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Abstract

The kinetics of oxidation of wedge and skim rubber from tires aged at different oven temperatures with various fill gases have been measured
for 5 different tires and compared to field results. We demonstrate that oven aging tires mounted on wheels and inflated to the maximum sidewall
pressure closely reproduce the aging behavior measured for tires collected after customer use. Temperatures as high as 70 �C can be used to
accelerate aging. Use of 50/50 blend of N2/O2 as a fill gas accelerates the oxidative aging by 30e40% relative to air. By combining elevated
temperatures with oxygen enriched fill gas, it is possible to oven age tires to an age equivalent to 6 years in Phoenix in 8 weeks or less.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In the previous paper [1], aging rates for skim and wedge
rubber were reported for 5 tires aged in the field. This paper
reports corresponding aging rates for rubber properties ob-
tained by the same methods, the difference being these tires
(i.e. the same sizes, brands and DOT construction codes as
obtained from the field) were aged under different conditions
in laboratory ovens. This work builds on previous studies of
oven aging which focused on only one light truck tire type
and brand [1e3]. The purpose of this initial study was to
demonstrate the suitability of oven aging to replicate the ag-
ing that occurs in the field and to establish the range of pa-
rameters that can be used. Tires were mounted on wheels and
inflated to pressures ranging from the maximum sidewall
pressure to twice that value. Fill gasses ranged from pure
N2 to pure O2. Most studies were carried out using either
air or a 50/50 blend of N2/O2 as fill gas. Mounted tires
were aged for times up to 12 weeks at temperatures ranging
from 40 to 100 �C. The rubber properties that were measured
as a function of aging time were identical to those employed

in the field studies and included swelling ratio and peel
strength of the skim rubber and elongation-to-break and
modulus of the wedge rubber. Swelling ratios were used to
estimate relative crosslink densities using the standard
FloryeRehner relationship [4]. The following conclusions
can be drawn from these studies:

1. Rubber degradation of tires exposed in laboratory ovens is
controlled by diffusion limited oxidation (DLO). The oxi-
dation rate is uniform across the belt, which is entirely
consistent with the degradation that is seen in the field
[5]. That is, oven aging can reproduce the pattern of oxi-
dation observed in field tires.

2. The same analysis used to extract oxidation rate parame-
ters from the field data can be used to analyze the oven
aged tires. Fig. 1 illustrates the shift analysis and fitting
procedure used to extract rate data [6,7].

3. The source of oxygen that is responsible for the oxidation
of the skim and wedge rubber comes from inside the tire.
That is, tires oxidize from the inside out. This means that
oven aging of tires must be carried out on tires that have
been mounted on wheels and inflated.

4. The fill gas and inflation pressure strongly influences the
rate of oxidation. Use of a 50/50 blend of N2/O2, when
added to the air present in the uninflated tire, leads to an
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O2 concentration of w43%. This blend has been found to
increase the rate of skim and wedge rubber oxidation by
35� 5% relative to air. Increasing the inflation pressure
also increases the rate of oxidation. For safety reasons,
we have chosen the maximum sidewall pressure for the
current oven aging study. It is also important to note that
increasing the oxygen concentration inside the tire does
not affect the basic mechanism of degradation.

5. The oxidation rate increases with increasing temperature
up to 70 �C and then decreases rapidly above 80 �C.
This result is consistent with diffusion limited oxidation.
Finite-element models of rubber oxidation in tires confirm
that the skim and wedge rubber becomes oxygen starved
above 80 �C, resulting in the observed decrease in oxida-
tion rate. Up to 70 �C, the apparent activation energy
was w69 kJ/mol, a value consistent with diffusion limited
oxidation [3].

Based on the above conclusions, we limited our oven aging
studies to 70 �C and below. The tires in this study have been
described in the previous paper. The sizes and maximum infla-
tion pressures are summarized in Table 1. Oven aging of the
Small Car-BFG tire was carried out as part of a tire aging
study conducted by the ASTM F9.30 committee on tires.

Details of the ASTM study are described elsewhere [8]. It
should be noted that the temperatures in this study were differ-
ent from the other studies (55e75 �C). One important consid-
eration is that the tires used in the Ford Motor Company oven
aging study were manufactured at least 2e4 years after the
youngest tires analyzed in the field aging study. Changes in
rubber compounding and/or tire construction in this time pe-
riod could influence relative aging rates complicating the com-
parison between field and oven aged tires. This possibility was
evaluated by comparing the initial properties of the oven aged
tires with the extrapolated initial properties of the correspond-
ing field aged tires. From the comparison of oven aging oxida-
tion rates with the corresponding field aging rates for
properties with consistent initial values, we can derive acceler-
ation factors for different oven aging conditions. These factors
are consistent with both temperature extrapolations and finite-
element models of rubber oxidation. The measured accelera-
tion factor can be used to relate the ‘‘age’’ of a tire exposed
in the oven to that of an average tire aged in Phoenix.

2. Experimental

Except for the ASTM study, tires were mounted and in-
flated to the maximum pressure listed on the sidewall prior
to oven aging using either air or a 50/50 blend of N2/O2. In
the case of tires inflated with the 50/50 blend of N2/O2, the at-
mospheric air present was not purged; the blend was added on
top of it yielding a tire cavity concentration of approximately
41e44% O2. In addition to these conditions, the ASTM tire
was inflated to 30% and 60% above the maximum sidewall
pressure. Two of the tires in this study (SUV/Minivan-A and
SUV/Minivan-C) were aged at 50, 60, and 70 �C for up to 8
weeks, while the tires SUV/Minivan-B and Large Car-C
were aged up to 8 weeks at 70 �C. The Small Car-BFG tire
was aged at 55, 65, and 75 �C for up to 16 weeks. The specific
protocol for this tire is described elsewhere. The ovens were
calibrated as per ASTM E 145 with an A2LA approved, mod-
ified, method for temperature uniformity, consistency, airflow
exchanges and airflow velocity.

3. Results and discussion

The decrease in peel strength of the skim rubber with oven
aging for the Small Car-BFG tire is shown in Fig. 2. The de-
crease in elongation-to-break of the wedge rubber and the in-
crease in crosslink density of the skim rubber and modulus of
the wedge rubber for the same tire are shown in Fig. 3. These
figures can be compared to Figs. 4 and 5 of the previous paper
[1]. The equations used to extract rate constant values were the
same as used previously. The crosslink density and the modu-
lus were fit to a linear equation [6],

AðtÞ ¼ Að0Þð1þ atÞ: ð1Þ

The peel strength and elongation-to-break data are fit to the
following empirical equation,
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Fig. 1. Shift factor approach and fit to Eq. (2) for typical oven data. Data are

for light truck tire [6,7].

Table 1

Tire types used in aging study

Vehicle type-tire brand Tire size Maximum sidewall

pressure (kPa)

SUV/Minivan-A 215/70R15 240

SUV/Minivan-B 235/75R16 300

SUV/Minivan-C 215/65R16 300

Large Car-C 225/60R16 240

Small Car-BFG 195/65R15 240
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