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In this paper, we focus on the bonding mechanism of bimetallic clad tube because of its low cost and comprehensive properties.
+e numerical simulation and the experiment are carried out from the diffusion behavior of carbon atoms in the metallurgical
bonding process. Based on the dislocation density model of Kocks, the tube billets are rolled by pilger hot rolling; the outer tube is
06Cr19Ni10 stainless steel, the inner tube is Q235 carbon steel, and the wall thickness ratio is 1 :1. +e research shows that the
diffusion ability of carbon atomsmainly depends on the degree of the plastic strain in the stainless steel hot rolling process; there is
positive correlation between the thickness of bonding carburized layer and the dislocation density produced by plastic de-
formation of stainless steel.+e thickness difference of circumferential carburized layer in the deformation zone is larger than that
near the finishing zone. Furthermore, a lot of contaminants cannot be completely metallurgically bonded between 20% and 30%
reduction ratios; the contaminants near the bonding layer are refined and completely bonded metallurgically between 30% and
60% reduction ratios; the contaminants are further refined above 60% to 70% reduction ratio.

1. Introduction

+e bimetallic clad tube has the comprehensive properties of
two types of materials, such as the corrosion resistance of
stainless steel, high stiffness of carbon steel, and low cost.
Furthermore, it maximizes the realization of complementary
materials, saves alloying elements, and reduces the engi-
neering cost. +e corrosion resistance and wear resistance of
the tube are improved while ensuring the performance of the
primary tube, and the service life of the tube is extended. It is
the substitute product of pure stainless steel tube, copper
tube, or other corrosion-resistant alloy tubes [1–3].

+e technology of the bimetallic clad tube mainly in-
cludes mechanical bonding and metallurgical bonding
process. +e metallurgical bonding process has a higher
bonding strength than the mechanical bonding process.
Nowadays, the metallurgical bonding process mainly in-
cludes the centrifugal casting bonding, explosion welding

bonding, hot extrusion bonding, and hot rolling bonding
[4]. Gong poured the liquid metal with different components
into layers [5], controlled the inner and outer metal fusion
layer at a certain wall thickness, and formed a complete
metallurgical bonding. +e disadvantages are that the
casting easily produces segregation, and the casting surface is
rough. Fan and Xu created sufficient impact from the ex-
plosion to make two kinds of metal bonded metallurgically
[6], but this process produces chemical pollution, noise
pollution, and more danger. +e similar seamless steel tube
method of NKK Corporation of Japan and Spain Extrusion
Forming Steel Tube Company can produce metallurgical
clad tubes with diameters of 60.3∼219.1mm using thermal
perforation [7], but it is limited to piercing and cannot
achieve high precision production.

+e hot rolling bonding process has high efficiency and
low cost.+ere have been some studies on this topic at home
and abroad [8, 9], but there are few reports about the hot
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rolling seamless bimetallic clad steel tube technology. To
better explore the formability of hot rolled bimetallic clad
tubes, this paper first proposes the technology of pilger hot
rolling bimetallic clad tubes and studies the mechanism of
the metallurgical bonding, which lays a foundation for the
development of pilger hot rolling bimetallic clad steel tubes.

2. Analysis of the Bonding Mechanism of Pilger
HotRollingCarbon Steel/Stainless Steel Tube

2.1. BondingMechanism of Hot Rolling Carbon Steel/Stainless
Steel. +e difference between the mechanical bonding
carbon steel/stainless steel and the hot rolling metallurgical
bonding is whether the atomic diffusion takes place in the
bonding layer. In Figure 1(a), carbon steel and stainless steel
are in the initial state at high temperature. Figure 1(b) shows
that the contaminants are broken in the bonding layer and
the internal metal structures of both sides will meet when the
contaminants are continuously broken and refined under
the plastic deformation [10]. +e grains of stainless steel are
refined and dislocated a lot in the plasticized state. Carbon
atoms in carbon steel acquire higher atomic activation
energy at high temperature and begin to diffuse into a large
number of new grain boundaries caused by dislocations in
stainless steel [11–13]. +e carburized layer, the decarbu-
rized layer, and the interface finally appear [14], as shown in
Figures 1(c) and 1(d).

Because carbon atoms in carbon steel are much smaller
in size than Fe atoms and other alloying elements such as Cr
and Ni in stainless steel, they can be diffused in the iron
lattice by the gap diffusion mechanism, while the atoms like
Cr and Ni can be diffused by vacancy diffusion mechanism.
Since less atomic activation energy is required in the gap
diffusion than that in vacancy diffusion, carbon atoms are
diffused more easily [15].

2.2. Dislocation 4eory Model. +is paper uses the disloca-
tion density model of Kocks [16], represented by the fol-
lowing equation:

ρ �
h

r
−

h − ρ0r
r

· exp(−rε), (1)

where ρ is dislocation density; ρ0 is initial dislocation den-
sity;ε is strain; h is work-hardening coefficient; r is dynamic
recovery softening coefficient.

In the early stage of stainless steel hot deformation, that
is, before the critical strain, work hardening leads to the
increase of dislocation density, while dynamic recovery leads
to the decrease of dislocation density. However, work
hardening plays a major role and dynamic recovery has little
effect. +erefore, the dislocation density of stainless steel
increases with strain. Here, h and r are multiplication terms
and can be regarded as constant with respect to strain. +ere
is positive correlation between ρ and ε.

2.3. PilgerHot RollingModel. Pilger rolling is a basic process
of the seamless steel tube. +e tube billet is rolled by the pass
with the variable section, which gradually shrinks to reduce

the diameter and wall. As shown in Figure 2, the electro-
magnetic induction heating device is fixed on the moving
stand of the rolling mill and moves synchronously with the
rollers at 1200°C. +e upper and the lower rollers with the
variable section reciprocate under the crank slider mecha-
nism. +e tube billet is sheathed outside the mandrel whose
cross section is gradually reduced. At two limited positions
of the rolling stand, the tube billet is fed in the roll direction
according to a certain feed; meanwhile, the tube billet is
rotated once along themandrel center line at a fixed angle, so
that one period of rolling is completed. Finally, the tube billet
can be completely rolled by multiple periodic rolling. +e
reciprocating pass disperses the plastic change of the metal
that is periodically fed into the entire effective rolling
process, uses the plasticity of the metal, and increases the
reduction rate to 70–90% with the smaller rolling force [17],
so it is the most effective processing method to fully use the
plasticity of the material.

2.4.Analysis on the Stress State of PilgerHotRollingCladTube.
+e rollers of a pilger mill pass with variable sections along
the axial direction [18], as shown in Figure 3. In the cross
section, the rolling groove is an arc, the radius is R(x), the
eccentricity is B(x) with the rolling center of the tube, and
the roll gap is H(x) [19]. Since the rolling groove is not
concentric with the steel tube, a clearance appears on the side
of the steel tube from point I on top of the roller to point II
on the side of the roller and subsequently to gap III. B(x)

gradually changes from maximum to zero from the inlet to
the outlet of the steel tube, and the rolling groove coincides
with the center of the mandrel in the finishing zone. Figure 4
shows the stress states of the clad tube in the deformation
zone and finishing zone. Area I is in the one-dimensional
tensile stress and two-dimensional compressive stress state,
area II is in the three-dimensional compressive stress state,
and area III is in the one-dimensional tensile stress state.+e
finishing zone is in the three-dimensional compressive stress
state because B(x) � 0.

3. Finite Element Model

3.1.Numerical Simulation. Due to the limitation of the finite
element calculation and the complexity of the pilger hot
rolling clad tube process, the model must be simplified [20].
By using a 3D software to establish each component, import
the DEFORM-3DVer 6.1 and position, as shown in Figure 5.
+e model consists of an upper roller, a lower roller, a clad
tube billet, a pusher, and a mandrel, where X direction is the
feeding direction of steel tube.

+e simulation parameters of the pilger hot rolling bi-
metallic clad tube are shown in Table 1.

4. Experimental Procedures

+e rolling experiment of the clad tube was performed with
pilger LG30 mill in a factory.+e size of the clad tube billet is
38mm in outer diameter and 7mm in wall thickness, while
the outer diameter of finished tube is 24mm and the wall
thickness is 2mm.+e outer and the inner tube billets of the
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clad tube were treated with oil film removal and oxide skin
removal. +en, the outer and inner tubes were packaged
together by welding at both ends. +e vacuum degree be-
tween the billets was controlled to 0.1 Pa by welding at both
ends and vacuumizing the billets, as shown in Figure 6(a).
+e experimental rolling process is shown in Figure 6(b).
+e process parameters are shown in Tables 2–4.

When the rolling process was finished, the samples were
cut from the plastic deformation section and prepared for
metallographic corrosion and electrolytic polishing tech-
nologies at six positions with different reduction rates from
two groups of the rolled clad pieces, as shown in Figure 6(c).
Herein, the inner metal and the outer metal were etched,
respectively. +e carbon steel was etched with 4% ethanol
solution of nitric acid while the stainless steel was etched

with 10% chromic acid electrolytic method for micro-
structure observation. +en, the microstructure of stainless
steel clad tube was observed by using SEM.

5. Results and Discussion

5.1. Diffusion Mechanism of Carbon Atoms. +e pilger hot
rolling bimetallic clad tube has large plastic deformation. It
can be seen from Figure 4 that the tensile stresses in area I
and area III along the X direction cause serious stretch and
dislocation with longer grain near the surface of the metal
contact and junction dramatic expansion of the metal
surface. A more intense surface expansion corresponds to a
greater bareness of the metal at the interface and more fresh
metal extrusion from cracking. According to the film theory
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Figure 2: +e pilger hot rolling clad tube principle diagram. (a) Schematic diagram. (b) Equipment.
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Figure 1: +e bonding mechanism of hot rolling carbon steel/stainless steel. (a) Initial state. (b) Diffusion process of carbon atom.
(c) Contaminants refinement process. (d) Further refinement of contaminants.
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Figure 3: +e pilger hot rolling clad tube pass expansion diagram.
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[10], as shown in Figure 1, the film formed by oxides, oil
stains, and other impurities on the contact surface of the clad
metal will be torn, and the fresh metal atoms on both sides
will flow out and come into contact with one another. When
the high dislocation density region is close to the ferrite/
carbide interface, the carbon atoms will be attracted from the
carbide until the dislocation is saturated [11–13].+is causes

carbon atoms to spread from the higher carbon potential
carbon steel to the lower carbon potential stainless steel and
to achieve metallurgy bonding.

At the beginning of the thermal deformation, the dis-
location density increases with the increase of the metal
strain. It is the joint result of work hardening and dynamic
recovery softening. Figure 7 shows the true stress-strain
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Figure 4:+e stress state in deformation zone and finishing zone of pilger hot rolling bimetal clad tube. (a) Deformation zone. (b) Finishing
zone.
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Figure 5: +e finite element model of the pilger hot rolling bimetallic clad tube.

Table 1: Simulation parameters of the pilger hot rolling bimetallic clad tube.

Rolling speed
(mm/sec)

Upper roller
angular velocity

(rad/sec)

Lower roller
angular velocity

(rad/sec)

Feed
(mm)

Turning
angle (°)

Friction coefficient
between roller and

outer tube

Coefficient of shear
friction

between inner and
outer tubes

Temperature (°C)

1683.28 −10.0195 10.0195 10 57 0.1 [21] 0.5 [22] 1200
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curve and hardening rate curve of 06Cr19Ni10 under dif-
ferent strain rates. It can be seen that work hardening exists
when the initial strain is small. Figure 7(b) shows the work-
hardening rate curve of the 06Cr19Ni10 stainless steel [23].
+e degree of the work hardening increases with the increase
of strain, but the work-hardening rate decreases as a whole
because the metal becomes soft with the increase of stress on
the metal and the dynamic recovery. Meanwhile, the growth
of dislocation density in stainless steel also decreases because
the rate of the work hardening decreases gradually.

As shown in Figure 4, the circumferential stress is not
uniform in the process of pilger rolling clad tube, which
leads to the uneven distribution of circumferential strain. Six
cross sections are cut at different reduction rates along the X

direction of the rolled piece for the equivalent strain analysis,
and the strain cloud diagram is shown in Figure 8. Since
position a does not begin to deform, there is no thickness
change and there is no strain. From position b to position e,
the circumferential stress is not uniform in the process of
plastic deformation. In the position f, the strain tends to be
uniform. +is is due to the fact that B(x) � 0 and the stress
state of the clad tube is uniform three-dimensional com-
pressive stress.+us, it can be seen from the true stress-strain
curve of stainless steel at 1200°C in Figure 7 and equation (1)
that the dislocation density changes when carburizing occurs
on the stainless steel layer in the pilger hot rolling clad
process, which makes the thickness of the carburized layer
change correspondingly.

+e samples are cut and prepared for SEM from the clad
tube with 30%, 50%, and 70% reduction rates at the cor-
responding positions in areas I, II, and III, as shown in
Figure 4.

1

2
3

4

(a) (b)

30% 40% 50% 60% 70%20%

(c)

Figure 6: Experimental procedures of pilger hot rolling clad tube. (a) Blank forming. (b) Hot rolling process. (c) Sampling positions. 1,
pumping tube; 2, seal weld; 3, carbon steel; 4, stainless steel.

Table 2: +e chemical composition of carbon steel and stainless
steel (wt%).

Elements Fe Cr Ni C Mn Si P S
06Cr19Ni10 72.06 18.2 8.04 0.03 1.04 0.61 0.011 0.015
Q235 98.91 — — 0.2 0.5 0.3 0.045 0.05

Table 3: +e parameters of the clad tube billet.

Tube Material
Outer

diameter
(mm)

Inner
diameter
(mm)

Length
(mm)

+ickness
ratio

Outer
tube

06Cr19Ni10
stainless
steel

38 35 500
1 : 01

Inner
tube Q235 steel 35 32 500

Table 4: +e parameters of the LG30 pilger rolling mill.

Parameter Value
Crank radius (mm) 260
Length of connecting rod (mm) 1650
Eccentric distance (mm) 220
Main motor rated speed (r/min) 1000
Length of the mandrel (mm) 640
Length of deformation zone (mm) 384.67
Length of finishing zone (mm) 150
Feed (mm) 10
Turning angle (°) 57
Temperature (°C) 1200
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Figure 9 shows the SEM microstructure morphology at
three points on the cross section of the rolled piece at 30%
reduction rate. +ere are a lot of large particle contaminants
in the bonding layer with discontinuous distribution. +e
carburized layers have been clearly formed in the three areas;
however, the average thickness is different. Some areas have
been fused and metallurgical bonding has been achieved.

Figure 10 shows the SEM microstructure morphology at
three points on the cross section of the rolled piece at 50%
reduction rate.+e average thickness of the carburized layers
is different at three points because different circumferential
strains lead to the different dislocation densities on the side
of stainless steel. A higher dislocation density results in a
larger diffusion gradient on the side of the carbon steel,
which makes the thickness of the carburized layers increase
accordingly.

Figure 11 shows the SEM microstructure morphology at
three points near the finishing zone at 70% reduction rate.
+e average thickness difference of the carburized layer has
been approximately equal. It can be seen from Figure 8 that
the circumferential strains of stainless steel have tended to be
equal in the finishing zone; therefore, the dislocation den-
sities near the bonding layer tend to be uniform, and the
thickness of the carburized layer also tends to be the same.

From Figures 9–11, we can see the variation of carbu-
rized layer thickness shown in Figure 12(a); when the re-
duction rate of the clad tube is between 0 and 30%, the
contaminants at the interface are gradually thinned and
crushed with the increase of reduction rate, so that the metal
atoms on both sides can meet. According to equation (1) and
Figure 7, when stainless steel is on the early deformation
stage, a large number of dislocations are generated due to
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Figure 7: +e true stress-strain and work-hardening rate curves of 06Cr19Ni10 stainless steel at different strain rates. (a) +e true stress-
strain curve. (b) +e work-hardening rate curves.
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Figure 8: +e equivalent strain nephogram of the outer and inner tubes at different reduction rates.
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plastic deformation. At the same time, the carbon atoms in
carbon steel begin to diffuse into the grain boundaries of the
austenitic stainless steel and the carburized layer begins to
appear. When the reduction rate increases from 30% to 70%,
the thickness of carburized layer decreases along the axial
direction. As shown in Figure 12(b), the thickness of the
circumferential carburized layer is not uniform at different
reduction rates. It is caused by the uneven circumferential
stress of the pass at the pilger deformation section, which can
be seen from equation (1) and Figure 8. +e carburized layer
in area I is thicker than that in area II and area III because
area I always has one-dimensional axial tensile stress and

two-dimensional circumferential compressive stress state, as
shown in Figure 4. +e tensile stress makes the metal grains
stretch along the axial direction, so that more fresh metal can
be exposed on both sides, and the contaminants can be
refined continuously. At the same time, a lot of dislocations
are generated in the circumferential direction of stainless
steel under the two-dimensional circumferential compres-
sive stress, which makes the carbon atoms on the side of
carbon steel diffuse. +e effect is stronger than that of area II
under the three-dimensional stress state and area III under
the one-dimensional stress state, which ultimately leads to a
higher thickness of carburized layer in area I than that in
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Figure 9: SEM morphology of the bonding layer with 30% reduction rate (500x). (a) Area I. (b) Area II. (c) Area III.
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Figure 10: SEM morphology of the bonding layer with 50% reduction rate (500x). (a) Area I. (b) Area II. (c) Area III.
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Figure 11: SEM morphology of the bonding layer with 70% reduction rate (500x). (a) Area I. (b) Area II. (c) Area III.
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areas II and III.When the reduction rate reaches 70% near the
finishing zone, the circumferential strain tends to be uniform
and the thickness difference of the circumferential carburized
layer is smaller, which can be seen from Figures 8 and 12(b).
Figure 12(c) shows the ratio of the thickness of the carburized
layer to the wall thickness of the clad tube under different
reduction rates in three sampling areas. With the increase of
reduction rate, the ratio is on the rise. It is indicated that,
under the condition of large plastic deformation in the
process of hot rolling, the metallurgical bonding degree is
gradually increasing with the increase of reduction rate. In the
later stage of deformation, as can be seen from Figure 7(b),
with the increase of deformation, the work-hardening rate of
stainless steel decreases continuously and enters the state of
dynamic recrystallization, which gradually weakens the in-
creasing speed of dislocation density, the carburizing ability,
and the metallurgical bonding effect as well.

5.2. Diffusion Behavior of Carbon Atoms and Analysis of
Precipitates. Figure 13 shows the SEM image of the
bonding layer at 70% reduction rate. +e EDS analysis
was carried out on point b on the side of the stainless steel
in Figure 13(a). As shown in Figure 13(b), the main
components are carbon atoms and the content reaches
77.29%, besides other elements, such as Si, Mn, and O. It
is indicated that a large number of carbon atoms have
diffused into the side of the stainless steel. Si and Mn are
the elements diffused from the carbon steel with C atom.
O element is produced by oxidizing O2 and Si, Mn, Fe, Cr,
and S under low-vacuum condition. In Figure 13(a), it
can be clearly seen that the carbide at the bonding surface
has a certain directivity, and Xiao has found that the
microstructure here is plate martensite [24]. Its cellular
substructure, lower carbon content, and a lot of dislo-
cation are caused by the large plastic deformation. A
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Figure 12: +e variation of carburized layer thickness. (a) Different reduction rates. (b) Different sampling areas. (c) Ratio of carburized
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second EDS analysis was performed at point c near the
bonding layer as shown in Figure 13(a) c. It is found in
Figure 13(c) that the content of carbon is 7.01% at point c,
and a diffusion zone of C atom is formed. At the same
time, a large number of Cr atoms are found with the
content of 5.84%. Liu has found that a new phase is
formed at the bonding layer, and the main composition is
Cr carbide [14].

Figure 14 shows the SEM microstructure morphology of
the bonding layer at 60% reduction rate. Zone A is
06Cr19Ni10 stainless steel austenitic area, Zone B is the
bonding layer, and Zone C is Q235 carbon steel.+e number
of pearlites within 50 microns on the side of carbon steel in
the bonding layer decreases significantly, and there are no
large pearlite structures; and the tiny pearlites are also
discontinuously distributed along the bonding surface,
which indicates that the decarburization occurs in the
bonding layer. +e line scan of Figure 14(a) shows that the
number of Cr atoms, the main components of the stainless
steel, have a distinct gradient variation from the stainless

steel to the carbon steel, which indicates that Cr atoms have
also diffused, as shown in Figure 14(b).

+e microstructure of Q235 steel is mainly the aus-
tenite structure at 1200°C. When the temperature drops to
550°C, the ferrite and the pearlite will be precipitated at
the same time in the austenite. Meanwhile, the Q235 steel
undergoes a phase transition and also generates ferrite
and pearlite at the temperature of 1200°C under the
rolling condition of large deformation. According to
Clapeyron equation (2) [25], it is known that the steel has
a phase transition under the internal stress. +ere are a lot
of perlite particles distributing uniformly with large size
(50 μm) and small size (2 μm), as shown in the Zone C of
Figure 14(a). According to Clapeyron equation (2), this is
due to the refinement of the pearlite grains under a large
rolling force:

dF

d ln T
�
ΔH1⟶2

ΔV1⟶2 , (2)
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Figure 13: +e SEM morphology of bonding layer at 70% reduction rate. (a) 2000x. (b) EDS at point b. (c) EDS at point c.
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where ΔH1⟶2 is the phase transition heat enthalpy;ΔV1⟶2

is the volume change after a phase transition; F is the
pressure; and T is the temperature.

+e transformation of the austenite to the pearlite in
carbon steel is caused by phase transition, and the pearlite is
gradually crushed and refined by the cumulative

deformation of the pilger rolling. +e fine pearlite particles
near the bonding surface make the carbon atoms more
uniformly distributed along the bonding surface. When the
dislocation and the diffusion occur at the interface, the
homogeneous carbon atoms are more likely to diffuse di-
rectly, and the carbon atoms in the tiny pearlite are directly
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layer boundary
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Figure 14: +e SEM morphology of bonding layer at 60% reduction rate. (a) 200x. (b) Line scan.
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Figure 15: +e SEM morphology of bonding layer at different reduction rates (1000x). (a) 20% reduction rate. (b) 30% reduction rate.
(c) 40% reduction rate. (d) 50% reduction rate. (e) 60% reduction rate. (f ) 70% reduction rate.
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diffused to the opposite dislocation area, thus forming a
large ferrite area. +e large pearlite particles are further
refined by the internal stress under the large deformation.
+erefore, a discontinuous distribution of the pearlite
particles appears, as shown in Figure 14(a).

Figure 15 shows the microstructure of the bonding layer
at the position shown in Figure 6(a) at 6 different reduction
rates. It can be seen from Figures 15(a) and 15(b) that when
the reduction rate of the clad tube is 20%∼30%, a lot of black
flocculent materials appear near the bonding layer.
According to the thin film theory [10], the materials are the
contaminants on the bonding layer, mainly composed of
metal oxides and interfacial impurities. With the increase of
the reduction rate, it can be seen from Figures 15(c) and
15(d) that the size of the contaminants decreases signifi-
cantly, while the spacing increases constantly. When the
reduction rate reaches 60%∼70%, the contaminants are
further refined, as shown in Figures 15(e) and 15(f), because
the local pressure leads to the expansion of the metal surface,
which causes the rupture of contaminants on the surface of
the two metals and the leakage of the fresh metal. +e fresh
metal fusion on two sides makes the initial large contami-
nants separated. With the gradual increase of metal plastic
deformation, more and more fresh metal is exposed on both
sides, and the contaminants are further refined. Some studies
have shown that the finer contaminants are more beneficial
to the bimetallic metallurgical bonding [26].

6. Conclusions

(1) In the metallurgical bonding process of pilger hot
rolling carbon steel and stainless steel tube, the
diffusion of carbon atom is related to the degree of
plastic deformation of stainless steel. In the early
stage, the deformation of stainless steel is small,
dislocation density increases sharply, the carburized
layer appears and becomes thicker, and its maximum
thickness is 47 μm at 30% reduction rate. With the
increase of deformation, the thickness of carburized
layer decreases and the minimum thickness is 22 μm
at 70% reduction rate. +e thickness difference of
circumferential carburized layer near the finishing
zone of clad tube is smaller than that in the defor-
mation zone.

(2) With the increase of deformation, the work-hardening
rate of stainless steel decreases continuously and enters
the state of dynamic recrystallization, which gradually
weakens the increasing speed of dislocation density,
the carburizing ability, and the metallurgical bonding
effect as well.

(3) +e contaminants in the bonding layer are refined
gradually with the increase of the reduction rate, and
the size of contaminant particles is less than 2 μm at
70% reduction rate. +e new structures, martensitic
structures, are formed in the bonding layer by the
diffusion of carbon atoms. +e chromium carbides
are formed by combining the diffused carbon atoms
with the diffused Cr atoms.

(4) +e carbon steel and the stainless steel tube can be
completely rolled by the pilger hot rolling so that the
excellent metallurgical bonding is formed.
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