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Abstract

Accelerated aging can be useful in estimating the lifetime of a
component of interest. If under ambient conditions a single environmental
variable is the predominant cause of the aging process, accelerated aging
is often accomplished by raising the level of this variable above its
ambient value. The relationship between the mean time to failure and the
value of the accelerated environmental variable is extrapolated to ambient
conditions in order to estimate the embient lifetime of the component.
Often, however, the ambient deterioration of a component is due to a
combination of two or more environmental stresses. Synergism is sometimes
important in such cases so that the deteriorating effects of the various
envircnments are not additive. Because of possible complications caused
by synergistic effects, no general method currently exists for carrying
out accelerated aging in combined environments. The present paper
proposes a general phenomenological model potentially applicable to
combined environment situations. The model is applied to literature data
oun Lhe Lhermoradiation sterilization ot Bacillus subtilis var niger for
which significant synergistic effects were found for combined thermal and
radiation environments. The proposed model does an excellent job in
predicting the experimental data.

Introduction

+ In many instances it becomes necessary to use some form of acceler-
ated aging (Winter, et. al., 1964) in order to estimate the lifetime of a
component under ambient or use conditions. The most common method of
accelerated aging is referred to as the over-stress technique; it involves
increasing an environmental variable (eg. temperature) above its ambient
value in order to accelerate the aging process. In order to be valid, the
environmental variable chosen must be the one that governs the degradation
processes leading to component failure under ambient conditions. This
paper will be concerned with the most common type of over-stress testing,
the use of constant stress conditions. The goal of this technique is to
determine a functional relationship between the accelergting environmental
variable and some measure of degradation such-as the- average failure time.
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The derived functional relationship 1s then extrapolated to the ambient
environmental stress condltlon in order to estimate failure times under
use conditions.

The above discussion concerned the acceleratlon of aging caused by
raising a single envirommental stress above its ambient value. Often the.

deterioration of a component under ambient conditions is due to a combina- -’

-tion of two or more types of env1ronmental stresses., The degrading .

effects of the various environments may be additive or synergistic.
There is at present no general method of accelerated aging which can be.
used when significant synergistic effects exist. The purpose of the
present paper is to introduce a simple model which may allow comblned
environment accelerated aging to be carried out in such cases. The
model depends on the use of constant over-stress experiments, so a brief
review of the fundamentals of the constant over-stress technique will be

. given in the next .section. The postulated model for combined environment

accelerated aging will then be described. The final sectlon of the paper
will use llterature data to test the postulated model.

Constant Overfstress Technicue of Accelerated Aging

Iet Greek letters a, B8,.... represent different types of stress
environments (eg. a temperuture, B = radiation). Specific levels of
stress will be denoted by subscripts. . For instance a. might correspond
to a temperature stress of LOO°K. A hazard rate H(a;,t) is defined as
the rate at which components fail under the stress a;. With g(a t)
representing the number of good components vs tlme under the constant
stress a5

R )

Integrating for time zero to time t

glay,t)

t . . . ) ‘ )
O exp[-—f H(ai,t)atJ= Glay,t) . (@)

where g(0) represents the number of good components at time zero and
G(e.,t) represents the fraction of good components remaining after time

t: TIf G(a;,t) and GQZJ t) represent the fractions of good components
_remaining vs time in two constant stress. environments, a; and aj

respectively, then the relationship between G(d ,t) and GQZ t) can be
written. . '

6 ,t);.c,(a., a..(t))’ : | '(3)_

where a (t\ is called the tlme transformation function. Particularly
<1"~Tﬂ'cw*os occur when the time transformation functlon is eoual to a
constant AJ times time, i.e. :



ayp (8] = Ayt - -A &)

In such constant acceleration cases, Aji is called the acceleration factor
from environment a4 to environment a;. Many phenomena can lead to non- -
constant acceleration situations. Examples are (a) when two reactions
with different dependence on accelerating stress level are important to
the degradation and (b) when the range of accelerating stress levels
encompasses -some transition (eg. glass) of a material. In the present
paper we ignore such cpmplications and restrict ourselves to constant
acceleration situations. If constant acceleration holds for an @ type
stress, the dependence of the acceleration factor Aji on the levels of
stress will define the acceleration function A;(a).” One of the goals of
accelerated aging is to determine the functional form of Ay(a) and use the
derived functional form to extrapolate to the use stress level,.

When the hazard rate H(a;,t) 'is equal to a constant k,(a;), the

‘common case of first order behavior occurs.. In this case.

G(a;,t) = exp(-k'(a.)t) | 5).

and k, (a ) is the first order rate constant. The value of this rate
constant w1ll completely. descrlbe the tlme dependence.of the fraction of
good components.

4PropoSed Model for Combined Environment Acceleratéd Aging

One of the difficulties encountered in accelerated aging is trying

" to account for the combined effects of more than one type of environ-

mental stress, where ‘the potential for synergism exists. The basis for
the present model is similar to that used in the recently introduced
Equalized Aging Process (EAP) of Paloniemi (1976). In the EAP method,
which is relevant to thermal sging, an attempt is made to accelerate
equally all important thermal reactions through control of the reacting
gaseous atmosphere. The present aging model likewise attempts to
accelerate by .an equal amount all reactions, including synergistic
reactions, pertinent to the combined environment degradation.

We begin by assuming that knowledge of the appropriate 31ngle
cnvironment acceleration functions exiete, In other worde, if one is

 interested in simulating the ambient aging in a combined environment

encompassing two types of stresses, @ and.B, it is assumed thet the
acceleration functions appropriate to aging in the single environments,
A, (@) and AE(B) respectively, have been dctermined. If the use stress
level for the a type stress is denqted by a, and one would like to
simWlate a time t,, in this environment by carrylng out an over-stress

u
experiment. for a time t then knowledge of Aa(a) allows one to determihe

. the accelerated over-stress condition a, such that

y o 6)

Similarly, knowledge.of AS(B) allows one to determine"Ba such that

G(aa, ta) = G(au, t,

G(Bys t,) =GBy, t,) | - m



In the combined stress environment, denoted'By a plus B, we define
G(a,B,t) as the fraction of good components remaining after time t. We
then deflne the synergism’ for a combined env1ronment experlment by wr1t1ng

Gla, B, t) = G(a t) G(B,'t) G (@, B, t) ‘ (8)

In other words G(a, B, t) is wrltten as the product of the single environ-
ment G's times a synergistic term Gs(a, B, t). From accelerating aging
tests -.one would like to be able to predict G(au, t ), the fraction of
good components remaining in the use env1ronment a%ter the use lifetime.
From Eq. (8)

Gla, By b)) = Gle,, t) G(B,, t,) G (@, By, u)' (9)
‘The proposed approach env131ons a series of experiments, each lasting a
different time t and having over-stress conditions Qg and B_ chosen
. such. that Egs. (g) and (7) are satisfied for a given t,. A set of accel-

erating parameters-(ta, Qg5 Ba) derlved in this manner w1ll be called a
matched set to the use condltlons (t, > Gy, B,). A matched set implies an
equal acceleration of the’ 51ngle env1ronment reactlons with respect to
the use environment. Thus the primary (initial) reactions governed by .
the stress environments @, and 8, will occur in the same ratio as in the.
"ambient environment but on a compressed time scale., If the synergism is
due to secondary reactions (reactions dependent upon one or more of the
. primary reaction products) and the primary reactions are the rate
determining steps, it is reasonable to postulate that the synergistic
‘reactions in the accelérated experiments will be the same as in the use
conditions except that they will occur in a time scale compressed by a
. factor equal to the compre551on of the single environment tlme scale.

‘ Thls implies that

GS (Qa? Baa ta) = GSA(QU." Bu" ‘tu) B : o _(10)
‘Equations (6), (7), (9) and (10) lead to | | ' '4
Clag, Byr t,) = Glay, By, t) RNCERE

Therefore the fraction of good.components remaining after the use condi-
tions can be predicted from the matched set accelerated experiment. The
correctness of the model can be tested by carrying out experiments using
different matched sets of accelerating parameters., If the values of

Gla,, Bas ty) are identical for all matched set experiments, good evidence
- for the validity of the model would exist. In the next section we will
describe data on one system Wthh appears to conform to the proposed
model

»Experimental.Confirmation'of_Proposed Model

An extensive study was conducted on the thermoradiation steriliza-
tion of Bacillus subtilis var niger by a group at Sandia. Laboratories
(Reynolds, 1969; Dugan, 1971; Sivinski and Reynolds, 1972; Reynolds and
Brannen, 1972).  Experiments were run under dry heat environments -as well




as under gamma radiation (Cobalt -60) conditions, both at room temperature
end at a number of elevated temperatures. To compare the sterilization
effectiveness of the various environments, the fraction or number of
survivors in a given environment was monitored versus time, Typical
results for two thermoradiation runs (Reynolds and Brannen, 1972) are -
shown in Fig. 1, where the log of the fraction surviving is plotted
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Figure 1: Typlcal Thermorad;atlon Sterilization Data for
- Bacillus subtilus var niger .

against time in the enviromment. The decays can be approximated as first
order; the combined environment rate constants kc for first order '
behav1or are shovn in the figure. Similar first order behavior was found
for all other experimental conditions. Ecs. (5) and (8) with ¢ and B
representing temperature, T, and radiation dose rate, R, can then be . used
to show that G4 (T, R, t) must also be described by a first order rate
" constant kg (T, R) Thus in the present case, Eq (8) can be rewritten
~in terms of rate constant as follows

K (T, B) = ky(F) + lp®R) + & (T, R) . (2)

To test the model for combined environment accelerated aging, we
mucst first determine the single environment acceleration functions
appropriate to temperature and radiation, Ap(T) and Ag (R), respectively.

(T) can be obtained from the thermal data. In Fig. 2 the log of the
thermal rate constant is plotted versus inverse temperature and it is
clear that the thermal data can be approximated as-Arrhenius with an’
activation energy of 35 Kcal/mole. :
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Figure 2: Arrhenius Plot of Thermal Rate Constarits

Therefore

Ay() = 'exp-<'35 feaa/ m°le> - BN CEY
4 g , ‘ .

In order to obtain A,(R), experiments at various radiation dose rates must
be run at a low enough temperature such that the k,(T) term and the

(T,R) term in. Eq. (12) arc insignificant compared to the kg (R) term.
A% room temperature for Bacillus subtilus var niger this condition is not
satisfied since small contributions from the kg (T ,R) term still exist.
Fortunately, it has been concluded fronm numerous studies on the radiation
sensitivity of viruses, bacteria, and cells of mammalian and plant
- gystems (Dugan and TTqullO, 1971) that

B =R o

i.e., & linear relationship exists between the radiation rate constant and
the radiation dose rate, R. For Bacillus subtilis var nlger, it has been
estimated (Dugan and Trujillo, 1971) that C = 0.0234 Krad-I. For our
purposes the exact value.of C is immaterial since we are 1nterested only
in the radiation. acceleratlon function AR(R), which is proportional to'R,
i. €. - T , , o e

A (R) = ey

With the above estimates of the single env1ronment acceleratlon functlons
AAT(T) and AR(R), a test of the model vroposed for combined environments
could Vbe carried out if synergism was important and if a number of
experiments conducted under 'matéhed set" combined environment: conditions



- .

f'that synergistic effects are extremely 1mpprtant for the_comblned
~radiation plus temperature environment. Therefore this should be an .
appropriate system in which to test the'proposed combined environment o

had been performed. -Since "matched set"” conditions were not utilized in
the above experiments, a slightly different approach will be used to test.
the model. In this approach, data obtained at 368°K and. various radia-
tion dose rates will be transformed, assuming the correctness of the
model, to obtain predicted data versus radiation dose rate at other

“temperatures. The predicted results w1ll then be compared to actual

experimental data.
The solid line in Flg. 3 plots the experlmental rate constant

ko (368, R) versus radiatjon dose rate R using the 368°K experimental date.
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Figure 3 Experimental Thermoradiation Rate Constants at 368°K

Compared to the Sum of the Single Env1ronment Rate
Constants

This data was chosen because of its large range of radiation dose'rates
and its well behaved character. The solid line drawn through the data
is used for the calculations. Also plotted in Fig. 3 is a dotted line
which represents the: sum of the single environment rate constants
kT(368) and kg(R), where kg(R) is estimated using Eq. (14) with

= 0,0234 Krad- Comparing this plot to k, (368, R), it is apperent



model. If syaergism dldn't exist, testlng of the model would not be
. meaningful.

By using the results for k.(368, R) and assuming that the proposed
model is valid, we can construc% predicted results at other temperature
end radiation conditions. For instance to calculate the predicted rate
constant at 363°K and 10 Krad/hr, k. (363, 10), we note that the 51ngle
env1ronment thermal results give

kn(368) . - ¢
e LR . (e

Using Eq. (15) the model therefore predicts that

k_(368, 19.3) = 1.93 k_(363, 10) an

From Fig. b, k, (368 12 .3) = 1.2 hr-1; Eq. (17) then predicts

K, (363, lO) O 74 hr- This compares with the experimental vealue of
>O 78 hr=l. Data calculated in the above manner were used to generate
rate constant versus R curves at four temperatures, 363°K, 378°K, 393°K,
and 398°K. The results are shown as solid curves in Fig. 4. The choice
© of temperatures was dictated by having experimental data at these
temperatures; these experimental -data (trlanoles, circles, hexagons and
squares) are also plotted in Fig. 4. The results suggest that the
proposed model does an excellent job in predicting the experimental

'Aresults for the present system. This indicates that the model may be .

useful for combined environment. accelerated aging. :
. It should be noted that equations similar to Eq. (12) end (14) were
previously used to model this same data (Dugan, 1971; Dugan and
Truglllo, 1971). In this earlier modelling the synergism was described
. semi-empirically by
c C, -C,RT : -
k= () 1/?e2e 3/5 | (18)

S

'.where'cl,lce,'and C3 are constants determined from the experimental data.
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