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Abstract: The finite element method was adopted to analyze the temperature state of titanium alloy seamless pipe during the multi-

stand continuous rolling. The simulation results show that with increasing the rolling passes, the outer surface temperature under the

groove vertex is decreased at a gradually reducing rate, the center temperature is basically increased at a gradually reducing rate, and

the outer surface temperature under the groove taper is continuously increased. The circumferential unevenness of center temperature

is decreased in odd passes and increased in even passes. However, the unevenness of temperature distribution on the outer surface has

opposite variation trend. The rolling reduction of the front pass shows a negative correlation with temperature rise at the groove taper

of the next pass. In addition, decreasing the rolling reduction of the former pass can significantly improve the circumferential

temperature unevenness of the next pass. The results of temperature measurement and grain morphology show that the simulation

results are in good agreement with the experiment results.
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With the development of oil and gas exploration in deep
water and other extraordinary environments, such as high
temperature, high pressure, and high corrosion, the new oil
country tubular good materials with strong corrosion
resistance and high performance are extensively required” .
Therefore, titanium alloys become the attractive materials for
oil country tubular good and offshore components due to their
high specific strength, excellent corrosion resistance, long
fatigue life, and outstanding mechanical properties in harsh
environments' .

Among various processes of titanium alloy pipe
productions (forging, extrusion, cross piercing+cold rolling,
and cross piercingtcross rolling+sizing), hot continuous
rolling process has the advantages of multiple scale
production, high production efficiency, low energy
consumption, and short process™. For hot rolling treatment,
rolling temperature is essential.

Technically, the accurate control of rolling temperature in
hot rolling production plays a key role in achieving the

breakthrough for the production of titanium alloy tubes. Since
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titanium alloy is sensitive to temperature due to its low
thermal conductivity and high heat capacity, the local heat
may easily occur in the process of material deformation'”. In
o+p titanium alloys, the a phase possesses a dense hexagonal
structure, which affects the ductility and formability during
rolling process. Raising deformation temperature can increase
the B phase content and improve the deformation plasticity'™.
However, an excessively high temperature can exacerbate the
coarsening of f grains, which significantly reduces the rolling
properties”. Therefore, it is crucial to determine the
temperature distribution in the deformation zone, which can
significantly improve the mechanical properties of the
products"”.

The temperature distribution in the seamless tube during the
rolling process has been widely studied. Wang et al!'
investigated the temperature distribution of 45# steel tube
during rolling by the three-dimensional elastic-plastic finite
element method. Zhou et al™” concluded that the temperature
of 20# steel tube is most unevenly distributed along the
thickness at the pass section. Dai et al™ analyzed the
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temperature distribution of AZ31 alloy pipes between the
groove vertex and groove taper on the outer surface during the
single stand rolling. Shi et al"¥
rolling of TC4 alloy pipes and concluded that the best starting
rolling temperature is 900—950 °C. Up to now, the researches
on the circumferential distribution of pipe temperature during
rolling process have rarely been conducted. Therefore, the hot
continuous rolling process of titanium alloy seamless pipe was

studied the hot continuous

studied in this research to reveal the mechanism of uneven
temperature distribution along the circumferential direction of
titanium alloy pipes during hot continuous rolling. The
relationship between uneven temperature and uneven strain
was established to achieve the accurate control of temperature
in the industrial-scale rolling process.

1 Strain Distribution of Pipe in Continuous Rolling

Although the single-stand tube rolling can be regarded as
the rolling of a driving roller and an idle roller (mandrel), the
strain distribution in this process is different from the flat
rolling, as shown in Fig.1. The rolling deformation zone can
be divided into four parts. Among them, two parts are the
direct deformation zones under the compression between the
roller and the mandrel with different circumferential strains on
the inner wall. These two parts are largely attributed to the
circumferential flow of metal caused by the oval groove.
Other two parts are the indirect deformation zones: one is that
the outer wall and roller are in contact and the inner wall is
away from the mandrel; the other is that neither the roller nor
the mandrel is in contact with the pipe. Therefore, the metal
flow is generated only by the bending constraint of the
groove. As a result, the circumferential strain of the outer wall
and the radial strain of the inner wall are close to zero, and the
inner wall presents a significant circumferential strain.

Due to the non-uniformity of the strain at the groove vertex
and the groove taper, the non-uniform temperature distribution
is inevitable. Besides, the characteristics of multi-stand
continuous rolling may cause more significant non-uniformity.

2 Finite Element Simulation Method

2.1 Finite element model

The hot continuous rolling model of TC4 hollow tube was
established by DEFORM software, and Premium Quality
Finishing (PQF) tandem mills were applied as the rolling
equipment. The schematic diagram of finite element model is
shown in Fig.2a, and the tube blank size was @160 mmx20.5
mm. Fig.2b shows the position of the characteristic nodes: P1—
P7 represent the nodes with angle of 0°, 10°, 20°, 30°, 40°,
50°, and 60° at the center area, respectively; P8—P14 represent
the nodes with angle of 0°, 10°, 20°, 30°, 40°, 50°, and 60° at
the outer surface, respectively. Due to the symmetry of the
model, only 1/6 of the model was used for the finite element
simulation.

The heat transfer coefficient between the tube and roller
was 20 MW-mm™>K', and that between the thermal
convection and thermal radiation was 0.15 MW-mm™>-K™' ",

The heat conversion coefficient caused by friction and plastic
deformation was 0.7 and 0.9, respectively!> ", and the friction
coefficient between the roller and tube was 0.3. Since the
mandrel surface was coated by lubricant, the friction
coefficient between the mandrel and pipe was 0.08"""*.

2.2 Constitutive model

Because the rolling temperature, strain, and strain rate have
significant influence on the rolling stress, the strain-
compensated Arrhenius constitutive model™” was used in this
research, as follows:

zZ= éexp(%) (N
o=t (% +[ j)} @)

where Z represents the Zener-Hollomon parameter; Q refers to
the activation energy of thermal deformation; T denotes the
absolute temperature; R stands for the ideal gas constant; &
represents the true strain rate; o denotes the true stress; a, n,

Roller

Fig.1 Strain states at rolling deformation zone in titanium alloy pipe

Fig.2 Schematic diagrams of finite element model for tube

rolling (a) and the position of characteristic nodes (b)



Li Chao et al. / Rare Metal Materials and Engineering, 2023, 52(3):791-797

793

and 4 are the material constants.
Table 1 shows the appropriate continuous rolling process
parameters of titanium alloy pipes for finite element

simulation.
3 Results and Discussion

3.1 Effective stress and nodal heat during rolling process

Fig.3 shows the deformation states caused by the roller and
mandrel onto the pipe after the 1st pass. When the pipe enters
the roller, the deformation firstly reduces, and the plastic heat
is barely generated in the deformation zone. When the inner
wall of the pipe comes into contact with the mandrel, the wall
reduction deformation occurs. As shown in Fig.3a and 3b, the
nodal heat at the center of groove vertex increases sharply,
and the effective stress distribution is similar to the nodal heat
distribution. However, the nodal heat at the inner and outer
surface of the groove vertex is negative due to the heat
exchange with the roller and the mandrel. As shown in Fig.3c
and 3d, for the groove taper, the nodal heat is positive, and the
heat distribution is similar to the effective stress distribution.
Therefore, the plastic heat generation is the main heating
mechanism at the groove taper.

3.2 Rolling temperature field

Due to different processing parameters, each pass affects
the pipe temperature in a different way. Fig. 4 shows the
temperature distribution at cross section of the exit side of
each pass. After the 1st pass, the ovality of the cross section of

pipe is quite obvious, and the ear phenomenon at the groove
taper is enhanced. In addition, the surface temperature drops
to about 900 °C, while the center temperature rises to about
952 °C. After the 2nd pass, the ovality of the cross section of
pipe is reduced, and the ear phenomenon at the groove taper is
weakened, compared with those of the 1st pass. The temper-
ature of the outer surface continuously reduces to 890 ° C,
and the center temperature at the groove vertex increases to
977 °C, which is far more than that of the st pass. At the
same time, the center temperature of the groove taper rises to
about 959 °C, which indicates that the temperature distribu-
tion between the groove vertex and groove taper is uneven.
After the 3rd pass, the ovality of the cross section of pipe
almost disappears, and the ear phenomenon is negligible. The
temperature on the outer surface reaches the minimum of
878 °C, while the center temperature at the groove vertex rises
to 965 °C, suggesting that the temperature rise at the groove
taper is negligible. After the 4th pass, the pipe cross section is
basically round, and the temperature reaches 985 °C at the
center of the groove vertex, which is the maximum temper-
ature during the rolling process. The temperature at the groove
taper shows no significant change, whereas the center temper-
ature increases slightly, compared with those of the previous
pass. After the Sth pass, the cross section shape and temper-
ature distribution are almost identical to those of the 4th pass.
With increasing the number of rolling passes, the
temperature decreasing rate of the outer surface is reduced.
This is because the heat transfer of the 1st and 2nd passes

Table 1 Continuous rolling process parameters of titanium alloy pipes for finite element simulation
Pass Ist 2nd 3rd 4th Sth
Distance between each stand/mm 780
Distance between roller centerline and rolling centerline/mm 307.50 305.75 308.75 310.00 296.25
Mandrel diameter/mm 127
Mandrel insert speed/m-s™ 1.5
Mandrel speed in rolling/m-s™ 0.9
Rotational speed of roller/r-min™ 73 106 149 182 228
Rolling eccentricity/mm 15.23 12.47 7.92 3.74 0.00
Rolling radius/mm 74.60 71.15 69.20 68.40 68.40
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Fig.3 Nodal heats (a, c) and effective stresses (b, d) at groove vertex (a, b) and groove taper (c, d) of longitudinal section of tube after 1st pass of

continuous rolling
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Fig.4 Temperature field distributions at cross section of pipe exit after each pass during continuous rolling: (a) initial, (b) 1st pass, (c) 2nd pass,

(d) 3rd pass, (e) 4th pass, and (f) Sth pass

consumes plenty of heat, while the roller speed of the 3rd and
4th passes is high and the contact area is restricted, which
gradually reduces the heat transferred by rollers. In addition,
the core heat is also transferred to the outer surface through
the internal heat. The temperature increasing rate at the center
which is largely attributed to the large
deformation of pipe and the high plastic temperature in the
early and middle stages of rolling. In the last two passes, when
the deformation is insignificant, the heat is transferred to the
inner and outer surfaces through the internal heat conduction,
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Fig. 5a and 5b show the temperature changes of P1—P7
nodes at the center area and P8 — P14 nodes at the outer
surface, respectively. The center temperature fluctuates over
time. During the 1st—4th passes, the temperature increases,
whereas it declines in the 5th pass. The change of surface
temperature over time results from the alternation of cooling
and heating. For the outer surface, the cooling and heating
changes alternately in the groove vertex area, while the groove
taper area is continuously heated. Moreover, the temperature
gradient along the thickness direction increases firstly and
then decreases during the rolling process. For a single pass,
the maximum temperature difference occurs at the end of
rolling contact, while the minimum temperature difference
occurs at the beginning of the next pass. The main reason is
that in the rolling contact stage, the temperature change is
intensified by the contact heat transfer and plastic deformation
In the rolling disengagement stage, the
temperature of the tube tends to stabilize by the heat
conduction, which leads to the insignificant temperature

heat energy.

difference.
In addition, the temperature distribution is non-uniform
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Fig.5 Temperature variations with rolling time at center area (a) and

outer surface (b) of pipe during continuous rolling

along the circumference direction of the outer surface and the
center area: the temperature at the center area shows a
decreasing trend in odd passes and an increasing trend in even
passes,
difference of about 20 ° C in the 2nd pass. However, the
temperature at the outer surface shows an increasing trend in
odd passes but a decreasing trend in even passes. The peak
temperature difference of the outer surface occurs in the Ist

resulting in a peak -circumferential temperature
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pass, which reaches about 55 °C, and the lowest temperature
is 878 °C after the 3rd pass of rolling.

The non-uniformity of the circumferential deformation
in the 2nd pass leads to the peak temperature difference.
The large reduction at the groove vertex after the 2nd
pass results in the significant temperature rise at the groove
vertex, compared with that after the 1st pass. The less
significant temperature rise at the groove taper mainly results
from the gradual decrease in the ovality of the groove, which
affects the circumferential strain. Meanwhile, the shrinkage
ratio of the cross section area also reduces gradually, which
affects the axial strain. These phenomena all restrict the strain
at the groove taper. Meanwhile, the plastic heat generation
shows that the strain has an effect on the node temperature™”.

Based on the fact that the direct deformation zones only
contribute to a minor longitudinal shift which is relative to the
indirect deformation zones in the deformation process®', the
axial strain can be neglected for the analysis of
circumferential temperature difference. Despite the large
radial strain at the groove vertex, the difference in temperature
distributions between the Ist pass and the 2nd pass is caused
by the significant circumferential strain, which results from
the ear phenomenon at the groove taper and leads to a
relatively uniform temperature distribution between the
groove vertex and groove taper of the 1st pass. For the 2nd
pass, the radial strain at the groove vertex is greater than the

circumferential strain at the groove taper due to the

unevenness of deformation.

3.3 Effect of rolling
temperature unevenness

The reduction ratios of 10%, 20%, 30%, 40%, and 50% for
the Ist pass were selected to simulate the change in center
temperature during the 2nd pass, and the rolling reduction of
the 2nd pass was unchanged. Fig. 6a shows the temperature

reduction on circumferential

changes of Pl — P7 nodes in the Ist pass under different
reduction ratios, and Fig.6b shows the temperature changes of
P1-P7 nodes in the 2nd pass. It can be seen that the center
temperature in the Ist pass is increased with increasing the
reduction ratio, presenting the uniform distribution along the
circumference direction. The increase in the reduction ratio of
the 1st pass not only increases the center temperature of the
2nd pass, but also exacerbates the uneven circumferential
temperature distribution in the center area of the 2nd pass. As
shown in Fig.6c, the increase in the reduction ratio of the 1st
pass reduces the temperature increment at the groove taper of
the 2nd pass, despite that the temperature rise at the groove
vertex is not affected. This phenomenon results from the
significant rolling reduction of the 1st pass, which decreases
the effect of the 2nd pass at the groove taper of pipe.
Consequently, the circumferential strain and radial strain of
pipe after the 2nd pass are basically unchanged, compared

990 —a—10% a 1000 —a—10% b 30 ——10% c
—e—20% ——20% 251
980 F——30% 990 L——30%
OU —v—40% —v—40% 20l
§ 970 ——50% ——50%
g7 —————e — | %80 15F
t" v_'/*—\v—v—v
2960 L
B — °f
960 of
940 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Angle/(°) Angle/(°) Angle/(°)

Fig.6 Center temperatures of pipe after the Ist pass (a) and the 2nd pass (b) under different reduction ratios of the 1st pass; center temperature

differences between the 1st pass and the 2nd pass under different reduction ratios of the 1st pass (c)

with those of the 1st pass. As the uneven deformation between
groove vertex and grove taper becomes more significant, the
unevenness of circumferential temperature distribution is
enhanced. It can also be seen from Fig.7 that the change of
circumferential strain under different reduction ratios of the
Ist pass is positively correlated with the change of center
temperature.

4 Experiment

To verify the accuracy of the simulation results, the
experiments were conducted for the TC4 pipes with the initial
temperature of 940 ° C. The microstructures at pipe center
after different rolling passes are shown in Fig. 8. It can be
found that the equiaxed o phase in the 2nd rolling pass is less

o
w

v/ Circumferential strain difference 15

—u— Temperature difference

&
)
T

Y

(=]
—_
N

Y

N\

%.f//%
40 50

Temperature Difference/°C

\\
N\

L

10 20 30
Reduction Ratio/%

=
=}

Circumferential Strain Difference

Fig.7 Relationships of circumferential strain difference and center
temperature difference with different reduction ratios of the
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Fig.8 Microstructures of seamless pipe at initial state (a) and after continuous rolling for the 2nd pass (b) and the 4th pass (c)
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Fig.9 Experimental and simulated outer surface temperatures after

each rolling pass

than that in the initial state, and there is even less equiaxed a
phase in the 4th pass. Because the center temperature of the
pipe continuously increases during the rolling process until it
reaches the peak temperature after the 4th rolling pass, the
equiaxed o phase is gradually dissolved into the f matrix. The
experiment results are in good agreement with the simulation
results.

Fig. 9 shows the temperature distributions on the outer
surface of titanium alloy pipe during the rolling process. The
infrared thermometer was set at the positions with an angle of
0° and 60° at the outlet for comparison with the simulation
results. It can be found that the variation trends of simulation
results agree well with those of the experiment results.
However, the experiment results are significantly lower than
the calculation results. This is due to the heat exchange with
the roller table and the surrounding environment before the
tube enters the rolling mill. Therefore, the actual rolling
temperature is lower than 940 °C, which leads to the relatively
lower measured temperatures. Briefly, because the
temperature rise at the center of titanium alloy pipe during hot
rolling is significant, overheating can be controlled by
improving the groove, reducing the deformation, and reducing
the rolling speed. Thus, the grain coarsening can also be

prevented.
5 Conclusions

1) With increasing the rolling passes, the outer surface

temperature under the groove vertex is decreased at a
gradually reducing rate, the center temperature is basically
increased at a gradually reducing rate, and the outer surface
temperature under the groove taper is continuously increased.
Because the temperature rise at the center of titanium alloy
pipe during hot rolling is significant, overheating can be
controlled by improving the groove, reducing the deformation,
and reducing the rolling speed. Thus, the grain coarsening can
also be prevented.

2) During the rolling process, the uneven temperature
distributions along the circumferential direction occur on both
the center and the outer surface of pipe. The temperature at the
center area shows a decreasing trend in odd passes and an
increasing trend in even passes, whereas the temperature at the
outer surface shows an increasing trend in odd passes but a
decreasing trend in even passes.

3) By changing the rolling reduction of the st pass, the
unevenness of circumferential temperature distribution caused
by uneven deformation can be reduced by increasing the
circumferential strain at the groove taper and increasing the
temperature rise. Therefore, the uneven circumferential
temperature distribution is reduced and the uniformity of
microstructure is improved.
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