
Bulgarian Chemical Communications, Volume 49, Number 1, (pp. 204 – 209) 2017 

204 

Research on the physics-of-the failure model for corrosion damage accumulation 
under a multi-level stress profile based on the acceleration factor 

L. Wang1*, B. Wan2 

1School of Computer and Information Engineering, Beijing Technology and Business University,  
Beijing, 100048, PR China 

2School of Reliability and Systems Engineering, Beihang University, Beijing, 100191, PR China 

Received February 4, 2016; Revised October 19, 2016 

Attention is paid in this paper to the problem that the existing physics-of-failure model cannot input and calculate a 
complex multi-level stress environmental profile when conducting simulation calculations of microelectronic devices’ 
studing reliability. A physical model of corrosion failure is analyzed as an example. We carry out cumulative 
calculation and improvement using the theory of the accelerated factor, the theory of fatigue damage accumulation and 
the general function of physics-of-failure model for corrosion damage accumulation under a multi-level stress profile. 
This model can achieve simulation and prediction of cycle time before failure under a multi-level stress profile. At the 
end of this paper, an instance of a multi-level stress profile’s calculation is provided. 
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INTRODUCTION 

At present, using the technical means of 
reliability simulation to establish the virtual 
prototype and calculate the user reliability of 
microelectronic devices through the simulation of 
the physics-of-failure model, is one of the most 
important branches and the future development 
trend in the field researching the methods of 
electronic products’ reliability design. However, 
most of the environmental stress parameters of the 
common physics-of-failure model are becoming 
uniform. Only a single stress value can be input 
during calculation. Actually, complex multi-level 
stress environmental profiles always exist. In this 
case, the physics-of-failure model cannot be input 
and calculated. Because of the limitation brought 
about by this defect, a technical problem appears 
when simulating and calculating microelectronic 
devices’ for their reliability. 

This paper uses a physical model of corrosion 
failure as an example, predicts a model of multi-
level stress damage accumulation and improves the 
theory, according to the basic theories of 
accelerated test and factor and theory of fatigue 
damage accumulation. Meanwhile, the general 
functional physics-of-failure model for corrosion 
damage accumulation under a multi-level stress 
profile and its corresponding mathematical 
expressions are set up. The model can input 
complex multi-level stress profiles and calculate the 
cycle index of damage accumulation as well as time 
to failure under multi-temperature stress. 

PHYSICS-OF-FAILURE MODEL FOR 
CORROSION 

Corrosion failure mechanism 

Moisture and impurities can cause the corrosion 
of the aluminum, aluminum copper alloy or silico 
aluminum interconnect of the microelectronics 
components. Due to the low cost and ease of mass 
production, microelectronic components use a lot of 
resin for encapsulation, which is moisture 
permeable and absorptive. Impurities such as a 
variety of positive and negative ions like Na + ions 
are introduced during the resin material 
manufacturing process. The ions along with the 
penetration and absorption in vapour continue to 
infiltrate into the surface of aluminum or the 
aluminum alloy interconnects and traverse through 
the surface passivation film of tiny defects into the 
metal interconnects inside and cause the 
interconnects to electrochemically react and then 
the metal interconnects open or the interconnect 
resistance increases. The process describes 
corrosion. In microelectronic components, 
corrosion of aluminum has two mechanisms: 
chemical corrosion and electrochemical corrosion 
[1]~[6]. 

Chemical corrosion 

Corrosion of aluminum happens when the 
microelectronic components are stored in a high 
temperature and high humidity environment. When 
exposed to dry air, aluminum forms a layer of 
Al2O3 on the surface and the film will prevent 
aluminum from being oxidized and the chemical 
etched. But during the presence of moisture, * To whom all correspondence should be sent: 
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aluminum can form Al(OH)3 and Al(OH)3 is 
soluble in alkali as well as acid.   

When the external substances reach the surface 
of the aluminum material, the chemical reactions 
are as listed below: 

Reactions with an acid substance: 

2Al+6HCl——2AlCl3+3H2 
Al+3C1———AlCl3+3e 

AlCl3+3H2O——Al(OH)3+3HCl 

Reactions with an alkaline substance: 

Al+NaOH+H2O——NaAlO2+3/2H2 
A1+3OH———A1(OH)3+3e 
2Al(OH)3——Al2O3+3H2O 

2A1O2
一+2H+——A12O3+H2O 

Usually, a passivation film on the surface of the 
chip protects the aluminum. However, in the pad of 
the wire bonding area, the aluminum metal is 
exposed on the surface and chemical corrosion 
frequently occurs in these parts. The corrosion 
situation of the chip pad is shown in Figure 1. 

 

 
Fig. 1. PAD on the chip is corroded 

Electrochemical corrosion 

Electrochemical corrosion occurs when the 
microelectronic components are under exploitation 
under a high temperature and high humidity 
environment. According to the positive or negative 
potential of the aluminum electrode, the 
electrochemical corrosion is divided into anodic 
corrosion and cathodic corrosion [7]~[10]. When 

the anodic corrosion happens, the aluminum 
electrode has a positive potential, which attracts 
negative ions such as Cl to start the chemical 
reactions as follows:  

A1(OH)3+Cl———Al(OH)2C1+OH— 
Al+4Cl———AlCl4

一+3e 
AlCl4

—+3H2O——Al(OH)3+3H++4Cl— 

The reaction above reduces the Cl—absorbed on 
the anode and the results of the reaction furthers the 
corrosion of the small amount of Cl-. 

For the cathodic corrosion, due to the negative 
potential of aluminum, positive ions such as Na+, 
K+ are attracted to produce chemical reactions as 
follows: 

Na++e——Na 
Na+H2O——Na++OH—+1/2H2 

After the reaction, the concentration of the OH- 
increases, the aluminum hydroxide forms and the 
aluminum is corroded. The electrochemical 
corrosion of the cathode of the microelectronic 
components is shown in Figure 2 and Figure 3. 

 
Fig. 2. The electrochemical corrosion of cathode. 

 
Fig. 3. The ESD of the electrochemical corrosion of 

the cathode. 

The metal in a high humidity environment will  
obviously corrode. One solution is to use the 
ceramic sealing packaging which can prevent the 
corrosion, if the structure is not hermeticaly sealed, 
the residue remaining after the plasma or reactive 
ion sputter etching occurs (such as chlorine) along 
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with the moisture will corrode the aluminum and 
attain erosion, even in the absence of an applied 
electric field: 

2A1+6HCl——2AlCl3+3H2 
A1C13+3H20——Al(OH)3+3HCl 

It is clear that after the formation of Al (OH)3, 
the chlorine is not bound, which leads to further 
corrosion of the exposed aluminum. In the VLSI 
structure, the metal wires are very close to each 
other and the electric field between them causes the 
problem to become complicated. 

External lead corrosion 

The lead material of a micro electronic device is 
usually kovar alloy, it is the iron-nickel-cobalt alloy, 
the linear expansion coefficient of which is similar 
to that of molybdenum. In addition to the 
introduction of stress in the mechanical processing 
and the production of stress corrosion, there is also 
an electrochemical corrosion reaction during the 
presence of Cl- and other impurities, thus the 
corrosion rate speeds up.  

When the water vapor condenses around the 
external leads and the potential difference exists 
(such as discrete devices inserted in the printed 
circuit board), the leakage current travels through 
the leads continuously, and materials (such as iron) 
with a high ionization tendency (standard electrode 
potential to negative) will produce electrochemical 
corrosion. 

As for the silver plating on the external lead, the 
silver anode will have Ag+ ions, migrating in the 
electric field and precipitating at the cathode. Then 
these will grow like resin on the anode, causing a 
deterioration in performance, or short circuits. 

PoF model of Corrosion 

The degradation process of the chemical or 
electrochemical properties of materials is known as 
corrosion, which is a time dependent wear-out 
failure mechanism. From a macroscopic point of 
view, corrosion will lead to brittle fracture caused 
by stress, or fatigue crack extension caused by the 
wear-out; from the microscopic point of view, 
corrosion can change the electrical properties of the 
material and its thermal properties. The corrosion 
rate correlates with the type and dimensions of the 
materials and the ionic contaminants[11]. 

The corrosion failure physical model is given 
by: 

( ) exp( )n EaMTTF A RH
kT

−=
,  

(1) 

In the formulation, 

A is the constant related to the corrosion area; 
RH is the relative humidity; 
N is the empirical constant, and generally have 

values of 3; 
Ea is the activation energy, measured by the test; 
K is the Pohl Seidman constant;  
T is the ambient temperature and the units are 

degrees Kelvin. 

ACCELERATED FACTOR MODEL 

The rate of physical and chemical change varies 
with the temperature, leading to various lifetimes of 
the products. In the general case, there is a more 
rapid rate of physical and chemical change under 
high stress levels, which means a shorter life of the 
products. Hence, the process of change at a high 
stress level can be regarded as acceleration of that 
at a low stress level. The idea of an Accelerated 
Factor (AF) needs to be put forward, in order to 
describe the acceleration extent of high stress levels 
relative to low levels. The accelerated factor, from 
the accelerated test [12][13][14], is the ratio of the 
product’s lifetime characteristic under different 
stress levels. It is a parameter used to present the 
extent of acceleration. While the value of AF is 
greater than 1, it means that the device’s lifetime 
can be shortened by increasing the stress S. The 
definition formula is as follows [15][16]: 

op

stree

TF
AF

TF
=  ,                        (2) 

Here, opTF  is the expected failure time under 
stress S (normal working conditions) and streeTF  
under stress S0 (accelerating stress conditions). 

The method of AF damage accumulation 
converts the multi-level stress of the actual profile 
to single stress before evaluation with the help of 
the AF concept. Afterwards, the cycle index of the 
actual profile will be solved through time to failure 
under the single failure mechanism and single stress 
level. Finally, a time to failure for practical working 
conditions is obtained. 

ESTABLISHMENT OF  A PHYSICS-OF-
FAILURE MODEL FOR CORROSION 

DAMAGE ACCUMULATION BASED ON THE 
ACCELERATED FACTOR MODEL 

Method for establishing a physics-of-failure model 
based on an accelerated factor model 

The stress θ0 is selected as a datum plane and the 
duration of every phase is converted to duration 
under a datum plane. The overview flow is shown 
in Figure 4.  
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Select datum plane θ0  

Time to failure of datum  
TTF(θ0  )

Whether the 
stress change

Accelerated factor AF(θi)
 Stress function varied with 

time: θ0 (t)

True False

 Time solved after integral 
transformation: ti’

 Time solved after directly 
transformation: ti’

 Summation of multi-section 
conversion time: t’  

Fig.2. Multi-level stress damage accumulation based 
on the accelerated factor model. 

The specific steps are described below: 
1) Calculating the time to failure TTF(θ0) under 

a datum plane 0θ  based on the corresponding 
physics-of-failure model; 

2) According to a model of the failure time, 
calculating the time to failure under actual working 
conditions and marking it as TTF(θ(t)); 

3) Calculating the acceleration factor 

according to the formula ( ) ( )
0( )

( )
( )

TF

TF

T
AF t

T t
θ

θ
θ

= ; 

4) The mission time for one mission cycle can 
be converted to that of the datum plane through FA. 

That is          ( )
0

' ( )
T

t AF t dtθ= ∫                     (3) 
5) Calculating the mission cycle index 

0( )
'

TFTN
t
θ

= , in accordance with the formula 

( ) ( )

0

0
00

( ) 1
( ) 1

( )( )

TF

TT TF

TFTF

T
N

T dtdt
T tT t

θ
θ

θθ

= =

∫∫
 

(4) 

Method of accelerating the damage 
accumulation at a constant stress stage 

As shown in Figure 5: 

The formula is calculated as:  

0

( )
( )

( )
TF i

i
TF

T
AF

T
θ

θ
θ

=
,                 

(5) 

1' ( ) ( )i i i it AF t tθ += × − ,              (6) 

Here, 'it  is the duration that the stress θi 

translated into the datum plane 0θ  within the time 

interval 1[ , ]i it t + ; ( )TF iT θ  shows the expected failure 
time under stress θi  (normal working conditions) 
and TTF(θ0)  under 0θ  (accelerating stress 

conditions); ( )iAF θ  is the accelerated factor of the 
stress θi and 0θ  . 

Method of accelerating damage accumulation at 
the slowly changing stress stage 

The method process is shown in Figure 6. 
The formula is calculated as:  

( ) ( )
0

( )
( )

( )
TF

TF

T t
AF t

T
θ

θ
θ

=                (7) 

( )1' ( )j

j

t

j t
t AF t dtθ+= ∫                   

 (8) 

Here, θ(t) is the function of stress θ and time t, 
which can be confirmed according to the known 
stress profile; TTF(θ(t)) is the expected failure time 
under slowly changing stress θ(t); TTF(θ0) is on 
behalf of the failure time under stress θ0 (specific 
accelerating stress conditions); and 'it  is the 
duration that the slowly changing stress ( )tθ  
translates into a given stress 0θ  within the time 

interval 1[ , ]i it t + . 

The establishment of a corrosion damage 
accumulation model based on the accelerated 

factor 

On the basis of a multi-level-stress failure model 
using the method of AF, the physics-of-failure 
model and the formula of corrosion PoF model is 
derived. The specific forms are as follows: 

 (9) 

The final multi-level-stress failure model based 
on the method of AF can be described as: 

0

1
1

( ) exp

T

n

H

N
dt

EaA RH
kθ

−

=

 
 
 

∫

 (10)

 

EXAMPLE 

Figure 7 is a typical profile and the parameters 
of temperature and time are shown in Table 1. 

 
 

( ) ( )

0

0
00

( ) 1
( ) 1

( )( )

TF

TT TF

TFTF

T
N

T dtdt
T tT t

θ
θ

θθ

= =

∫∫
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t(min)

实际工作应力θ

θ3

θ1

t(min)

基准应力θ

θ0

θ2

t1 t2 t3 t4 t1' t2' t3' t4'
 

Fig. 3. The condition for the parameter value of stress to remain unchanged. 

t(min)

应力θ

θ1

t(min)

应力θ

θ0
θbd

t1 t2 t1 t2

 
Fig. 4. The condition that the parameter value of stress is slowly changing 

应力θ

θ1,T1

t(min)

θ2(t),T2

θ3,T3

θ4(t),T4

t1 t2 t3 t4
 

Fig. 7. A typical sectional multi-level stress profile. 

Table 1.The parameters of temperature stress 

No. T t 
1 25˚C 30min 
2 (2t-35) ˚C 25min 
3 75˚C 30min 
4 (-2t+245) ˚C 25min 

Table 2.Technological parameters 

Parameter value 
A 1.3 

RH 80% 
n 3 
k 1.381×10-23J/K 

Ea 0.7eV 

A certain type of microelectronic device is taken 
as an example. In accordance with the corrosion 

PoF model and formula (1), the device’s internal 
process parameter values can be obsrved in Table 2. 

In accordance with formula (11) and under the 
profile stipulated in Figure 7 and Table 1, the total 
cyclic index of damage accumulation of this certain 
type of microelectronic device in which corrosion 
failure occurred is N=5043. While the time to 
failure isTTF=20153h. 

CONCLUISIONS 

In this paper, the accelerated factor model is 
applied and the damage accumulation under a 
multi-level stress profile is calculated based on the 
physics-of-failure model of corrosion. Meanwhile, 
the method of accelerating damage accumulation at 
the constant and slowly changing stress stage is 
respectively provided. The generalized corrosion 
damage accumulation model based on the AF is 
also established. Finally, for the case of a certain 
type of microelectronic device, the applicability of 
this model is demonstrated and the total cyclic 
index before failure and the time to failure of the 
physics-of-failure model for corrosion damage 
accumulation under the multi-level stress profile 
are solved. This paper provides a new theoretical 
method and solution for more scientific and rational 
applications of the corrosion failure model in the 
evaluation of microelectronic devices’ reliability 
and emulation ability. 

Stress θ Stress θ 

Stress θ Stress θ 

Stress θ 



L. Wang, B. Wan: Research on physics-of-failure model for corrosion damage accumulation under multi-level stress profile based ... 

209 

Acknowledgements: This work was financially 
supported by Innovation ability promotion project 
of the Beijing municipal colleges and universities 
(PXM2014_014213_000033), Major Project of the 
Beijing Municipal Education Commission of 
science and technology development plans 
(KZ201510011011) and the General Project of the 
Beijing Municipal Education Commission of 
Science and Technology Development 
Plans(SQKM201610011009). All support is  
gratefully acknowledged. 

REFERENCES 

1. J. Barranco, F. Barrerasb, A. Lozanob, M. Mazaa. 
Journal of Power Sources, 196, 4283 (2011). 

2. L. Hua, C. Yang, Microelectronics Reliability, 51, 
2274 (2011). 

3. D Pavlov, Journal of Power Sources, 48, 179 (1994). 
4. E. Brambilla, P. Brambilla, C. Canali, F. Fantini, M. 

Vanzi, Microelectronics Reliability, 23, 577 (1983). 
5. R.M. Lum, L.G. Feinstein, Microelectronics 

Reliability, 21, 15 (1981). 

6. R.C. Olberg, J.L. Bozarth, Microelectronics 
Reliability, 15, 601 (1976). 

7. G.J. Andrews, Microelectronics Reliability, 30, 1200 
(1990). 

8. Y. Kobayashi, T. Wada, Microelectronics Reliability, 
29, 1094 (1989). 

9. L.C. Tang, IEEE Transactions on Reliability, 44(4), 
562 (1995). 

10. M.A. Ebrahem, J.J. Higgins, Applied Mathematics 
and Computation, 174(1), 365 (2006). 

11. S.S. Nanson, Fracture, 2, 51 (1966). 
12. M.A. Miner, Journal of the Applied Mechanics, 

67(12),159 (1945). 
13. L. Wang, X. Wang, J. Xu, H. Zhang, J. Yao, X. Jin, 

C. Liu, Y. Shi,  Nonlinear Dynamics, 84(1), 371 
(2016). 

14. L. Wang, Z. Liu, C. Wu, CIESC Journal, 64(12), 
4649 (2013). 

15. L. Wang, C. Gao, X. Wang, Z. Liu. CIESC Journal, 
68(3), 1065 (2017). 

16. L. Wang, X. Wang, J. Xu, Y. Shi, J. Yu. 
Engineering review, 34(2), 131(2014). 
 

ИЗСЛЕДВАНЕ НА НАТРУПВАНЕТО НА КОРОЗИОННИ ДЕФЕКТИ  ПРИ МНОГО-
СТЕПЕННО НАПРЕЖЕНИЕ С УСКОРЕНИЕ С МОДЕЛА „PHYSICS-OF-FAILURE 

Ли Уан1*, Бо Уан2 
1Училище по компютърно и информационно инженерство, Технологичен и бизнес- университет  в Пекин, 

Пекин 100048, Китайска НР 
2Училище по системно инженерство, Университет Бейхан, Пекин, Китайска НР 

Постъпила на 4 февруари 2016 г.; коригирана на 10 октомври 2016 г. 

(Резюме) 

В настоящата работа се обръща внимание на факта, че съществуващия „physics-of-failure“ – модел не дава 
възможност да се изчислят сложни много-степенни напрежения при симулирането на надеждността на микро-
електронни уреди. Като пример е анализиран физичен модел за корозионни дефекти. Извършени са 
кумулативни пресмятания и подобрения с помощта на теорията на ускоряващия фактор и теорията на 
натрупване на умора в материалите, заедно с модела „physics-of-failure“. Този модел може да постигне 
симулиране и предсказване на цикъла от време преди разрушаване под многостепенно напрежение. В края на 
работата е даден илюстративен пример. 


