Proceedings of the World Congress on Engineering 2010 Vol III
WCE 2010, June 30 - July 2, 2010, London, U.K.
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Abstract—Many products have two kinds of failure modes,
that is, degradation failure and traumatic failure. It is of great
importance to study the competing failure of degradation
failure and traumatic failure at use or accelerating conditions.
In this paper, the problem of accelerated failure with competing
causes of a degradation failure mode and multiple traumatic
failure modes is treated. We discuss the scenario wherein the
performance degradation process is described by Brownian
motion process, traumatic failure-time follows exponential or
Weibull distribution and the possibility of traumatic failure
depends on the performance degradation. The accelerated
failure model is proposed, method for estimating parameters is
given and reliability model is deduced. As a nice application of
the proposed model, we finally make the accelerated failure
analysis of metallized film pulse capacitors.

Index Terms—Degradation failure; Traumatic failure;
Accelerated failure analysis; Brownian motion.

I. INTRODUCTION

Many electronic products have two kinds of failure modes
including degradation failure and traumatic failure. For
example, the causes of a resistor’s failure may be dielectric
breakdown, short circuit or degradation in resistance. Among
them, dielectric breakdown and short circuit are traumatic
failure while degradation in resistance is a degradation failure.
Due to strong needs from consumers, most of electronic
products are characterized as long life and highly-reliable.
For highly-reliable products, it is not an easy task to assess
their lifetime distribution under the use stress. For evaluating
the reliability, accelerated tests are needed. However, the
elevation of stress not only accelerates the performance
degradation of products, but also increases the failure rate of
traumatic failure modes. So we should combine information
from both degradation failure and traumatic failure to
evaluate the reliability of products in accelerated failure
analysis.

The competing causes of degradation failure and traumatic
failure have been studied by some authors in the literature.
Yao [1] proposed a mathematical expression of mixed
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degradation when the two kinds of failure modes exist
simultaneously, in which he combined the probability density
function (PDF) of degradation and the probability of
traumatic failure. When degradation failure and traumatic
failure are assumed to be independent of each other, Huang
[2], Huang and Askin [3] studied the competing failure
problems, Zhao and Elsayed [4] studied the competing
failure problems while stress is elevated, Li and Pham[5]
discussed the reliability modeling of multiple failure modes
and multiple states degradation system. Zhao [6] proposed a
more general model involving both traumatic and
degradation failures in which the dependence of traumatic
failure intensities on degradation level is included. The
inference methods of unknown parameters of the competing
failure model are presented based on proportional hazard rate
model and location-scale model.

However, few people has considered accelerated failure
analysis with competing causes of degradation failure and
traumatic failure. This paper proposes an accelerated failure
model of combining degradation failure mode with multiple
traumatic failure modes when the traumatic failures depend
on degradation level. Furthermore, the methods for
estimating parameters and inference of reliability model are
presented. As a nice application of the proposed model, we
finally make the accelerated failure analysis of metallized
film pulse capacitors.

The paper is organized as follows. Section 1 introduces the
background. Section 2 deals with the basic assumptions and
modeling procedure. Section 3 proposes the reliability model
of competing failure. To illustrate the proposed method, we
present an example in Section 4, the accelerated failure
analysis of metallized film capacitor. A comparison is
conducted between the assessment results of degradation
failure only and those of combination of degradation failure
and traumatic failure. In Section 5, conclusions are drawn
and some possible directions for future work are discussed as
well.

Il. ACCELERATED FAILURE MODEL WITH COMPETING
FAILURE

A. Assumption

1) The product has just one degradation failure mode. The
performance parameter, denoted as X(¢) at time ¢ ,
degrades monotonically (either increasing or decreasing).
Once X(¢) reaches a certain threshold C , the product fails.

2) The product may fail due to the traumatic failure.

Assume that the product has P traumatic failure modes
which are statistically independent of each other, and the
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failure of product only is caused by one of the traumatic
failure modes.

3) The traumatic failure probability depends on
degradation level. The more the performance parameter
degrades, the higher the product’s traumatic failure
probability will be. But given a certain degradation

value x(¢) , the traumatic failure modes are independent of

each other.
4) Under testing stress S, , k =1,---, K , the failure time of

the pth failure mode follows a probability distribution
function, such as exponential or Weibull distribution.

Based on the assumptions above, an accelerated failure
model with competing causes of a degradation failure and
traumatic failures is discussed.

B. Accelerated failure model

Ataccelerating levels of S, , suppose that », products are
tested, /,; measurements of the i th product are observed up
to the termination time z, , which results in degradation
measurements x; (x,; <C) at corresponding time 7, .
The traumatic failure time and traumatic failure mode of the
products are observed while the performance parameter is
measured. Suppose that the pth traumatic failure mode results
in the 7 th product failure at corresponding time¢,;, marked
as ¢, =p, Where k=1--- K, i=1--n,, j=1---1;,
p=1---,P.

Suppose that the initial degradation level of the product
is X, , we have the following cumulative damage of the
product at time ¢, where {D, :0<u <t} is assumed to be a
Brownian motion process with positive drift coefficient «
and diffusion coefficient 3 :

X, - X, =D, =at+ pB(t),
we assume here that « is dependent on the acceleration
variable S, a;, = 4,(S, ), but 8 is not.
Set
Ad ;= X = Xpg o Dby =t — i -
Then, by the independent increment property of the

Brownian motion process, we have independent but not
identical random variables

Ady, ~ Nlagaty,, f2As,).
The likelihood function can be expressed as

K m Iy (Adk“ _akAtk“)z
L, = exp| - —— .
lk_!l:lﬂ;! J2m, B [ 2% Aty
So
n i _ 2
In(LQ:—iii[Mﬂn,lznAtkijﬂ]. (1)
k=1 i=1 j=1 2p Atk(‘i

For the P traumatic failure modes, at accelerating level
S, , if the failure time of the test product follows exponential

distribution, the failure rate because of pth traumatic failure
mode can be denoted as

AP = 45 (x, (). 0)

ISBN: 978-988-18210-8-9
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

Similarly, if the failure time of the test product follows
Weibull distribution, the failure rate because of pth traumatic
failure mode can be denoted as

(p)
AP = 1 o )

where scale parameter n,@ depends on the pth traumatic

failure mode and degradation level x,(¢) at accelerating

level S, , and for shape parameterm'”, m{") =...= m{)

=m"), suppose

) =4l (x, (). ?)
In (2) and (3), the selection of 4”)(.) was discussed in

reference [7].
So, the failure rate of the test product because of any
traumatic failure mode can be written as

P
A=Y AP
=1

The incomplete probability density of the failure time by
pth traumatic failure mode denotes as

£(e)= A exp(— [ dsj .

So the likelihood function of a sample’s observation (¢;,¢;; )
[8] is

P - dp(ckl)
H|:I(Zkl- )],S{p) exp(_ J‘Otk' lkdsj + j(tkl- )exp[— J.O ' /?,kdsﬂ )

p=l
where
1Loey=p
or there is no failure products due to
§p (cki) = . . !
traumatic failure mode
0 ¢u#p
1 ¢, <1,
[(tki ) = {O .
i > Tk
For all tested samples, the likelihood function denotes as
K n, P .
L, = . (p) _J. o
hHHHMmﬂqohﬁ
k=1 i=1 p=1
_ 7, 5/: (Cki) .
+1(1; )exp(— '[O ﬂkdsﬂ
So
LS i
In(z,)=)" S, (cu ){I(tki)[ln Ap) - I /Ikds)
k=1 i=1 p=1 0

(4)

10, )(— J'OT" zkdsm

Because of the correlation of traumatic failure and
degradation failure, we can’t multiply the likelihood
functions L, and L, and evaluate the parameters of model
by maximum likelihood evaluation (MLE). So the process is
divided into two steps. We make use of the degradation
measurements data to evaluate the parameters of L, by MLE

at first; then, we estimate the parameters of L, .
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I1l. RELIABILITY EVALUATION FOR COMPETING FAILURE

We assume that the degradation failure time of the product
is T, and the traumatic failure time of the product is Th(”)
due to pth traumatic failure mode, where p=1,---, P . So,
the failure time of the product is
7 =minir,, 10, 7{")}.
The reliability of the product at time ¢ is
R()=P(T>1)=P(1, > 1,1 > 1,11 1),

The degradation measurement and the failure rate of Th(f’)

are assumed to x(/) and A" (x(r)) respectively, the
reliability function is

ngp)(f|x)= P{Th(p) > t|x}: exp(— J.Ot/l(p) (x(s))ds] .

So, the probability of no products failed due to traumatic
failures can be expressed as

Ry(fx)= P > 1+, 1) > dlx}
P
RP(gx) ,

r=1

P t
= exp{— Z jo AP (x(s))ds}
p=1

P !
set A(x(r))= ZJ; AP (x(s))ds .
p=1

Since the cumulative damage is assumed to be Brownian
motion process, the first passage time 7, follows inverse

Gaussian distribution with a failure threshold C,
F,(t)=P(T; <t)

- { \/%(m - C)} + exp{ 2;‘5 }q{— \/%(at + C)} '

c

: R, (t|x)iRS (x;1)= -[)foe_A(X(t))dRs (x;1) . )

In terms of the information of degradation and traumatic
failures, we can estimate the parameters in (1) and (4).
Furthermore, the reliability of the product can also be
evaluated.

R(t)= I

X

IV. ACCELERATED FAILURE ANALYSIS OF METALLIZED
FiLM PULSE CAPACITORS

Metallized film pulse capacitors are typical products with
long life and high reliability which are used in the energy
module of SG-III, an ICF facility in China. Most capacitors
fails due to degradation. However, when subjected to high
voltage, dielectric breakdown occurs in some defects which
results in failures of the capacitors. So the competing failure
of degradation failure and traumatic failure occurs in the use
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condition of the capacitor, one is the degradation of capacity
(degradation failure), the other is dielectric breakdown
(traumatic failure). The use voltage of the metallized film
pulse capacitors which are used in the energy module is
Vy = 23KV, the threshold is regarded to be 5% of the initial

capacity as C=28uF . The accelerating level are
V1 =30KV and ¥V, =35KV respectively. Suppose that 5
capacitors are tested at accelerating level ¥; = 30KV, one of

them fails due to traumatic failure and 6 capacitors are tested
at accelerating level 7, =35KV , two of them fail. The

simulation data is illustrated in Fig. 1.

7

capacity degradation of capacitors(uF)

-
Ll 1 1 1 L1 1 1 1 1

o4 .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
number of charge/discharge

10000
Fig. 1 the capacity accelerated degradation data of capacitors

From Fig. 1, the capacity of the capacitors is measured
every 1000 shots during the test process. Define the relation
of « and V as

a=AV)=av’.

From (1), where K =2, ny =5, ny, =6, ljy =l =l =
ha =10, L5 =5, Iy =lyp=1lp3=103=10, I =2,
l,6 =3, the estimated values of the relevant parameters are
listed as follows:

(a,b, )= (0.9639x101°,4.3507,0.013558) . 6)

Because only one traumatic failure mode is considered, if
the failure time follows exponential distribution, we define
the relation of failure rate A, and degradation of capacity

x(¢) as
Ay = 4, (x(0) = a, (x(f))bh =ay (at)bh ;

and if the failure time follows Weibull distribution, we define
the relation of scale parameter 7, and degradation of

capacity x(¢) as

M = Ah (X(l)) = ah}](x(t))bl”l = ahr](at)b,”’ )

From (4) and (6), whereK =2, n; =5, n, =6, P=1, we
can get the estimated value of relevant parameters of
traumatic failure as Table 1.

Table 1 Parameter estimates of traumatic failure
exponential distribution Weibull distribution

ap b, Apy b, m
3.0721e-5 0.2261 1.3612e+5 -2.0229 0.3802
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Now we can obtain the reliability function of metallized
film pulse capacitors as follows.
exponential distribution:

R.(1)= EXP( 3.6508x107% - /- 2251)

- 1—@(0.0060\/? —M] :
Vit

~11.7957 q{_ [0.0060\/; ; MJD
t

Weibull distribution:
R (t) = exp(— 7.9668x107°° . t1'1493)

: 1-@(0.0060\/? —MJ
Ji

~11.7957- cp{— (o.ooeo\/? + MJD

w

Ji

If we assume that degradation failure occurs only during
the test process, the reliability function of metallized film
pulse capacitors can be obtained as

R(1)=1- <D[0.0060ﬁ _M]

7

~11.7957 - <D{— (0.0060\/; + MH

Vi

Furthermore, we can get the failure PDF of metallized film
pulse capacitors as follows:
t
) gy AR

()
1.0 = (0= -

Fig. 2 and Flg. 3 compare the reliability and the failure
PDF of the capacitors with competing failure and with
degradation failure only respectively.

From the figures we can see that both exponential and
Weibull distributions can model the traumatic failure data
very well. And the traumatic failure influences the reliability
of products greatly. So, failure modes of products should be
analyzed before evaluating their reliability, so that the
lifetime of the products can be estimated more accurately.
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Fig. 2 the comparison of reliability: Re(?) ,Rw(t) and Rs(z)
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Fig. 3 the comparison of failure PDF: fe(?), f(z) and fs()

V. CONCLUSION

Most of the electronic products have two kinds of failure
modes, degradation failure and traumatic failure. It is of great
importance to study the competing failure of degradation
failure and traumatic failure at use or accelerating conditions.
The accelerated failure analysis with competing causes of
degradation failure and traumatic failure is discussed in this
paper. We use exponential and Weibull distributions to
model traumatic failure data respectively and propose the
models and methods of parameters evaluation. At last, the
accelerated failure analysis of metallized film pulse
capacitors is presented to validate the models and we also
analyze the results contractively.

As a preliminary research on the topic, we believe that
much work remains to be done. Some directions for future
work are as follows:

1) Other theories and methods of statistics inference, such
as Bayesian method, should also be considered to see if they
can be used here.

2) How to design the accelerated degradation test of
products with degradation failure mode and traumatic failure
mode should be studied.
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