-direction mostly
appear as twins in the microstructure.

Figure 8 shows the misorientation of the
samples without deformation and the ones
processed by the CRB with different rotation time
under the deformation conditions of 200 °C, 174°,
and 20 r/min. It can be seen that misorientation of
all the samples mainly distributes in the range from
0° to 5° as well as from 55° to 65°. When the
deformation time is 8 min, the relative frequency of
the misorientation (RFM) distributing in the range
from 55° to 65°0f the sample processed by the CRB
is about 35%, while that of the only heat-treated
(200 °C for 8 min) sample is about 50%. For all the

0.5
04l —o— Without bending, 8 min
) —o— With bending, 5 min
. —— With bending, 8 min
< —— With bending, 2 min
> 0.3 H
5
=
o
2 0.21
&)
0.1
0 10 20 30 40 50 60

Local misorientation/(°)

Fig. 8 Misorientation of tubes without deformation and
ones processed by CRB (200 °C, 174°, 20 r/min) with
different rotation time

deformed samples, with the increase of the rotation
time, the RFM distributing in the range from 55° to
65° shows a trend of decrease first and then a trend
of increase. But the RFM distributing in the range
from 55° to 65° of the deformed samples does not
show much difference when the rotation time is 2 or
5 min. However, the RFM distributing in the range
from 0° to 5° of the sample processed by the CRB
with 5 min is about 50%, while that of the sample
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processed by the CRB with 2 min is about 43%.
When the rotation time is 8 min, the RFM
distributing in the range from 0° to 5° is about 15%.
For the heat-treated sample, the RFM distributing in
the range from 0° to 5° is about 13%. From the
misorientation distribution curves, it can be seen
that the RFM distribution in the range from 0° to 5°
presents an opposite tendency to that in the range
from 55° to 65° when the rotation time is increased
from 2 to 8 min.

Figure 9 shows the recrystallization diagram
and distribution of high and low angle grain
boundaries of the tubes processed by the CRB with
different rotation time at of 200 °C. It can be seen
that with the increase of the rotation time, the
average grain size of the samples increases. The
fraction of substructure increases first and then
decreases with the increase of rotation time (see
Fig. 9(d)). The area fraction of the recrystallized
grain does not change much when the rotation time
is increased from 2 to 5 min, but it increases sharply
when the rotation time is increased from 5 to 8 min.
However, the area fraction of the deformed grains
decreases with the increase of the rotation time.
Generally, at the same deformation rate, the
accumulated plastic strain increases with the

3617

increase of the deformation time. However, in this
study, for the samples processed by the CRB, the
area fraction of the deformed grains decreases with
the increase of the rotation time. It can be known
that the recrystallization occurs in the deformed
grains, which can also be confirmed by the
area fraction of the recrystallization grains (see
Fig. 9(d)).
4.1.3 Microstructure evolution with decrease of

bending angle

Figure 10 shows the microstructure of the
samples processed by the CRB with different
bending angles and that of the heat-treated sample.
Figure 11 shows the average grain size of the
heat-treated sample and the samples processed by
the CRB processes with different bending angles.
The average grain size of the heat-treated sample is
about 86.8 um. With the bending angle decreasing
from 177° to 171°, the average grain size decreases
from 69.05 to 32.17 um. It can be seen that the
grains are refined by the CRB process compared
with that of the heat-treated sample. The bending
angle has the significant influence on the
refinement of the grains during the CRB process
(see Figs. 10(b, c, d)).

The a-phase and S-phase can be found in the

H Recrystallized
_ ESubstructured
70+ B Deformed

Fraction/%

Rotation time/min

Fig. 9 Recrystallization diagram and distribution of high and low angle grain boundaries of samples processed by CRB
(200 °C, 174°, 20 r/min) with different deformation time ((a) 2 min, (b) 5 min, and (c) 8 min) and relationship between

rotation time and fraction of different structures (d)
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Fig. 10 Effect of bending angles on microstructure of brass tubes heat-treated at 200 °C for 5 min (a) and processed by
CRB (200 °C, 5 min, 20 r/min) with different bending angles ((b) 177°, (c) 174°, and (d) 171°)
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Fig. 11 Average grain size of tubes without bending
and processed by CRB (200 °C, 5 min, 20 r/min) with

different bending angles

microstructure of all the samples. The a- and
p-phase coarse grains uniformly distribute in the
microstructure of the heat-treated sample. The o-
and p-phase grains are smaller and the twins
(indicated by the arrows in Fig. 10(b)) can be found
in the microstructure of the sample processed
by the CRB with bending angle of 177°. When
the bending angle of 174° is adopted in the CRB
process, the grains of sample processed by the CRB
become smaller and the area fraction of the twins in

the microstructure becomes lower. A few of a- and

p-phase coarse grains can be found in the

microstructure. The p-phase coarse grains are
refined by the severe plastic deformation during the

CRB process (indicated by the circle in Fig. 10(c)).

However, when the bending angle of 171° is

utilized in the CRB process, the grains of the

sample are heavily refined in the CRB process. The

twin area fraction becomes lower further. Few a-

and p-phase coarse grains are found in the

microstructure (see Fig. 10(d)).

4.1.4 Relationship between accumulated effective
plastic strain and reduction rate of average
grain size

Figure 12 shows the reduction rate of average
grain size of 65Cu—35Zn brass tube with the
accumulated effective plastic strain obtained with

FEM simulation. It can be known that the reduction

rate of average grain size increases with the

increase of the accumulated effective plastic strain
during the CRB process under the conditions of

200 °C, 174°, and 20 r/min with different rotation

time. From the curve, it can be known that the

accumulated effective plastic strain has a strong
influence on the refinement of the grain of the
sample during the CRB process. During the CRB
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process, the accumulated heavy effective plastic
strain leads to the boundary migration and bulging,
resulting in the boundary fluctuations in shape. The
boundary fluctuations develop into the serrations
that are the actual nucleation sites [32,33]. The
fragmentation of coarse grain and new grain
forming caused by the severe plastic deformation
finally lead to the refinement of the microstructure.
Moreover, the heavy plastic strain also leads to the
dislocation migration and generation because of the
incompatibilities among grains.

80

70t
60 - +
50
40+

I ¥
zz i/

0 05 1.0 15 20 25 30 35 40
Accumulated effective plastic strain

Reduction rate of average grain size/%

Fig. 12 Reduction rate of average grain size of
65Cu—35Zn brass tube with accumulated effective
plastic strain (200 °C, 174°, 20 r/min)

4.2 Mechanical properties
4.2.1 Mechanical properties evolution with increase

of rotation time

Figure 13 shows the effect of the rotation time
on the mechanical properties of the tubes processed
by CRB. The strength decreases and the elongation
increases of the tubes processed by CRB compared
to those of the as-received tube. When the rotation
time is increased from 2 to 8 min, the elongation of
the tubes processed by CRB increases first and then
decreases. The strength of the tube processed by
CRB decreases first and then increases with the
rotation time increasing from 2 to 8 min. The coarse
grains and the residual work hardening in the
deformation process of the tube lead to the high
strength and the poor elongation of the as-received
tube. The severe plastic deformation in the CRB
process results in the large amount of lattice
distortion and the substructures in the tube,
which provides nucleation conditions for the
recrystallization. With the increase of the rotation
time, more grains nucleate and grow up. The

refined microstructure leads to the improvement of
the ductility of the tube.
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Fig. 13 True stress versus true strain curves of as-
received tube and ones processed by CRB (RT, 174°,
20 r/min) with different rotation time

4.2.2 Mechanical properties evolution with decrease

of bending angle

Figure 14 shows the true stress versus true
strain curves of the heat-treated (200 °C, 5 min)
brass tube and the ones processed by CRB with the
bending angles of 171°, 174° and 177°. It can be
seen that the heat-treated tube (without bending)
shows poor tensile strength and elongation
compared to the tubes processed by CRB. When the
bending angle of 171° is adopted in the CRB
process, the processed tube shows the best tensile
strength and ductility. The tube processed by CRB
with the bending angle of 177° shows good
ductility but poor tensile strength. The elongation of
the processed tubes by the CRB process shows a
trend of decreasing first and then increasing with
the bending angle is increased from 171° to 177°.
However, the tensile strength of the tubes processed
by CRB decreases with the increase of the bending
angle. For the heat-treated tube, the coarse grains
result in the poor ductility (see Fig. 10(a)). The
grain refinement of the tubes processed by CRB
with different bending angles leads to the
improvement of their ductility. When the bending
angle is small, the plastic deformation is much
severer and improves the grain refinement
efficiency. In the meantime, the work hardening
produced in the CRB process leads to the increase
of the tensile strength. Therefore, in this study, both
of the strength and the elongation of the tubes
processed by CRB with different bending angles are
improved.
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4.2.3 Relationship between accumulated effective
plastic strain and mechanical properties
Figure 15 shows the relationship between
tensile strength as well as elongation and
accumulated effective plastic strain of the tubes
processed by CRB. It can be seen that the tensile
strength of the tube increases in wave shape with
the increase of the accumulated effective plastic
strain increasing from zero to 3.5. The elongation of
the tube increases with the increase of the
accumulated effective plastic strain. However, it
shows a sharp decrease when the accumulated
effective plastic strain is increased from 2.75 to 3.5.
The severe plastic strain in the CRB process causes
recrystallization and work hardening at the same
time. The work hardening improves the tensile
strength of the tube. The recrystallization results
in the refinement of the grains, which finally leads
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Fig. 14 True stress vs true strain curves of heat-treated
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5 min) with different bending angles
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Fig. 15 Relationship between tensile strength as well as
elongation and accumulated effective plastic strain of
tubes processed by CRB (200 °C, 174°, 20 r/min)

to the improvement of the ductility of the tube.
However, when the accumulated effective plastic
strain reaches a certain value, the work hardening
far  outweighs softening caused by the
recrystallization, and this is the reason for the
tensile strength of the tube increasing and the
elongation of the tube decreasing sharply.

5 Conclusions

(1) The average grain size decreases with the
increase of the rotation time at RT, and with the
decrease of the bending angle at the deformation
temperature of 200 °C.

(2) With the rotation time increasing from 2 to
8 min, the tensile strength of the tubes processed by
CRB under the deformation condition of RT, 174°,
20 r/min decreases first and then increases, and
the elongation of the tube increases first and then
decreases. The tensile strength of the tubes
decreases and the eclongation decreases first and
then increases with the bending angle increasing
from 171° to 177° of CRB-processed tube under the
deformation condition of 200 °C, 20 r/min, 5 min.

(3) The reduction rate of average grain size
increases with the increase of the accumulated
effective plastic strain during the CRB process
under the deformation conditions of 200 °C, 174°,
20 r/min. The tensile strength of the tube increases
in wave shape with the increase of the accumulated
effective plastic strain increasing from zero to 3.5
and the elongation of the tube increases with the
increase of the accumulated effective plastic strain;
however, it shows a sharp decrease when the
accumulated effective plastic strain is increased
from 2.75 to 3.5.
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