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Research, standardization and practice in accelerated ageing tests

Summary — The increasing use of polymers in various technological envi-
ronments requires understanding of the degradation phenomena and ulti-
mately controlling them. Questions associated with performance, cost, dura-
bility and environmental effects are closely related to each other and must be
answered before the industry and the consumers can adopt new materials.
Often, the use of accelerated ageing tests constitutes the only possibility to
produce measurable degradation and the desired materials assessment. How-
ever, prediction of service life, especially for materials expected to perform
reliably for many decades, is a continuing challenge, which contains many
pitfalls. In this paper, examples of the many years’ work with accelerated
ageing tests and lifetime predictions carried out at SP Swedish National Test-
ing and Research Institute are used to demonstrate some problems and pitfalls
that can be met with in practice. Some examples are also given on insufficient
information in international standards for ageing tests. Special attention is
given to prediction of service life with one data point only as well as the
influence of different previous history, different environments and different
evaluation methods on lifetime prediction. Other examples concern the use of
high stress levels and physical depletion of stabilizers.
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BACKGROUND

The constantly increasing use of polymers in various
technological environments presents an important chal-
lenge to the polymer technologists concerning develop-
ment of new materials and products, and to scientists in
providing a scientific basis for understanding the degra-
dation phenomena and ultimately to controlling them.
Questions associated with performance, cost, durability
and environmental effects are closely related to each
other and must be answered before the industry and the
consumers can adopt new materials.

Long-term performance or durability is defined as
“Ability of a product and its parts to perform its required
function over a period of time and under the influence of
technological environments”. There are two fundamen-
tally different approaches to modelling the durability of
materials: empirical approach that attempts to describe
mathematically “what has happened” and predictive
approach which is based on a mathematical assessment
of the effects of dependent and independent variables
and the subsequent refinement of the prediction based
on experimental data.

The natural (normal) tests are a basic reference for
any approach to the durability of polymeric materials.
Conception “normal” is used to include conditions,
which occur in a specific technological environment
while “simulated” environmental conditions indicate
that the simulated environment is as close as possible to
the practical conditions. In these cases it is implicit that
the tests and the practical applications have the same
time scales. However, the use of accelerated tests is
sometimes necessary as tests may take many years to
produce measurable degradation and the desired mate-
rials assessment.

Accelerated ageing tests and extrapolation of test re-
sults constitute the predictive approach. Acceleration is
achieved using higher stress levels of one or more degra-
dation factors relative to the service life conditions.
However, the viability of the method requires some in-
formation on deterioration rate constants for various
properties as the functions of structure, composition and
stresses. The lack of information makes the development
of expressions that completely predict performance
a priori of actual exposure data difficult and sometimes
impossible.
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MATHEMATICAL MODELLING OF DURABILITY

Rates of deterioration of many important properties
of polymeric materials may be described by S-shaped
curves in which the retention of property is plotted in
form of dependent variable as a function of independent
variable. Induction is a descriptor of the value “i” that
represents quantitatively the magnitude of the inde-
pendent variable necessary to initiate the rate controlled
property change. Induction then describes both the reac-
tion rates specific to initiation and the quantity of stress
required for the production of a sufficient number of
defects, or “observable” changes, that are necessary in
order to be detected by the diagnostic tools. The rate-
controlling step is that part of the degradation reaction
that is easiest represented by a single rate equation. Writ-
ing a slope intercept equation we obtain:

AP=m-S-b 48]

where: S — exposure or stress, m — slope, b — intercept on
the AP ordinate, representing property change.
We can write:

AP=m-(5-1) (2)

where: 1 = b/m the intercept on the abscissa which is the
induction measured in terms of the independent variable.

Equation (2) permits prediction of the durability of
the property “P” in terms of the exposure in the rate-con-
trolling portion. The independent variable, which acts as
the driving force for the degradation reaction, may be
light (UV, X-ray...), temperature, chemicals or physical
stresses. In most cases, the independent variable is a
combination of two or more variables sometimes leading
to synergistic effects. If it assumes that ageing process
consists of several chemical or physical reactions, or
both, then the rates of these reactions can be presented in
general form with N equations

de;
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where: i = 1...N, k;(T) — function of T and may be of Ar-
rhenius form, T — absolute temperature, G; — simplified
function of chemical reactions expressed as []1,gi~ (where
Ny, represents the reaction order due to chemical m, in reaction
1), C; — function of the concentration of characteristic group
(c;) in reaction 1 (assumed to be independent on temperature).

For a simple case of N homogenous equations and
time transformation t' = A - t, the acceleration factor
(A) may be calculated at two different temperatures T}
and T, if reaction rates at both temperatures are
known (see Table 1):
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where:i=1...m.
However, degradation by its very nature involves
non-equilibrium processes, so even with some practical

utility this model may not be completely self consistent
in a long term thermodynamic sense.

ARRHENIUS RELATION FOR THERMAL EXPOSURE

Relations of the Arrhenius form may apply to some
properties of some materials over limited temperature
ranges. They neither apply to all materials, nor to all
properties and may be different in different temperature
ranges. Furthermore, degradation is caused by a num-
ber of different mechanisms for a given case, where
some or all may follow the Arrhenius relation, but there
is no guarantee that overall behaviour is of Arrhenius
form. Despite of that, the Arrhenius representation is
probably the only procedure currently available for ex-
trapolation of accelerated ageing tests to in-use condi-
tions.

In order to allow extrapolation of short-time data to
predict long-term performance, an appropriate curve
must be drown through the short-term values obtained
at elevated temperatures. Integration of the rate equa-
tion for the chemical reaction and taking logarithm gives
an equation in the form:

Int=(E/R)-1/T+B 5)

A plot of Int vs. 1/T then gives a straight line with
slope E/R and is known as Arrhenius plot. The short-
time points are obtained by selecting an appropriate
end-point criterion of a critical property. At least four
such points are recommended in order to draw a best
straight line. The slope of the line is a measure of the
activation energy of the degradation process. Extrapola-
tion of the line to lower temperature can be drawn to
extremely long times, but consideration must be given to
the risk of other factors which might cause deviation
from the projected straight line. It is of course essential,
when choosing elevated temperature not to induce any
degradation mechanisms other than those occurring un-
der in-use conditions. An important condition in the use
of this technique is a reasonable knowledge of both the
underlying chemistry and the importance of various
physical effects.

The procedure described above is valid for the sim-
plest (ideal) situation, which occurs when the relative
rate of change of all important degradation processes
remains constant at each of the accelerated stress levels.
This means that all chemical or physical changes are
speeded up equally, as the temperature is changed. An-
other controversy involves the assumption that the effec-
tive activation energy of the degradation process is inde-
pendent of temperature and ageing time.

PREDICTION OF SERVICE LIFE
WITH ONE DATA POINT ONLY

Prediction of service life, especially for materials ex-
pected to perform reliably for many decades, is a con-
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tinuing challenge, which contains many pitfalls. One of
them is use of accelerated ageing tests at one stress level
for ranking or for pass/fail decision on different mate-
rials without consideration of activation energy. In place
of establishing the Arrhenius diagram from ageing ex-
periments at different temperatures, it is often practised
to use one experimental point only and an assumed
slope (activation energy). If the slope is selected conser-
vatively (low activation energy) the risk that the true
activation energy is lower is minimal and the expected
lifetime is a conservative value.
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Fig. 1. Lifetime evaluation using one data point — the conse-
quence of various activation energies (1 — 70 kjfmole, 2 —
100 kJ/mole, 3 — 130 kJ/mole); life time at 20 °C: 1 — 5.5
years, 2 — 33 years, 3 — 198 years

Figure 1 shows the consequence of various activation
energies (E,) on lifetime prediction. Using time transfor-
mation function, the calculation gives that one month at
70 °C corresponds to the lifetime of 5.5 years at 20 °C for
the material with E, = 70 kJ/mole, it corresponds to 33
years for the material with E, = 100 kJ/mole and to 198
years for a material with E; = 130 kJ/mole.
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Fig. 2. Frequency distribution of activation energies (E;) of
225 different polymeric materials; A — acceleration factor

The key to select an activation energy that can be
regarded as conservative is a knowledge about the dis-
tribution of activation energies of the specified type of
materials. In Figure 2 the frequency distribution of acti-
vation energies of 225 different materials is presented
[1]. It is evident that the most frequent values are in the
range 90—120 kJ/mole but the whole range includes
values from 20 to 200 k]J/mole. Many engineers and
scientists are using a “rule of thumb” in selection of time
and temperature for accelerated ageing tests. This rule
tells that if the temperature is increased by 10 K, the rate
of degradation reactions is doubled (the time is halved).
It is indicated in Fig. 2 when this assumption is true. Of
course the acceleration factor (A) depends on activation
energy and on the temperature range as shown by the
time transformation functions (Table 1).

Table 1. Examples of time transformation functions

Degra- Time transformation
dation .y Comments
function
Pprocess
. Arrhenius equation
Cheml.cal ar = expl-E/R(1/ T - 1/ Tyl temperature depen-
reaction
dence of rate constants
Diffusion |ap = expl-Ep/R(1/Ts - 1/Ty] | ATTheRius equation for
diffusion
- _ » p =1 when pure photo-
Irradiation |ar = (/L) -chemical degradation
Mechanical amorphous polym.er.s
ag = explb(cy, - ofs)] under glass transition
stress
temperature (Ty)
Mechanical _Sy =0 =) amorphous polymers
stress G =0 (=) above Ty

" E — activation energy, Ep — activation energy (diffusion), R — gas
constant,  — test conditions, s — in use conditions, I — light intensity,
p — material constant, 6f — applied mechanical stress, f («) — the
highest value for infinite lifetime.

ILLUSTRATIVE EXAMPLES

It is generally recognized that the service lifetime pre-
diction is valid for a given polymeric system under
given service conditions only. In the following examples
the various results, which also are of significance, are
presented.

The same material, different previous history

New indoor profiles made of rigid PVC have been
studied after various numbers of repeated extrusions
(mechanical recycling) in order to gain knowledge about
the changes of properties and durability after conven-
tional processing [2]. The profiles were re-extruded,
from one to five times without adding new additives.
The activation energies of the thermal degradation pro-
cess in dark were determined for the material after each
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Fig. 3. Effect of repeated extrusion of rigid PVC on activation
energy (E,) of thermal degradation

re-extrusion and were found to decrease with increasing
number of extrusions (see Fig. 3). The activation energy
of the material after one extrusion was 128 kJ/mole but
after five extrusions the corresponding value was
99 kJ/mole. This involves the overestimation of the life-
time by a factor up to 3.6 if we assume that the first value
is valid independent of the number of extrusions.

The same material, different environments

PE films are commonly used in buildings as vapour
barriers. In certain constructions, these products are in
contact with wet concrete during their service life. The
alkaline environment created by wet concrete may acce-
lerate the degradation of these products. PE-LD films
were investigated with respect to their durability by ac-
celerated ageing at 70, 80, and 90 °C in contact with wet
concrete and in moist air. The rate of degradation in the
environment of fresh wet concrete at ambient tempera-
ture was much higher than in moist air [3]. But also the
activation energy was higher in wet concrete environ-
ment (136 k]/mole compared to 118 k] /mole). In spite of
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Fig. 4. Effects of wet concrete and moist air on durability
(elongation at break) of PE at 90 °C

the fact that the lifetime (elongation at break >400 %) of
the film at 90 °C in wet concrete environment was half of
the lifetime in moist air (Fig. 4), the extrapolation to
40 °C gives a lifetime of 66 years in contact with wet
concrete but 51 years in moist air.

The same material, different evaluation methods

The oxidative degradation of PE is often followed
using IR spectroscopy measurements. A quantitative
method depends on measurements of the intensity of the
carbonyl absorption band at 1710—1720 cm? in the
IR-spectrum. The carbonyl absorbance is related to the
absorbance of a reference band at 2019 cm™ and is re-
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Fig. 5. Effects of heat ageing of PE-LD film on elongation at
break (a) and on carbonyl index (b); temperature: 1 — 90 °C,
2—80°C,3—70°C
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ferred to as carbonyl index. Figure 5 shows that monitor-
ing of the degree of degradation by measuring the car-
bonyl oxidation products does not correspond to the re-
sults of the elongation at break measurements [4]. This
accentuates the importance of the correct choice of criti-
cal property for the evaluation of ageing.

High stress levels

Prediction of rubbers lifetimes is important for the
rubber industry, particularly for the materials ex-
pected to perform reliably for many years. It is de-
pendent on accelerated ageing tests and extrapolation
of test results. Acceleration is achieved using higher
stress levels of one or more degradation factors rela-
tive to the service life conditions. When choosing
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Fig. 6. Compression set of ethylene/propylene/diene terpoly-
mer (EPDM) in the Arrhenius plot

higher stress levels in accelerated ageing tests it is im-
portant not to cross certain critical levels. Physical and
chemical processes occur simultaneously when a con-
stant stress is imposed on rubber. Generally, physical
effects are dominant at short times and low tempera-
tures and chemical effects are more apparent at long
times and high temperatures. If accelerated condi-
tions, such as elevated temperature, are used it follows
that results could be misleading. In Figure 6, a devia-
tion from a straight line is demonstrated as a result of
too high temperature (>125 °C) [5].

Depletion of stabilizers

One of the most frequently used accelerated tests is
oven ageing at selected temperatures with periodical
examination of the materials. Changes in mechanical
properties are often used to follow the course of degra-
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Fig. 7. Oven ageing of PE-based non-woven materials at 80 °C
in cabinets with low (0.2 m/min) and high (100 m/min) air
speed

dation. The importance of a proper selection of the most
significant factors causing degradation is demonstrated
in Fig. 7, where the air speed in the oven-ageing test was

of vital importance [6]. After periods of ageing, the elon-
gation at break was measured. The results clearly de-
monstrate that forced-air ovens (the type used predomi-
nantly) can cause a significant antioxidant loss by eva-
poration.

Another important physical transport process that
can influence lifetime prediction of polymeric materials
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Fig. 8. Migration of an antioxidant (Irganox 1076) in PE at
50 °C. The figures stand for the experimental values while the
solid curves represent theoretical solutions of Fick's second
low of diffusion

is depletion of stabilizers by migration or diffusion. In
Figure 8 the concentration profiles of an antioxidant in a
film stack are shown. The antioxidant, which was oc-
tadecyl ester (Irganox 1076) was present in three films in
the middle of the stack at the concentration of 0.1 %. The
film stack was then heated at 50 °C and the concentra-
tion of the antioxidant in each film in the stack was
measured after various periods [7]. It is demonstrated
that the concentration in the doped films is reduced to
half of the original value after 72 hours only showing the
crucial importance of this process for the lifetime predic-
tions.

DESIGN OF LIFETIME TESTING

In the design of lifetime testing, following critical
steps should be included:

— Consideration of all the factors which might con-
tribute to the degradation of the product in the intended
end use environment.

— Description of the mechanism of the degradation.

— Accelerated testing in order to define the most sig-
nificant factors causing degradation and evaluation of
the activation energy or acceleration coefficient.

— Construction of models and failure functions for
the response of the material to the environment, based
on the accelerated test results and the environmental
measurements.
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