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estimating the l i fe t ime of a 
amponent of in teres t .  If. under ambient conditions a single enviromental 

ccelerated aging 

proposes a general phenomenological model potential ly applicable t o  
combined environment situations. The model i s  applied t o  l s te ra tu re  data 
uu Lfie LF~ermoraBiat;im s t e r i l i z a t i on  of Bacillus sub t i l i s  var niqer fo r  
which signif icant  synergistic ef fects  were found fo r  combined thema l  and 
radiat ion envirorunents. The proposed model does an excellent job i n  
predicting the e.xperinenta1 data. 

Introduction 

fn many instances it becomes necessary t o  use some form of acceler- 
ated aging (Winter, e t .  al., 1564) i n  order t o  estimate the l i fet ime of a 
component under ambient or  use conditions. The most common method of 
accelerated aging i s  referred t o  as the  over-stress technique; it involves 
increasing an environmental variable (eg . temperature ) above i t s  ambient 
value i n  order t o  accelerate the aging process. In order t o  be valid,  the 
environmental variable chosen must be the one tha t  governs the  degradation 
processes leading t o  component fa i lu re  under ambient conditions. This 
paper will be concerned with the most comon type of over-stress tes t ing,  
the  use of constant s t r e s s  conditions. The godl of t h i s  technique i s  t o  
deterniine a functional relationship between the accelerqting environmental 
variable and some measure of degradation suchdas.tKe. aver'age f a i l u r e  time. 
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I 

The derived funct ional  r e l a t ionsh ip  i s  then extrapolated t o  t h e  ambient . 
environmental s t r e s s  condition i n  order t o  estimate f a i l u r e  times under . , 

use conditions.  
The above discussion concerned t h e  accelerat  Ton of aging caused by' 

raising a s ingle  envir0nment.d s t r e s s  above i t s  ambient value. Often the. . 
de te r io ra t ion  of a component under ambient conditions i s  due t o  a combina- 
t i o n  of two or  more types of envirorimental s t resses .  The degrading 
e f f e c t s  of the  vaPious' environments may be' additive or synergis t ic .  
There i s  a t  present no general method of accelerated aging which can be. .  
used when s ign i f i can t  synerg is t ic  e f f e c t s  ex i s t .  The purpose of t h e  
present  paper i s , ' t o  introduce a simple model which may allow combined 
environment accelerated aging t o  be ca r r i ed  out i n  such cases.  ' The . ' 

mod.el depends on the  use .of constant over-stress experiments., so a br ie f  
review of the  fundamentals of t h e  constant over-stress technique w i l l  be 
given i n  the  next . sec t ion .  The postulated model f o r  combined enviroment  
accelerated aging w i l l  then 'be  described. The f i n a l  sec t ion  of t h e  paper 
Kill use l i t e r a t u r e  da ta  t o  t e s t  the postulated model. .: 

Constant Over-Stress Technique of Accelerated Aging 

Let Greek l e t t e r s  a ,  8 ,  .... represent  d i f f e ren t  types of , s t r e s s  
environments (eg. a = tempereture, p = rad ia t ion) .  Specific l eve l s  of 
s t r e s s  w i l l  be denoted by subscripts .  , For instance ai might corresiond 
t o  a temperature s t r e s s  o.f 400'~.  A hazard r a t e  f i ( a i , t )  i s  def ined .as  . . 

t h e  ra&e a t  which components fail under t h e  s t r e s s  ai. With g (ai ,t ) 
represent ing the nunber of goc~d corm>onents vs time under t h e  c o n s t k t  
s t r e s s  a_. 

(a,., t j  
H(ai, t)  = -dB d t #(ai,%) 

Ihtep;kating f o r  t i m d  zero t o  time t 

- .  where (0) represents  the  number of good components a t  time z e r o  and 
~ ( a ~ , t )  represents  the  f r ac t ion  of goad components remaining a f t e r  t i n e  ' 

t. If G(ai,t) and G(a j , t )  represent  the  f r ec t ions  of good cornpon6its 
remaining vs time i n  two constant s t r e s s .  enviroments ,  ai end a j  
respect ively,  then the re la t ionship  between G(ai, t ) and G(U ,t ) can be 
w r i t t e n  

where aji  ( t )  i s  ca l led  the time transformation f'unction. Par t icu lar ly  
sj-.:;?l.c"c23cs. OCC;I.I-. ~.:h...,n t i) :  time transformation function i s  ea.cld'. t o  a 
constant AjjA t h i e s  tlr32, i .e .  



a ( t )  = A . . t  
j i J 1  

In such constant acceleration;cases, Aji i s  ca l l ed  t h e  accelerat ion f ac to r  
from environment a .  t o  e n v i r o h e n t  a i  . Many phenomena can lead t o  non- ' , J constant acceleration s i tua t ions .  E x q l e s  are ( a )  when two ' react ions  
with d i f f e r en t  dependence on accelerat ing s t r e s s  l e v e l  a re  important t o  
t he  degradation and (b)  when ' the  range of accelerat ing s t r e s s  l eve l s  
encompasses some t r a n s i t i o n  (eg. g l a s s )  ,of a mater ia l .  In the  present 
paper we ignore such complications and r e s t r i c t  ourselves t o  constant 
accelerat ion s i t ua t ions .  1f ' constant accelerat ion holds f o r  an a type 
s t r e s s ,  the  dependence ,of the  accelerat ion f ac to r  Aji on the  l eve l s  of 
s t r e s s  w i l l  define the  accel&rat ion function 'h (a ) .  b e  of t he  goals of 
accelerated %ing i s  t o  determine t h e  func t iona l  form of & ( a )  and. use the  
derived ' funct ional  form t o  e,xtrapolate t o  t he  use s t r e s s  l e v e l .  

When the  hazard r a t e  ~ ( a ~ , t ' )  'is equal t o  a constant ka (ai) ,  t he  
cammon .case of f i r s t  order behavior occurs. . In t h i s  case .  

and ka (ai) i s  t h e  f i r s t  order r a t e  constant.  The value of t h i s  r a t e  
constant w i l l  completely.describe the  time dependence.of t he  f r ac t ion  of . ,. 
good components. 

Proposed Model f o r  Combined Environment Accelerated k i n g  

Ole of t h e  d i f f i c u l t i e s  encountered i n  accelerated aging i s  t ry ing  
t o  account f o r  the  combined e f f e c t s  of more than one tyye of environ- 
mental s t r e s s ,  where 'the po ten t i a l  fo r  synergism e x i s t s .  The bas i s  f o r  
t he  present model i s  s i m i l y  t o  t h a t  used i n  the  recent ly  introduced 
Equalized Aging Process (EAP) of Paloniemi (1976). In  t he  EAP method, 
which i s  relevant t o  thermal aging, an attempt i s  made t o  accelerate  
equally all important thermal react ions  through cont ro l  of t h e  react ing 
gaseous atmosphere. The present aging model l ikewise attempts t o  
accelerate  by an equal mount all react ions ,  including synerg is t ic  
reac t ions ,  per t inen t  t o  the  combined environment degradation. 

We begin by assuming t h a t  knowledge of the  appropriate s ing le  
environment accelerat ion functions e x i s t s .  In other words, i f  one i s  
i n t e r e s t ed  i n  simulating the  ambient aging i n  a combined enviroment  
encompassing two types of s t r e s se s ,  a and $, it i s  assumed t h a t  t h e  
accelerat ion functions appropriate t o  aging i n  the  s ing le  environments, 
%(a )  and % ( B )  respect ively,  have been determined. If t h e  use s t r e s s  
l e v e l  f o r  t e a type s t r e s s  i s  dengted by a, and one would l i k e  t o  
simulate a time tU i n  t h i s  environment by carrying out an over-s t ress  
experiment fo r  a t i n e  ta, then knowledge of (a) allows one t o  determine 
t h e  accelerated over-stress condition a, such t h a t  

Similarly,  knowledge. of % ($ ) allows one, t o  determine such t h a t  



. . 

In t h e  combined s t r e s s  environment, denotea by a ' p lu s  8 ,  we def ine 
G(a,$,t)  ,as t,he f r ac t ion  of good components remaining a f t e r  time t. .We , 

then define t h e .  synergism' f o r  a combiried environment experiment by wri t ing . 

In other words 6 (a, $, t ) i s  wr i t t en  as t h e  product of t he  s ing le  environ- 
ment G ' s  times a synerg is t ic  term Gs (a, $, t ) .  From accelerat ing aging 
t e s t s  .one would l i k e  t o  be able t o ' p r e d i c t  G(aU, $ t,), the  f r a c t i o n  o f .  ' 

good components remaining i n  the  use environment d t e r  t he  use l i fe t ime.  
From Eq. (8) , 

-The proposed approach envis.ions. a ,  s e r i e s  of experiments, each l a s t i n g  a 
d i f f e r e n t  time t and having over-stress conditions aa and pa chosen 
such. t h a t  Eqs. (8) and (7) are s a t i s f i e d  for ,  a given t,. A s e t  of accel- . . . 

e ra t ing  paraukters (ta, a,, pa) derived i n  t h i s  manner w i l l  be . c a l l e d a  ' 

matched s e t  t o  t he  use conditions (tu, a,, 8,). A matched s e t  implies an  
e,qual accelerat ion .of t h e  ' s ingle  environment react ions  with respect  t o  
t h e  use .  environment. Thus ' the  primary ( i n i t i a l )  react ions  governed by 
t h e  s t r e s s  environments a, and 6, w i l l  occur i n  t h e  same r a t i o  as i n  t h e .  
ambient environment but on a compressed time sca le .  If the  synergism i s  
due t o  secondary react ions  ( react ions  dependent upon one or  more of t h e  
primary react ion products) and the  .primaky react ions  b e  the  r a t e  
determining- s teps ,  it i s  reasonable t o  postulate.  t h a t  t he  , synerg is t ic  . 

. r eac t ions  i n  the  accelerated experiments.will  be the  same as i n  t h e  use. 
conditions except t h a t  they w i l l  occur i n  a time sca le  compressed by a 
. factor  equal t o ,  t he  compression of t he  s ing le  environment, time scale .  
ah i s .  implies t h a t  

. . 

Gs (a,, Pa. t a )  = G;(auY. p u ,  t,) (10 ) 
. . 

.Equations ( 6 ) ,  (7),  (9) and (10) l e a d  t o  ' . 

Therefore t he  f r ac t ion  of good. components remaining a f t e r  t he  use eondi- 
' 

t i o n s  can be predicted from the  mztched s e t  ,accelerated experiment;. The 
.. correctness of t he  model can be t e s t e d  by carrying out experiments using 

d i f f e r en t  Aatched s e t s  ,of accelerat ing parameters.' I f  the  values of 
G (aa, pa, t a )  a re  i d e n t i c a l  f o r  all matched s e t  experiments, good evidenCe 
f o r  t he  v a l i d i t y  of t he  model would e x i s t .  '31 the  next . sec t ion  we w i l l  
describe da ta  on one system which appears t o  conform , t o  the  propose'd 
model. 

Experimental . ~ o n f  irmation .of, Proposed Model 
' 

.An extensive study was conducted on the  thermoradiation s t e r i l i z a -  
t i o n  of Bacil lus s u b t i l i s  var .niger by a group a t  Sandia Laboratories 
(Reynolds, 1$9; Dugan, 1971; Sivinski  and Reynolds, 1972; Reynolds a d  
Rrannen, 1972). Experiments were run under dry heat envi.ronments as well  



as under g m a  r a d i a t i o n  (cobal t '  -60) conditions., both a t  roon temperature 
and a t  a nuinber of e levated temperatures. To compare the  s t e r i l i z a t i o n  
e f fec t iveness  o f  t h e  various environments, t h e  f r a c t i o n  or  number of 
surv ivors  in a given environment was monitored ver,sus time. Typical 
r e s u l t s  f o r  two thermoradiat.ion runs (Reynolds anh Brannen, 1972) a e '  
shown in Fig. 1, where the  log of t h e -  f r a c t i o n  surviving i s  p l o t t e d  

E g u r c  1: m i c a  Thernorad&ation S te r i  l i zati nn Data for 
Baci l lus  sub t i l u s  ' var n iger  

aga ins t  t i n e  i n  t h e  environment. The decays can be ap-proxiinated a s  f i r s t  
order ;  t h e  co~b ' ined  envirorment r a t e  ' cons tan ts  kc f o r  f i r s t  order  
behavior a r e  shown i n  t h e  f i g - q e .  S b i l a r  f i rs t  order, 'behavior was found 
for abh, other  e-xperinental condi t ions .  Zqs. (5)  a d  ( 3 )  with a end B 
repr,esent.ing temperature, T, and r ad i a t ion  d.ose r a t e ,  R ,  c u l  t h e n  Se .used . 
t o  show t h a t  Gs (T, R ,  t ) must a l s o  be described by a f i r s t  order r a t e .  

" '  constant  ks (T, R ) .  Thus i n  t h e  present  case ,  Eq. (8) can be r ewr i t t en  
' 

. . 

in terms of r a t e  constant as follows . . 

. . 
. .  . 

(12 

TO' t e s t  t h e  model f o r  combined environment acceler  e ted  aging, we 
must first determine the  si.ng1.e enviroraent  acce le ra t ion  funct ions  
appropria te  t o  temperature and r ad i a t ion ,  A~(T) and A ~ ( R - ) ;  respec t ive ly .  
$(T) can be obtained from t h e  thermal da ta .  In Fig. 2 t h e  l og  of t h e  . . ' 

t ermal r a t e  constant i s  p lo t t ed  versus ,  inverse  ' t.emperature and it i s  
c l e a r  t h a t  t h e  thermal d a t a  can be approxhated  as.Arrhenius with an '  . '  

ac t iva t ion  energy of 3.5 KC al/mole . 



Figure 2 : ' Arrhenius m o t  of 'Thermal .Rate Constants , 

Therefore 

In ordcr t o  obtain  A ( R ) ,  experiment's a.t. v~rlous r ad i a t ion  dose r a t e s  must 
be run a t  a  low enow% temperature such t h a t  t he  k (T)  term and the.  

, 

k (T,R) term i n .  Eq. (12) a r c  i n s ign i f i can t  coapare;f t o  t h e  k ( R . )  term. 
A? room temperature f o r  Bacil lks sub t i l u s  var niger  t h i s  con 8 i t i o n  i s  not  
s a t i s f i e d  s ince  small contr ibut ions  from the  k m )  term s t i l l  ex is t ' .  
For tunately ,  it h& been concluded from numerous s tud ie s  on t h e  r ad i a t ion  

. . 
s e n s i t i v i t y  of v i ruses ,  bac t e r i a ,  a d  c e l l s  of m ~ x t i a l i &  and p l an t  . 
~ y s t e m s  .(Dugan a d  T r u j i l l o ,  3.971) that 

i .e.,  a l i n e a r  r e l a t i onsh ip  e x i s t s  between t h e  r ad i a t ion  r a t e  constant  and 
the r a d i a t i o n  dose . r a t e ,  R.  For Baci l lus  s u b t i l i s  var niger ,  it has been 
estimat.ed (Dugan a ~ l d  Trujihbo, 1971) C = 0.0234 - ~ r a d ; l .  For our 

. . 
purposes t h e  exact value.  of C i s  irrirr'llaterial s ince we . a r e  interest ,ed only . . , 
i n  t he  r r l i n f ; i . nnacce l e ra t ion  function A ~ ( R ) ,  which i s  p ropor t ione l  t o R ,  
i . e . ,  

' 4 
. . 

' .  . . .. 
' 4i ( R )  R .. ' (15) . . 

With t h e  above es t imates  of t h e  s ing le  environment acce le ra t ion  f'unctioris, ' . 

+(T) and A ~ . ( R ) ,  a  t e s t  of t he  nodel oroposed f o r  combined envi roments  
could be ccu-ried out if synergism was important and i f  a  n u ~ b e r  of 
experiments conducted under 'hatched set." combined environ%ent  conditions 

, 



had been perfomed. .Since "matched s e t  " conditions.  were. not u t i l i z e d  .in 
t h e  ab.me experiments, a s l i g h t l y  d i f f e r e n t  a'pproach will be used t o  t e s t .  

- t h e  model. In t h i s  approach, .data obtained a t  3 6 8 ' ~  and various red ia-  
t i o n  dose r a t e s .  wiU be transformed, assuming the  correctness of t h e  
model, t o  obtain.  predicte'd da ta  versus r ad ia t ion  dose r a t e  a t  other  

. . 
temperat&es. The predicted r e s u l t s  w i l l  then be compared t o  ac tua l  
experimental d'ata. 

The so l id  l ine .  in Fig. 3 p l o t s  t h e  e'xperimental r a t e  constant 
k,(368, R )  versus rad ia t ion  dose r a t e  R using the  3 6 8 ' ~  experimental date.  

R, kradlh r , j . . .  

Figure 3 :  Experimental Thermoradiation Rate Constants a t  368O~ . 
. Compared t o  the  Sum of - the  ,Single Enviroment 'Rate . . .I . . 

I Const an ts  , 
' I  , 

I 

This da ta  was chosen because of i t s  i a rge  range of red ia t ion  dose. r a t e s  

! .  
and i t s  wel l  behaved character.  The so l id  line drawn through the  da ta  
i s  used f o r  the  calculat ions.  Also p lo t t ed  i n  Fig. 3 i s  a d o t t e d . l i n e  . 

. i  which represents  t h e ,  sum of t h e  ,s ingle  environment r a t e  constants . . 
i kT(368) and ~ R ( R ] ,  where kR(R) i s  estimated using Eq. (14,) with 

. , C = 0.0234 Krad' . coinparing t h i s  p l o t  t o  kc (368,. R ) ,  it i s  epperent * . . . .  .. .. - . , - - 
: t h a t  synerg is t ic  e f f e c t s  .are ex-trernely important f o r  t h e  cozbined . . . . . . .  ..- . "  .. . : 

r ad ia t ion  plus t e v c r a t u r c  enviror---:xi:. ~ijlercfore t h i s  should be 
appropriate system.in which t o  t e s t  the'proposed cmbined environment 

. . .  - --  - - 



model. If s p e r g i s m  didn ' t  e x i s t ,  t e s t i n g  of t h e  model would not be 
: meaningf'ul. 

By using t h e  r e s u l t s  f o r  k (368, R )  and'assuaing t h a t  t he  proposed .. 

model i s  va l id ,  we can const-E predicted r e s u l t s  a t  other  temperature 
and radia t ion  conditions : For instance t o  ca lcu la te  the  predic ted .  r a t e  
constant a t  363°K and 1 0  Krad/hr, kc (363, l o ) ,  we note t h a t  the  s ing le  
environment thermal r e s u l t s  give . . . . 

uking E~.' (15) t h e  model ' therefore  predic ts  t h a t  . . 

. . 

From Fig. 4, k, (368, 1 .3) = 1.42 hr-l; Eq. (17) then  predic ts  4 kc (363, 10)  = 0.74 hr- . This compares with the  experimental velue of 
0.78 hr-l. Data calculated . i n  the  above m k e r  were w e d  t o  generate 
r a t e  constant versus R curves a t  four  temperatures, 363" K, 3 7 8 " ~ ,  3 9 3 " ~ ,  
and 338°K. The r e s u l t s  are  shobm as s o l i d  curves i n  Fig. 4. The'. choice 
of temperatures was d ic ta ted  by having experiniental da ta  a t  these 
temperatures; these experimental .da ta  ( t r iangles ,  c i r c l e s ;  hexagons and . 

. squares) a re  a l so  p lo t t ed  i n  Fig. 4. The r e s u l t s  suggest t h a t  t h e  . . .. 

. . . proposed model does an excel lent  job i n  predict ing the  e x p e r b e n t d  . . 
. r e s u l t s  f o r  t h e  present system. Thi's ind ica tes  t h a t  the  model may.be 
usef'ul f o r  combined environment. accelerated aging. 9 

It should be noted t h a t  equations sinilar t o  Eq. (12) end (14) were 
previously used ' t o  model t h i s  s m e  data .  (Dugan, 1971; Dugan and 
0 ,  1 )  lh t h i s  e a r l i e r  modelling the  synergism was described 

. semi-empirically :by 
. .  . 

where C1, C2, and C a re  constants determined from t,he experimental  data .  3 

.The author i s  indebted . to  Marcel C.  Reynolds f o r  supplying the  
- -  . 

o r i g i n a l  t h e r r n ~ r a d ~ a t i o n  s t e r i l i z a t i o n  da ta  f o r  Bacillus sub t i lu s  var  
. . 

niger . - .  
. . 

n c t  t : .~ '  
. .  . . . . 



R , kradlh r . . 

. Fi.gure 4': ~ h e ~ o r a d i e t i o n  Rate Constants Fre&icted f r o 3  Model 
( so l id  curves ) Compared t o  Ekperinental  Rate Constants 
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