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ABSTRACT .-

This document outlines some of *.he types of experiments which

can be used to improve reliability, simulate age, and predict life

expectancy of complex equipment. Brief discussion is given of

failure mode tests and compatibility tests, which often give

useful qualitative aging information. A detailed discussion

is presented on accelerated aging methods, emphasizing an approach

based on kinetic rate expressions. This kinetic approach offers

a convenient framework for describing the importance of competing

reaction pathways, transitions in a material, diffusion effects,

and sorption effects. It is concluded that, when properly con-

i ceived and carried out, accelerated aging studies of materials

| and simple components offer the best opportunity for naking

|
j quantitative age simulations and lifetime predictions of equipment.
.

*This work was supported by the U. S. Department of Energy (DOE)
under Contract #DE-AC04-76-DP00789 and by the Oualification' '

Testing Evaluation (QTC) Program (A1051-9) being conducted by'
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Commission*
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I. INTRODUCTION

. During the storage and use of a piece of equipment, the

materials and components contained in the equipment will be
,

subjected to various combinations of environmental stresses.
These stresses can cause adverse changes to occur, leading to

equipment failure. The degradation and performance of the

equipment can always be measured in real time by duplicating its

expected environments. Many applications, however, require

reliable performance for long periods of time. In such cases,

the generation of real time data is impractical, so that age
simulations or predictions of life expectancy must be based on i

experiments completed in a time short compared to the expected

life. The purpose of this report is to outline the types of

experiments needed to achieve such objectives and to indicate

some potential pitfalls and misconceptions possible in the analy-

ses of the requisite experimental data.

Section II describes a general approach which can be useful

for improving design, simulating age, and predicting lifetimes

of equipment. The emphasis here is on three important types of

experiments: failure mode tests, compatibility tests, and accel-

erated aging tests. The first two give useful qualitative

information, whereas quantitative predictions normally involve
,

the interpretation of accelerated aging data. For this reason,

Section III is devoted to a detailed description of accelerated
.

aging techniques.

5
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II. GENERAL APPROACH

.

Depending on the application of a piece of equipment, the

'relative severity of its storage and use environments can vary

greatly. The particular goals of an aging program will reflect
,

the intended application. Suppose, for instance, that a piece of

electrical equipment is electrically energized for a significant

percentage of its lifetime and certain of its components are ther-

mally stressed when energized. If those thermal stresses lead to

the deterioration and eventual failure of some component, then the

use conditions would be much more important to the aging than the

storage conditions. A goal of an aging program for this equipment

might be to predict its lifetime by simulating the in-use thermal

stresses on the thermally sensitive component.

A different case involves a piece of equipment for which the

use environment is equal to or less severe than the storage envi-

ronment. For instance, a switch may be called upon to operate one

time after being stored for many years in a hostile environment.

The goal of an aging program for this switch would be to predict

its lifetime through the simulation of the hostile storage stresses.

: A more complicated situation occurs when both the storage
|

and use environments can contribute to deterioration. An example

involves long-term storage under hostile conditions followed by
i .

|
one-time operation under even more severe conditions. For instance,

'

sa fety-rela ted equipment in a nuclear power plant may age for up

to 40 years under combined environments which can include radi.ation,

6
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thermal, and humidity conditions. In a severe accident, this

safety equipment may have to operate for significant periods of
.

time under much more severe environmental conditions. In such

cases, instead of predicting equipment lifetimes, the goal of,

an aging program would be to simulate a certain age of the equip-

nent (e.g. to produce a 40-year old piece of equipment). This

age-simulated equipment can then be tested under the severe

environmental conditions representative of the postulated accident

to determine whether aging affects its performance.

Although the three cases described above are representative

of many aging situations, other complicated combinations of storage

! and use conditions exist. For instance, if hostile storage and use !

environments alt'ernate many times during the equipment's lifetime,

age simulations can be ome exceedingly difficult.

It is apparent that one goal of an aging program is either

to predict the lifetime of a piece of equipment or to simulate

a certain age of the equipment. Another important and related goal

is increasing equipment reliability through changes in components

and designs. To achieve such objectives requires a well-conceived
,

experimental program; the purpose of this section in to outline

'

the steps of a typical approach.

Design of Equipment

.

During equipment lifetime, its components and materials will

see different combinations of environmental stresses. The stresses.

j can be constant, periodic and/or intermittent; some common examples

7
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include temperature, humidity, radiation, voltage, vibration,

and pollutant gases (from external sources or generated internally).

In the design of equipment, the choice of each component (or *

material) attempts to take into account the environmental stresses
.

expected for that component and its known responses to these

stresses based on past experience. In many instances, however,

little reliable aging data exists for the component or material

of interest. Even when aging data is available, it often applies

to a single stress alone, thus limiting its utility in the presence

of other environmental stresses. In addition, the degradation

parameters followed in any prior studies may not be appropriate

for the particular application. Finally, depending on the source

of the data and on the care taken in its generation, the reliability

of any previous aging studies may be suspect. It should be

clear from the above that, during the design stage of equipment,

reliable and extensive aging data in various environments can

be an invaluable aid in choosing components and materials.

_ Compatibility Tests

As noted above, the choice of materials and components

should be based on known responses to the expected environmental

stresses. Occasionally, however, a potentially damaging stress

is overlooked. For instance, a gaseous byproduct from one

'

material may degrade a second material. Screening for such

interaction effects is normally accomplished using compatibility
,

tests. These tests involve putting a number of materials to-

gether in a chamber in approximately the configuration that they

8
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will have in the equipment, and then storing the chamber at as

high a temperature as possible without causing some obvious
1

'

problem. By monitoring the degradation of each material in the
,

group and comparing the results with its degradation behavior

alone, interactions can be observed; compatibility tests are'

tr.t.s an excellent source of qualitative information. A number

I of problems, however, preclude the use of these tests for making

4

quantitative lifetime predictions. The most important problem

comes from the uncertainty in estimating an acceleration factor;

this uncertainty is due to the generally differing accelerations

of the degradations of the various materials contained in the

tent. Another problem stems from the difficulty in deciding on

the volumetric ration and relative positions for the materials

in the test. For these reasons, aging predictions or simulations

should not be derived from compatibility studies.

Failure Mode Tests

Failure mode tests are designed to identify the weak links

or the mechanisms by which equipment fails. This is accomplished

by exposing the equipment to environments * hat have higher than

use stress levels both singly and, where appropriate, in combi-2

nation. For every failure that occurs, a failure mode can be

i determined. This information is often of immediate use for indi-
!
'

cating where a change in material, components, or design may lead
,

to enhanced reliability. Such changes, however, are not always
*

possible, either because of expense (time or money) or because

clearly superior replacement components do not exist. Each

9
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f ailure mode discovered under the high stress conditions nust

then be investigated nore thoroughly and more quantitativoly to

*

assens its inportance under use conditions. This normally

involves the use of accelerated aging techniques.
.

Accelerated Aging Studies

The most reasonable approach to predicting equipment lifetime

and/or simulating equipment age involves accelerated aging tech-

niques. For each observed or suspected failure mode these tech-

niques attempt to determine, rationalize, and then extrapolate

to use conditions the functional relationship between the appro-

priate accelerating environnental stresses and the time to failure

(or to a certain amount of degradation). Although such techniques

can sometimes be accomplished on the equipment itself, it is usually

more appropriate to carry out a separate accelerated aging

study on each suspicious material or component (those implicated

by a failure mode and those suspected of possible degradation).

One reason is that a complex piece of equipment may have numerous

failure modes, each of which either is degraded by a different

environmental stress or has a different functional dependence

or the same environnental stress. In addition, for expensive

l equipnent, the large number of units necessary for extensive

whole equipment accelerated aging studies can be prohibitively
.

costly. If the equipment is large, the volune of environnental

aging chambers required can also cause problens. On the other
,

hand, accelerated aging studies on simple components or naterials

10
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usually offer the advantage of greater ease in controlling the

environmental variables and in accurately monitoring degradation

variables. Such studies also increase the feasibility of follow ,,

ing the damage through periodic destructive testing.

*
In planning accelerated aging tests, the results from failure

mode and compatibility tests are invaluable aids. The failure mode

tests indicate components and materials which limit the equipment's

lifetime and implicate the environments responsible for each failure

mode. In addit'an, they often suggest appropriate degradation para-

metera to monitor during the more extensive component and material ~

accelerated aging studies. The choice of these parameters is

crucial, since they must be closely correlated to the actual t,'ture

modes in order to successfully predict equipment lifetimes. The

results from the compatibility tests can also be useful by pointing

out additional arress environments to utilize in the accelerated
.

aging studies. If, for instance, a compatibility test indicates

that a byproduct gas given off by a second material hastene the

degradation of the material or com <nent of interest, this

byproduct should be one of the environmental stresses (e.g.

te.aperature, byproduct concentration) conairiered in the accelerated

aging studies.

Life Tests

Life tests are long-term failure measurements made under use.

conditions. These tests are obviously reliable if time is availablo
.

to pe:. form them. Unfortunately, the use conditions for equipment

and components may change as a design evolves or as requirements

11
,
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for the equipment are modified. In addition, a large number of

units must be tested at each anticipated use condition in order
~

to obtain statistically significant data. For these reasons, life

tests can be very inefficient and expensive. Perhaps the best use
9

of life tests is as a means of checking the predictions of accel-

erated aging tests.

.

Summary

' In summary, three types of experiments are useful for opti-

mizinq equipment reliability and for predicting or simulating

equipment degradation. Failure mode tests indicate: a) design

flaws in the equipment, b) the materials, compor.ents, and envi-

ronments important to each type of failure, and c) appropriate

degradation parameters for monitoring the adverse changes. Accel-

erated aging studies of the implicated components and materials

are useful for following their deterioration; by choice of an

appropriate damage parameter, one attempts to correlate the deterio-
.

,

ration to the equipment failures found in failure mode tests.

Group material aging tests (or compatibility studies) show whether

the aging of a specified material is affected by the aging of

other materials in the group and thus indicate additional envi-

ranmental stresses which should be included in the accelerated

aging studien. Of the three tests, only accelerated aging tests

lead to the possibility of quantitative prediction capabilities. .

For this reason, the remainder of this paper will be concerned
'

with the use and interpretation of accelerated aging.

12

. _ - . . - . . - . . - . - . - - , . , , , . . _ - - - - - - - - , - - - . - - .



.

.

__

III. ACCELERATED AGING STUDIES

General Approach
.

As indicated above, the most reasonable approach for predict-
.

ing or nimulating equipment lifetimes involves accelerated aging

studies on the materials and components linked with possible

f a ilurelt of the equipment. A combination of past experience,

failure mode tests and compatibility tests is used to identify

a) the materials and components suspected of possible degradation

during the equipment's lifetime and b) the environmental stresses

which cause the degradation. Each implicated component or material

is then aged in its appropriate accelerated stress environment;

the aging is monitored with a damage parameter or test chosen to

correlate with a known or possible failure mode. By determining

the functional relationship between the measured damage and the

accelerating stresses, rationalizing this relationship in terms

of the processes leading to damage, and extrapolating this rela-

tionship to the ambient conditions, predictions and simulations

of lifetimes become possible.

This section describes in some detail how accelerated

aging studies are accomplished by outlining the assumptions and

methodologies normally used. In addition, a number of complica-

tions and potential pitfalls of accelerated aging data are
,

described. Since it is common to have a single environmental

stress dominate a given f ailure mode, the present discussion
,

will be concentrated on aging in single stress environments.

13
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The general case where two or more environmental stresses con-

tribute to the aging of a material is much more complex;l such
.

complications go beyond the intended scope of this paper.

We begin by assuming that we have identified, 1) a component ,

or material suspected of significant aging in a piece of equipment,

2) the stress environment implicated in its aging, and 3) an appro-
.

priate damage parameter, D, which monitors a property correlated to

its expected or observed failure mode.

Since it is the easiest and most common accelerated aging

1
~ method, we will restrict our discussion to the constant overstreso

technique. In this technique, the stress variable of interest is

raised above its ambient value to a constant level, S, and the aging

!

is followed by monitoring the changes in the damage parameter, D.

In general, the time dependence of D cannot be expected to have a

simple functional form (e.g. first order decay); often, however, D'

will be a smooth monotonically decreasing function of time as shown

i in Fig. 1. The goal of accelerated aging is to accelerate all

important aging processes equally through an increase in the stress

level. If experiments are carried out at two different stress

levels and all the aging processes in the higher level experiment

are accelerated by the same factor, a with respect to those ins,

| the lower stress experiment, then the degradation of the physical

parameter, D, used to monitor the aging would also be expected to ,

accelerate by the same factor, a This implies that for the sames.
amount of degradation the decay times in the lower stress exper- .

iment would be a times longer than those of the higher stress
| s
! i

)

!

14
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Figure 1. Constant over-stress technique of accelerated aging.

Damage parameter, D, is followed vs. time at a constant stress

level, S .
t
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Figure 2. Hypothetical accelerated aging data, where the damage*

parameter, D, is followed vs. time at 3 different stress levels,

S S2, and S3'j i,
1
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experiment. Thus, as shown in Piq. 2 for three idealized exper-

iments run at the three stress levels S S and S3, the exper-1, 2,
.

imental decay curves would have the same shape when plotted versus

log time. In other words, if constant acceleration is achieved, .

the decay curves at various stress levels will be superimposable

by horizontal shifts on the log time axis. A convenient way to

check for superposition is to first choose one of the experiments

as a reference experiment (Sref). Then for each experiment at a

different stress level, S, one determines the constant multipli-

cative factor, a which when multiplied by the experimental timesg,

corresponding to the stress level, S, gives products which are in

best overall agreement with the times of the reference experiment.

a is often referred to as the shift factor. When data is plotted
g

vs. log t, the shift procedure corresponds to adding log a to thes

log t values representing a given stress experiment. As an example

!
of such a procedure, Fig. 3 shows the result of shifting the data

i

of Fig. 2; in this instance excellent superposition is indicated.

Whenever superposition is not found, the experimental condi-

tions did not result in a constant acceleration of the processes

underlying the chosen degradation varicble. In such canes, any

extrapolated predictions would be difficult and highly speculative.'

t

Heing able to test for superposition underlines one advantage of

experiments which follow the time evolution of damage. If only,

.

one data point (e.g., the failure time) is obtained for each experi-

mental stress condition, superposition, and hence constant accel- -

eration, cannot he verified.

16
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D u

1

log (t a )
g

Figure 3. The data of Fig. 2 after '_ime-stress superposition.

a is the shift factor.s

.
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If superposition is verified, the next step is to determine

the functional relationship between a and the environmental stresss
'

level, S, and then rationalize the relationship in terms of the

processing leading to damage. Certain functional relationships
,

are found to be commonly applicable to specified types of environ-

mental stresses. For example, when S refers to the radiation

dose rate, R, the shift factor is often found to be proportional

to the dose rate,2 i.e.

aR = R (1)

This relationship is easily rationalized as the expected relation-

ship when the damage simply depends on the integrated radiation

dose. When voltage stresses are used, such as in the aging of

3capacitors, the shift factor is often proportional to the

j voltage, V, raised to an exponent, n

I
Uay = V (2),

although no satisfactory explanation for Eq. (2) has been derived.

The most common stress used in accelerated aging is temperature,

T. The shift factor for thermal stresses is often related to a

3so-called Arrhenius term

T = exp (-E /RT) (3)a a

.

where R is the gas constant and E is the Arrhenius activationa

energy. Arrhenius behavior can be verified by plotting In a T .

T-1 as shown in Fig. 4 for the four te.nperatures, T1, T2, 3'
Tvs.

18
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Figure 4. Arrhenius plot of in of the thermal shift factor, a T'

inverse temperature (*K-1) for the 4 temperatures, T1, T2, T3''

vs.

and T . The resulting straight line behavior is extrapolated to
4

.

the use temperature, Tuse*
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and T . If a straight line results, Arrhenius behavior is indi-4
4

cated. The slope of the line is -E /R. Arrhenius behavior isa .

usually rationalized as coming from the chemical reactions under-
*

lying the degradation, since the rate constants for most chemical

reactions are found to have an Arrhenius dependence on temperature.

If the functional relationship between nd S can be deter-s

mined, then extrapolation of the relationship to the ambient stress

level is possible. An example is shown in Fig. 4 where the Arrhenius

line is extrapolated to the use temperature. The resulting predicted
.

value of In a at the use temperature can then be used with the7

accelerated results, such as those shown in Fig. 3, to make predic-

tions of the changes in the physical parameter vs. time under use

temperature conditions.

Thermal Aging i

The previous section described accelerated aging principles

which, in general, can be applied to any type of environmental

stress. Since a large percentage of accelerated aging studies

involve thermal environments, this section will concentrate on a

detailed discussion of thermal aging. In particular, thermal aging

will be analyzed in terms of the underlying chemical reactions

leading to degradation, and the discussion will indicate reasons

for the often observed Arrhenius behavior. Finally, a number of .

the potential complications which can occur in thermal aging will
.

be highlighted together with prescriptions for ameliorating their

effects. ,
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Kinetic Treatment of Aging - Material aging processes are generally

caused by changes in chemical species making up the material.
.

These changes are mostly due to chemical reactions, but can also

come from physical processes such as the slow evaporation of a
,

volatile component. Ideally, the changes in a material can be

followed by following the concentr?.tions of the various chemical-

constituents in the material. For example, one could follow the

concentrations of chemical cross-links, fillers, important chemical

groups being destroyed or formed, etc. In practice, however, this

is extremely dif ficult for complex materials such as a filled

polymer. Instead, it is more convenient to monitor a macroscopic

parameter, D, known to be related to the damage. This damage

parameter, which is often a mechanical or electrical variable,

is assumed to be some function of the concentrations of the

various constituents contained in the material, i.e.,

D= f(CA,Cp,CC' *I I4)* *

denote the concentrations of the A,B,C,where CA,CB,CC, . . . . . .

species, respectively. If, after the ambient lifetime, a certain

set of constituent concentrations (and, hence, a certain value of

D) exists, then successful accelerated aging can be achieved by

duplicating the final values of all the concentrations (and, hence,

D) in a shorter period of time by usilg a higher than ambient tem-
.

perature.

To discuss this approach in mort detail, it is convenient to.

4use a standard kinetic theory treatment in which the rate of
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change of the various concentrations is given in terms of rate

expressions

d (5) '

A=kl(T) Ca Cb Cc ... +k2(T) C C* + ... .
...

A Bdt A B C

.

dc c;....... <e)a = x,(T) e -c

.

In other words the instantaneous rate of change of the concentration

of A is given by the sum of a number of terms each representing a

particular reaction pathway leading to chanca- in the concentration

of A. For each term the rate is usually iand to be proportional

to the product of the concentrations of sccious reactant and product

species (A,B, C, ...) raised to certain powers. The proportionality

constants, for example k (T), are referred to as the reaction1

rate constants; since they are normally temperature dependent,

they are written explicitly as functions of the temperature, T.

Similar rate expressions will, in general, hold for the B.c ...

species as shown.

It is clear from Eqs. (4)-(6) that the kinreics underlying

degradation can be quite complex. In many cases, however, the

degradation is dominated by the changes of a single species, whose

concentration is controlled by one reaction pathway of molecularity

2 or less. Eqs. (4)-(6) would then simplify to expressions such.as

.

D= f(CA) II
.

dCA a b (8)= k (T) C C
dt 1 A B

22



_

For convenience, we will use these expressions as a basis for much

of the discussion that follows. Although more complicated expres-

sions will often be appropriate, in many of these cases the general
,

conclusions which will be derived using Eqs. (7) and (8) as bases

'

are still valid.

Suppose that the concentration of the B component in Eq. (8)

remains constant during the time when the material degrades. This

occurs, for example, a) if the degradation is very sensitive to a

small amount of reaction in which very little of the B component

is uned up, or b) if the B component is in such abundance that its

concentration changes are small for large changes in the concen-

tration of A, or c) if B represents a dissolved gaseous reactant

(e.g. Oxygen or water vapor) which is replenished from the atmo-
,

sphere nuch faster than it is used up during the reaction. When-

ever B is a constant, it can be included in the rate constant by

defininganewrateconstantk{=kC This leads toi3

dC
A = k'(T) C^ (9)

dt 1 A

which can be rearranged and integrated from time 0 to time t to
,

j give
!

C
,

A
! dC

F(CA)
A = k'(T) t=

C Ca 1 (10)A
O A.

where F(Cg) is defined as shown and C3.

0

A at time 0. Eq. (10), indicates that if the proper function of

i
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C is plotted vs. time at temperature T, a straight line of slope3

kf(T) will result. To relate this to aging predictions, we
.

first recall that successful accelerated aging requires a verifi-

cation that different accelerated stress (temperature) levels ,

have damage parameter D vs. time curves which are superposable

through the use of multiplicative shif t factors, a ( F ig . 3).T

The manner in which the shift factor a was defined implies >

T

that for a constant value of D

.

a t = a constant (11)T

Since D = f(Cg), a given constant value of D corresponds to a
given concentration of A. But from Eq. (10), for a constant value

of CA

k{{T) t = a constant (12)

i

{ Therefore, a must have the same dependence on temperature asT
9

k)(T) which means that the temperature dependence of the
damage parameter comes from the temperature dependence of the

reactions underlying it. The results of numerous studies indicate

| that a majority of reaction rate constants have an Arrhenius
|

dependence on temperature, i.e.,

( k " exp (-C /RT) (13)a

.

where E R, and T have the same meaning as before (Eq. 3). Somea,

4theoretical reasons exist for such a relationship based, for .

,

]
instance, on results from absolute reaction rate theory worked out

,

!

24

. . - , . . _ - . - - - _ - , . , - . _ . . - - _ _ _ . - . - - . - - - - - , - . - . . - . - - . . ,. ,



mee

by Eyring and others.5 The above discussion, therefore, allows

one to rationalize Arrhenius behavior for the degradation of a

macroscopic damage parameter. It is also obvious that complete,

knowledge of the details of the chemical kinetics is not

'

necessary for successful accelerated aging to be carried out. The

| kinetics have been discussed to: a) indicate the microscopic

processes underlying the accelerated aging procedures and b) offer-

some theoretical justification for expecting Arrhenius behavior

for a macroscopic damage variable. The kinetic formalism also

offers a convenient framework for discussing some of the nany

complications which can lead to non-Arrhenius behavior and, there-
fore, predictive difficulties. A number of these co plications

are discussed below.

Aging Complications Caused When More Than One Reaction is Important
4

to the Degradation - The discussion in the previous section was
|

based on the situation where one reaction dominates the deterior-
)

) ation of a material, as described by Eqs. (7) and (8). In certain

cases, however, a number of time dependent species will be important |
~

in determining the value of the degradation parameter and/or a

number of pathways (reactions) will be significant in changing the
concentration of an important species. In these situations,

described by Eqs. (4)-(6), two or more rate constants will be

important to the degradation. Unless the important rate constants

fortuitously have the same temperature dependence, raising the

temperature causes unequal acceleration of the various pathways. |,

I
This inequality greatly complicates lifetime predictions and age |

|
|
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1

.

.

simulations because it is generally impossible to exactly super-

pose accelerated data when all the underlying reactions are not
.

equally accelerated. However, given the experimental uncertainties

associated with most aging data and the possibility that the degra-
,

dation may be relatively insensitive to subtle changes in the

relative concentration of various species, " successful" super-

position may still be possible even when the important underlying
;

reactions are not equally accelerated. In fact, in certain cases,
f

exact superposition would be predicted even for unequal acceler-'

1
ation of the underlying reactions. As an example, suppose'

II4IA = k (T) C + k,(T) C
dt 1 A A-

,

i.e., two reaction pathways occur, both of which are pseudo first
,

order with respect to A. The overall degradation will remain

; first order in A regardless of the temperature; thus superposition

will occur. On the other hand, the temperature dependence of

will not be Arrhenius unlessi the experimental shift factors, aT,

the activation energies for both reactions happen to be identical.
i

Assune, for instance, that
1

/RT) (15)exp(-Eal1 (T)
,

k =

/RT) (16)(T) = exp(-Ea2k2
.

:
!

!

>E In the temperature range where the reactions are of,

and Eal a2
,

(T)-1corparable importance, hypothetical plots of in a7 arevs.

;

1
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' shown by the solid curve in Fig. 5. At the higher temperatures

where the process with the higher activation energy dominates the

degradation, this curve approaches linear behavior with a slope-

given by Eal/R. Similarly, a straight line of slope Ea2/E
.

will occur at the lower temperatures where the process of activa-

is dominant. In other words, the elevatedtion energy Ea2

temperature experiments will activate reactions which would not

be significant under the ambient temperature conditions. If

this higher temperature data (straight line) is extrapolated
!

to the ambient temperature as shown in the figure, overly opti-

mistic projections of usable life results. In analyzing aging

data, one should, therefore, be aware that non-Arrhenius behavior
.

and/or non-superimposable data are two indications that more

than one reaction may be important to the degradation process.

This discussion underscores the importance of minimizing extra-
,

polation distances by carrying out accelerated experiments at
the lowest temperatures that will provide reasonable acceleration.

The larger the extr4polation to ambient ccnditions, the greater
'

!

will be the das:ger of having the dominant reaction mechanism

j change.

A final note of caution about changes in degradation nechanisms

| oncerns cases yhere the temperature range of interest encompasses

a transition of a material (e.g. a crystalline melting point or '

i - glass transition temperature of a polymer). It should be antici-

pated that the dominant reactions above and below a transition might t

-
.

4

|
|

I

l
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be quite different so one must be extremely cautious before extra-

polating through a transition point.

.

Aging Complications Caused by Diffusion Effects - Earlier, using

Eqs. (7)-(9), we discussed the case where only one reaction is,

important to a material's degradation. Implicit in the transfor-

mation from Eq. (8) to Eq. (9) was the assumption that the con-

centration of B was constant and could, therefore, be included in,

i
j the rate constant. This occurs whenever B is in large excess or,

if R comes from a medium surrounding the material (e.g., B = O2
or H O), whenever diffusion effects are unimportant.2

As an aid in discussing these effects, suppose Eg. 8 represents

an oxidation reaction (B = 02) ccurring in a polymer sheet of

thickness 1. If oxygen is replenished from the surrounding air

atmosphere by diffusion into the polymer with a diffussion constant

D then the oxygen concentration in the sheet will be described.by
'

g,

23C 3 Cg o
2=D 2 - kCa Cb (17)

at s 2 A3x 2

where x = 0 at the center of the sheet and x = 1/2 a t the edges.

Eq. (17) showo that at equilibrium, the concentration of 02 at a
| given location is a balance between the rate of 02 replenishment

from diffusion effects and the rate of 02 consumption through reaction.

If replenishment is not fast enou .; La keep the 02 concentration in- s

the center of the sheet at its equilibrium sorption value, then the
.

02 concentration will depend on time until equilibrium is reached,

29
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after which it will be spatially dependent (lower oxygen concen-

trations towards center of sample). Because of these so-called
,

diffusion effects, the degradation rate will depend on spatial
'

position in the sample and, therefore, on sample thickness. A
,

degradation rate which depends on sample thickness is in fact

one of the best methods by which diffusion effects are recognized.

Another clue to important diffusion effects comes from temperature

dependent studies. For most gases of interest, the activation

in polymers is around 10 kcal/ mole,6 whereas theenergy for D3

activation energy for thermal oxidative degradation is typically

much larger, ranging around 20-30 kcal/ mole. Therefore, as

diffusion effects become important, raising the temperature

normally increases their importance, until eventually the

Arrhenius activation energy approaches 10 kcal/ mole. Diffusion

effects are therefore indicated by a low activation energy or

by an activation energy which decreases as the temperature is

raised, as shown in Fig. 6. Comparing Figs. 5 and 6, it is
,

apparent that diffusion effects can cause difficulties similar

! to those caused by having two reactions important to the degra-
:

dation. Again, one way of minimizing the chance for such an

effect to occur is to minimize the aging temperatures used.

Diffusion effects can also be minimized by reducing the thickness

of the samples being aged until the degradation no longer depends
'

on the sample thickness.

One final note of caution is necessary. In certain cases,
4

diffusion limited degradation will occur under use conditions,

\

|
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Figure 6. Hypothetical Arrhenius plot for an oxidation degradation

process which becomes diffusion controlled at higher temperatures.-
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for instance when an important gaseous or liquid reactant sur-

rounds a thick glassy material. In nach cases, extreme caution

must be used when attempting to accelerate the degradation.
-

| Aging Complications Caused by Sorption Effects - In the previous -

section we showed that even when a single reaction of molecularity

two dominates degradation, it is advantageous to keep the concen-

tration of one component (e.g. C ) nstant during aging. This
B

allows C to be included in the reaction rate constant as discussed
B

for Eqs. (8) and (9). When B is a gaseous reactant such as oxygen

(0 ) r water vapor (H O) which must diffuse into the degrading
2 2

material, this entails going to a low enough temperature or thin

enough sample so that the reaction is not diffusion limited. When

diffusion effects are absent, C will be time independent and equal3

to its equilibrium value determined by t' e sorption characteristics

of B in the material of interest. However, in general, equili-

brium sorption concentrations are temperature dependent, which

means that the rate expression of Eq. (8) becomes

- _ _ _ _ .

dC (10#bgg = ky(T) C CB(T)

In other words, the temperature dependence of the degradation comes

from a combination of the temperature dependence of the kinetic rate

constant, kg, and the temperature dependence of Cg. There are sone

subtle and very interesting complications caused by this sorption

effect and these will be discussed in detail in this section.
9

It is convenient to describe corption in terms of isotherms,

which give the relationship at constant temperature between the

32
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4

i

equilibrium concentration of penetrant inamaterial,C[,andthe
partial vapor pressure, P f gas surrounding the material. TheB,

s ,
relationship is written

, CB=a (PB) P II9)B

4

i

where is the solubility coefficient, which, in general, dependso

on P . When is independent of P linear or so-called idealB a B,

sorption behavior results.

CB=aPB (20)

This equation is Henry's Law, and this behavior is found for most

i permanent gases such as 02 sorbed by polymers at pressures less

than apr,roxinately two atmospheres. Non-ideal behavior where o

depends on PB usually occurs for condensable fluids like H 0.2,

These two cases turn out to have quite different implications

for accelerated aging studies and will, therefore, be discussed
i

separately.
i

( Permanent Cases - For permanent gases (e.g. 02) dissolved in
:

i polymers at low pressures, solubilities are low (C < 0.2%), and

Henry's Law (Eq. 20) applies.6 The temperature dependence of the

solubility coefficient is given by an Arrhenius-like expression.

| o=c exp(-aH /RT) (21)a s.

| where AH is the heat of solution. The absolute value of AH is
*

s 3
,
I

|
,

,

33'
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typically small (less than a few kcal/ mole) so that the equili-
;

brium solubility either increases or decreases slightly with

increasing temperature. Hypothetical isotherms for 0 in a given
~

2

material at three temperatures (T3>T2>T1) are shown in Fig. 7
:

"

for the case of AH small and positive. Suppose 02 is important, g

i to the degradation of this material and the important kinetic

; process is described by
i

dC a bA=k (T) C C (22)
dt 1 A O 2

:

If one wanted to do aging experiments at the three temperatures T ,
1

T and T3 and extrapolate the results to the ambient temperature,2,

Tamb, one approach would entail keeping CO independent of temper-

ature and equal to its value under the ambient temperature condi-

tions. Fig. 8 shows sorption isotherms for the four temperatures
;

of interest. If a one atmosphere air environment is present under,

i

ambient conditions, then the partial pressure of 02 under anbient

; conditions, P is approximately 0.2 atmosphere. This correspondsamb,

to the ambient dissolved O2 concentration, Camb, as shown in Fig.'

8. For the three accelerated experinents, knowledge of their iso-

therms allows us to choose appropriate 02 Partial pressures, given
> ' hy P1, 2,P and P3s as to keep the dissolved 02 concentration

constant as the temperature is changed. This wi]l make the temper-
,

ature dependence of the degradation come solely from the temper-

ature dependence of the rate constant k . The measured activation *

l
.

energy will, therefore, represent the activation energy for the
1

i thermo-oxidation degradation process.
,

l
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Figure 7. Typical Henry's Law isotherms for oxygen at the 3 ten-

and T . The concentration of dissolved oxygen,peratures T1, T2, 3

C is plotted vs. the oxygen partial pressure, P The slopes
O , O.

2
of the lines give,o, the solubility coefficient.

j

.

G

'

35

_ _ _ _ _ . . _ ~ . _ _ _ . _ - - . . _ _ _ _ _ _ . _ _ _ _ _ . _ . _ _ _ _ _ . _ . , . . _ _ . _ _ _ _ . . - _ _ . _ _



C
0
n2

.

a (T )3
C "UI------~ ~ ~ - - -- --

3
'

i 2
C

-~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

#R)2 '
1

C
1 i

i

'

a(Tamb)C --- -

amb
- - -- - - - ---

i
i | I

,

I I
'

i
li i

I ' I
I

I I I
|

| |
|

| I 1

1 I l ;

1 I I t

i I I t yp
PPPP327 amb 2

(O. 2 atm)
i

rigore 8. Typical fienry's Law isotherms for oxygen at the anbient

(or use) temperature, Tamb, and at 3 accelerated temperatures, T y,

T and T . The oxygen partial pressure under ambient conditions2, 3

is P which corresponds to a dissolved oxygen concentration, Camb, anb- -

The accelerated experiments can either be carried out keeping Canh
.

constant (and, therefore, at P P and P3) or keeping Panh constant1' 2,

(and, therefore, at C1, C2, and C3)*
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Unfortunately, carrying out experiments in the manner described

above necessitates knowledge of the sorption isotherms under both
,

accelerated and ambient conditions. Since such results are seldom

available, the usual experimental procedure is to carry out the'

accelerated experiments using the gas concentration representative

of the ambient conditions, i.e. P Under these conditions,
b.

Fig. 8 shows that the concentration of dissolved O w uld correspond
2

and C at the three accelerated temperatures. Therefore,to Cy,C2, 3

the temperature dependence of Eq. (22) would include a contribution

from the C # " with the rate constant by
O 0

2 2

defining an effective rate constant

keff(T) =ky(T) [C (T))b (23)g
2

.

Since

ky(T) exp (-E /RT) (24)-

and from Eqs. (20) and (21)

1

9 I U/ ) (25)C ( "
O s

2

we obtain

.

exp [ (-E - BAH )/RT] (26)keff(T) a
a s

.
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In other words, experiments carried out at a constant P Willamb

lead to degradation with an Arrhenius dependence on temperature.

The experimentally measured activation energy will be Eeff which *

is given by
.

Eeff = E + bah (27)a s

The true activation energy, E for thermo-oxidative degradationa,

is typically around 20 to 30 kcal/ mole. Since the absolute value

6of AII is a few kcal/ mole for permanent gases and the absolutes

value of the exponent b is normally less than 2, the value of

R is simil r to Eeff a*

The above discussion shows that, due to the Arrhenius depend-

ence of sorption for permanent gases, accelerated aging predictions
|

can usually be made by carrying out accelerated experiments under

the atmospheric conditions representative of the ambient environ-

ment, even though temperature dependent sorption effects enter.

In fact, it is often advantageous to carry out the experiments in

this way since the data can be used to make predictions for dif-

ferent ambient temperatures as long as the ambient atmosphere

remains constant (e.g. ambient air). In contrast, experiments j

carried out using the more rigorous technique of keeping Camb con-
stant cannot be directly used to make predictions at a different

T since they are designed to simulate the ambient atmosphericamb,

conditions only at one specified ambient temperature.
'

Condensable Gases-- Sorption isotherms for condensable gases are *

typically more complex than for permanent gases.6 For condensable

38
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i

gases, the isothermal solubility coefficient, o, is often depend-
.
'

ent on the partial pressure, P, so that C is not lir. ear in P. In

, .

addition, the solubility at constant P often decreases rapidly with'

|

temperature. As an example, Fig. 9 shows a common type of behavior
.

found for water vapor sorption in polymers. At a given temperature,

,

! linear behavior at the lower values of P changes li.to non-linear

; behavior at higher values of P. As the temperature is increased,

the curves shift rapidly to the right. Such hehavior can greatly

complicate accelerated aging predictions. Suppose for instance,

that water is important to the degradation of a material and that

the dominant kinetic process is given by a relationship siisilar

to Eq. (22)

dC d e (28)A
k2 (T) C C=

A HOdt 2
,

If aging at the four temperatures shown in Fig. 9 were carried

out using an atmosphere of constant water vapor concentration,

P then the equilibrium water concentration sorbed in theconst,

as shown in thepolymer would be given by C1, C2, C3, and C4,

f ig ure . Analogous to Eq. (23), the temperature dependence of the

degradation would be given by a combination of the temperature

dependence of the rate constant k2 and the temperature dependence
;

of the water sorption, i.e.

1 keff(T) =k2 (T) [C (T)]e (29)HO
2

'
.

1

,
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I
In contrast to the situation for 02 s rption, however, the non-

{

linear complex isotherms for water sorption imply that, in general,
,

cg g(T) will not have an Arrhenius dependence on temperature. ,.

2 i

This means that non-Arrhenius behavior will often be found for the j
* macroscopic damage parameter, precluding extrapolation of the data.4

An example of this situation is shown in Fig. 10 using literature)

I data on the reversion of a polyurethane potting compound in humidity

] environments.7 The study followed changes in durometer hardness

{
(the macroscopic damage parameter) of the material at various com-

!
binations of temperature and humidity. The reversion time was

i

J
arbitrarily defined as the time required for the hardness to drop

to 20. In Fig. 10, the log of the reversion time is plotted vs.

Inverse temperature for a constant water vapor concentration,

P f4* in-3 moles / liter. The non-Arrhenius character of
eonst'

!

the data makes extrapolation difficult. In this instance, the

non-Arrhenius effects are not due to a second reaction becoming

important at lower temperatures but are a consequence of the

sorption behavior of water.

Analogous to the situation discussed earlier for permanent

gases, it would be possible to make predictions for materials re-'

acting with condensable gases if the accelerated experiments could

| be carried out under conditions in which the temperature dependence

of the concentration of the sorbed species was Arrhenius. Much !

data exist which indicate that at a given constant relative humidity-

(RH), the solubility coef ficient, and hence Cg g,has a small,

! dependence on temperatore and is approximately Arrhenius, i.e.,

i

I
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Pigure 10. Log of the reversion time for a polyurethane potting
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ence 7.
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g(RH) exp(-E /RT) (30)o(RH) =o c

E the activation energy for the solubility coefficient at constant
C,

RH, is often found to depend only on the system studied, not on*

the particular value of the relative humidity. As evidence i

'
.

for this phenomenon, some representative literature sorption data ,

8 9are shown in Figs. 11 and 12 , where equilibrium water sorption is
a

plotted vs. RH at a number of temperatures. The data of Fig. 11
,

indicates that E is equal to zero for all values of RH; analysisc
'

of the data of Fig. 12 gives an E f +5.0 kcal/ mole, a:so inde-c

pendent of RH. For water sorption in various materials, EC

usually ranges from 0 to 5 kcal/ mole.
approximates Arrhenius behaviorThe observation that Cgg

at conntant RH makes the analysis of condensable gas data at

constant kH completely analogous to permanent gas data analysis at

The same reasoning that led to Eq. (27) indicatesconstant Pamb.
that degradation data analyzed under constant RH conditions should

be Arrhenius with the experimentally measured effective activation

energy given by ,

Eeff * Ea+0 E (31)c

! An instructive example of the above comes from a reanalysis
;

at constant RH of the data from reference 7. This data gave non-

Arrhenius behavior when analyzed at constant water vapor concen-

i

i tration, as shown in Fig. 10. The reanalysis is shown in Fig. 13,
;

where the log of the reversion times are plotted vs. inverse
.

| temperature at four different relative humidities (25%, 50%, 75%,
i;

,

f

I
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Figure 12. Sorption isotherms for water vapor in a silicone natorial,

plotted vs. relative humidity. Data from reference 9.
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1

I
4

1

,

iand 9%). Thin analynis given the expected Arrhenius behavior
,

i ,

'

with U equal to 21 kcal/ nolo. Extrapolation of the data tngpr
.

of hor conditionn is now possible. It is clear from Eq. (11) that

in order to obtain the true E for hyorolysis, detailed kinetic -g

experiments, as well as extensive sorption studies, must be carried

j out. To make aging predictions, however, these studies are often

] unnecessary. .

,

j Although the preceding discussion dealt primarily with humidity |
|

ef fectn, similar sorption behavior is of ten found for other con-
, ,

donsable fluids. Therefore, when a condennable vapor is important

to the degradation of a material, accelerated aging studien should'

|. be done at conntant relative pressure P/P of the condensable.o
;

; Arrhenius behavior at constant relative pressure will likely result.
|

Finally, it should be pointed out that the quite different

I sorption behavior of non-condensable and condensable gases has

extremely important consequences whenever a constant mixture of

. such gases is used in accelerated aging situations. Suppose a
i

material is suspected of being susceptible to both hydrolysis and,

i

oxidation and one is attempting to screen for the dominant degra-

dat ion mechanism by aging the material at various elevated ten-

peratures surrounded by an atmosphere containing constant partial

pressures of oxygen and water vapor. Because of the quite dif-
i

| ferent sorption behaviors of oxygen and water, such experinents

would typically accelerate the oxidative degradation to a much

larger degree that the hydrolysis. The results could lead to the e

conclusion that hydrolysis is not important to the degradation
i

!
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J

even in instances where hydrolysis dominates the degradation at

ambient conditions.

IV. CONCLUSIOM!i
-

,

Accelerated aging techniques offer the best opportunity for

> . predicting lifetimes or simulating age of complex equipment.
i

Careful planning and analysis of data are required to maximize

the reliability of any predictions made from such techniques.

I It is usually preferable at each elevated stress level to follow

changes of variables (degradation parameters) with time rather

than simply obtaining the failure times. The added information
,

available allows a test of superposition, which, if verified, gives

good evidence for constant acceleration of the significant degra-
!

dation processes. Long term aging experiments are preferable to

! shorter term tests since the shorter extrapolations to use conditions

; needed for the former increase the accuracy of the extrapolations

and reduce the chance for changes in the dominant degradation

mechanism.

When temperature is used to accelerate the aging of a com-

I ponent, Arrhenius activation energies around 10 kcal/ mole and/or
!

deterioration which is thickr. ass dependent are indicative of

diffusion limited degradation. Diffusion effects can often be

eliminated by using thinner samples and/or lower temperatures.

Non-Arrhenius behavior can come from changes in the dominant

! reaction mechanism or from non-Arrhenius sorption behavior of a

; gaseous reactant. Arrhenius behavior is often recovered by

aging at lower temperatures in the former case and by carrying,

out the aging experiments at constant relative pressure of gaseous
:

| reactant in the latter.

'
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