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PRÜFEN UND MESSEN
TESTING AND MEASURING

The prediction of component life-time is al-
ways at the forefront of product develop-
ment the elastomer industry. Its impor-
tance has grown in the past decade not only 
due to the increased demand for high qual-
ity components but also the stringent re-
quirements of product safety in service 
through law enforcement. A standardised 
physical stress relaxation test is commonly 
employed for this purpose. Stress relaxa-
tion occurs when a constant strain is ap-
plied to a sample and the counterforce ex-
erted by the test piece decreases with time. 
The cause of stress relaxation may be phys-
ical or chemical and under normal condi-
tions both processes can occur simultane-
ously [1]. They contribute to the complex 
ageing processes that influence the life-
time of elastomers. 
Life-time prediction is commonly carried out 
by applying the time-temperature superpo-
sition/WLF principle and Arrhenius concept, 
as described in the ISO standard 11346:2004. 
Both approaches utilize the temperature 
dependency of the stress relaxation proc-
esses. Therefore, extrapolation can be made 
to lower temperatures. The temperature 
dependency of the physical relaxation proc-
ess has been found to comply well with the 
WLF equation, whereas the Arrhenius con-
cept fits well to the chemical processes [2]. 
After investigating the credibility of both 
methods the WLF concept revealed a pes-
simistic estimation while the calculation of 
the Arrhenius concept provided grossly op-
timistic values [3]. This finding motivated 
further studies for the development of a 
separation method using spectral analysis 
and/or numerical fitting where critical re-
laxation times are calculated. Having found 
the relaxation times at elevated tempera-

tures extrapolations and subsequent life-
time predictions at lower temperatures can 
be made using a modified Arrhenius con-
cept. This analysis method is capable of rec-
ognising and separating both physical and 
chemical processes. From the activation en-
ergy calculation, the chemical process is 
found to be more temperature sensitive 
compared to the physical one [4]. 
As there is still insufficient information to 
characterise the chemical processes occur-
ring in stress relaxation it is the aim of this 
paper to make a comparison between the 
stress relaxation and chemical analytical 
methods, i.e. chemi-luminescence (CL) and 
infrared spectroscopy, also in term of acti-
vation energy and life-time analysis. CL has 
been used to monitor the thermal oxidation 
behaviour of rubber and elastomers, par-
ticularly the initial stage and the kinetics of 
the reaction. The beginning of oxidation 
can be used as a parameter to determine 
the life-time of the product at a certain 
temperature [5]. Moreover, infrared spec-
troscopy is also utilized as a versatile meth-
od for investigating the oxidation stages. 
This may lead to a brief understanding of 
the processes during stress relaxation.

Stress relaxation processes
If a rubber sample is deformed under con-
stant strain the reaction force exerted by the 
test piece decreases over time. This behav-
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iour is called “stress relaxation”. Stress re-
laxation measurements may be made in 
compression, tension or shear, compression 
testing being the most important for mate-
rials used in seals and gaskets. The causes of 
stress relaxation may be physical or chemical 
and under normal conditions both proc-
esses can occur simultaneously. Physical 
relaxation is linked with the reorientation 
of molecular crosslinks under strain with 
disengagement and rearrangement of 
crosslink chain entanglements, including 
movements of free chain ends. Additionally, 
in filled elastomers, it is associated with the 
breaking of physical bonds due to secondary 
valence forces between filler particles (filler 
crosslink) or chains and filler particles (poly-
mer-filler interaction). Consequently, the 
strain history of the material may also be 
influential. Initially these processes are com-
paratively fast (varying between a few mil-
liseconds and a few seconds) and decelerate 
with time to produce a transitional plateau. 
Physical relaxation depends on the mobility 
of the polymer chains and the temperature 
of use. The proximity of the service tem-
perature to the glass transition temperature 
Tg is generally the dominant factor in deter-
mining physical relaxation rates. Thus phys-
ical relaxation rates are high at high tem-
peratures when molecules become more 
mobile. The temperature dependence com-
plies well with the William-Landel-Ferry 
(WLF) equation [6]. The crosslink density of 
the elastomer can have some effect on the 
relaxation rate where increased crosslink 
density leads to a lowered relaxation rate. 
Since fillers cause additional relaxation 
mechanisms filled elastomers can give rise 
to higher physical relaxation rates. At high 
temperatures and long times chemical proc-
esses can overlap the physical relaxation. 
The main mechanisms which cause chemical 

changes are oxidative reactions of the poly-
mer chains or modification of crosslink struc-
ture. Chain scission decreases the crosslink 
density producing free ends with released 
stress. The release of stress may be caused 
by the breaking of crosslinks producing 
longer strands and lessening entanglements 
(reducing of physical crosslink density) [2].

Characterisation of thermal oxidation 
reaction using chemical analysis
The fundamental mechanism of thermal 
oxidation reactions of polymers is recognised 
as radical formation due to heat, UV-light or 
shear. The termination of alkyl peroxy radi-
cals form a highly energetic triplet carbonyl 
species before singlet molecular oxygen and 
the typical oxidation reaction products (epox-
ide, carbonyl or carboxyl groups) are gener-
ated in the excited state. Photon will be 
emitted if these products return to the 
ground state. This phenomenon is called 
chemi-luminescence (CL) and can be em-
ployed to characterise the thermal oxidative 
reaction of polymer materials, particularly 
concerning the initial stage of the reaction 
and the kinetics of the reaction [7]. This 

method has recently been validated and 
employed for analysing the thermal oxidative 
behaviour of rubber and elastomers [8,9]. 
The beginning of the oxidation reaction is 
indicated by the sharp increase in intensity 
and, thus, the detected CL signal. This signal 
normally shows a sigmoid form as seen in 
Figure 1. The intersection between the base 
line and the linear elevation line is referred 
to as the “oxidation induction time” (OIT) 
indicating the initialisation of the oxidation 
reaction. After the maximum intensity is 
reached the reaction abates until it finally 
ends. The OIT is indicating the initial stage 
of irreversible failure of the polymer mate-
rial due to the thermal oxidation reaction. As 
the OIT describes the failure parameter of 
materials the temperature dependency of OIT 
can be used to determine the durability of 
materials by employing an Arrhenius plot. 
Using the attenuated total reflectance (ATR) 
method by infrared spectroscopy it is possible 
to investigate the extent of oxidised solid 
materials particularly for rubber and elastom-
ers. In previous studies, it has been shown 
that the coupling of CL with IR gives further 
information about the generation of typical 
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oxidation products after OIT and quantita-
tively measure the decrease of double bond 
concentration in the polydiene chain [9]. 

Experimental part

Materials and sample preparation
The compound investigated was a conven-
tionally vulcanised natural rubber (Table 1). 
The components were mixed in an internal 
mixer followed by two roll mill and then 
pressed in 6mm and 2 mm thick plates ac-
cording to t90. The plates are then cooled for 
the specified duration (ISO 3384). 

Continuous stress relaxation (CSR)
The 6mm thick plate is cut into cylindrical 
samples, d  13 mm, using a rotating hole-
cutter. The sample is subjected to CSR under 
25 % constant strain. CSR experiments were 
performed in an Elastocon™ relaxation test-
er (EB02) in accordance with ISO 3384:1999. 
Before each test samples are mechanically 
and thermally conditioned in order to im-
prove repeatability. Each material was test-
ed at 150 °C, 120 °C, 100 °C and 70 °C.

Chemiluminescence (CL)
A 2 mm thick sample on an aluminum pan is 
placed into a tightly sealed cell oven. A lens 
covering the sample focuses the light emis-
sion. The analysis is carried out under low 
oxygen flow atmosphere (gas pressure: 
6.9  2.0 kPa) at 150 °C, 120 °C, and 100 °C. The 
light emission is detected by the highly-sen-
sitive photomultiplier tube (PMT) which has 
to be calibrated with a constant radioactive 
standard intensity (approximately 10 C).

Infrared spectroscopy (IR)
After a certain period of stress relaxation 
the sample is conditioned again at standard 
pressure and room temperature. The sam-
ple is then cut into approximately 1 mm 
thick slices. Both the centre and edge 
 surface were analysed by IR. Attenuated to-
tal reflectance (ATR/FTIR) is the method 
used for this analysis. 

Results and discussion

Comparison between stress relaxation 
and chemical analytical methods
Stress relaxation experiments were carried 
out on cured NR samples. As shown in Fig-
ure 2 the results are represented by a graph 
of stress relaxation ratio Ft/F1, where Ft is the 
force at a given time t and F1 is the force af-
ter 60 seconds, against the logarithm of time 
in seconds (s). Typically, the semi-logarithmic 
curve does not show a monotonic decrease 
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but can be separated into individual proc-
esses. The primary relaxation process fol-
lows a logarithmic (straight line) regression 
at low temperatures and lower times. The 
secondary process is seen as an accelerated 
decrease at high test temperatures. 
In parallel, chemiluminescence (CL) analy-
ses are carried out for similar samples at 
identical test temperatures. The resulting CL 
curve can be seen in Figure 3. The OIT is de-
termined by the intersection of the baseline 
and the linear increase of the curve. 
The stress relaxation behaviour of cured NR 
is compared with CL analysis and infrared 
spectroscopy in order to corroborate the 
relaxation processes as physical relaxation 
or chemical ageing. The fitting of a stress 
relaxation curve produces in two relaxation 
times ( 1 and 2) as depicted in Figure 4. 
The primary relaxation process may be 
caused by thermal exposition which leads 
to physical relaxation. Furthermore, chemi-
cal ageing processes dominates the second-
ary relaxation process. As seen in Figure 4 
the OIT value determined by the CL signal of 
cured NR overlaps the second relaxation 
process ( 2) of the stress relaxation diagram 
at approximately 19.5 hours. The similarity 
of OIT and 2 shows that the second relaxa-
tion is influenced mainly by thermal oxida-
tion reactions. At this time the oxidation 
reaction begins, leading to the irreversible 
chain deterioration and extreme drop in the 
stress relaxation curve. 
However, a closer look at the diagram shows 
that, under mechanical stress, the oxidation 
process is triggered at a slightly shorter 
time. To cross check this result the cured NR 
sample was removed from the stress re-
laxation test after 18 hours (before the OIT) 
and after 36 hours (following the OIT). The 
samples were then subjected to infrared 
spectroscopy investigations to analyse the 
oxidation state of the system. The oxida-
tion state is determined by observing the 
evolution of typical bands for oxidation 
products such as carbonyl band (1720 cm-1), 
hydroxyl band (3500 cm-1) or ether band 
(1500 cm-1). Figure 5 provides the IR spec-
trum of the cured NR system, at the refer-
ence time (a), after 18 hours (b) and after 
36 hours (c).
It can be well observed that after 18 hours of 
stress relaxation there is no hint of oxidation 
reaction. The spectra remain the same as the 
reference indicating that at this stage, oxida-
tion has not yet begun. After 36 hours of 
stress relaxation, i.e. after the OIT point, the 
typical bands for oxidation can be clearly ob-
served. There is a growth of carbonyl band at 
1720 cm-1 and also ether functional group at 

1500 cm-1. This indicates that at this point the 
oxidation reaction has already begun. 

Lifetime prediction
The lifetime prediction is approached by the 
calculation of the temperature dependency 
of OIT and relaxation time according to the 
Arrhenius equation. As illustrated in Fig-
ure 6 the stress relaxation behaviour of 
elastomers is highly dependent on the tem-
perature. The relaxation time, whether 1 or 

2, is thus also temperature dependent. As 
mentioned previously the relaxation times 
are calculated through a fitting procedure. 
The calculated relaxation times at elevated 
temperatures are shown in Table 2. At 150 °C 

1 and 2 are approximately 0.5 hours and 
4 hours respectively. On the other hand, at 
70 °C 1 and 2 increased by a factor of 43 
and 250 respectively. The incremental in-
crease of 2 due to higher temperature is 
significantly greater than for 1. 

The dependency of temperature is also ob-
served by chemiluminescence. As displayed 
in Figure 7 the OIT values from the CL signal 
are shifted to the left as the temperature 
increases. The OIT values of cured NR at 
100 °C, 120 °C and 150 °C are approximately 
75, 20 and 3 hours respectively. 
A plot of temperature against relaxation 
time and OIT is depicted in Figure 8. It clear-
ly shows that the OIT at certain temperatures 
is closely related to the secondary relaxation 
time 2. This verifies that, according to the 
Arrhenius equation, the activation energy of 
the secondary relaxation processes and the 
initialisation of thermal oxidation reaction 
is also analogous (approx. 85 kJ/mol). This 
result justifies again the dominancy of ther-
mal oxidation reactions in the secondary 
relaxation processes. On the other hand, the 
primary relaxation process has a lower acti-
vation energy of approx. 60 kJ/mol, indicat-
ing that this process is less temperature 

1 and 2 data from stress relaxation curve 
of cured NR at elevated temperatures

Temp [°C] 1 [s] 2 [s]

70

100

120

150

78 000

10 000

3 200

1 800

3 500 000

400 000

100 000

14 000

2
Composition of elastomer sample mixtures 

Ingredients Amount (phr)

NR/RSS1

ZnO

Stearic acid
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Sulphur

100

5

1

1

2.4

1
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sensitive than the secondary process. By ap-
plying the equation derived from each proc-
ess the value of OIT, 1 and 2 at lower tem-
peratures and more importantly longer times 
can be predicted, as shown in Table 3. It must 
be bourn in mind that these values are not 
actual lifetime prediction values. This shows 
that the deterioration of materials during 
the second relaxation process is attributed 
to the thermal oxidation processes. 

Conclusion
Stress relaxation as a widely utilised meth-
od for life time prediction is influenced by 
both physical processes and chemical age-
ing. The chemical ageing, mainly due to 
thermal oxidation processes, is verified by 
chemiluminescence (CL). The OIT values of 
CL analysis which indicate the start of oxi-
dation correspond very well to the critical 
relaxation times of the secondary fitting of 
stress relaxation. The primary relaxation 
process, on the other hand, is mainly influ-
enced by physical changes as justified by 
infrared analysis. It is suggested that ther-
mal exposition during the initial phase of 
stress relaxation is due mainly to rearrange-
ment of the filler crosslink, polymer-filler 
interaction in addition to the scission and 
rearrangement of sulphur crosslinks.
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