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To refine and control the microstructure of metal tubes the cyclic rotating
bending (CRB) process was proposed. The effects of the deformation temperature, bending radius,
cumulative strain, and internal stress and strain distribution influence on the grain size were
investigated. The predictive models to characterize the deformation behavior of metal tubes in rotating
bending process was proposed. The microstructure of all of the metal tubes were refined by the CRB
process. It was also found that the rotating bending process showed different refinement effects on
different kind of metal tubes. As a result, to obtain the expected grain size and mechanical properties
of the tube the suitable parameters for different kind of metal tubes should be optimized according to
the characteristics of the deformation behavior of the metal tubes during the CRB process.
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The automotive lightweighting technologies
promoted the popularization and application of
metal tubes in automobile industry since using
the hollow structure produced with metal tubes
instead of the solid ones can significantly reduce
the automobile weight. According to the
manufacturing method, the metal tubes can be
divided into seamless tubes, such as hot-rolled
tube, cold-rolled tube, cold-drown tube, extruded
tube, jacking tube, etc. and welded tubes, such as
arc welded tube, resistance welded tube, gas
welded tube, furnace welded tubes. The metal
tubes produced with these methods are often
accompanied by grain coarsening, uneven
microstructure and ductility deterioration. It is
very often that the uniform refined microstructure
and good ductility are both required in the
application field of metal tubes. To obtain a
uniform fine microstructure the heat treatment
method is usually conducted. However, the heat
treatment process often leads to the grain
coarsening and deterioration of mechanical
properties. To obtain the desired microstructure
and improve the mechanical properties of metal
tubes a rotating bending process was newly
proposed, as shown in Fig. 1. The preliminary
experimental results show that this method can
be used to refine and control the microstructure
of metal tubes. However, the further investigation
is urgently needed to be performed to attain a
better insight into the deformation behavior of
metal tubes and to clarify how the parameters of
rotating bending process such as deformation
temperature, bending radius, cumulative strain,
and internal stress and strain distribution
influence on the controlling and refining of metal
tubes microstructure. How to predict the
evolution of  microstructure  during  the
deformation process for metal materials with
numerical simulation has been attracting
increasing attentions in the last several decades.
Accurate prediction of microstructure evolution
in forming process with simulation can give a
good advising to the real experiment and reduce
the number of trials as well as cost in industry.

The existent reports in  microstructure
simulation mainly focused on rolling, casting and
hot forging processes. During these forming
processes the status of stress and strain of
deforming material is relative simple. The
simulation of microstructure evaluation under the
complex deformation conditions is a new trend
which has been attracting more and more
attentions in the worldwide. However, the reports
on the microstructure simulation of material
under complex deformation conditions are rare
seen. In the proposed research, the metal tubes
are simultaneously subjected to the tensile and
compress plastic strain in rotating bending

process. Therefore, a new model for
microstructure evolution for metal tubes under
tensile and compress plastic strain should be
proposed.
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Fig. 1 Schematic drawing of newly proposed
rotating bending process
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The main purpose of the current research are
summarized as follows.

1) To develop an experimental method for grain
refining and microstructure control of metal
tubes.

2) To clarify how the factors such as deformation
temperature, bending radius, cumulative strain,
and internal stress and strain distribution
influence on the grain size, crystal orientation
and surface characteristics of metal tubes.

3) To develop predictive models (FEM) to
characterize the deformation behavior as well as
microstructure evolution of bending part of metal
tubes in rotating bending process at different
forming conditions.

3. WrEDITIA

(1) Experiments

The dimension of the magnesium alloy tube is
®12.8%0.8(thickness)x200(length) mm. The
bending angle is about 150° obtained by
calculation based on the geometric relationships
and mechanical relationships. To investigate the
effect of the rotating bending process on
microstructure of magnesium alloy tube at
different temperature, the rotating bending
processes were carried out at 150, 200, 250, 300
and 350°C with a rotation speed of 20r/min for
10min. The heat treatments were also carried out
at 150, 200, 250, 300 and 350°C for 10min to
obtain the microstructure and mechanical
properties of the tubes without rotating bending
deformation. To clarify the effect of accumulated
plastic strain on the microstructure and
mechanical properties of AZ31 magnesium alloy
tube, the rotating bending process was carried out
with a rotation speed of 20r/min for 2, 6 and
10min at temperature conditions of 150, 200 and
250°C. The tubes were immediately quenched



with water after rotating bending process and
heat treatment process.

(2) Theoretical calculation

Fig. 2 shows the schematic diagram of newly
proposed rotating bending process. Here the
method to confirm the neutral layer of the bent
tube proposed by Tang et al. was used to
determine the neutral layer of bent metal tube
with rotating bending process.

Fig. 2 Stress state model of metal tube in bending
process
Assumptions:
i) The cross-section of tube remained unchanged
before and after bending process; ii) The bending
process satisfies constant volume principle of
plastic deformation; iii) The equivalent stress and
strain satisfy the equation & = K&g", where K
is the strain hardening coefficient of metal tube, n
is the material hardening exponent.
Fig. 2 shows the stress state model of metal tube
in horizontal section in bending process. d, t and
to are the outside diameter, instantaneous
thickness and initial thickness of metal tube,
respectively. r is the bend radius of selected point
in the tube. p is the curvature of the bending
neutral layer. Rj and R, are the radius of concave
and convex sides of bent tube, respectively. gy is
the tangential stress. o is the radial stress. In
addition there is also circumferential stress, o,, in
the cross-section of bent tube.
Due to the assumption i), it can be known that
circumferential strain ¢,=0. The bent tube is in
the plane strain state with the tangential strain, &g,
and radial strain, &r, where

g,=In(rl p), & =In(t/ty) 1)
According to the assumption ii),

ggt+e +e,=0. 2
Because ¢,=0, &, =—&, , thatis

In(r/ p)=—In(t/t,) 3)
Substitute ¢,=0 to the Hencky equation,

c,=(o,+0,)/2. 4)

Substitute Eg. (5) and &,=0 to the Mises vyield

criterion,
5:\/(1/2)[(@ -6,y +(0,-0,) +(c,-0,)' | =(BI2)[o, -3 ®)
£=@I3)e +&7 ve,) = @1\B)g, |- (6)

Substitute Eq. (1), (5) and (6) to& = K&",
0,—0, =+2IBYK(In(r/ p)) - @)
For the micro unit in Fig. 1, according to the
equilibrium of forces in the radial direction, the

following equation can be obtained (omitting the
tiny quantities of high order

do, /dr=(c,-0o,)/r. (8)

The radial stress or can be obtained by
integration.

o, = (1B (K/@+n)(In(r/ p))+C . (9)
where C is the integration constant.

In Fig. 1, in the surface of concave (I = R) and
convex sides (I =R.) of bent tube, the radial
stress ¢:=0. In the neutral layer (r = p), or is a
continuous variable. So the integration constants
can be confirmed when r>p and r<p.

C, = ~(2/B)"(K/ @+ n)(n(R, o))", (10)

C, =—(2/3)""(K/ (L+nm)(-In(R, / p))*"» (11)
When r=p itcanbe knownthat C, =C,.
Then the curvature of the bending neutral layer
was obtained.

p=yR R, (12)

Fig. 3 shows the schematic diagram of the
cross-section of bent tube with considering the
offset of neutral layer and the stress status
distribution in the bent tube cross-section. To
determine the equivalent strain of the tube during
the bending process, the cross-section of bent
tube can be divided into plastic zone and elastic
zone, as shown in Fig. 3. Here, only the plastic
deformation was considered for the purpose of
simplifying the calculation.

As the tube cross-section was assumed as
unchanged and according to the principle of
constant volume, the

g,=In(r/ p),e, =05 =In(t/t). (13

gte +e,=0. (14)

The equivalent strain &, can be expressed as

o SR YRS B P

The accumulated equivalent strain for one tiny
unit of bent tube along the circumferential



direction dg, was given as

de, =£dgr.
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Fig. 3 Schematic diagram of the cross-section of
bent tube with considering the offset of neutral
layer and the stress status distribution in the bent
tube cross-section

In the outside of neutral layer of bent tube, the
accumulated equivalent strain £, was obtained
as

( 4k +3—cosa 2k
t

%y

7 =2[de, = sz_ J_fln( )t = J_j

~2k+cosa cosay,
da

4 Jeouyn [ 2k +cosa  cosa
=— In|1- i
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(17)

In the inside of neutral layer of bent tube, the
accumulated equivalent strain EAS was obtained

as
(17 2k +2—cosa cosa ¢
180° 4k +1-cosa 2k «

Ens —ZIdé‘ ZIJ_ J_IH’I( )dt_fjen o , t
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(18)
The total accumulated equivalent strain &;,q
for one tiny unit of bent tube in one revolution

along the circumferential direction was obtained
as

e |, ‘*‘T ,‘711 __2k+cosa cosa}erijnw _2k+2-cosa cosa
e s Nepd 4k +3-cosa 2k B ak+1-cosa 2k
_4 on 2k +cosa cos:z)Ei 180° _2k+2-cosa cosa o
B T 4k+3-cosar 2k 4k+1-cosa 2k !

The accumulated equivalent strain &, for the
bent tube with a rotation speed of v r/min for T
min can be expressed as
Erora =V T - Epps - (20)

(3) FEM model

Fig. 4 shows the mashed tube and bush. The
solid element was used. The total number of the
element for the tube is 5616 for tube. The total
number of element is 4000 for bush. The bending
angle is set as 173°. The rotation speed is 20rpm.
The deformation temperature is 200°C.

Fig. 4 Mesh models of the tube and bush
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(1) Experimental results

Fig. 5 shows the optical microstructure in the
longitudinal section of selected samples with
temperature conditions of 150, 200, 250 and
350°C. It can be seen that the grain number
increased significantly in the relative area after
rotating bending process. There were new grains
formed in all samples. It means that the
recrystallization occurred in high strain rate even
in a relative low deformation temperature of
150°C, which made a significant contribution to
the refining of grains. The grain boundaries
became coarse and the grain shapes changed into
approximate square from nearly circular when
the deformation temperature increased to 250 and
350°C, as shown in Fig. 5(g) and (f). In the
current study, the tensile and compressive
deformations were alternately subjected to the
bending part of tube. Under the act of strong
plastic deformation the continuous dynamic
recrystallization (CDRX) was observed for all the
pre-set temperature conditions even at a relative
low temperature of 150°C. After plastic
deformation at low temperature region (150 and
200°C), the dense dislocation piled up in the
interior of grains accompanied by the forming of
a large number of twins. During the deforming
process the lamellar twins grew up and the
microcrystal formed between the lamellar twins
due to the twin dynamic recrystallization
(TDRX). The further deformation leads to the
grain boundary large-scale migration. This
process results in the recrystallized grains
growing up and the increase of its volume
fraction. When the plastic deformation happened
at the medium temperature region (250 and
300°C), the basal and non-basal planes slipping
concurred simultaneously accompanied by the
cross slip. The recrystallization type are CDRX
indicated by Barnett. When the temperature is
high than 350°C, the initial strong deformation
leads to the original twin grain boundary
migration. At the same time, the CDRX occurred
along the original grain boundaries and twin
boundaries. The further deformation actuated the
recurrent CDRX. The average grain size was



reduced due to the newly generated fine grains.
The similar results were also reported by Jiang et
al. by carrying out the tensile tests at various
temperatures using as-extruded AZ31 magnesium
alloy.

Fig. 5 Microstructure in longitudinal section of
selected samples ((a) and (e): 150°C; (b) and (f):
200°C; (c) and (g): 250°C, (d) and (h): 350°C),
((@), (b), (c) and (d): without bending; (e), (f),
(g)and (h): with bending)).

The room temperature tensile properties of the
selected samples at different temperatures with a
rotation speed of 20r/min for 10min are shown in
Fig. 6. The rotating bending process carried out
at room temperature (RT) resulted in the increase
of strength. But the ductility deteriorated
comparing to the as-extruded tube. When the
rotating bending temperature was 150°C, the
strength decreased but the ductility increased
after rotating bending process. But the ductility
of both samples with and without rotating
bending deformation became worse than the
as-extruded tube. With the rotating bending
temperature increased to 200°C, the strength as
well as ductility was improved for both samples
with and without bending. The sample with
rotating bending deformation shows better
mechanical properties than the one without
rotating bending deformation. However, when
the rotating bending temperature was 250°C, the
mechanical properties became worse for both
samples than the as-extruded tube. And the
mechanical properties were degenerated by the
rotating bending process.

When the rotation temperature is low, the grain
growing rate is slow. In addition, the strong
deformation promoted the recrystallization
process in the microstructure. The grains were
significantly refined. As the grain size is small,
the strong deformation had little effect of on the
grain shape as well as grain boundaries.
Therefore, the ductility of the sample increased
after rotating bending process as its refined
grains. However, when the deformation
temperature was higher than 250°C, the grain
growing rate was high. As though the
deformation process was accompanied by the
recrystallization process, the grain size also
significantly increased comparing to the
as-extruded tube, as shown in Fig. 2. This result

is agreed with the one reported by Yang, et al..
For the rotating bending process, in the
compression time the coarse grains collided with
each other, but in the tension time the grains were
under tensile stress state and they tried to
separate to each other, which resulted in the grain
shape change and the coarsening of grain
boundaries. Thus, the mechanical properties did
not become better even the grains were refined
when the deformation temperature was 250°C.
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Fig. 6 True stress vs. true strain curves of
selected samples at different temperatures with a
rotation speed of 20r/min for 10min

(2) Theoretical calculation

To verify the validity of the proposed formula for
determining the accumulated equivalent plastic
strain of bending part in metal tube rotating
bending process, the rotating bending
experiments with different bending radii were
carried out at room temperature with the
Aluminum alloy tubes with the dimension of
10(diameter)x2(thickness)x200mm. The rotating
bending process was carried out with a rotation
speed is 20r/min for 5min. The grid method was
used in the experiment to determine the
accumulated equivalent strain of tube bending
part. The calculation results of accumulated
equivalent plastic strain with the proposed
formulas and the ones obtained with experiments
for one round are summarized in Table 1. It can
be seen that the calculation results have a good
agree with the ones obtained in the experiments.

Table 1 Calculation results of accumulated
equivalent plastic strain with proposed formulas
and obtained in experiments for one round

Bending Calculation Experimental Error, %
angle, ° results results

173.0 0.532 0.559 4.83
165.8 0.712 0.742 4.04
158.7 0.839 0.864 2.89

(3) FEM results

Fig. 7 shows the temperature distribution
map of tube during preheating and CRB process.
The heating time is 10s. The time for bending is
5s. The time for rotating bending process is 300s.
It can be seen that the temperature decreased with
form central point to the end of the tube. The
central point showed the highest temperature of



200 °C. The temperatures of the tube ends are
near to the room temperature.
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Fig.7 Temperature distribution map of tube
during CRB process (Heating time is 10s. The
time for bending is 5s. The time for rotating
bending process is 300s.)

Fig. 8 shows the effective plastic strain
values at selected points in surface of tube during
one cycle of rotating bending process. It can be
seen that the effective plastic strain values of all
the points increased with the increase of rotation
number from zero to 1 except point 9 which
located in the end of tube. It also can be known
that the point 3 show a higher value than other
points include point 5 which located in the center
of tube.

Fig. 9 presents the comparison between the
selected points in the outside and inside surface
in tube center. It can be seen that for one circle of
rotating deformation the points in the outside
surface of tube shows a higher values of effective
plastic strains than that of the points in the inside
surface of the tube. The growth movement of the
values for the points in the inside surface or in
the outside surface are approximate.
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Fig.8 Effective plastic strain values at selected
points during one cycle of rotating bending
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Fig.9 Effective plastic strain values at selected
points on inner and outer surface
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