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a b s t r a c t

Automobile tires consist of more than ten layers, including tread, belt, carcass, sidewall, etc. The
outermost layer, known as the tread, plays an important role during driving as it comes in direct
contact with the road. This tread has grooves with complicated shapes, which are formed by a mold
during the shaping process. When the tread rubber does not fill the mold properly, tire quality de-
teriorates crucially. As such, it is important to observe the flow of the tread rubber during the shaping
process. To determine the flow of tread rubber in the mold, we conducted an experiment and com-
puter simulation with white rubber strips inserted into specific areas of the tread. The white rubber
strips showed detailed flow behavior of the tread rubber visually in the mold during the shaping
process. No significant flows were observed for rubber in the central area of each block of the mold,
but more changes were found near the edges of each block. The strips of rubber below the grooves
exhibited more significant changes as they were pressed down by the protruding area of the mold.
Moreover, there was no flow of rubber between blocks in the mold. This implies the profile design of
the extruded tread should match the mold profile and the volume of each block. The experiment and
simulation had similar results, and the observations of rubber flow in the mold using simulation
proved to be highly useful.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Tires are a key component of automobiles. They come in direct
contact with the road and have a significant influence on vehicle
performance, including braking force, handling and noise [1e5].
Automobile tires are designed to handle various road conditions,
and are available as all-season tires, snow tires, mountain tires and
mud tires. The shaping of these tires surfaces is very complex, and
inadequate rubber flow during tire manufacturing can result in
defective tires [6e8].

The manufacturing of automobile tires begins with the mixing
process, which combines crude rubber with carbon black, sulfur,
etc. to form a rubber with desirable properties. This is followed by
the extrusion process, which produces layers that have the char-
acteristics of each tire component. The rubber layers are then
.

wound to form a cylindrical green tire (GT). Lastly, the GT un-
dergoes vulcanization to become a tire with a designed balance of
elasticity and rigidity through the curing process. During the curing
process, an expansion tube (bladder) is fitted inside the GT. When
high-pressure steam is applied to the bladder, the GT expands onto
themold, adopting its shape, and forming a tire with a complex and
unique groove on the tread layer [9,10]. Since the final shape of the
tire is determined during the curing process, it is also known as the
shaping process.

A typical automobile tire consists of more than ten layers (tread
rubber, carcass rubber, inner liner rubber, sidewall rubber, rim
cushion rubber, bead rubber, bead filler rubber, etc.). The outermost
tread layer, which comes into direct contact with the road, consists
of a main groove, sub groove and kerf. Poor fitting of the rubber into
the mold during the shaping process can result in defects, which
affect tire performance. In turn, this causes problems with overall
vehicle performance, such as braking force, handling and noise
[11e15]. Assessing rubber flow is thus very important to ensure the
proper treading of tires during the shaping process.
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There have been numerous studies on tire design, perfor-
mance and production. J. K. Lee and D. M. Kim analyzed friction
on tire tread and stress on tires during driving [2,16e19]. K.W.
Kim and B. S. Kim studied standing waves in relation to tread
patterns and the relationship between groove arrangement and
noise [15,20e22]. Extrusion, one of the rubber layer shaping
processes required for tire manufacturing, has been extensively
studied [23e25]. However, little published research exists on the
prediction of rubber flow in a mold during the shaping process.
Recently, a computer simulation of rubber flow during the
Fig. 1. Tread rubber layer (Cap Trea

Fig. 2. White rubber strips inserted into

Fig. 3. Cross-sectional shape of the gree
shaping process has been suggested and performed [26]. This
research was a very limited simulation, and no experimental
verifications were involved.

The present study is an extension of that previous work, and
examines in detail the rubber flow in the outermost tread layer of
the GT during the shaping process, both experimentally and
theoretically. White rubber strips were locally inserted in the
tread rubber layer to allow visualization of the rubber flow. Ob-
servations were made on the specific flow of the tread rubber in
the mold, and the simulation was compared with experimental
d and Sub Tread) and its base.

the base of the tread rubber layer.

n tire (Model: 255/55R18V RH07).



Table 1
Viscosity by rubber layer.

Layer Viscosity [Pa$s]

Cap Tread 53,986
Sub Tread 28,107
NFC 200,000
Composite 10,000,000
Carcass 800,000
Inner Liner 24,447
Bead 1,000,000,000
Bead Filler 47,844
Sidewall 27,407
Bladder 683,630
White rubber 27,407

Table 2
Modified viscosities of NFC layer and composite layer.

Item Layer Modified viscosity [Pa$s]

Case 1 NFC 20,000,000
Case 2 NFC 20,000,000

Composite 1,000,000,000
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results. Research results obtained in this study can provide a
detailed understanding of rubber flow in a complicated mold,
and this also serves as a guide-line for the profile design of the
tread layer.

2. Experimental model and computer simulation

2.1. Experimental

2.1.1. Experimental model
An experiment was conducted to observe the flow of tread

rubber in the mold during the shaping process. To visualize the
flow of rubber, white rubber strips were inserted inside the black
tread rubber layer (the tread rubber layer consists of a cap tread
and a sub tread) as shown in Fig. 1 and Fig. 2. Changes in the shape
of the white rubber strips were analyzed after the shaping process.
Fig. 1 shows the geometry and dimensions of the tread rubber
layer for tire model 255/55R18V RH07 (Hankook Tire Co.). The
white rubber strips were inserted into the base of the tread rubber
layer. The number of inserted white rubber strips was thirty-eight,
and each of the white rubber strips had a thickness of 1.0 mm and
a height of 7.0 mm from the base of the tread rubber layer. Fig. 2
shows the white rubber strips inserted into the base of the tread
rubber layer.

The GT used in this experiment was comprised of nine layers:
cap tread, sub tread, nylon full cover (NFC), composite, carcass,
inner liner, side wall, bead, and bead filler. The cross-sectional
shape of the GT is shown in Fig. 3. The tread rubber layer (cap
tread and sub tread) containing the white rubber strips shown in
Figs. 1 and 2 was the outermost layer of the GT shown in Fig. 3. The
detailed geometries of the layers are described in Section 2.2.2
Simulation Model.
Fig. 4. Profile of the mold containin
The mold for shaping the tire is shown in Fig. 4. To manu-
facture the tire, the GT shown in Fig. 3 is inserted into the mold
shown in Fig. 4 and the GT is inflated using steam. The inflated
GT becomes a tire. Fig. 4 shows the geometry of the mold con-
taining six grooves. The mold is divided into seven blocks by the
six grooves, with V-grooves at both ends (groove 1 and groove 6)
and four U-grooves (groove 2, groove 3, groove 4, and groove 5)
in the middle.
g six grooves and seven blocks.



Fig. 5. Simulation model of GT containing white rubber strips and mold with bladder.
(a) GT model containing white rubber strips in the tread rubber layer. (b) Detail of GT
layers with white rubber strips. (c) Mold, GT, and bladder for shaping the tire.

Fig. 6. Mesh shape in mold f
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2.2. Computer simulation

2.2.1. Governing equation and constitutive equation
The flow of the polymer melt follows the equations of motion,

and Eq. (1) is the equation of motion in a rectangular coordinate
system [27,28]:
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where u, v, and w are, respectively, the velocities in the x, y, and z
directions, and t is the extra stress, whose relationship to the total
stress s is shown in Eq. (2):

s ¼ �pIþ t (2)

where p is the hydrostatic pressure and I is the unit tensor.
In the tire shaping process, the material flow is slow and the

shear rate is considered to be very low. Thus, the rheological model
used in this study is the Newtonian model, and the extra stress can
be expressed by Eq. (3) [11,12]:

t ¼ 2hD (3)

where h is the viscosity and D is the rate of deformation tensor.
Table 1 shows the viscosity of each rubber layer. The rubber is

cross-linked during the actual shaping process, but the changes in
physical properties during this process were neglected in this
study.

The simulationwas carried out with varying viscosity for a more
detailed examination of the flow of tread rubber. The viscosity of
the NFC layer was increased in Case 1, while the viscosity of both
the NFC layer and the composite layer was increased in Case 2.
Table 2 shows the modified viscosities of the NFC layer and
or computer simulation.
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composite layer for further simulation.

2.2.2. Simulation model
To simulate the rubber flow observed in the experiment, a

simulation was performed under the same conditions as those in
the experiment. The simulation model for the GT containing the
white rubber strips, and the mold, is given in Fig. 5. Similar to the
experiment, the cap tread coming in contact with the mold had a
flat shape. Themold had V-grooves at both ends and four U-grooves
in the middle, as shown in Fig. 4. Small grooves (sub groove, kerf)
included in the actual mold were excluded. A total of thirty eight
pieces of white rubber strips were inserted into the base of the
tread rubber layer, as shown in Fig. 2. Fig. 5(a) and (b) present the
modeling of the nine rubber layers and white rubber strips. The
simulation took into account ten rubber layers, thirty eight white
rubber strips and the bladder, as shown in Fig. 5(c), which is sub-
jected to pressure during shaping and enables the GT to fit into the
mold.

2.2.3. Mesh generation and boundary conditions
Polyflow, a software for computational fluid dynamics (CFD)

supplied by Ansys, was used in the 2D axisymmetric simulation. It
was a moving boundary problem and the simulation was per-
formed as a time-dependent problem to analyze rubber flow over
time during the shaping process.

The mesh shapes in the mold and the GT are presented in
Fig. 6 and Fig. 7, respectively. The simulation involved triangular
meshes suited for remeshing. The rubber layers had more
densely constructed meshes compared to the mold. To observe
the flow of the white rubber strips, meshes were densely
Fig. 7. Mesh shapes for the entire region of the GT and detailed regions of the GT used
for computer simulation. (a) Meshes in the entire region of the GT. (b) Detail of meshes
in region ‘A’. (c) Detail of meshes in region ‘B’ containing the white rubber strips. (d)
Detail of meshes in region ‘C’ containing the white rubber strips. (e) Detail of meshes in
region ‘D’ containing the white rubber strips. (f) Detail of meshes in region ‘E’ con-
taining the white rubber strips.
distributed for the white rubber strips and their surroundings.
Fig. 7 shows meshes for the entire region of the GT and for
detailed regions of the GT.

The four boundary conditions applied were contact, moving
interface, normal and tangential velocity, and normal force. Fig. 8
shows the initial shape of the GT including the bladder which is
the same as the mold and GT including bladder shown in Fig. 5(c),
and the location at which each boundary condition was applied. To
stick the outermost layer of the GT onto the mold, the contact
condition was applied to BC1 (Fig. 8 (a)), and the mold surface was
subjected to the no-slip condition. A moving interface was applied
to all boundaries between each rubber layer, BC2 in Fig. 8 (b). On
both ends of the bladder, BC3 in Fig. 8 (c), the normal velocity and
tangential velocity were set to zero. This means BC3 is fixed. BC4 in
Fig. 8 (d) is the outer surface of the bladder on which 17kgf/cm2 of
pressure was applied.
Fig. 8. Locations of the four boundary conditions. (a) Boundary condition 1 (BC1):
Contact surface. (b) Boundary condition 2 (BC2): Moving interface. (c) Boundary
condition 3 (BC3): Exert a normal and tangential velocity. (d) Boundary condition 4
(BC4): Exert a normal force.



S.H. Choi, M.-Y. Lyu / Polymer Testing 61 (2017) 258e268 263
3. Results and discussion

3.1. Experimental results

Fig. 9(a) shows the exterior of the completed tire and
Fig. 9(b) shows the cross-section of the completed tire as indi-
cated in Fig. 9(a). Deformations of the white rubber strips can be
observed clearly in the cross-section of the completed tire.
These observations represent the detailed flow behavior of the
tread rubber in the mold. Large deformations in the tread rub-
ber can be observed near the six grooves of the mold, whereas
little deformation is observed in the blocks of the mold, as
shown in Fig. 9(b). Fig. 10 shows the detailed deformations in
the white rubber strips in each block and groove of the mold.
The white rubber strips in the block of the mold remain
perpendicular to the mold surface, which is the same as their
original state. White rubber strips located near the groove in
each block were slightly bent in the direction of the block edges.
In other words, some changes were observed in the tread rub-
ber near the groove, but there was no relocation into other
blocks.

The white rubber strips below the grooves exhibited significant
changes. As the tread rubber came into contact with the mold, the
tread rubber was squashed by the grooves. Below the grooves,
there was no sign of the white rubber moving to other blocks,
indicating that rubber does not move between blocks during the
shaping process. This implies that the external profile of the tread
layer should be designed to match the mold shape and volume of
each block in the mold.
Fig. 9. Shape and cross-section of the completed tire. (a) Shape of completed ti
3.2. Computational results

3.2.1. Settling of tread rubber in the mold
Fig. 11 shows the computational result when the shaping pro-

cess was completed. The GT containing white rubber strips was
completely in contact with the mold surface and produced patterns
on the tire surface. The straight white rubber strips are bent and
squashed. Deformations of thewhite rubber strips are similar to the
experimental observation shown in Fig. 9(b).

Observations were made on the settling order of the tread
rubber in the blocks of the mold during the shaping process.
Fig. 12 shows the computational results of the tread area of the
completed tire divided into seven blocks, numbered from ① to ⑦,
and as compared with the experimental results. The tread area
was divided into blocks along the grooves. The order of settling
was compared across the seven blocks. The fastest settling time
was observed in block ④ in the mold (settling time: 0.003942 s).
The next blocks were blocks ② and ⑥ in the mold (settling time:
0.004173 s), followed by blocks ③ and ⑤ in the mold (settling
time: 0.004866 s), and finally, blocks ① and ⑦ in the mold
(settling time: 0.005212 s). Since the tire is symmetrical around
the center, the settling time was also found to be symmetrical. The
computational results and experimental results are in good
agreement.

3.2.2. Velocity distribution of the tread rubber
Fig. 13 shows the velocity vector of the tread rubber flow in

the block when the shaping process was 95% completed. After
the rubber settles in the center region of each block, rubber flow
is divided and flows to the edges. In this process, white rubber
re and location of cutting line, A-B. (b) Cross-section of the completed tire.



Fig. 10. Deformations of the white rubber strips in each block and groove of the mold.
(a) At block 1, block 2, groove 1, and groove 2. (b) At block 3, block 4, block 5, groove 3,
and groove 4. (c) At block 6, block 7, groove 5, and groove 6.
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strips head towards the direction of the edges of each block. This
caused the white rubber strips in the blocks to bend in the
Fig. 11. Results of the simulation of the final stage of the tire shaping proce
direction of the edges during the shaping process, as shown in
Fig. 10. The simulation results are consistent with experimental
observation.

Fig. 14 shows the velocity vector of rubber flow near the grooves
at 95% completion of shaping. Since rubber settles at similar rates in
blocks on the left and right of grooves, the white rubber does not
sway to one side. The groove presses the white rubber, and rubber
flow is not observed between blocks.

The experiment also showed the pressing of the white rubber
near the grooves, as shown if Fig. 10, showing that the simulated
results coincided with the experiment.
3.2.3. Changes in rubber flow with varying viscosity
Fluid flow is influenced by viscosity. Thus, the flow behavior

of the tread rubber layer mainly depends on its viscosity. It is
also affected by its neighboring layers. The NFC and composite
layers are located just under the tread (cap tread and under
tread) layer. Flow simulations of the GT during the shaping
process with varying viscosities of NFC and composite layers
were conducted to investigate the flow behaviors of the tread
rubber in the mold.

Fig. 15 shows the simulation result when the viscosity of just the
NFC layer was increased, which corresponds to case 1 in Table 2.
When the viscosity of the NFC layer was increased, blocks② and⑥

in the mold had the fastest settling time (settling time: 0.004096 s).
The next was block ④ in the mold (settling time: 0.004327 s),
followed by blocks① and⑦ in themold (settling time: 0.007271 s),
and finally, blocks③ and⑤ in the mold (settling time: 0.007791 s).
No significant change was found in the shapes of the white rubber
strips when the results for the unmodified (original) viscosity were
compared with the increased NFC viscosity (Fig. 12 vs. Fig. 15).
Despite the increased viscosity of the NFC layer, there was minimal
influence on the shape of the tread rubber, since the NFC layer takes
up only a small volume in the GT.

Fig. 16 shows the simulation result for increased viscosities of
both the NFC and composite layers, which is case 2 in Table 2. The
settling order in the tread area was changed in relation to changes
ss, showing deformation of the white rubber strips in the tread rubber.
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in the viscosities of the NFC and composite layers. When the vis-
cosities of both the NFC and composite layers were increased,
blocks ① and ⑦ had the fastest settling time (settling time:
Fig. 13. Velocity vector of rubber flow in blocks at 95% completion of shaping. (a) Settling in b
(d) Settling in block 4.

Fig. 12. Computational results of tread rubber settling in the block of the mold and in comp
Settling in block 3 and block 5. (d) Settling in block 1 and block 7.
0.038140 s). The next blocks were blocks ② and ⑥ (settling time:
0.039701 s), followed by blocks ③ and ⑤ (settling time:
0.042978 s), and finally, the central block ④ (settling time:
lock 1 and block 7. (b) Settling in block 2 and block 6. (c) Settling in block 3 and block 5.

arison to the experiment. (a) Settling in block 4. (b) Settling in block 2 and block 6. (c)



Fig. 14. Velocity vector of rubber flow near the grooves at 95% completion of shaping.
(a) Settling in groove 1 and groove 6. (b) Settling in groove 2 and groove 5. (c) Settling
in groove 3 and groove 4.

Fig. 15. Flow behavior and mold filling sequence of tread rubber in the block of the mold wi
Settling in block 1 and block 7. (d) Settling in block 3 and block 5.
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0.061397 s). When the viscosities of both the NFC and composite
layers were increased, the shapes of the white rubber strips in
blocks ① and ⑦ in the mold bent, whereas the white rubber strips
in blocks① and⑦ in themold did not bendwith either the original
viscosity (shown in Fig. 12) or when the viscosity of the NFC layer
was increased (shown in Fig. 15). Among the tire layers, the com-
posite takes up a relatively large volume, and thus has a significant
influence on the tread rubber flow.

Fig. 17 shows the settling of rubber in the shoulder and tread
areas with unmodified (original) viscosity, increased viscosity of
the NFC layer, and increased viscosity of both the NFC and
composite layers. When the simulation was performed with the
unmodified (original) viscosity and with the increased NFC layer
viscosity, the rubber settled in the mold with flow occurring in
both the shoulder and tread areas, as shown in Fig. 17(a) and (b).
When the viscosity was increased in both the NFC and com-
posite layers, the rubber in the shoulder area first settled in the
mold, and then rubber began to flow into the tread area, as
shown in Fig. 17 (c). When the viscosity of both the NFC and
composite layers was increased, the flow in the tread area
became slower, since the NFC and composite layers are located
just below the tread layer, whereas there are no NFC and com-
posite layers in the shoulder area. Rubber flow first occurred in
the shoulder area followed by the tread area. Due to this flow of
rubber, the white rubber strips bent in the central direction as
shown in blocks ① and ⑦ of Fig. 16(a). During shaping of the GT,
rubber flow was influenced by the viscosity of each layer, and
the settling order in the mold also depended on the level of
viscosity.

4. Conclusion

This study observed the flow of tread rubber during the
shaping process using experiment and simulation. A novel
method was adopted to examine the flow of tread rubber visually
th increased NFC viscosity. (a) Settling in block 2 and block 6. (b) Settling in block 4. (c)



Fig. 17. Shaping sequence of the shoulder area depending on the viscosity of layers. (a)
Simulation with unmodified (original) viscosity. (b) Simulation with increased vis-
cosity of the NFC layer. (c) Simulation with increased viscosity of both the NFC and
composite layers.

Fig. 16. Flow behavior and mold filling sequence of tread rubber in the blocks of the
mold, with increased viscosities of both the NFC and composite layers. (a) Settling in
block 1 and block 7. (b) Settling in block 2 and block 6. (c) Settling in block 3 and block
5.
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during the shaping process. The flow of rubber during the
shaping process was visualized by inserting white rubber strips
into the black tread rubber. The shaping process of the GT was
observed, and comparisons were made between the experiment
and simulation.

In the results, the middle portion of each block of the mold did
not showmuch rubber flow, but flowwas observed in the direction
of the edges in both the experiment and simulation. At the grooves
separating the blocks, the rubber was pressed and significantly
deformed. There was no rubber flow between blocks along the
grooves. This implies that the profile of the tread layers should be
designed to match the geometry of the mold and the volume of
each block in the mold.

Because the shape of the GTchanges in relation to the viscosities
of the rubber layers, it is possible to predict the different settling
orders in themold. The viscosities of the rubber layers in the GTcan
be seen as having an influence on the final shape and settling orders
in the mold.

The method proposed in this study enabled detailed observa-
tions of rubber flow, and the results between the experiment and
simulation were highly consistent.
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