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The fundamental problems of the prediction of the changes in the properties of polymeric materials (in consequence of
ageing, mass transfer, and the application of stresses) after prolonged storage and use are examined. The experimental
conditions and the methods of interpretation of experimental data as well as characteristics of the method of
accelerated tests on articles made from polymeric materials are discussed.
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I. INTRODUCTION

The increasing application of polymeric materials (PM) in
various branches of the National Economy and the necessity
to optimise their properties have given rise to the problem of
improving the accuracy in predicting the duration of the
technical suitability of the relevant articles.

On storage and during use, articles made of polymeric
materials are acted upon by various factors: temperature,
moisture, oxygen, ozone, light, radiation, corrosive media,
biological factors, and applied forces. Depending on the
duration and intensity of the influence, these factors lead to
reversible and irreversible physicochemical processes, which
include the following:

(a) thermal, radiation-induced, and light-induced ageing
(chemical degradation and structure formation reactions,
structural rearrangements at a supermolecular level), leading
to irreversible changes in the properties of the polymeric
material.

(b) Phase transformations in the polymeric material, which
give rise to reversible changes in its properties.

(c) Mass transfer (relative migration of plasticisers in
various elements of the articles, the removal of volatile com-
ponents, the diffusion of moisture, etc.), causing changes in
various properties of the articles.

(d) The accumulation of defects in the articles (construc-
tions) owing to stresses active during storage and use, which
lead to an alteration of the properties of the polymeric
material, a change in its geometry, and the breakdown of the
integrity of the constructions.

The influence of the above environmental factors on the
polymeric material must be considered in terms of inter-
relations between them. For example, the simultaneous influ-
ence of heat, oxygen, and moisture gives rise to thermo-
oxidative degradation (structure formation) in the material
and hydrolytic degradation via different types of bonds,
which is the reason for the complex variation of the proper-
ties of the polymeric material. The reversible and irrevers-
ible processes occurring in the polymeric material under the
influence of the environment can be greatly accelerated if the
articles are in a strained-deformed state.

In the problem of the estimation of the capacity for reten-
tion of the operational characteristics of the given articles
the direct and converse tasks are distinguished. The direct

task consists in estimating the storage times of the articles in
terms of the permissible changes in their operational charac-
teristics. The converse task consists in determining the
required level of operational characteristics of the given
articles to ensure their usability during a specified time.
Formally, both problems are solved on the basis of the
following condition:

Yj{O)p)(t)^:[Y,], (1)

where [Yj] and Yy(0) are respectively the maximum permis-
sible and the initial characteristics of the article and pj(t) is
the coefficient of the change in the characteristic Yj with
time (relative to the initial value).

The index of reliability, taking into account the sum total
of the operational characteristics of the articles, is a gener-
alised characteristic of the usability of the given articles. In
view of the variation in the characteristics of the materials
with time and the accumulation of defects in the articles
under the influence of external conditions, the reliability
index is a function of the storage time or the time during
which the given articles are used. If this function has been
determined quantitatively, the storage time can be found as
the time required to attain the limiting permissible level of
reliability; on the other hand, if the storage time has been
specified, then the level of change in reliability can be
determined from the above relation. In other words, in this
case the problem also reduces to the solution of Eqn.( l ) , in
which Yj is the reliability index and pj(t) is the coefficient
of its time variation. Here one should note that a certain
excess reliability of the article at the beginning of the stor-
age time is an inevitable "advance contribution" necessary
to ensure the usability of the article within the limits of the
specified time.

The correct solution of the kinetic problem of reliability
involves considerable difficulties in most cases. For this
reason, the following approach has c^me to be widely used
in engineering practise. Eqn.(l) is solved for each of the
characteristics which determine the usability of the article.
To ensure the specified useful lifetime, the standardised
requirements to be met by the characteristics are specified
taking into account their time variation.

A characteristic feature of the problem of predicting the
changes in the properties of a polymeric material is the
short duration of laboratory tests at the stage involving
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the development of the articles, i .e. under conditions where
no direct experience in the use of the article can be gained.
The problem can only be solved on the basis of the laws of
chemical and physical kinetics and thermodynamics.

The majority of studies devoted to the prediction of
changes in the operational properties of polymeric materials
are characterised by an endeavour to simplify to the maximum
possible extent the methods of interpretation of the kinetic
Yj(t) curves. This frequently leads to the unjustified
exclusion from consideration of a number of processes and
hence to errors in prediction. This review deals with a
series of practically most important aspects of the problem
of prediction of the changes in the properties of polymeric
materials on prolonged storage and use.

I I . THE EQUIVALENT TEMPERATURE AS A CHARACTERIS-
TIC OF NATURAL CLIMATIC CONDITIONS UNDER WHICH
ARTICLES ARE STORED AND USED

In terms of thermal and other natural influences, the ter-
ritory of the USSR can be divided into zones of cold, temper-
ate, and hot climates. The climatic regions of the USSR
differ considerably in terms of temperature, relative humid-
ity, intensity of solar radiation, and other factors1. For
example, the average diurnal temperature varies in the range
from -50° to +40 °C, the hourly temperatures range from
-60° to +45 °C, the maximum daily temperature amplitudes
range from 20° to 30 °C, the average annual relative humidity
is between 40 and 75%, the overall solar radiation intensity is
between 87.7 and 158.5 kcal cm"2, and the annual atmospheric
precipitation ranges from 202 to 2788 mm.

The temperatures at which articles are stored, which in
many respects determine the intensity of physicochemical
processes, are particularly important. Furthermore, in many
instances a change in the temperature of ambient air leads to
the appearance and stresses in the articles (for example,
diurnal variations in temperature induce non-stationary
temperature stresses, while seasonal variations give rise to
stationary stresses when there is a difference between the
coefficients of thermal expansion of the constructional ele-
ments).

Variation of the temperature of ambient air during the stor-
age of the articles within wide limits (up to 100 °C) makes it
necessary to take into account the non-isothermal conditions
in predicting the properties of the materials. The solution of
kinetic equations under the conditions of a non-stationary
temperature field may be carried out on a computer using the
known laws governing the variation of temperature with time2.

One of the ways in which non-stationary temperature condi-
tions can be taken into account involves the introduction of
the so-called equivalent temperature3'1*. This term is under-
stood as a conventional constant temperature at which the
same changes take place in the given material during the time
under consideration as under non-stationary temperature
conditions. For chemical reactions described by the relation

Ac

At ~)Hc) . (2)

where c is the concentration of the reactant, U the apparent
process activation energy (in the general case the tempera-
ture coefficient of the rate of the process), Ao the pre-expo-
nential factor, R the gas constant, and f(c) a function inde-
pendent of temperature, the present authors'* found an
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Figure 1. The T0(U) relation for representative points according to the results of observations carried out at
specified times in different climatic regions: 1) very cold; 2) cold; 3) moderately cold; 4) moderately cold and
moist; 5) moderately warm; 6) moderately warm and moist; 8) hot and dry; 9) moderately hot and moist;
10) very hot and dry.
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expression describing the equivalent temperature:

7\, = —— | ln |—^. A^expf—— 111 . (3)

where n is the number of intervals Atj with an average tem-
perature Tj during the time interval t0 under consideration.

This expression for the equivalent temperature was
obtained for decomposition processes, creep, the relaxation
of stresses, etc.1* The identity of the expressions for the
equivalent temperature is due to the fact that the tempera-
ture dependence of the rates of different chemical and
physical processes is described by analogous relations of
the Arrhenius type.

It follows from Eqn.(3) that the equivalent temperature is
a function of the apparent process activation energy and of
the distribution of temperatures. For a known distribution
of temperatures, the dependence of To on U can be calculated
beforehand. Fig.l presents plots of To against V calculated
by Eqn.(3) for different climatic zones in the USSR using
data from Ref. I t .

One should note that the equivalent average temperatures
are not the same and in many cases there is not even a quali-
tative correlation between them. For example, the average
annual temperature in the zone of the temperate, warm,
and moist climate is 6.0 °C, while in the zone of the very cold
climate it is -12.5 "^C.1 For the same climatic zones, the
equivalent temperatures for V = 35 kcal mol"1 are respectively
13.3° and 14.3 °C (Fig.l) , i.e. a higher equivalent tempera-
ture corresponds to a lower average annual temperature.
Therefore treatment based on average annual temperatures
can lead to significant errors in calculations in view of the
considerable dependence of the rates of the processes on
temperature.

The equivalent temperature found from Eqn.(3) can be
regarded not only as the extrapolation temperature in pre-
dicting the changes in the properties of materials but also as
a generalised characteristic of the temperature conditions in
the storage and use of materials. It follows from the T0(U)
relations in Fig.l that the values of To for different climatic
zones are significantly different (up to 20 °C). In view of
the significant dependence of the rates of processes on tem-
perature, a difference of 3-4 °C in the equivalent tempera-
ture leads to a considerable difference in the rates of pro-
cesses and the storage time.

The Table presents the values of To and the relative rates
(w/Wcoid) of physicochemical processes in different climatic
zones of the USSR. The rate of processes in the zone of the
cold climate (Wcoid) has been adopted arbitrarily as unity.
Evidently the rates of physicochemical processes in different
climatic regions can differ severalfold. Nevertheless the
specified storage and utilisation times for articles are as a
rule stated to be the same for the entire territory of the
USSR (they are calculated for the most severe conditions).
After this time has elapsed, the stock of given articles can
differ severalfold depending on the storage conditions.

t In the absence of data on the distribution of temperature
in the given climatic region, the equivalent temperature can
be estimated from average minimum and maximum monthly
temperatures5. The distribution of temperature on the sur-
face and in the bulk of the articles differ somewhat from the
distribution of temperature in the ambient air. In the
absence of the effect of solar radiation, the corresponding
values of To will be lower than those in Fig. l .

Bearing in mind that the zone of the dry, hot climate con-
stitutes only -10% of the territory of the USSR (the zones of
the cold and temperate climates constitute 67 and 23% of
the territory of the USSR respectively)1, the desirability and
economic efficiency of differentiating the storage times as a
function of temperate conditions, at least for large and
expensive articles used under the conditions of a single
climatic region, becomes evident.

The relative rates of processes in different climatic regions
of the USSR.

Climatic region

Cold
Moderately warm
Dry and hot

U= lSkcalmol"1

r,, K

281.9
287.0
291.2

w/wcoid

1.0
1.58
2.46

U= 25kcalmol-l

7V K

285.6
289.0
294.0

WWcold

1.0
1.65
3.5

U = 35 kcal mol-1

To. K

288.3
290.6
296.0

w/wcold

1.0
1.7
4.8

I I I . CHANCES IN THE PROPERTIES OF POLYMERIC
MATERIALS ON AGEING

The experimental methods for the prediction of the changes
in the properties of polymeric materials during ageing are
based on accelerated tests under conditions of increased
temperature, moisture concentration, oxygen, radiation
intensity, stresses, etc.

A survey of studies6"16 during recent years in the Soviet
literature shows that the curves describing the variation of
the characteristics of materials during ageing under forced
conditions are complex. Nevertheless, the authors of these
studies used simplified methods for the interpretation of
experimental kinetic curves in calculating the expected
changes in the properties of materials or their storage times.
This approach can lead to contradictory estimates of the
expected changes10 and also, as will bs shown below, to not
only quantitative but also qualitative errors. This leads in
its turn to errors in the determination of the times of tech-
nical suitability of articles or unjustifiably high specifications
which must be met by the operational characteristics.

In the general case the characteristic of a material investi-
gated can be expressed in the form

where Y< is the characteristic of the material under consider-
ation and Cf the concentration of bonds of the ith type (chem-
ical, physical) which determine the level of Yj.

The time variation of the characteristic Yj is evidently
determined by the law governing the variation of concentra-
tion:

= c,(f, T, t = l , 2 (5)

(here t is the time, T the temperature, E, the stress, radia-
tion dose, the concentration of oxygen, etc.).

When the mechanism of ageing, which determines the form
of function (5), and the law governing the establishment of
properties (4) are known, the relation Yj = t(t, T, £) is
unambiguously defined and the problem of prediction reduces
to the corresponding analytical calculations at the storage
and operating temperatures of the material. This in turn
indicates the need to investigate and determine the quantita-
tive relations between the rate of ageing and different fac-
tors . The determination of the mechanism of ageing and the
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law governing the establishment of properties would be the
best guarantee of a reliable prediction.

However, in most cases the investigator does not have the
necessary information concerning the structure of Eqns.(4)
and (5) and the corresponding kintic constants. The gen-
erally accepted approach therefore consists in the study of
the kinetics of the variation of the characteristics of the
material under investigation Yi(t, T) with subsequent
extrapolation of the results to the real temperature conditions.

We shall analyse the possible features of the variation of
the characteristic Yj(t) (for example, in thermal ageing). We
shall assume that relation (4) can be represented by the
fairly general expression

n

^ X a ^ (6)

where aj,- and mjj are coefficients.
It follows from Eqns.(5) and (6) that, even under the con-

ditions of simple kinetic laws governing the variation of the
concentrations of bonds, the Yj characteristic varies with
time in a complex manner. The identity of the kinetic laws
governing the variation of Y, and CJ in terms of relative units
obtains only for n = 1 and m™ = 1 (in this case the kinetic
parameters of the changes in the above quantities are identi-
cal). For n = 1 and mjj ^ 1, the kinetic parameters of the
variation of the bond concentration and of the characteristic
are not identical even in the simple case where the bond con-
centration varies in accordance with the first-order law. For
n = 2 and niji = 1, the above kinetic parameters also differ.

The different operating characteristics of the material are
different functions of the concentration of the same bonds.
In other words, the coefficients of Eqn.(6) for different
characteristics of the material can be different. Therefore
the same chemical and physical transformations in the material
can lead to different changes in particular operating charac-
teristics . The kinetic parameters of the variation of different
characteristics can therefore also differ. In particular, the
apparent activation energy U—the temperature coefficient of
the rate of change of the characteristics—may not be the
same as the true activation energy for the physicochemical
process. The presence of stable bonds and the occurrence
of recombination processes lead to a limiting value of the
characteristic Yf.

J
For parallel competing first-order processes (structure

formation and degradation) with n = 2 and m« = 1, we have
c2 = c\ exp (— kit); c2 = cf — (cf — c°) exp (— k2t) ( 7)

and

j = ?! exp (— kxt) — y2 exp (— k.J) + Yf, (8 )

where kx and fc2
 a r e rate constants, cj and c\ are the concen-

trations at time t — 0, cf is the limiting concentration of
bonds, and Yi and y2 are coefficients which are functions of
cj, c\, and c~.

The plot of function (8) has an extremum and the corre-
sponding asymptotic section. Thus for relatively simple
hypotheses, the curves describing the variation of the char-
acteristics of materials during ageing have a complex form.
Nevertheless, in practical predictions of the changes in oper-
ating characteristics during thermal ageing, one normally
employs elementary kinetic equations (of zero, first, and
second orders), the treatment being limited in the case of
complex Yj(t) curves to the description of their initial sec-
tions only9"11 '15. There is a similar possibility of qualitative
errors. This can be readily shown in relation to Eqn.(8).
We shall assume that in the range of the temperatures of
forced tests k1>k2; the Yj(t) curves are then characterised
by a minimum. The prediction based on the initial sections

of these curves indicates a decrease of Yj under real condi-
tions. However, in consequence of the difference between
the activation energies, there is also a possibility of a change
in the ratio of the rates in the temperature range where the
materials are used (k2>k1). In this case there is a change
also in the nature of the Yj(t) curve under real conditions
(a maximum appears).

HO 60 80 WO
t, days

Figure 2. Calculated Yj(t) curves at different temperatures
(°C): 1) 90; 2) 80; 3) 70.

We shall illustrate this by the following example. Suppose
that the variation of the characteristic Yj (for example, the
short-term strength) is described by Eqn.(8) with Yi = 13.8,
Y2 = 9-8, yf = 6 kgf cm"2, kx = 7.4 x 10"6exp (-14 700/RT)
days"1, and k2 = 3.2 x 1017 exp (-30 000/RT) days"1. The cal-
culated Yj(t) curves at 90°, 80°, and 70 °C have the form
shown in Fig.2. The prediction based on the initial sections
of these curves (up to the Yj = 12 kgf cm"2 level), fitted by a
first-order equation, indicates an increase of Yj to 11.1
kgf cm"2 after ten years at 20 °C. On the other hand, cal-
culation of the predicted Yj(t) curve by the initial Eqn.(8)
indicates a decrease of the characteristic from 10.0 kgf cm"2

to 6.6 kgf cm"2 (Fig.3).

Yh kgf cm"

10.0

8.0

6.0

t, years

Figure 3. Predicted Yj(t) curves at 20 °C: 1) calculated
from the initial sections of the curves in Fig. 2; 2) calculated
from the Eqn.(8).

Another common method of predicting the change in the
properties of a polymeric material on thermal ageing is the
so-called graphoanalytical method10"1"'21'22. The essence of
the method consists in the determination of the time ty^ for

the attainment of identical values of Yj from experimental
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Yj(t) curves at different temperatures . The resul ts are used
to plot l n t y . = f ( l /T) and to find the time at t he operating

temperature by a linear extrapolation. The predicted Yj(t)

curve at the operating temperature can be constructed on the
basis of the complete set of values obtained.

It is easy to show that the linear relation between In ty

and IIT is possible only in the case where the change in the
characterist ics is described by the kinetic equation

RTI (9)

This postulates in its tu rn that the parameter U is indepen-
dent of Yj, i .e . that the In t y . = f ( l /T) linear plots are paral-
lel for different Yj. This limits the region of applicability of
the combined graphical and analytical method. The same
limitation applies also to the familiar method of transformation
coefficients23. In the case of curves with extrema, the
application of these methods can also lead to qualitative
e r ro r s in predict ing the changes in the propert ies of materi-
als .

It follows from the foregoing t h a t , when the mechanism of
ageing is unknown, in order to increase the reliability of the
prediction of the changes in the propert ies of a polymeric
material one must endeavour to discover the principal compo-
nents of the process involving a change in Yj and to obtain
an analytical description of the la t ter . For this purpose ,
one can use the procedures of formal kinetics23 '21*. Frequently
the form of the Yj(t) curves can be suggested by a version
of the analytical curve fitting method. For example, in the
case of S-shaped curves one can use formally the auto-
catalytic23'21* or Kolmogorov-Erofeev25 '27 equation; exper i -
mental curves with asymptotic sections can be described by
Eqn . (8 ) . In the lat ter case , in par t icular , the parameters
of the equation can be found by graphical or analytical
methods2 8 '2 9 and Yf is obtained by extrapolating the linear-
ised relation dYj/dt = f (Yj ) , corresponding to the last section
of the Yj(t) cu rve , to the zero value of dYy/dt or by the
method# quoted by Shenk3 0 .

Naturally, mathematical modelling methods can be used for
prediction on the basis of Yj(t) curves when the ageing
mechanism is unknown3 1 .

We shall indicate yet another method whereby experimental
Yj(t) curves can be fitted. Applying the methods for the
expansion of functions, it is easy to show that Eqn . (6 ) , cor-
responding to different varieties of relation (5), leads to a
possible representat ion of the function Yj(t) by the exper i -
mental series

Y*exp(— (10)

where yf can be both positive and negat ive. The coefficients
of Eqn.(10) naturally cannot always have a clear-cut physical
significance, b u t , by fitting this equation to experimental
data , one increases significantly the accuracy of the predic-
tion and the determination of the principal components of the
process involving the variation of Yj(t) is to some extent
guaranteed. The coefficients of Eqn.( lO) can be determined
by the above procedure for Eqn . (8 ) . Here the procedure
used to search for the coefficients of the equation can reveal
the fundamental s tages (components) of the process involv-
ing the variation of Yt(t).

# The method is based on the solution of the Yj = f(t)
relation linearised with respect to t.

As an example, we shall consider the ageing of rubber
based on SKMS-10 raw rubber. Fig.4 presents data for the
accumulation of the residual deformation ( £ r e s ) of the rub-
ber under natural conditions. Analysis shows that the
experimental data for the ageing of this rubber at 50—90 °C 32

are described satisfactorily by the equation
Sres = e~ s — Yi exp (— kjt) — y2 exp (— k2t), ( n )

where Eres = 97.5%, Yi = 68.5%, -y2 = 29.0%, fc1 = 3.2xio8

exp (-16 300/RT) days"1, and k2 = 2.5 x 1010exp (-17 400/RT)
days"1. The e r e s ( t ) for the regions of Central Asia and
Transbaikal were calculated from the relations obtained.
Fig. 4 shows that the prediction is confirmed satisfactorily by
observations carried out over many years.

Figure 4. Kinetics of the accumulation of the residual
deformation in rubber on storage in the regions of Central
Asia (curve 1) and Transbaikal (curve 2) [the calculated
curves were plotted on the basis of Eqn.( l l ) for To = 295.5 K
(curve 1) and 283 K (curve 2); the experimental points are
based on the data of Dobrosklonskaya et al .3 2] .

Mechanical stresses can have a significant influence on the
rates of chemical reactions33. Under the influence of mech-
anical loads, chemical bonds are ruptured in polymers and
free radicals are formed, giving rise to a chain of subsequent
reactions31*. The accelerating effect of mechanical stresses on
thermal degradation processes in low-pressure polyethylene
has been studied experimentally35. It has been shown36 that
mechanical stresses influence the apparent activation energy
and the pre-exponential factor for the ageing of rubbers.
According to the theory of absolute reaction rates33 , this
implies that the stresses influence not only the energy bar-
rier for the reactions but also the entropy of activation,
which reflects the necessity for a specific orientation of the
macromolecules.

Since the activation energy depends on the extent of the
stresses, it is useful to study the ageing of materials in
the, stressed state at different temperatures under the condi-
tions of constant stresses. The rates of processes then obey
the Arrhenius equation, which can be used for extrapolation
in the prediction. Tests under conditions of constant defor-
mation complicate the task involved in the prediction owing to
the temperature dependence of the rate of relaxation of
stresses. Because of this, the level of stresses is different
at different temperatures and hence there is a change in the
apparent activation energy for the process. The use of the
simple Arrhenius equation for prediction is in this case
illegitimate.
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The establishment of exact quantitative relations between
the rate of ageing, on the one hand, and temperature and the
extent of the stress on the other, makes it possible to calcu-
late by numerical integration methods the predicted changes
in the characteristics of materials under conditions of non-
stationary stresses and temperatures36.

IV. CHANGES IN THE PROPERTIES OF MATERIALS DUE TO
MASS TRANSFER PROCESSES

Mass transfer phenomena are due to contact between the
polymeric material and the surrounding medium and with
other elements of the given articles. There is then a possi-
bility of both physical and chemical transformations. Physi-
cal transformations are due to plasticisation, swelling, the
formation of pores, etc.; chemical transformations are caused
by the interaction of the diffusing substance with different
functional groups of the polymer.

In the study of the interaction of a given article with the
environment one usually investigates the changes of charac-
teristics as a function of the duration of the influence of the
medium (for example, increase in moisture content) 1G~18. The
results of such tests indicate a sensitivity of articles to
particular influences, but they are insufficient for the solu-
tion of the problems of prediction, since they refer to a spec-
ific geometry of the specimen, degree of penetration, etc.

For predictions of the changes due to physical transforma-
tions , it is necessary to establish the law governing the
variation of the concentration of the diffusing substance with
time at any point within the article:

t=ai(r, t) (12)

(here <Zj is the concentration and r the flux coordinate) and
the dependence of the characteristic of the material on con-
centration :

By solving the mass transfer equation'

(13)

(14)

where |i is the chemical potential and D the diffusion coeffi-
cient, one determines the law governing the variation of con-
centration ai(r, t). The dependence of the characteristics of
the material on the concentration Yj(aj) is established exper-
imentally. Simultaneous solution of Eqns.(12) and (13) yield
the relation

Y,=Hr, t). (15)

If the diffusing substance participates in the chemical reac-
tions responsible for the changes in the properties of the
material) for example, water in hydrolytic degradation reac-
tions 37~1*1), then in the prediction one must solve the non-
stationary kinetic problem taking into account the diffusion
of the reactants:

(16)

where <?(ia) is the rate of loss of the diffusing reactant (in
units of chemical potential) owing to the chemical reaction.
An evident condition for the solution of the problem is the
determination of the mechanism and kinetics of the chemical
reaction involving the diffusing reactant, which determine
the g(\i) relation and the Yj=f(ci, cz, . . . , cn, aj) relations.

The problem of the influence of atmospheric moisture is
particularly important. It is known that, for many construc-
tional polymeric materials, a change in humidity by several
hundredths per cent leads to significant changes in operating

properties. The endeavour to take into account the influence
of moisture in accelerated tests for ageing (the so-called
thermal-humidity ageing) is frequently expressed by the fact
that tests at elevated temperatures are carried out at the
level of the real relative humidity 1*2~1*1' (for example, 80 °C
and a humidity of 80%). While the humidity under storage
conditions is apparently reproduced, such tests can lead to
considerable errors since the limiting (equilibrium) moisture
content of the material changes significantly as the tempera-
ture is altered. This leads to non-equivalent changes in the
properties of the material for purely physical reasons.

In order to separate chemical and physical transformations
in thermal-humidity ageing, one can employ the method of
conditioning the specimens, which consists in the fact that
before and during thermal-humidity tests the specimens are
maintained at the same relative humidity and temperature
until the attainment of a state of equilibrium before measur-
ing the characteristics. The conditioning method is based on
the reversibility of the changes in the properties of the
material due to physical transformations. The changes in
properties detected in the course of tests on the material are
due solely to chemical transformations.

The tests involved in estimating the changes in the prop-
erties of materials due to physical transformations are
carried out by maintaining the specimens at different humid-
ities at a low temperature (20—25 °C). Under these condi-
tions , chemical transformations are hardly manifested during
the experiment. The experiments are used to determine the
sorption isotherms, the diffusion coefficients, and the Yi(ai)
relation.

We shall consider the changes in the operating properties
of polymeric materials due to chemical transformations in
thermal-humidity ageing. The simplest example is the case
where the characteristic of the material Yj investigated is
determined by a single type of bond subject to hydrolytic
degradation. Assuming that

Y, - ac", — = — kxcW, — = — kxcW + k2

it At
*—W), (17)

where W and We are the current and limiting (equilibrium)
moisture contents of the material and k2 is the mass exchange
rate constant, we obtain for the quasi-stationary state
(dW/dt a 0) "5

Ac

~A~T V
(18)

When the process takes place in the kinetic region (for
example, in the case of film materials), we have

.kc—=—kWc- ' - kY -k1 ' At 1 e ' At fti /• i -

In the diffusion region

k <fcc, d c AY
- =

(19)

(20)

(21)

(22)

(p is the water vapour pressure, Q the heat of sorption, and
X and v are coefficients), and the equation for the tempera-
ture dependence of the constants kx and k2, it is easy to
show that

Using the equation of the Freundlich isotherm

the Clausius-Clapeyron equation for equilibrium systems

d In p Q

E, -
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where U and E are respectively the apparent activation
energy for the reaction and diffusion and ax and a2 are coef-
ficients .

Eqns.(23) determine the temperature dependence of the
effective rate constants kx and k2 for the variation of the
characteristic Yj. If tests at different temperatures are
carried out at p = const., then it follows from Eqn.(23) that
the dependences of lnfci and lnk2 on IIT are linear, which
makes it possible to employ them for the prediction of the
rate of change of Yj when the material is stored under real
conditions. The apparent activation energy is then deter-
mined by the differences V -Q/v and E-Q/v respectively.

If the materials are tested at a constant relative humidity
of air $, then, bearing in mind that

(—L/RT) (24)

(p s a t is the water vapour pressure, L the heat of vaporisa-
tion, and X a coefficient), we obtain

exp (—
U — Q/v + L/\ \ r

RT I ' 2
E-Q/v + L/v'

RT (25)

where b1 and b2 are coefficients. Eqns.(25) also make it
possible to use for prediction the linear dependences of In k1

and lnk2 on 1/T, but naturally with coefficients different to
those in Eqn.(23).

The above relations (17)—(25) describe the changes in
characteristics occurring in consequence of chemical trans-
formations under the influence of water. The corresponding
coefficients can be found from experimental Yj(t) curves
obtained by the method of conditioning the specimens. The
overall change in the properties of the material is determined
as the sum of the changes due to chemical and physical trans-
formations.

One must note that Eqns.(17)-(25) refer to certain limiting
situations. In the general case a correct prediction of the
changes in the properties of the material is possible on the
basis of t* diffusion-kinetic model defined by Eqn.(16).

V. PREDICTION OF THE LIFETIMES OF MATERIALS

Ideas concerning the breakdown of materials as a process
occurring in time have come to be generally accepted1*7"53.
The breakdown of bodies under the influence of stresses can
be regarded as a chemical degradation reaction activated by
the s t ress . Different types of reactions have been analysed
in a number of studies51*"58 and in the review of Deyun et al.§

The time before the breakdown of the material under the
influence of a constant stress a under the conditions of a
constant temperature is referred to as the lifetime of the
material T. Experimental r(a) relations constitute the basis
for the prediction of the lifetime. The empirical relations (at
T = const.)

r=A exp (—CMX),

x—Bo~m ,

(26)

(27)
where a, m, A, and B are coefficients, have come to be most
widely used.

Eqn.(26) usually holds for rigid polymeric materials,
while Eqn.(27) is valid for elastomers. It has been shown55'60

that Eqns.(26) and (27) constitute limiting cases of more
general x(a) relations; the region of their applicability is

§ See E.V.Deyun, G.B.Manelis, E.V.Polianchuk, and
L.P.Smirnov, Uspekhi Khim., 49, 1574 (1980) [Russ.Chem.
Rev., No.8 (1980)].

determined by the extent of the stresses. Eqn.(27) holds as
a rule in the region of low stresses and Eqn.(26) in the
region of higher stresses. Since in experiments involving
the determination of the T(O) relation one measures the time
before the breakdown of the specimen under the influence of
the stress, x is frequently referred to as the mechanical
lifetime.

During storage and use, articles made from polymeric
materials are subjected to stresses and temperatures which
vary with time. Under these conditions, the lifetime can be
calculated on the basis of particular models of the process
(physical, chemical, and mechanical) 1*8''*9'55~58'60'61.

The breakdown of the material is characterised by the
degree of accumulation of defects. From the standpoint of
chemical kinetics, the degree of accumulation of defects in
the material is measured by the ratio of the amount of rup-
tured bonds to the total number of bonds per unit cross-sec-
tional area of the specimen. In the mechanics of continuous
media, the ratio of the time of application of the load to the
lifetime or ratio of the acting stress to the breaking stress
as well as other criteria serve as measures of the extent of
damage at a constant acting stress, while under non-sta-
tionary conditions the corresponding integral functions serve
as the relevant measures. The limiting degree of accumula-
tion of defects, usually set equal to unity, serves as a cri-
terion of the breakdown.

The criteria of Bailey1*8'1*9

x (a, T) (28)

Il'yushin6

'b

S(lb-t) (29)

and others61 '62 have come to be most widely used in engineer-
ing practice [in these relations t is the time of application of
the load, tb the time before breakdown, and S the breaking
(constant) stress]. Being of phenomenological origin, these
criteria have a physical basis in many instances. For
example, the applicability of Bailey's criterion has been
examined from the standpoint of the kinetics of the develop-
ment of cracks63.

Much experience has been gained in engineering practice
as regards these criteria and the limitis of their applicability
have been established. Bailey's criterion, defined by Eqn.
(28), which expresses the principle of the summation of
defects but does not take into account the history of the
applied load, is the simplest.

In contrast to Bailey's criterion, Il'yushin's criterion,
defined by Eqn.(29), reflects the history of the applied load,
while non-linear criteria examined in a number of studies60"62

make it possible to take into account more accurately the com-
plex laws governing the effect of the load and the mechanical
behaviour of bodies in terms of empirical coefficients.

As already stated, the breakdown criteria are used to
estimate the lifetime of the material (article) under the condi-
tions of a non-stationary stress. The properties of the
material are then assumed to be unchanged. Under real stor-
age and operating conditions, the properties of the polymeric
material vary owing to ageing, mass transfer, etc. processes.
The real lifetime of the material can then differ significantly
from the lifetime predicted on the basis of the results of
mechanical tests in which the effect of factors other than
stresses is usually excluded63 .
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The criteria of long-term strength, extended to the case of
physicochemical transformations, will be used to predict the
real lifetime. As a simple example, we shall examine Bailey's
criterion, which can be formulated as follows in this instance:

x (a, T, TI)

__ i
(30)

where ri is the extent of the change in the properties of the
material owing to physicochemical transformations. Assuming,
in accordance with Eqn.(27), that

T=B(Ti)o-m"" (31)

and taking into account the fact that ri =ri( t ) , we obtain from
Eqn.(30) for a, T=const . ,

= 1, (32)

where xs is the time before the breakdown of the material for
constant stresses and at a constant temperature (the lifetime).
Having established the characteristics of the variation of
B(t) and m(t) during ageing, mass exchange, and other
transformations, it is possible to calculate the lifetime from
Eqn.(32). In the general case calculations by Eqn.(30) or
(32) are performed by numerical integration.

where T0 =BocTm is the lifetime determined by the action of
mechanical stresses. For kxo(a) « 1, we have

In (35)

This condition limits the region where Eqns.(26) and (27) can
be used to predict the strength and lifetime of the materials.
When kx0 » 1 , we have xs < x0, i.e. the real lifetime is shorter
than the mechanical lifetime.

Evidently, when a »(kB0)
1'm, we have

and, when a« (kBQ)l^m

T, = ln£o—m In a,

we have
£-lln (kB0) — m/r1 In a

(36)

(37)

Thus the linear relation In xs =f(ln a) is converted into the
linear relation xs =f(ln a). The lifetime curve constructed by
plotting In xs against In a shows a characteristic inflection
(Fig.5). Fig.5 shows that the difference between the life-
times xs and x0 for low stresses can reach two decadic orders
of magnitude.

This approach to the prediction of the lifetime of a poly-
meric material under the conditions of physicochemical trans-
formations can be used virtually whatever the law governing
the variation of the parameters of the mechanical lifetime and
whatever other criteria of long-term strength are employed.
A necessary condition for this purpose is the study of the
kinetics of the physicochemical transformations and the
determination of the relation between the parameters of the
mechanical lifetime and the degree of transformation.

-ZM -is -o.d 0.8 1.6 lga(kgfcm"2)

Figure 5. Dependence of lnx s on In a for Bo = 107 s, m = 5,
and k = 5.7 x 10~9 s"1 (the curve in the absence of transforma-
tions is shown dashed )61*.

In order to elucidate the fundamental characteristics of the
Ts(t) relation, we shall consider the following example. It is
known that, in the ageing of many polymeric materials up to a
degree of conversion of 25-50%, the exponent m in Eqn.(27)
hardly changes; the variation of the lifetime is due to the
variation of the coefficient B. Assuming that the coefficient
B changes as a result of ageing in accordance with the first-
order equation

B=Boe\p (—kt),

where k is the rate constant for the ageing process, we
obtain, after integrating Eqn.(32),

t, = /2-'-ln (\+kB0o-m)=k-i\n

(33)

(34)

V I . ACCELERATED TESTS ON ARTICLES MADE FROM
POLYMERIC MATERIALS

Articles made from polymeric materials differ from speci-
mens of the materials in the first place by the presence of
stresses due to the geometry and size of the articles and also
the external influences to which they are subjected. In order
to estimate the lifetime of articles made from polymeric
materials, accelerated tests are frequently resorted to, i .e.
tests are made on the whole article or on its individual com-
ponents for the influence of various operating factors (tem-
perature and humidity of the surrounding air, temperature
differences, radiation, and applied loads).

Accelerated tests on an article without a detailed elucidation
of the characteristic features of the variation of the proper-
ties of the relevant materials are frequently regarded as the
only method of predicting their lifetime. The task to be per-
formed in selecting the conditions for such tests is believed
to involve the modelling of the operating conditions65. This
approach can hardly be regarded as useful, since a well-
founded choice of conditions for the tests is impossible with-
out knowing the characteristics of the variation of the prop-
erties of the materials. Furthermore, there is a possibility
of the case where the predicted changes in the characteris-
tics of the article under storage and operating conditions can
amount to a fraction per cent and complex and expensive
tests are then pointless.

We believe that the task of accelerated tests is not the
modelling of external factors but the reproduction of the
changes in the characteristics of the articles which are to be
expected during storage and use. These tests are carried
out in order to confirm the predicted changes in the charac-
teristics of the articles under the influence of various factors
only in those cases where the predicted changes are signifi-
cant and have a negative influence on the suitability of the
material for its purpose and when allowance for the changes
in all the characteristics of the article is difficult. The con-
ditions of accelerated tests on articles can be chosen only on
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the basis of the study of the kinetics of the variation of the
characteristics of the materials. The parameters of the tests
are selected on the basis of the condition that identical
changes in the operating properties of the polymeric material
under operating conditions are reproduced in the accelerated
tests:

AYi(to,to)=AY,(tuvA). ( 3 8 )

where t0 and ta are the storage time and the duration of
accelerated tests and Xo and Xa a r e the parameters of the
storage conditions and the conditions of the accelerated
tests (temperature, stress, relative humidity, radiation dose,
etc.). Tests designed to reproduce the changes in the prop-
erties of the material during ageing, mass transfer, and
under the influence of stresses are special cases.

Tests for thermal ageing are carried out by maintaining the
article at a specified constant temperature Ta during the so-
called equivalent time ta. In simple cases where the change
in Yj is described by Eqn.(9), the time ta can be calculated
from the relation65'86

' o (39)

Calculation of the equivalent time ta by Eqn.(39) without
taking into account the specific kinetic features of Yj(t) can
lead to significant errors. The most general method for the
determination of ta therefore consists of the following steps.
On the basis of the known kinetics of the variation of the
characteristic of the material during ageing, one plots the
predicted curve Yj(t) for specified storage conditions (T = T0)
and the curve Yj(t) under forced conditions (T = Ta). The
greatest changes in Yj are determined from the predicted
curve and the time ta corresponding to the attainment of
these changes at T = Ta is found (Fig.6). One must then
bear in mind that in the case of complex processes the maxi-
mum changes in properties cannot always be reproduced in
accelerated tests. Thus, for processes described by Eqn.(8),
there exists a temperature T* above which no changes occur-
ring under real storage conditions can be reproduced owing
to the inversion of the curves Yj(t). This is in no way
caused by a change in the mechanism of the processes but is
due to a change in the ratio of their rate constants. The
quantity T* is defined by the expression

R\n (AJAJ (40)

where Ul and U2 are apparent activation energies and Ax and
A 2 are the pre-exponential factors associated with the corre-
sponding rate constants. One should bear in mind that,
when T < 71*, it is possible to reproduce only those changes
which do not exceed the level corresponding to T a .

In accelerated tests on articles made from different polymeric
materials the problem of the simulation of several processes
arises. The choice of the equivalent times t& on the basis of the
apparent activation energy for a certain process in any given
material can lead to unduly extensive or, conversely, insuffi-
cient transformations in other materials. Analysis shows that
the problem of the reproduction of the real changes in Yj in
a multielement article can be solved rigorously only in a few
instances. These include cases where Eqn.O) holds for each
element (material) and there is a definite relation between the
kinetic parameters66.

The parameters of the conditions of accelerated tests for
the influence of mass transfer processes can also be chosen
from the condition for the attainment of identical changes in
properties during storage and accelerated tests. For this
purpose, one calculates from the solution of mass transfer
equations the change in the concentration of the diffusing
substance under storage conditions and in accelerated tests:

aj=f( t , r ) . Using the relation Yj = f(ctj), one plots on the
basis of the data obtained the curves Yj = f(t, r) from which
one determines the duration of the tests in accordance with
the scheme illustrated in Fig.6. In this case accelerated
tests are carried out at an elevated temperature and concen-
tration of the diffusing substance (for example, atmospheric
moisture). These tests can be combined with tests of the
reproducibility of the changes in the properties of the
material during ageing.

Figure 6. Selection of the duration of tests: 1) predicted
Yj(t) curve describing the variation of the characteristics
of the material under the conditions of storage or use at
T = T0; 2) the curve describing the variation of the charac-
teristics of the material under the conditions of accelerated
tests at T = Ta.

Under the storage conditions, articles made from polymeric
materials are subjected to prolonged stresses. These include
stresses due to gravitational forces, stationary and non-sta-
tionary temperature stresses induced by seasonal and diurnal
changes in temperature, etc. Well-founded conditions for
accelerated tests, designed to check the influence of various
forces (the level of stresses, amplitude, temperature, dura-
tion), are selected on the basis of identity conditions in the
accumulation of defects during storage and accelerated tests66:

n(T0, at T)0, g = .t (41)

where TT is the level of accumulated defects and ae are equiv-
alent stresses in the article. When Bailey's integral is used
as a measure of the accumulation of defects (TT) , the above
condition is formulated as follows:

At

7-,, ti0)

r
" J U

a
1.)

(42)

Consider the following example. We assume that the article
made from a polymeric material is stored at a temperature To
and is subjected to a stress ae during a period t0. The cor-
responding quantities af and T& are chosen for the acceler-
ated tests. Assuming for simplicity that no = rla = O» w e

obtain from Eqn.(42)

(43)

In this case, when the relation T(O) is determined by Eqn.
(27), we have, for Ta = T0,

(44)
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Since for a polymeric material we usually have m >6, the
increase of stresses under the conditions of accelerated tests
makes it possible to reduce greatly their duration. For
example, for af = 2af and m = 7, we obtain ta < 0.01t0 when

For an exponential relation between the lifetime and a [Eqn.
(26)], it follows from Eqn. (43) that

ti = t0 exp [a (cro
e— a\)]. (45)

When a = const., the following relation usually holdsl*8'1*9:

x=pexp(UbJRT) (46)

where U^ is the apparent activation energy for the break-
down and p a coefficient. It follows from Eqns.(43) and (46)
that, when o^ = a^,

(47)

The above relations indicate the possibility of intensifying
accelerated tests on articles by the application of forces and
elevated temperatures.

This approach can be used also in tests for cyclic influ-
ences of forces66. From Eqn. (41), one can calculate the time
during which articles must be thermostatted at negative
temperatures and the number of cycles simulating the influ-
ence of diurnal oscillations in temperature.

oOo

It follows from the foregoing that the endeavour to simplify
unduly the methods for the interpretation of kinetic curves
and the determination of the parameters of accelerated tests
can lead to gross errors, including qualitative errors.

A correct prediction is based on the study of the kinetics
of the variation of the properties of materials under the
influence of various factors and the mechanisms of the
processes taking place.
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