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ABSTRACT: In this paper, a simulator for the tire curing processes is developed based on the finite element meth-

od of an axisymmetric heat transfer problem for composite materials. The anisotropy of heat transfer properties of com-

posite materials, the dependence of properties of rubber compounds on the temperature and/or the extent of cure, the

time-varying boundary conditions which include the cooldown of the tire out of the press and the rigorous cure kinetic

models are taken into account. The numerical simulation results of a truck tire curing process show that the simulator

successfully describes the variation trends in temperature and in state of cure with the tire curing process. It also serves

as the core module of an optimization algorithm, which is being developed for the tire curing and rubber formulation

designs. [doi:10.1295/polymj.PJ2006182]
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The curing process is the final step in tire manufac-
turing whereby a green tire built from layers of rubber
compounds and fiber/rubber composites is formed to
the desired shape in a press. A schematic cross section
of a dome-type cure press is shown in Figure 1. In
the press, heat is transferred to the green tire from
the mold and the bladder, which are kept at higher
temperatures by circulated cure media like steam,
hot water, etc. The transferred heat provokes the cur-
ing reaction of the rubber compounds, thus converting
the compounds to a strong, elastic material to meet
tire performance needs.
The curing process is energy consuming and has a

strong effect on the product quality. Major operating
variables are the conditions of the supplied media,
which are to be varied according to prescribed cure
steps. To optimize the cure steps for different com-
pounds of various dimensions requires proper evalua-
tion of the time–dependent temperature distribution
of various compounds in the tires. The conventional
method is to directly measure the temperature-time
profiles using thermocouples inserted into various
parts of a green tire and then to convert the measured
profiles to the state of cure (SOC). But this method is
costly and very time-consuming, hence as an alterna-
tive, an effective computer simulator of the process
has been sought by this industry.8

Several studies have been reported on the numerical
simulation of tire curing processes. Ambelang and
Prentice3 outlined a finite difference technique for cal-
culating the state of cure in a vulcanizing tire, but they
assumed constant thermal diffusivity, constant rate of
heat generation due to vulcanization, and constant
boundary conditions. The capability of their model

was somewhat extended by Prentice and Williams4

by considering temperature-dependent thermal con-
ductivity, chemical generated heat production as a
function of temperature and the SOC, and time vary-
ing boundary conditions. But it was still assumed that
the tire consists of uniform material. Another ap-
proach based on the finite difference method was re-
ported by Schlanger5 who developed a one-dimen-
sional model, which reduced a complex tire section
to a quasi-equivalent slab.
Taking into account of the complex shape and

multilayered structure of a tire, a finite element ap-
proach is believed to provide better accuracy and
versatility than a finite difference method. Hubbard
and Simpson6 used the finite element method, but
they did not consider the cure during the cooldown
in the air after the tire is taken out of the press. In
1991, Toth7 used a commercial finite element code,
ABAQUS, in conjunction with a user subroutine, to
solve the coupled heat transfer and cure problem. A
fairly general model was used to describe the depend-
ence of rubber compound properties on temperature
and the SOC. Rigorous cure kinetic models developed
in the literature were also used in the simulation. In a
recent paper, Han and his co-authors8 developed an
in-house simulator for the tire curing process. They
considered the cooldown of the tire out of the press
and the whole press assembly, including the bladder
and the mold was taken as the domain of analysis.
In summary, these previous studies seem to be lacking
in considering the anisotropy of heat transfer proper-
ties of fiber/rubber composite materials. Generally
speaking, the transfer heat properties of composite
materials are anisotropic.1
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The purpose of this study is to present our effort
to develop an-house simulator for the tire curing
process. The simulator employs the finite element
method as the backbone algorithm. It addresses most
of the modeling aspects of tire curing process as fol-
lows:
1. Anisotropy of heat transfer properties of compo-

site materials.
2. Tires exhibit complicated layouts of different

rubber compound layers and rubber/fiber layers.
3. The actual cure steps are input as time-varying

boundary condition.
4. The entire cure cycle covers the cooldown of the

tire out of the press.
5. The properties of rubber compounds are depend-

ent on the temperature and the SOC.
6. Rigorous cure kinetic models are employed for

proper evaluation of the heat generation as well
as the SOC.

THEORETICAL FOUNDATION
OF TIRE CURING MODELING

Heat Transfer Equation
Heat transfer of tire cure can be seen as an axisym-

metric problem which can be described in the follow-
ing equation1 expressed in terms of heat current den-
sities, qr, qz:

�c
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þ

@

@z
ðqzÞ þ
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@

@r
ðrqrÞ � Q ¼ 0 ð1Þ

in which Q is an interior heat source density, �, a ma-
terial density, c, a material heat ratio, T a temperature,
and t, a time.
Boundary conditions of Eq (1) are

Tðr; zÞ ¼ faðr; z; tÞ r; z � �1 ð2Þ

qrnr þ qznz ¼ �qaðr; z; tÞ r; z � �2 ð3Þ

qrnr þ qznz ¼ hðT � TaÞ r; z � �3 ð4Þ

where � 1, � 2 and � 3 are, respectively, the first, sec-
ond and third boundary conditions; faðr; z; tÞ is a
known boundary temperature function; qaðr; z; tÞ is a
known boundary heat current density function; nz, nr
are normal directional cosines on boundaries; h is a
boundary transfer coefficient; and Ta is an environ-
ment temperature.
It is assumed generally that the thermal conductive

properties of composite materials are uniform and
transversely isotropic, and are characterized by means
of the longitudinal (z-axis direction) and transverse (r-
axis direction) thermal conductive coefficient �z and
�r. The Fourier thermal transfer law can then be writ-
ten as [1]

qr

qz

� �
¼ �

�r 0

0 �z

� �
�

@T

@r
@T

@z

8>><
>>:

9>>=
>>;

ð5Þ

Cure Reaction Kinetics
Cure reaction is a process of chemically producing

network junctures by the insertion of cross-links be-
tween polymer chains. The SOC denotes the extent
of the reaction and is determined by measuring the
rubber properties dependent on the cross-link density.
The most popular and practical method is based on the
rheometry whereby time-varying torque required to
maintain a given dynamic strain on a vulcanizing rub-
ber specimen is recorded.
Figure 2 illustrate a typical torque (� ) versus time

(t) curve of a rubber compound obtained in the rheom-
etry method. There is usually an induction period (ti)
during which little change in torque is observed. A
relatively abrupt rise in torque occurs next, character-
ized by an accelerating slope. The cure reaction kinet-
ics model used in the present paper is7

Figure 2. A typical rheometer curve.

Figure 1. Schematic of tire curing equipment.
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dX

dt
¼ KX

1
2ð1� XÞ ðt � tiÞ ð6Þ

where

K ¼ K0Expð�Ea=RTÞ ð7Þ

ti ¼ ti0 expðEi=RTÞ ð8Þ
where K denotes the rate constant, ti the induction

period, K0 frequency factor for rate constant of cure
reaction, Ea activation energy for rate constant of cure
reaction, Ei activation energy for induction period
of cure reaction and R ideal gas constant, 8.314(J/
mol K).
The solution of Eq (6) with K and ti given in

Eqs (7) and (8) is obtained as
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where ti is such that

ti0 ¼
Z ti

0

Exp �
Ea

RTð�Þ

� �
dt ð10Þ

For the tire cure considered in this paper, the inte-
rior heat source density in Eq (1) is given by

Q ¼ �ð��HÞ
dX

dt
ð11Þ

which is in fact the rate of heat generation accompa-
nying the vulcanization of rubber compounds. It de-
pends on the heat of vulcanization �H and the rate
of reaction, which is measured in terms of the SOC X.

Rubber Compound Properties
The three thermal properties, the thermal conduc-

tivity � , the material density � and the specific heat
cp, of rubber compounds involved in the tire curing
modeling are dependent on temperature and/or the
SOC. In this paper, the dependency of these properties
are modeled as follows:7,8

�ðTÞ ¼ aþ bT ð12Þ
�ðXÞ ¼ ð1� XÞ�u þ X�c ð13Þ
cpðT ;XÞ ¼ ð1� XÞcpuðTÞ þ XcpcðTÞ ð14Þ

where

cpuðTÞ ¼ au þ buT ð15Þ
cpcðTÞ ¼ ac þ bcT ð16Þ

where the subscript u indicates an ‘‘uncured state’’
(X ¼ 0) and c a ‘‘fully cured’’ state (X ¼ 1). The co-
efficients in Eqs (12), (15) and (16) are determined
from experiments.8

FINITE ELEMENT FORMULATION OF A HEAT
TRANSFER PROBLEM FOR AXISYMMETRIC

COMPOSITE MATERIALS STRUCTURES

By using a weighted residual method [2], in this

section, the finite element formulation for the heat
transfer problem expressed in terms of Eqs (1)–(4)
is carried out.
Let

T ¼ Tðr; z; t;T1; T2; . . . ; TnÞ ð17Þ

be a trial temperature field function which satisfies
the known temperature boundary condition on � 1.
T1; T2; . . . ; Tn in (17) are unknown constants. The re-
sidual functions can be obtained by substituting T in
(17) into Eqs (1–4)

R� ¼ �cr
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þ

@

@r
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@

@z
ðrqzÞ � rQ

R�1
¼ 0

R�2
¼ �ðqrnr þ qznzÞ � qaðr; z; tÞ

R�3
¼ hðT � TaÞ � ðqrnr þ qznzÞ

8>>>>><
>>>>>:

ð18Þ

By the weighted residual method, we haveZ
�

R�ud�þ
Z
�2

R�2
vd�þ

Z
�3

R�3
wd� ¼ 0 ð19Þ

in which u, v and w are, respectively, the weighted
functions in the interior � and on boundaries � 2

and � 3.
The boundary condition on fixed temperature boun-

dary � 1 can be treated: (1). As mentioned above, let
the trial function satisfy the fixed temperature boun-
dary � 1, the remainder being zero; (2). The fixed tem-
perature boundary � 1 is dealt with by means of the
third boundary condition by letting the boundary heat
transfer coefficient h be infinite. Thus the first boun-
dary condition does not occur in the equation (19).
According to finite element method, the regime �

is separated into finite elements, and the temperature
field function T in each element is interpolated by
its nodal temperature Ti

T ¼
Xne
i¼1

Niðr; zÞTi ¼ N � Te ð20Þ
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where

N ¼ ½N1;N2; � � � ;Nne� ð21Þ

Te ¼ ½T1; T2; � � � ;Tne�T ð22Þ

where ne is the number of nodes in an element, Niðr; zÞ
is the interpolation function corresponding to the node
i.
According to the weighted residual method, the

weighted function in the regime � is chosen as

u ¼ Ni ð23Þ

and the weighted functions v, w on boundaries � 2 and
� 3 are chosen as

w ¼ v ¼ ru ¼ rNi ð24Þ

Substituting (23) and (24 into Eq (19, we can getZ
�

@
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ð25Þ

Using the Green’s formula, we haveZ
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By substituting (26) into Eq (25), Eq (25) can be sim-
plified as

�
Z
�
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ðrqzÞ
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Z
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ð27Þ

Using the formula (5) and introducing the following
symbols

Ke
ij ¼

Z
�e

r
@Ni

@r
�r

@Nj

@r

� �
þ r
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@z
�z
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He
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Z
�e
3
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Pe
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Pe
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Z
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Pe
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Z
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Ce
ij ¼

Z
�e

�crNiNjd� ð33Þ

then Eq (27) can be represented as

C T
�
þKT ¼ P ð34Þ

where K, P and C are, respectively, the heat transfer
stiffness matrix, the temperature load vector and the
heat capacity matrix:

Kij ¼
X
e

Ke
ij þ

X
e

He
ij ð35Þ

Pi ¼
X
e

Pe
Qi þ

X
e

Pe
Hi þ

X
e

Pe
qi ð36Þ

Cij ¼
X
e

Ce
ij ð37Þ

Here
P

e indicates to sum for all elements.

NUMERICAL VALIDATION

Using the finite element formulation of a heat trans-
fer problem for asymmetric composite structures de-
scribed above, a finite element code is developed in
this investigation. In this code, a quadrilateral element
with four nodes and a triangle element with three
nodes and a backward difference formula for a time
t are used.
In order to illustrate the accuracy of the finite element
formulation presented in this paper and the effect of
material thermal conductive anisotropy on tempera-
ture field, some examples are given in this section.
Heat generation is not considered here.

Example 1
In this subsection, we consider a cylinder with a

circular section whose inner radius (ri) and outer radi-
us (ro) are 0.30m and 0.45m, respectively. The cylin-
der height H is 0.30m. The inner surface of the
cylinder is a constant temperature boundary whose
temperature is 800 �C. The other boundary surfaces
are convective boundaries, with environment tem-
perature Ta ¼ 20 �C and convection heat transfer co-
efficient h ¼ 150[W/m2��C]. Let the transverse (r-
axis direction) thermal conductive coefficient �r ¼

X. YAN
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10[W/m��C]. Also, let the ratio of the transverse ther-
mal conductive coefficient �r to the longitudinal (z-
axis direction) �z be ratio ¼ �r=�z. Here, the ratio ¼
�r=�z is taken different values to reveal the effect of
the thermal conductive anisotropy on steady tempera-
ture field.
Obviously, symmetric condition can be used.

Figure 3 shows a finite element mesh with 121 nodes
and 100 elements. The boundaries AD, AB in
Figure 3 are taken respectively constant temperature
and insulating temperature and boundaries BC and
CD are taken a convection heat transfer boundary.
Figure 4 (a–f) shows the present numerical results of
steady temperature fields as the thermal conductive
coefficient ratio ratio ¼ �r=�z varies. It can be seen
from Figure 4 that the thermal conductive anisotropy
has an important effect on temperature fields.

Example 2
Here, we consider the cylinder mentioned in exam-

ple 1 but the cylinder height is assumed to be infinite.
Obviously, temperature fields on various sections in
the region far away from the two ends of the cylinder
are same. A segment of height = 0.15m in the region
far away from the two ends of the cylinder is taken
consideration here. The boundaries AB and CD in

Figure 4. Variation of steady temperature fields with the thermal conductive coefficient ratio kr=kz.

Figure 3. Finite element mesh (including node numbers).
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Figure 3 are taken insulating temperature and the
boundaries AD and BC are taken respectively con-
stant temperature (100 �C) and convection heat trans-
fer boundaries (convection heat transfer coefficient
h ¼ 150[W/m2��C], surrounding temperature Ta ¼
20 �C). The initial temperature in the cylinder is taken
20 �C. Let the transverse thermal conductive coeffi-
cient �r ¼ 10[W/m��C]. Also, let the longitudinal
thermal conductive coefficient �z ¼ 1; 10; 100 [W/
m��C] and the product of material density (�) and
material specific heat (c) is taken 106 [W�s/m3��C].
Obviously, transient temperature fields in the cylinder
are one-dimensional, i.e., T ¼ Tðr; tÞ, and their results
are not dependent on ratio �r=�z.
The finite element mesh used is shown in Figure 3.

Figure 5 (a–c) show a transient temperature compari-
son among nodes 6, 61 and 116 as ratio �r=�z varies.
Figure 6 gives a transient temperature comparison of

(a) (b)

(c)

Figure 5. Variation of transient temperature of nodes 6, 61 and 116 with ratio �r=�z.

Figure 6. Variation of transient temperature of node 61 with

ratio �r=�z.
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node 61 as ratio �r=�z varies. It can be seen from
Figures 5 and 6 that regardless of size of �r=�z, agree-
ment among transient temperatures of nodes 6, 61 and
116 is very good and the numerical results indeed are
not dependent on ratio �r=�z, which proves the accu-
racy of the finite element formulation presented in this
paper.

RESULTS AND DISCUSSIONS

Over the last decades, the finite element method has
been well developed and widely recognized as the
most powerful tool for stress and heat transfer analy-
sis. In the present study, we develop an-house simula-
tor for the tire curing process. The simulator employs
the finite element method of an axisymmetric heat
transfer problem for composite materials as the back-
bone algorithm. It addresses most of the modeling as-
pects of tire curing process as mentioned earlier. In
this section, some results of the numerical simulation
of truck tire curing process will be reported.
The sectional geometry and material distribution of

the truck tire studied in the present paper are shown in
Figure 6. Its finite element mesh consists of 305 node
points and 275 2-D axisymmetric elements, as shown
in Figure 7. Figure 8 shows temperature profiles of
the media during the tire curing process.

Simulation of Temperature Field
The nonlinear, transient heat transfer analysis is

carried out using the mesh shown in Figure 7.
Figures 8 and 9 show a serious of temperature profiles
at some time points. It can be seen form Figure 10 that
during the heating cycle, heat flows into the tire and
that at the end of the heating cycle, almost the entire
tire reaches the mold temperature. Figure 11 shows
that during the cooling cycle, heat gradually flows
out from the tire and that the low diffusivity of rubber
compounds keeps a substantial amount of heat inside

the tire, especially the thicker part of the tire such as
the shoulder and bead areas. Such heat plays an im-
portant role in post-curing for truck tires and engineer-
ing tires.

Simulation of Cure Extent Field
Figures 12 and 13 show a serious of SOC profiles

at some time points. As far as the tire studied in this
paper is concerned with, it can be seen that thicker
part such as the shoulder and bead areas reaches prop-
er cure extent much slower than that at thinner part

Figure 7. The sectional geometry and material distribution of

the truck tire.

Figure 8. Finite element mesh.

Figure 9. Temperature profiles of the media during the tire

curing process.

Modeling of Curing Process of Tire

Polym. J., Vol. 39, No. 10, 2007 1007



(for example, sidewall). The obvious difference is the
reason for over-cure or under-cure at some parts in
tire. In addition, it is seen from Figure 13 that a sub-
stantial amount of degree of cure is accomplished in
the post-curing (or cooling cycle) in the thicker part
of the tire.

Simulation of Temperature and State of Cure at Some
Typical Points in Tire
In order to indicate the variation of the temperature

and the state of cure with time in the tire curing proc-
ess, the variation of the temperature and the state of
cure with time at some typical points in the tire are

Figure 10. Temperature profiles of the entire tire during the heating cycle.

Figure 11. Temperature profiles of the entire tire during the cooling cycle.

Figure 12. Cure extent profiles of the entire tire during the heating cycle.

Figure 13. Cure extent profiles of the entire tire during the cooling cycle.
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also given. Figure 14 shows the locations of some
typical points studied in this paper. Points a, b and c

in Figure 14 are located around shoulder center, side-
wall center and hump center.

Figures 15 and 16 show the variation of the temper-
ature and the state of cure with tire curing time at
point a in Figure 14, respectively. Figures 17 and 18
show the variation of the temperature and the state
of cure with tire curing time at point b in Figure 14,
respectively. Figures 19 and 20 show the variation

Figure 14. Schematic of the locations of some typical points.

Figure 15. Variation of the temperature with tire curing time

at shoulder point a.

Figure 16. Variation of the state of cure with tire curing time

at shoulder point a.

Figure 17. Variation of the temperature with tire curing time

at sidewall point b.

Figure 18. Variation of the state of cure with tire curing time

at sidewall point b.

Figure 19. Variation of the temperature with tire curing time

at hump point c.

Modeling of Curing Process of Tire

Polym. J., Vol. 39, No. 10, 2007 1009

1ll 

1aa 
a .a 

1Ea 
'E 

na 
Q) x a.6 
w 

6 
12a 

.,__ :::> a.1 () 
Q) 1aa :; 

a a a.:! 
Q) 
u 
E Ea 
Q) 

I- a.c 
1a 

2a 
Time/Sec 

1aaa 2aaa 3aaa 1aaa :!i:Jaa 

Time/Sec 

1Ea 

na 

a.1 
12a 

a.6 € 1aa 
as Q) 

:; 
a a 

'E a.1 Q) 
Q) u 
x E Ea 
w a:! Q) 

I-
:::> a.:! 1a 
() 

a.1 2a 

a.c 

-ll.1 Time/Sec 

1aaa 2aaa 3aaa 1aaa :!i:Jaa 

Time/Sec 



of the temperature and the state of cure with tire cur-
ing time at point c in Figure 14, respectively.
It can be seen from Figures 15 and 16 that because

the tire thickness at point a is the most thick in the tire,
the temperature at point a rises slowly and when boun-
dary heat medium is removed, the temperature profile
falls a little, then it rises again sooner. This means that
the shoulder point a don’t cure completely when heat
flux is stopped, and as a result, cure reaction at this
point goes on and the heat from cure reaction makes
temperature profile rise continuously. The cure profile
at point a tells that shoulder point a begins cure reac-
tion quite late and cure reaction doesn’t complete. The
cure degree of shoulder point a doesn’t reach 1. All
these are from two points: low diffusivity of rubber
compounds and the largest thickness at shoulder.
It can be seen from Figures 17 and 18 that the tire

thickness at sidewall point b is quite small compared
with the one at shoulder, the temperature profile at this
point rises very quickly. As a result, sidewall point b
begins cure reaction much earlier than the shoulder
point a and reaches proper cure extent quite quickly.
In addition, we can see that the temperature profile
at this point descends very quickly when boundary
heat supply is stopped.
Temperature profile and cure degree profile at

hump point c are very similar with those at shoulder
point a because the tire at hump point c has also larg-
er thickness.

CONCLUDING REMARKS

A systematic finite element approach for simulating
tire vulcanization has been presented. A simulator for
the tire curing processes is developed based. The ani-
sotropy of heat transfer properties of composite mate-

rials, the dependence of properties of rubber com-
pounds on the temperature and/or the extent of cure,
the time-varying boundary conditions, which include
the cooldown of the tire out of the press and the rig-
orous cure kinetic models, are taken into account.
The numerical simulation results of a truck tire curing
process show that the simulator successfully describes
the trends in temperature and the state of cure during
the tire curing process. These are very valuable infor-
mation for modifying the mold temperatures and com-
pound properties to a more balanced degree of cure.
Thus, it also serves as the core module of an optimi-
zation algorithm, which is being developed for the tire
curing and rubber formulation designs. By the way, it
is pointed out that this study is a part of our effort to
apply finite element analysis techniques in tire model-
ing in order to develop the high performance tires.9–20
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