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Research, standardization and practice in accelerated ageing tests

S u m m a r y  —  The increasing use o f p o lym ers in various technological en vi
ronm ents requires u n derstan din g o f the degradation  ph en om en a and  ulti
m ately  controlling them . Q u estion s associated w ith perform ance, cost, dura
bility and  environm ental effects are closely related to each other and m u st be 
answ ered before the industry and the consum ers can ad op t n ew  m aterials. 
O ften , the u se o f accelerated agein g tests constitutes the on ly  possibility  to 
produce m easu rab le degradation  and the desired m aterials assessm ent. H o w 
ever, prediction of service life, especially for m aterials expected to perform  
reliably for m an y  decades, is a continuing challenge, w h ich  contains m an y  
pitfalls. In this paper, exam ples o f the m a n y  years' w ork  w ith  accelerated  
agein g  tests and lifetim e predictions carried out at SP Sw edish  N ation al Test
ing and Research Institute are u sed  to dem onstrate so m e problem s and pitfalls 
that can be m et w ith  in practice. Som e exam ples are also g iven  on insufficient 
inform ation  in international standards for agein g tests. Special attention is 
g iven  to prediction o f service life w ith  one data point on ly  as w ell as the 
influence o f different previou s history, different environm ents and different 
evaluation  m eth o d s on lifetim e prediction. O ther exam ples concern the u se of 
h igh  stress levels and physical depletion  o f stabilizers.
K e y  w o rd s : accelerated agein g tests, m athem atical m o d ellin g , du rability of 
m aterials, A rrhen ius relation, service life prediction.

BAC K G R O U N D

T h e constantly increasing use o f p o lym ers in various  
technological en vironm en ts presents an im portant chal
len ge to the p o ly m er technologists concerning d ev e lo p 
m en t o f n ew  m aterials and products, and to scientists in 
p rovid in g  a scientific basis for u n derstan din g the degra 
dation p h en om en a  and  u ltim ately to controlling them . 
Q u estion s associated w ith perform ance, cost, durability  
and en v iro n m en ta l effects are closely  related to each  
other and  m u st be answ ered before the industry and the 
con su m ers can ad op t n ew  m aterials.

L on g-term  perform ance or durability is defin ed as 
"A b ility  o f a p roduct and its parts to perform  its required  
function  over a period  o f tim e and under the influence o f  
technological en v iro n m en ts". There are tw o fu n d am en 
tally different approaches to m o d ellin g  the durability o f  
m aterials: em pirical approach that attem pts to describe  
m a th em a tica lly  "w h a t  has h a p p e n e d " and  predictive  
approach w h ich  is based on a m athem atical assessm ent 
o f the effects o f  d ep en d en t and in d ep en d en t variables 
and the su b seq u en t refinem ent o f the prediction based  
on experim ental data.

The natural (norm al) tests are a basic reference for 
any approach to the durability o f p o ly m eric  m aterials. 
C o n ce p tio n  "n o r m a l"  is u se d  to in c lu d e  con d ition s, 
w h ich  occur in a specific  tech n o lo g ica l en v iro n m en t  
w h ile  "s im u la te d " en v iro n m en ta l con d ition s indicate  
that the sim u lated  en vironm en t is as close as possib le to 
the practical conditions. In these cases it is im plicit that 
the tests and the practical applications h ave the sam e  
tim e scales. H o w e v e r , the u se  o f  accelerated tests is 
som etim es necessary as tests m a y  take m a n y  years to 
produce m easurable degradation  and the desired m ate
rials assessm ent.

Accelerated ageing tests and  extrapolation o f test re
sults constitute the predictive approach. Acceleration  is 
achieved usin g higher stress levels o f one or m ore degra 
d a tio n  factors relative  to the service  life  co n d ition s. 
H ow ever, the viability o f the m e th o d  requires so m e in
form ation  on  deterioration  rate constants for variou s  
properties as the functions o f structure, com p osition  and  
stresses. The lack o f inform ation  m ak es the d ev elop m en t  
o f e x p re ssio n s  that c o m p le te ly  p red ict p erfo rm a n ce  
a priori o f actual exposure data difficult and  som etim es  
im possible.
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M A TH EM A TICA L M O D ELLIN G  OF D U RA BILITY

Rates o f deterioration o f m a n y  im portant properties 
of p o lym eric  m aterials m a y  be described b y  S -shaped  
curves in w h ich  the retention o f property is plotted  in 
form  of d ep en d en t variable as a function o f independent  
variable. Indu ction  is a descriptor o f the valu e "i" that 
represents q u an titatively  the m a g n itu d e  o f the in d e
pen d en t variable necessary to initiate the rate controlled  
property change. Induction  then describes both the reac
tion rates specific to initiation and the quantity o f stress 
required for the production  o f a sufficient n u m ber of 
defects, or "o b se r v a b le " changes, that are necessary in  
order to be detected b y  the diagnostic tools. The rate
controlling step is that part o f the degradation  reaction  
that is easiest represented by a single rate equation. W rit
ing a slop e  intercept equ ation  w e obtain:

AP = m ■ S -b  (1)

w here: S —  exposure or stress, m —  slope, b —  intercept on 
the AP ordinate, representing property change.

W e  can write:

AP = m ■ (S -  i) (2)

w here: i = b/m the intercept on the abscissa which is the 
induction measured in terms of the independent variable.

Equation (2) perm its prediction o f the durability of 
the property " P "  in term s o f the exposure in the rate-con
trolling portion. The indep en den t variable, w hich  acts as 
the d rivin g  force for the degradation  reaction, m a y  be  
ligh t (U V, X -ray ...), tem perature, chem icals or physical 
stresses. In m o st cases, the in d ep en d en t variable is a 
com bination  o f tw o  or m ore variables som etim es leading  
to synergistic effects. If it assum es that ageing process 
consists o f several ch em ical or p h ysica l reactions, or 
both , then the rates o f these reactions can be presented in 
general form  w ith  N  equations

= ~ k i ( T )  • G i G l . 4'2 • -  8m  )  • Q  (c|. c 2, ... c N ) (3)

w here: 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 (where
пт{ represents the reaction order due to chemical m, in reaction 
i), C{ —  function of the concentration of characteristic group 
(cf) in reaction i (assumed to be independent on temperature).

For a s im p le  case o f N h o m o g e n o u s  eq u ation s and  
tim e tran sfo rm a tio n  t' -  A ■ t, the acceleration  factor  
(A) m a y  be calcu lated  at tw o  d ifferen t tem peratu res T] 
a n d  T2 , i f  re a c tio n  rates  at b o th  te m p e ra tu re s  are  
k n o w n  (see T able 1):

л  (dc,2 / d / )  f c / ( 7 2 b ; f  

(dcV l/d 0  *(. ( 7 |) . g |"''1

w here: i= l . . .m .
H o w e v e r , d egrad ation  b y  its v ery  nature involves  

n on -equ ilibriu m  processes, so  even  w ith so m e practical

utility this m o d e l m a y  not be com p letely  self consistent 
in a lon g  term th erm od yn am ic sense.

A RRH EN IU S RELATIO N  FO R TH ER M A L EXPO SURE

Relations o f the A rrhen ius form  m a y  ap p ly  to so m e  
properties o f so m e m aterials over lim ited  tem perature  
ranges. Th ey neither a p p ly  to all m aterials, nor to all 
properties and  m a y  be different in different tem perature  
ranges. Furtherm ore, degradation  is caused b y  a n u m 
ber o f different m ech an ism s for a g iv e n  case, w h ere  
so m e or all m a y  fo llo w  the A rrhen ius relation, bu t there 
is no guarantee that overall b eh aviou r is o f A rrhen ius  
form . D espite o f that, the A rrhen ius representation is 
probably the on ly  procedure currently available for ex
trapolation o f accelerated agein g tests to in -u se con di
tions.

In order to a llo w  extrapolation o f sh ort-tim e data to 
predict lo n g -term  p erform an ce, an appropriate curve  
m u st be d ro w n  through the short-term  valu es obtained  
at elevated tem peratures. Integration o f the rate equ a
tion for the chem ical reaction and taking logarithm  gives  
an equation in the form :

In t = ( E / R )  ■ 1/ T  + В (5)

A  plot o f Inf vs. 1/T then gives a straight line with  
slop e E/R and  is k n o w n  as A rrhen ius plot. The short- 
tim e points are obtain ed  b y  selecting an appropriate  
en d-poin t criterion o f a critical property. A t  least four 
such points are reco m m en d ed  in order to d raw  a best 
straight line. T h e slop e o f the line is a m easure o f the 
activation energy o f the degradation  process. E xtrapola
tion o f the line to low er tem perature can be d ra w n  to 
extrem ely lon g  tim es, bu t consideration  m u st be g iven  to 
the risk o f other factors w h ich  m ig h t cause deviation  
from  the projected straight line. It is o f course essential, 
w h en  ch oosin g  elevated tem perature not to induce any  
degradation  m ech an ism s other than those occurring u n 
der in-use conditions. A n  im portant con dition  in the use  
o f this technique is a reasonable k n o w le d g e  o f both the 
u n d erly in g  ch em istry an d  the im p ortan ce o f variou s  
physical effects.

T h e procedure described above is valid  for the sim 
plest (ideal) situation, w h ich  occurs w h e n  the relative  
rate o f change o f all im portant d egradation  processes  
rem ains constant at each o f the accelerated stress levels. 
This m ean s that all chem ical or ph ysical changes are 
sp eed ed  u p  equally, as the tem perature is ch an ged . A n 
other controversy in volves the a ssu m p tio n  that the effec
tive activation energy o f the degrad ation  process is inde
p en den t o f tem perature and agein g tim e.

PRED IC TIO N  OF SERV ICE LIFE 
W ITH ONE DATA PO IN T ONLY

Prediction o f service life, especially  for m aterials ex
pected to perform  reliably for m a n y  decades, is a con-
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tinuing ch allenge, w h ich  contains m a n y  pitfalls. O n e  of 
them  is u se o f accelerated agein g tests at one stress level 
for ranking or for p a s s /fa i l  decision  on different m ate

rials w ith ou t consideration o f activation energy. In place  
o f establishing the A rrhen ius diagram  from  agein g ex
perim ents at different tem peratures, it is often practised  
to u se o n e  exp erim en tal poin t on ly  and an assu m ed  
slop e (activation energy). If the slop e is selected conser
vatively  (lo w  activation energy) the risk that the true 
activation energy is low er is m in im al and the expected  
lifetim e is a conservative value.

F ig. 1. L ifetim e eva luation  u sin g  on e  data p o in t —  the con se 
q u en ce  o f  va rious activa tion  energ ies  (1 —  70 kj/m ole, 2 —  
100  kf/m ole, 3 —  1 3 0  kj/m ole); life tim e at 2 0  °C : 1 —  5 .5  
yea rs , 2 —  33  yea rs , 3 —  198 years

Figure 1 sh o w s the con sequ en ce o f variou s activation  
energies (E a) on  lifetim e prediction. U sin g  tim e transfor
m ation  function , the calculation gives that one m onth  at 
70 °C  corresponds to the lifetim e o f 5 .5 years at 20 °C  for 
the m aterial w ith  Ea = 70 k j /m o le , it corresponds to 33  
years for the m aterial w ith  Ea = 100 k j /m o le  and to 198  
years for a m aterial w ith  Ea = 130 k j /m o le .

E,,, kJ/moIe

F ig . 2. F req u en cy  d istr ibu tion  o f  activa tion  energ ies  (E a)  o f  
2 2 5  d ifferen t p o lym er ic  m ateria ls; A  —  acceleration  fa ctor

The key to select an activation en ergy that can be 
regarded as conservative is a k n o w le d g e  abou t the dis
tribution o f activation energies o f the specified type o f  
m aterials. In Figure 2 the frequency distribution o f acti
vation  energies o f 225  different m aterials is presented  
[1]. It is eviden t that the m o st frequent valu es are in the 
range 90— 120 k j /m o le  bu t the w h o le  range includes  
v alu es from  20  to 200  k j /m o le .  M a n y  en gin eers and  
scientists are u sin g  a "ru le  o f th u m b " in selection o f tim e  
and tem perature for accelerated agein g  tests. This rule  
tells that if the tem perature is increased b y  10 K, the rate 
o f degradation  reactions is d o u b le d  (the tim e is h alved). 
It is indicated in Fig. 2 w h en  this a ssu m p tio n  is true. O f  
course the acceleration factor (A ) d ep en d s on  activation  
energy and  on the tem perature range as sh o w n  b y  the 
tim e transform ation functions (Table 1).

T a b l e  1. Examples of time transformation functions

Degra
dation
process

Time transformation 
function * Comments

Chemical
reaction ят = exp[-E/R(l/Ti - 1/TS)1

Arrhenius equation 
temperature depen
dence of rate constants

Diffusion f l D  = exp[-ED/R ( l /T , - l /T s)] Arrhenius equation for 
diffusion

Irradiation Я ;  = Ui/Is)p
p  = 1 when pure photo- 

-chemical degradation

Mechanical
stress a„ = exp[b(o/,/ - 0/̂ )1

amorphous polymers 
under glass transition 
temperature (Tx)

Mechanical
stress

o ,  i - a , M  
a„ = —-------------

a , _ s - o , ( o o )

amorphous polymers 
above Tg

' E — activation energy, E d  — activation energy (diffusion), R — gas 
constant, f — test conditions, s — in use conditions, 1 — light intensity, 
p  — material constant, <y — applied mechanical stress, о/ (°°) — the 
highest value for infinite lifetime.

ILLUSTRATIVE EXAMPLES

It is generally recognized  that the service lifetim e pre
d iction  is v a lid  for a g iv en  p o ly m e ric  sy ste m  u n der  
given  service con dition s only. In the fo llo w in g  exam ples  
the various results, w h ich  also are o f significance, are 
presented.

The same material, different previous history

N e w  indoor profiles m a d e  o f rigid P V C  h ave been  
stu d ied  after variou s n u m bers o f repeated extrusions 
(m echanical recycling) in order to gain  k n o w led g e  about  
the changes o f properties and durability  after con ven 
tion al p ro cessin g  [2]. T h e  p ro files w e re  re -ex tru d ed , 
from  one to five tim es w ith ou t a d d in g  n ew  additives. 
The activation energies o f the therm al degradation  pro

cess in dark w ere determ in ed  for the m aterial after each
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Number o f extrusion

Fig. 3. Effect of repeated extrusion of rigid PVC on activation 
energy (Ea) of thermal degradation

re-extrusion  and  w ere fo u n d  to decrease w ith increasing  
n u m ber o f extrusions (see Fig. 3). The activation energy  
o f the m aterial after one extrusion w a s 128 k j /m o le  but 
a fter  fiv e  e x tru sio n s  th e c o r r e s p o n d in g  v a lu e  w a s  
99 k j /m o le . This in volves the overestim ation o f the life
tim e b y  a factor u p  to 3 .6  if w e  assu m e that the first valu e  
is valid  in d ep en d en t o f the num ber o f extrusions.

T h e  sa m e m a teria l, d iffe re n t en v iro n m e n ts

PE film s are co m m o n ly  u sed  in b u ild in gs as vap ou r  
barriers. In certain constructions, these products are in 
contact w ith  w e t concrete during their service life. The  
alkaline en vironm en t created b y  w e t concrete m ay  acce
lerate the d egradation  o f these products. P E -LD  film s  
w ere investigated w ith  respect to their durability b y  ac
celerated a gein g  at 70, 80 , and  90 °C  in contact w ith  w et  
concrete and in m oist air. The rate o f degradation  in the 
en vironm en t o f fresh w et concrete at am bient tem pera
ture w as m u ch  higher than in m oist air [3]. But also the 
activation en ergy w a s higher in w et concrete environ
m en t (136 k j /m o le  com p ared  to 118 k j /m o le ) . In spite of

Fig. 4. Effects of wet concrete and moist air on durability 
(elongation at break) of PE at 90 "C

the fact that the lifetim e (elongation  at break > 400  % ) of 
the film  at 90  °C  in w et concrete en vironm ent w as h alf of 
the lifetim e in m o ist air (Fig. 4), the extrapolation to 
40  °C  gives a lifetim e o f 66 years in contact w ith  w et 
concrete bu t 51 years in m oist air.

T h e  sa m e m ateria l, d iffe re n t e v a lu a tio n  m e th o d s

The oxidative degradation  o f PE is often fo llow ed  
u sin g  IR sp ectroscop y  m easu rem e n ts . A  qu antitative  
m eth od  d ep en d s on m easu rem ents o f the intensity o f the 
carb on yl ab sorp tion  b a n d  at 1710— 1720  c m '2 in  the  
IR -spectrum . The carbonyl absorbance is related to the 
absorbance o f a reference ban d  at 2019  c m '2 and is re-

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

ferred to as carbonyl index. Figure 5 sh o w s that m on itor
ing o f the degree o f degradation  b y  m easu rin g  the car
b o n yl oxidation  products d oes not correspond to the re
sults o f the elongation  at break m easu rem ents [4]. This 
accentuates the im portance o f the correct choice o f criti
cal property for the evalu ation  o f agein g.

H ig h  stress le v e ls

P rediction  o f ru bbers lifetim es is im p o rta n t for the 
ru b b e r  in d u s tr y , p a r tic u la r ly  fo r  th e m a te r ia ls  ex 
p ected  to p erfo rm  reliab ly  for m a n y  years. It is d e 
p en d en t on  accelerated a g ein g  tests a n d  extrap olation  
o f test results. A cce lera tio n  is a ch iev ed  u sin g  h igh er  
stress lev els  o f  o n e  or m o re  d e g ra d a tio n  factors rela
tiv e  to th e se r v ic e  life  c o n d it io n s . W h e n  c h o o s in g
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1П  ■ 1000
Fig. 6 . Compression set of ethylene/propylene/diene terpoly- 
mer (EPDM) in the Arrhenius plot

h igh er stress lev els  in accelerated a g ein g  tests it is im 
p ortan t n ot to cross certain critical lev els . P h ysica l and  
ch em ical p ro cesses occu r s im u lta n e o u sly  w h e n  a co n 
stan t stress is im p o se d  o n  rubber. G en erally , p h ysica l 
effects are d o m in a n t at sh ort tim es and  lo w  tem p era 
tures a n d  ch em ical effects are m ore ap p aren t at lon g  
tim e s  a n d  h ig h  te m p e ra tu re s . If a cce lera ted  c o n d i
tion s, su ch  as e lev a ted  tem p eratu re, are u sed  it fo llo w s  
that resu lts co u ld  be m isle a d in g . In F igure 6 , a d e v ia 
tion  fro m  a straigh t line is d em o n stra ted  as a result o f  
too  h ig h  tem p eratu re (> 1 2 5  °C ) [5].

Depletion of stabilizers

O n e  o f the m o st frequently u sed accelerated tests is 
oven  a gein g  at selected  tem peratures w ith  periodical 
exam in ation  o f the m aterials. C h an ges in m echanical 
properties are often u sed to fo llo w  the course o f degra-

0  5 0  1 0 0  1 5 0  2 0 0
Ageing time, days

Fig. 7. Oven ageing of PE-based non-woven materials at 80 °C 
in cabinets with low (0 .2  m/min) and high ( 1 0 0  m/min) air 
speed

dation. T h e im portance o f a proper selection o f the m o st  
significant factors cau sin g degradation  is dem onstrated  
in Fig. 7, w h ere the air sp eed  in the o ven -agein g  test w as

o f vital im portance [6]. A fter periods o f agein g , the elon 
gation at break w a s m easu red . T h e results clearly d e 
m onstrate that forced-air oven s (the type u sed  p red om i
nantly) can cause a significant antioxidan t loss b y  eva 
poration.

A n oth er im portan t p h ysica l transport process that 
can influence lifetim e prediction o f p o ly m eric  m aterials

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  o f stabilizers b y  m igration  or d iffu sion . In 
Figure 8 the concentration profiles o f an antioxidant in a 
film  stack are sh ow n . The antioxidant, w h ich  w as oc- 
tadecyl ester (Irganox 1076) w as present in three film s in 
the m id d le  of the stack at the concentration o f 0.1 % . The  
film  stack w as then heated at 50  °C  and the concentra
tion o f the antioxidan t in each film  in the stack w as  
m easu red  after various p eriods [7]. It is dem onstrated  
that the concentration in the d o p ed  film s is reduced to 
half o f the original valu e after 72  h ours o n ly  sh o w in g  the 
crucial im portance o f this process for the lifetim e predic
tions.

DESIGN OF LIFETIME TESTING

In the d esign  o f lifetim e testing, fo llo w in g  critical 
steps sh ou ld  be included:

—  C on sideration  o f all the factors w h ich  m ig h t con
tribute to the degradation  o f the prod u ct in the intended  
end use environm ent.

—  D escription o f the m ech an ism  o f the degradation .
—  Accelerated testing in order to defin e the m ost sig

nificant factors causing degradation  and evaluation  o f  
the activation energy or acceleration coefficient.

—  C onstruction  o f m o d els  an d  failure functions for 
the response o f the m aterial to the en vironm en t, based  
on the accelerated test results and the environm ental 
m easurem ents.
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