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ABSTRACT The chip is a core functional component. Its reliability plays a vital role in electronic equipment
normal operation. As the typical cause for chip malfunction, the solder joint degradation is selected to study
chip reliability. The degradationmodels of solder joint in different failuremodes are established through data-
driven and failure physical model, and chip reliability model is constructed based on mutually competing
failures of multiple solder joints. First, the chip reliability degradation test and finite element modeling(FEM)
are carried out under coupled environment stress. The solder joint failure modes and degradation processes
are studied through the analysis of test data, microstructure and mechanical simulation. Then, solder joint
degradation models are established based on Coffin-Manson and Paris functions that have been modified
by a data-driven method. Taking the solder joint failure time of degradation model as the characteristic
parameter ofWeibull distribution, the solder joint reliability function is obtained. Finally, mutually dependent
competing failure theory is cited to describe the correlation about solder joint reliability of different failure
modes, then the chip reliability model is established. The parameter estimation is realized by the inference
function for margins (IFM) method. From verification tests, results show models are highly consistent with
the actual reliability, indicting our reliability modeling method achieves the transition from underlying
solder joint level to integrated component level. The joint application of different models can make up
for the deficiencies of the single model and obtain more accurate results. In addition, we determined that
intermetallic compounds (IMC) are main source of model error.

INDEX TERMS Reliability, chip solder joint, degradation, competing failure.

I. INTRODUCTION
With the development of prognostic and health manage-
ment technology, electronic equipment support is being
transformed from traditional time-based maintenance to
condition-based maintenance. As the premise of condition-
based maintenance, accurate assessment of electronic equip-
ment health status becomes very important [1], [2].

In the modern electronic industry, chips are widely applied
for their logic judgment and calculation functions [3], [4].
Therefore, to establish an effective chip reliability model is
significant for studying chip stability and electronic equip-
ment status. Researchers have found that solder joints are
the main concentrated area of chip stress-strain response,
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indicating that chip reliability is related to solder joint fatigue
failure closely [5]. Especially as the function expanding,
equipment work circumstances are becoming harsher such as
vibration, high or low temperature. This makes solder joints
susceptible to be damaged [6]. A single solder joint break-
down may result in chip failure completely. Therefore, chip
reliability modeling based on solder joint failure is necessary.

There are two universal approaches to study the solder
joint degradation and failure: degradation test and virtual
simulation. For degradation test, researchers apply a certain
environmental load on solder joints through test bench, and
collect parameters that can characterize degradation for later
degradation process analysis. In [7]–[9], researchers moni-
tored the current, voltage and radio frequency impedance of
solder joints. They found solder joint electrical parameters
would change significantly when they were about to fail.
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After the degradation test, failure samples of solder joints can
be analyzed. Some scholars studied the microstructure of sol-
der joints [10], [11] by scanning electron microscope (SEM).
However, it is not sufficient, just relying on microscopic
cracks, to consider themechanism of solder joint degradation.
Hu [12] and Huang [13] performed FEM simulation of quad
flat package (QFP) and compared strain location and actual
crack location. Majid et al. [14] performed FEM simulation
of ball grid array (BGA) solder joint to study occurrence loca-
tion of maximum peeling stress. Che et al. [15] used quarter
FEM to research QFP fatigue life and they found QFP fatigue
life is much longer than BGA solder joints. Also, some schol-
ars quoted the classic failure physical models, such as strain
and energy fatigue models, to assess solder mechanics per-
formance. In [16], [17], Coffin-Manson model and Morrow
model were used to identify the relationships between the
mechanical data and fatigue life. In [18], Darveaux model
was used to predict solder joint remaining life. Chen et al [19]
modified a failure physical model considering coupling envi-
ronment stress. Osarumen et al [20]employed the Garofalo
creep model by FEM simulate to discuss the creep effect of
material solder joint.

The traditional methods of studying solder joint degrada-
tion are data-driven and failure physics methods. The draw-
backs of data-driven method are that the modeling accuracy
of is closely related to data acquisition, data size and intelli-
gent algorithms, and test data is easy to be notably affected
by multiple outside factors. In practice, the convergence of
the results is difficult to guarantee. In terms of failure physics
method, the deficiency is that there is still much controversy
about the solder joint failuremechanism under coupled stress,
such as random vibration loads, thermal loads, etc.. Since
most of failure physical models are only suitable for single
stress when they are established, some model parameters are
not applicable under coupled environment stress. Therefore,
the model needs to be improved to achieve more accurate
results.

In studying chip reliability, Tang et al. [21] attached sheet
strain gauges near-critical chip solder joints to measure strain
for predicting chip fatigue life. Zhang et al [22]investigated
chip package interaction to estimate chip stresses in module
level, so that to perform a robust design of chip reliability.
However, the strain tested accuracy is related to measurement
position and sensor performance closely. And it is difficult
to detect strain value or strain distribution of different sol-
der joints through physical experiment. In [23], chip solder
joints were connected in series to form a daisy chain, and
chain voltage across is used to characterize the chip degra-
dation process. In addition, some scholars [24], [25] used
field programmable gata array (FPGA) chip internal logic to
characterize the status. For example, they monitored single
solder joint resistance of FPGA chips. When the solder joint
impedance change significantly, this shows the chip is com-
pletely invalid immediately. Some researchers studied chip
life from failure physical methods. In [26], the Anand model
was revised to study solder joint degradation from physical

mechanism to predict the chip life. It is evident that the meth-
ods adopted in these studies to characterize chip reliability
are to monitor the mechanical or electrical parameters of
solder joint. Also, in most studies,the researcher only uses
the degradation data of themost vulnerable solder joint. How-
ever, according to chip reliability degradation test, the failure
mode of first failed solder joint may be any one of the failure
modes, and its location is not unique either. It is therefore
difficult to establish the chip reliability model.by traditional
methods. Moreover, if each solder joint can lead to chip
functional failure, chip life is equal to the minimum failure
time of all solder joints. In this case, there is a competitive
failure relationship between chip solder joints. But traditional
methods do not consider the joint influence of multiple solder
joints competitive degradation.

At present, reliability modeling based on competi-
tive failure theory has been widely studied and applied.
Bagdonavicius [27] uses Gaussian, Gamma and other
random processes to establish the reliability model of com-
petitive degradation. Huang andAsking [28] gave the reliabil-
ity function of competing failures under the assumption that
sudden and degraded failures are independent of each other.
Wang and Pham [29] considered the external shock and inter-
nal degradation comprehensively, and use the time-varying
Copula function to describe the correlation of competing
failures under the coexistence ofmultiple degradation failures
and sudden failures. Che HY et al. [30] developed a reliability
model with the mutual dependent competing of degrada-
tion and shock processes. They found the reliability was
weakened significantly as considering mutual dependence.
Hao SH et al. [31] took advantage of Stress-Strength models
and Cumulative damage model to study above similar prob-
lem. Cao YS et al. [32] explored the two dependent and com-
peting failure processes in the context of multi-state systems
with multiple components, and obtained reliability functions.
Peng et al. [33] gave the general form of the dependent com-
petitive failure model and analyzed the reliability evaluation
about the competitive failure of a Microelectromechanical
Systems (MEMS) system. Huang et al. [28] put forward an
extension of electronic device reliability analysis considering
multiple competing failure modes. Bai et al. [34] estimated
the multicomponent stress-strength model reliability accord-
ing to dependent Weibull stress variables and exponential
strength variables based on Gumbel Copula. Qiu et al. [35]
evaluated system reliability performance with competing
failures from a dependent two-stage failure process. Zeng,
ZG et al. [36] studied the dependent failure behavior from
failure mechanisms based on physics-of-failure (PoF) models
to get a deterministic model. Although the competitive failure
theory has been widely applied in other areas, limited studies
are using it to study the failure relationship between multiple
solder joints to establish a component reliability model.
It is one of the innovations of this study to combine the
competitive failure theory with our research object.

This article takes chip solder joint degradation and failure
as the research basis for chip reliability. The degradation data,
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FIGURE 1. (a) Test piece. (b) QFP solder joint.

microscopic failure andmechanical simulation are studied for
the solder joint failure mode and degradation stages through
environmental test, SEM analysis, and finite element simu-
lation, respectively. Failure physical models are modified by
solder joint status data and finite element simulation results so
that two-stage degradation models of solder joints are estab-
lished to predict solder joint theoretical failure time. We use
this data as the characteristic parameter of Weibull distri-
bution model, linking solder joint degradation model with
reliability model. The Copula function is used to establish
a chip reliability model that takes into account the mutually
dependent competitive failure of solder joints. The model
parameters are estimated by IFM estimation method, Finally,
verification tests are set up to verify the model accuracy and
analyze the source of error.

II. CHIP RELIABILITY DEGRADATION TEST AND FINITE
ELEMENT MODELING
The test object is the STM32 chip using QFP package. Chip
pins are fixed on the PCB board through SnPb solder. Test
piece is shown in Figure 1(a). The structure simulation of
solder joint is shown in Figure 1(b).

In order to monitor solder joint state, a capacitor is con-
nected with solder joint to form a resistor-capacitance cir-
cuit before applying the environmental load. When fatigue
damage occurs to the solder joint structure, the solder joint
resistance will change, which can affect the charging time of
the capacitor. According to GJB150.16/16A [37], three test
groups under random vibration tests at different temperatures
are carried out, and the test load spectrum is shown in Table 1.

TABLE 1. Degradation Test Scheme Under Random Vibration at Different
Temperatures.

FIGURE 2. Finite element model of test piece, chip and QFP solder joint.

Because it has been determined firstly natural frequency of
our test pieces is about 243.5 Hz, the frequency range of the
test random vibration is 220 Hz to 260 Hz [13].

Three-dimension model is established by finite element
software ANSYS. According to GB / T25712-2010 [38].,
defective test piece has been eliminated. So we believe that
chips tested are ideal [12], [13], [39], [40]. The established
model are shown in Figure 2.

Vibration fatigue is a typical high-cycle fatigue under low
stress and high frequency loads. Generally, the fatigue crack
propagates in elastic region without obvious plastic deforma-
tion, so purely elastic analysis in finite element simulation
canmeet requirements. Material properties of Test b are listed
in Table 2. We select Anand constitutive model to describe
solder joint mechanical properties. Test piece is fixed on
vibration table through four bolt holes located at PCB corners,
so full displacement constraints are imposed on the inner wall
of holes, as boundary condition.

III. CHIP SOLER JOINTS FAILURE ANALYSIS
After extracting the degradation data, the microstructure of
corresponding solder joints is analyzed by SEM. Comparing
the degradation data and SEM results, it is found that degrada-
tion data trends have three correspondences with micro crack
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FIGURE 3. The degradation data and micro-crack of three solder joint failure modes.

TABLE 2. Material Properties.

modes, as shown in Figure 3.We can identify the failuremode
based on the degradation path. Degradation trend 1 corre-
sponds to failure mode 1. Degradation trend 2 corresponds
to failure mode 2. Degradation trend 3 corresponds to failure
mode 3. In FM1, the degradation data has a gradual increasing
trend. The crack appears at the position 1(P1), and then

spreads along the contact area between the solder and Cu pin,
solder and PCBboard. Finally, the pin is completely separated
from SnPb solder and PCB board. In FM2, degradation data
tends to first decrease and then increase. Cracks initiate at
P1, P2 and propagate to the inside of Cu pin. Eventually,
the cracks penetrate and pin break. In FM3, degradation data
tends to gradually decrease, and crack initiates at P3 of Cu
pin and expands laterally causing the pin break.

Figure 4(a) is the strain simulation result of the QFP chip,
and Figure 4(b) is the top view of the strain simulation of all
QFP chip solder joints. It can be seen intuitively that the strain
of the chip is concentrated in the solder joint, indicating that
the solder joint is the weak position of the chip and is most
prone to fatigue damage. The mechanical response of solder
joints at different chip positions is different in terms of value
and distribution position. For solder joints, there is different
strain distribution at different chip positions. From Figure 5,
we find the strain is mainly concentrated in P1,P2,P3 where
crack initiation occurs in SEM. From the analysis of strain
responses in other test environment, results show that strain
concentration area is also found at the P1,P2,P3 inmost cases.
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FIGURE 4. (a)Strain distribution of chip. (b)The top view of strain
distribution of all chip solder joints.

FIGURE 5. Strain simulation of single solder joint.

The degradation data over the entire solder joint life are
huge and complicated. This article uses the Principal compo-
nent ofMahalanobis distance(PCMD) health indexmethod to
evaluate the status of solder joints. For a detailed introduction
of PCMD health index, please refer to another article [41]
of our research team. PCMD health index is obtained by
formula (1).

The obtained PCMD health index curve of FM1 is shown
in Figure 6.

FIGURE 6. PCMD health index curve of FM1.

FIGURE 7. PCMD trend of each failure mode.

The degradation process is divided into 3 states: crack
initiation stage, crack propagation stage and failure stage.

PCMD fluctuate at tm first which means solder joint struc-
ture begin to have irrecoverable damage (cracks initiation).
tm is the time when the PCMD health index first fluctuates.
We define tn the moment of crack penetration. Due to vibra-
tion environment, even if solder broken, it still has weaker
electrical conductivity due to repetitive crack opening and
closing. Therefore, tn lies between the moment n1 and the
moment n2. n1 is the time when the fluctuation range of
the PCMD health index begins to increase; n2 is the time
when the PCMD health index appears its maximum value.
Since it is difficult to measure the exact crack penetration
time, the average value of n1 and n2 is defined as tn which
represents solder joint failure time.

After calculating the PCMD of FM2 and FM3 degradation
data, it can be seen that the entire degradation process is
able to be divided into three stages by tm and tn too, but the
degradation trend is obviously different, as shown in Figure 7.

To estimate the solder joint lifetime (failure time), we have
used the PCMDhealth indexmethod to extract the solder joint
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full-life degradation process, and the crack initiation time
and failure time are determined. In this process, we applied
the data-driven method to determine the lifetime. However,
the data-driven method requires a large number of experi-
ments to obtain data, which may not be feasible to engineer-
ing in practice. Comparatively speaking, it is more convenient
and viable to predict the solder joint failure time though
establishing the accurate physical model. According to the
SEM analysis and finite element simulation analysis of the
solder joint, we know that solder joint failure under cou-
pled environmental stress has a clear failure mode and fail-
ure mechanism, and it is an important and necessary part
in solder joint degradation modeling. Therefore, we hope
to study the solder joint degradation and failure from the
microscopic physical mechanism. This part aims to establish
a clear functional relationship between the fatigue mechan-
ical parameters and solder joint lifetime. The next section
introduces the failure physical model, and considering the
model applicability, physical models are revised by results of
data-driven calculations under coupled environmental stress
to obtain degradation models of QFP solder joints of different
failure mode.

IV. DEGREDATION MODELING OF CHIP SOLDER JOINT
BASED ON FAILURE PHYSICS
To improve the traditional failure physical methods, the
Coffin-Manson and Paris model equation parameters are
modified through tm, tn of PCMD and strain simulation data
under coupled stress to model crack initiation stage and crack
propagation stage.

Coffin-Manson model can describe the relationship
between strain and fatigue life [42]. Because the stress level
in high-cycle fatigue is within elastic deformation range,
the cracks propagate in the elastic region, the strain belongs to
elastic strain. Thus, the plastic strain term in Coffin-Manson
equation can be discarded. We can get a modified form of
Coffin-Manson equation:

ε = C
σu

E
N b
f (1)

E is elastic modulus; ε is the equivalent strain value;C is
a constant coefficient. σu is the final tensile strength; Nf is
number of fatigue life cycle. b is the fatigue strength index.
Coffin-Manson has obtained b = −0.12 based on a large
number of material fatigue life tests [43]–[45]. There will be
slight differences in the fatigue strength indexes of different
materials, but they are all close to −0.12, so the fatigue
strength index is generally set to −0.12 when applying this
model.

By fitting equation parameters through PCMD and sim-
ulation data, the Coffin-Manson equation can be revised to
model crack initiation stage and predict tm. nf is defined as
fatigue cycle number of per unit time. So:

ε =
Cσu
E

(tmnf )−0.12 =
Cσu

E(nf )0.12
1

t0.12
= A

1
t0.12m

(2)

A is the strain strength factor, only relevant to the material
and nf . The formula(2) can be converted to the following:

tm =
0.12

√
A
1
ε

(3)

The power spectral density (PSD) of random vibration and
test temperature is constant in each test group, σu, E , nf are
regarded as constants, so the value of A in each test group
is constant too. From the SEM results, we know the cracks
of FM1,FM3 appear at single material. So using 1/t0.12m and
ε of FM1 and FM3 to fit a straight line, ASnPb and ACu can
be obtained by line slope. FM2 has two cracks, so its tm is
defined as the first crack initiation time:

tm = min
{
tP1m , t

P2
m

}
tP1m =

0.12

√
ASnPb

1
εP1

tP2m =
0.12

√
ACu

1
εP2

(4)

where tP1m , t
P2
m is the crack initiation time at P1 and P2;

εP1,εP2 is strain at P1 and P2. Equations (3) (4) establish
a relationship between the crack initiation time tm and the
microscopic strain.
The crack propagation time needs to be determined to

obtain solder joint failure time. According to SEM results,
cracks mainly manifest as penetrating cracks. Since the Paris
model has better accuracy in describing such cracks, we select
an amended form of Paris model that can describe the rela-
tionship of crack growth rate da/dN and strain amplitude1ε,
which is expressed as [46]:

da
dN
= Cε (1ε)mε (5)

Cε and mε are constants related by material. Take the
logarithm on both sides:

ln(da/dN ) = lnCε + mε · ln (1ε) (6)

The crack propagation time is defined as:

tk = tn − tm (7)

Since the PCMD fluctuation amplitude changes slowly in
crack propagation stage, we assume that the crack grows at a
uniform speed, then:

da
dN
=

L
tk
=

L
tn − tm

(8)

L is the crack length. And formula (8) is converted as:

ln(tk ) = ln(tn − tm) = ln
(
C ′ε
)
+ m′ε · ln (1ε) (9)

C ′ε = L/Cε, m′ε = −mε. From Equation(9), we find when
the crack length is constant, the crack propagation time is
linearly related to strain amplitude in the samematerial, in the
logarithmic coordinate.

According to the crack propagation path of FM1, we can
see the crack only propagates inside SnPb and we assume the
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FIGURE 8. Crack propagation of FM2.

crack propagation constant length is L1 in FM1. By extracting
the strain amplitude 1ε1 of crack propagation from simula-
tion results and extracting the crack propagation time tk1 from
PCMD data, the fitting curve of ln(tk1) and ln (1ε1) can be
obtained:

ln(tk1) = a1 + b1 ln (1ε1) (10)

a1, b1 are fitting parameters. The failure time tn1 of FM1 is:

tn1 = tm1 + tk1 =
0.12

√
ASnPb
ε1
+

ea1

1ε
b1
1

(11)

Then the relationship between ln(da/dN ) and ln (1ε) in
SnPb is:

ln(da/dN )SnPb = ln(L1/tk1)

= ln(L1)− a1 − b1 ln (1ε1) (12)

Similarly, the crack penetrates the entire metal pin in FM3.
The constant crack length is set to L3, then the failure time of
FM3 is:

tn3 = tm3 + tk3 =
0.12

√
ACu
ε3
+

ea3

1ε
b3
3

(13)

a3, b3 are fitting parameters.
For FM2 shown in Figure 8, we define an intersection of

two cracks to simplify the analysis, and both cracks terminate
at this position. Crack length in SnPb is L2 and the crack
length through the Cu pin is still L3. Then, the crack propaga-
tion time of FM2 is a longer propagation time of two cracks:

tk2 = max
{
tCuk2 , t

SnPb
k2

}
ln(tCuk2 ) = a3 + b3 ln

(
1εCu2

)
ln(tSnPbk2 ) = ln(L2)− ln(da/dN )SnPb

= a2 + b1 ln
(
1εSnPb2

) (14)

tCuk2 , t
SnPb
k2 are the propagation times of two cracks;

1εCu2 ,1ε
SnPb
2 are the strain amplitudes of two cracks; And

a2 = ln(L2)− ln(L1)+ a1.
The failure time tn2 of FM2 is calculated as follows:

tn2 = tm2 + tk2 = min

{
0.12

√
ASnPb ·

1
εP1

,
0.12

√
ACu ·

1
εP2

}

+ max

{
ea3

(1εCu2 )b3
,

ea2

(1εSnPb2 )b1

}
(15)

Equations (11), (13), and (15) establish the relationship of
failure time and strain, strain amplitude of three chip solder
joints failure modes, respectively.

In this way, after the model parameters being modified
by test and simulation data from coupled loads, traditional
failure physical models can be applied in a wider range of
complex environment instead of simple single stress. This
makes the degradation model established in this study is more
in line with the actual situation. On the other hand, from the
solder joint degeneration model, we can see that the model
input is solder joint strain and strain amplitude, so obtaining
accurate solder joint lifetime only needs a finite element
simulation. This creates a huge advantage in engineering.

V. CHIP RELIABILITY MODELING BASED ON SOLDER
JOINT COMPETITIVE FAILURE
Chip solder joints have many potential failure modes. The
failure mode of first failed solder joint may be any one of
FM1, FM2, FM3 etc. So the relationship between chip relia-
bility and each solder joint failure mode reliability needs to be
described by a competitive failure model. All solder joints of
one chip are fixed on the chip package body and PCB. When
cracks occur in one solder joint, it will inevitably change the
stress-strain distribution of the entire chip. Thus, failure of
multiple solder joints has a mutually dependent competitive
relationship.

A. CHIP SOLDER JOINT RELIABILITY MODEL BASED ON
WEIBULL DISTRIBUTION
Through the chip reliability degradation test, we find that the
failure mode of the first failed solder joint is indeed any one
of FM1, FM2, and FM3 of Section III. And the failure rate is
not a constant value during the lifetime. Weibull distribution
can simulate the increasing or decreasing failure rate, so it
is widely used in the description of product life distribu-
tion [47]. Therefore, this article selectsWeibull distribution to
study the distribution of failure time. Its distribution function
is:

F (t) = 1− exp

[
−

(
t
η

)β]
, t > 0 (16)

The parameters include the shape parameterβ and the scale
parameter η called the characteristic life, too. The probability
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density function of Weibull distribution is:

f (t) =
β

η

(
t
η

)
exp

[
−

(
t
η

)β]
, t > 0 (17)

According to formula (16), the reliability function of solder
joint is:

R (t) = 1− F (t) = exp

[
−

(
t
η

)β]
, t > 0 (18)

The shape parameter is often regarded as a constant value
that does not change with the environmental stress load [47],
[48]. Yet according to the SEM analysis and finite element
simulation analysis, the microscopic cracks and mechanical
responses of each failure mode are different., so it is not
accurate to set the shape parameters of different failure modes
as a constant value under the same environment. Therefore,
this article defines the shape parameter as fixed values under
different test environments and sets them to different values
as β1, β2, · · · , βp based on failure modes, while p represents
the number of failure modes. Meanwhile, we use theoretical
solder joint failure time tn as the characteristic parameter η of
Weibull distribution model.

B. MUTUALLY DEPENDENT COMPETING FAILURE MODEL
OF CHIP SOLDER JOINT IN DIFFERENT FAILURE MODES
1) MUTUALLY DEPENDENT COMPETING FAILURE MODEL
BASED ON COPULA FUNCTION
The Copula function method is easier to relate to the actual
problem, so it has become an important method to solve the
mutually dependent competing failure problem [49]. Accord-
ing to Sklar’s theorem [50], an p-dimensional joint distribu-
tion function can be represented by a Copula function about
its p marginal distribution functions:

F
(
x1, x2, · · · , xp

)
= C

(
F1 (x1) ,F2 (x2) , · · · ,Fp

(
xp
)
; θ
)
(19)

We have assumed that any one of solder joint failure
occurrence can lead to chip malfunction, so chip only main-
tains normal operation when all potential solder joint failures
have not occurred. The chip reliability function can also be

described by Copula function of each solder failure mode
reliability function:

R (t) = P
[
T1 > t,T2 > t, · · · ,Tp > t

]
= Ĉ

(
R1 (t) ,R2 (t) , · · · ,Rp (t) ; θ

)
(20)

The chip failure probability due to failure mode k can be
obtained, as shown in the formula (21). fk (t) is the marginal
failure probability density function of failure mode k.

f (k) (t) =
∂Ĉ

(
R1 (t) ,R2 (t) , · · · ,Rp (t) ; θ

)
∂Rk (t)

fk (t) (21)

We assume that there are P failure modes in chip solder
joints. In i-th test group, a total of n(k)i failure test sam-
ples have the k-th failure mode, and the failure times are
ti1, ti2, · · · , tin(k)i

, respectively. j is the sample serial number

and j ∈
[
ti1, ti2, · · · , tin(k)i

]
. Then, the likelihood function of

all test samples in the i-th test is:

Li

=

[
Ĉ
(
R1 (ti0) ,R2 (ti0) , · · · ,Rp (ti0) ; θ

)ni0]

×

P∏
k=1

n
(k)
i∏
j=1

∂Ĉ
(
R1
(
tij
)
,R2

(
tij
)
, · · · ,Rp

(
tij
)
; θ
)

∂Rk
(
tij
) f (k)

(
tij
)

(22)

In the formula, Ĉ
(
R1 (ti0) ,R2 (ti0) , · · · ,Rp (ti0) ; θ

)ni0 is
the probability that a total of ni0 samples have not failed at
the censoring time ti0ti0 ≥ max

(
ti1, ti2, · · · , tin(k)i

)
. The log-

likelihood function of all samples in i tests is:
Considering the calculation difficulty, calculation effi-

ciency and result accuracy, we select the parameter estimation
method based on IFM [51], which can effectively simplify
calculation as well as ensuring the estimation accuracy.

Step 1: According to failure time data of each failure
mode and marginal failure probability density function,
the formula (24) is maximized to obtain the estimated
values of reliability model parameter β of each failure

lnL =
m∑
i=1


ni0 ln

[
Ĉ
(
R1 (ti0) ,R2 (ti0) , · · · ,Rp (ti0) ; θ

)]
+

P∑
k=1

n(k)i∑
j=1

[
ln
∂Ĉ

(
R1
(
tij
)
,R2

(
tij
)
, · · · ,Rp

(
tij
)
; θ
)

∂Rk
(
tij
) + ln f (k)

(
tij
)]



=

m∑
i=1


ni0 ln

[
Ĉ
(
R1 (ti0) ,R2 (ti0) , · · · ,Rp (ti0) ; θ

)]

+

P∑
k=1

n
(k)
i∑
j=1


2 ln

∂Ĉ
(
R1
(
tij
)
,R2

(
tij
)
, · · · ,Rp

(
tij
)
; θ
)

∂Rk
(
tij
)

+ ln
βk

ηk

(
tij
ηk

)
exp

[
−

(
tij
ηk

)βk]



 (23)
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TABLE 3. Examples of Solder Joint Failure Data.

mode.

m∑
i=1

nki∑
j=1

ln f (k)
(
tij
)

=

m∑
i=1

nki∑
j=1


ln
∂Ĉ

(
R1
(
tij
)
,R2

(
tij
)
, · · · ,Rp

(
tij
)
; θ
)

∂Rk
(
tij
)

+ ln βk
ηk

(
tij
ηk

)
exp

[
−

(
tij
ηk

)βk]


t > 0 , k = 1, 2, · · · , p (24)

Step 2: The reliability model parameter β of each fail-
ure mode is substituted into log-likelihood function (23), as
shown at the bottom of the previous page, and then the log-
likelihood function of all subject samples is maximized to
obtain the estimated value of Copula function parameter θ .

2) PARAMETER SOLUTION OF CHIP RELIABILITY MODEL
BASED ON TEST AND SIMULATION DATA
We exemplify the reliability of solder joints and chips under
25oC and 0.8g2/Hz random vibration as an example. From
the reliability degradation test in Section II and the PCMD
health index analysis in Section III, a large amount of solder
joint failure time t(k)ij can be obtained. According to solder
joint degradation model established in Section IV, the strain,
strain amplitude results of the finite element simulation are
substituted into formula (11)(13)(15) to calculate the charac-
teristic life ηik of each failure mode. Where i is the test serial
number, j is the sample serial number, and k is the failure
mode serial number. We take two sets of degradation test data
as an example. Its specific form is shown in Table 3.

Copula function has many different forms. They describe
the different correlations between variables, which make a
model owning different correlation structure. In this article,
the optimal Copula function is identified by Akaike Informa-
tion Criterion (AIC) method, which weighs complexity and
the superiority of chip reliability models based on different

TABLE 4. Model AIC Values of Different Copula Functions.

Copula functions. We choose widely used Gumbel copula,
Clayton copula and Frank copula as alternative functions. The
AIC values of reliability models are calculated respectively,
as shown in Table 4. K is the number of unknown model
parameters, and L is the maximum likelihood function value.

It was found that the model based on Gumbel Copula
function has the smallest AIC value, so we chose the Gumbel
Copula function. its expression is:

C (u1, u2, · · · , un; θ)

= exp

(
−

[
(− ln u1)θ + (− ln u2)θ +
· · · + (− ln un)θ

]1/θ)
(25)

Bring the solder joint failuremode reliability functions (18)
into the function (25) to obtain the overall chip reliability
function associated with multiple solder joint failure modes:

R (t)

= Ĉ (R1 (t) ,R2 (t) , · · · ,Rn (t) ; θ)

= exp
(
−
[
(− lnR1 (t))θ + (− lnR2 (t))θ

+ · · · + (− lnRn (t))θ
]1/θ)

= exp

−[( t
η1

)β1θ
+

(
t
η2

)β2θ
+ · · · +

(
t
ηn

)βnθ] 1
θ


(26)

In this research, the most vulnerable solder joints are
selected from each failure mode respectively to establish the
chip reliability model, and the chip reliability function can be
obtained as:

R (t) = Ĉ (R1 (t) ,R2 (t) ,R3 (t) ; θ)

= exp

−[( t
η1

)β1θ
+

(
t
η2

)β2θ
+

(
t
η3

)β3θ] 1
θ


(27)

The parameters of the reliability model are estimated using
IFM method. In the first stage, the log-likelihood function of
the edge probability density of each failure mode is solved,
as shown in Equation (28), as shown at the bottom of the next
page. β1, β2, β3 is calculated on computer using the maxi-
mum likelihood method. At the same time, 95% is taken as
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TABLE 5. Estimated Values and Confidence Interval of Model Parameters.

the estimated confidence level 1−α in parameters estimation
to obtain the confidence interval of parameters. In the second
stage, the log-likelihood function of all samples in i tests
is calculated, as shown in equation (29), as shown at the
bottom of the page. Also, θ is calculated through maximum
likelihood estimation,. Similarly, we take 95% as the esti-
mated confidence level to obtain the confidence interval of
the parameter.

The parameters of the reliability model and the confidence
interval of the parameters which were directly calculated
on computer are displayed in Table 5. The results show
that the estimated parameters are within the confidence
interval, proving that the parameter estimation result is
credible.

The reliability of solder joint during fatigue failure can
be calculated by substituting estimated shape parameter
β and calculated characteristic life η (theoretical failure
time according to solder joint degradation model). Under
25oC and 0.8g2/Hz random vibration, the characteristic life
η1, η2, η3 of three failure modes is calculated, as shown
in Table 6.

The chip reliability can be obtained by substituting
each failure mode reliability function and estimated Copula
function parameter θ into chip reliability equation (27).
Therefore, the reliability models of FM1,FM2, FM3 and
their chip are R1 (t) ,R2 (t) ,R3 (t) ,R (t) in equation (30),

TABLE 6. Characteristic Life of Three Failure Modes Solder Joints.

FIGURE 9. The reliability of chip and three solder joint failure modes.

as shown in Figure 9.

R1 (t) = exp

[
−

(
t

9406

)2.532
]

R2 (t) = exp

[
−

(
t

9954

)2.369
]

R3 (t) = exp

[
−

(
t

14876

)2.481
]

R (t) = exp

−

(

t
9406

)12.498

+

(
t

9954

)11.693

+

(
t

14876

)12.246


0.203

(30)

We find FM3 has the highest reliability among the three
solder joint failure modes indicating that solder joints are

m∑
i=1

nki∑
j=1

ln f (k)
(
tij
)
=

m∑
i=1

nki∑
j=1


ln
∂Ĉ

(
R1
(
tij
)
,R2

(
tij
)
,R3

(
tij
)
; θ
)

∂Rk
(
tij
)

+ ln
βk

ηk

(
tij
ηk

)
exp

[
−

(
tij
ηk

)βk]
, k = 1, 2, 3 (28)

lnL =
m∑
i=1


ni0 ln

[
Ĉ (R1 (ti0) ,R2 (ti0) ,R3 (ti0) ; θ)

]

+

3∑
k=1

n
(k)
i∑
j=1


2 ln

∂Ĉ
(
R1
(
tij
)
,R2

(
tij
)
,R3

(
tij
)
; θ
)

∂Rk
(
tij
)

+ ln
βk

ηk

(
tij
ηk

)
exp

[
−

(
tij
ηk

)βk]



 (29)
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FIGURE 10. Model prediction error distribution of tm and tn.

most difficult to fail when strain concentration only appears at
P3. FM1’s solder joints have the lowest reliability indicating
that cracks are more likely to fail when they appear at solder
and propagate along with contact areas of different material.
The chip reliability is close to the reliability of FM1 solder
joint, but lower than the reliability of each solder joint failure
mode. This also shows that it is inaccurate to directly char-
acterize the chip reliability according to the most vulnerable
solder joint.

C. MODEL VERIFICATION AND ERROR DISCUSSION
We set up verification tests under 25 oC and 0.8g2/Hz random
vibration to verify the accuracy of solder joint degradation
models and chip reliability model.

For solder joint degradation model, the actual tm and
tn are compared with tm and tn calculated by degradation
model. According to the distribution of model errors shown
in Figure 10, we found that model errors are less than 15%,
which can meet the accuracy requirement.

At the same time, we find the accuracy of tn is lower, indi-
cating that the bigger error is brought in calculation of crack
propagation time. This article has not considered intermetal-
lic compounds (IMC) that caused by the combination reaction
between different metal materials. Therefore, the impact of
IMC on the crack propagation speed is not considered in
solder joint degradation modeling at Section IV. But actually,
IMC has poorer brittleness, and the crack propagation speed
in IMC is faster than that in a single material [52]. So when
the crack is assumed to propagate at a uniform speed, the error
will be introduced. This means model tn of FM1 and FM2 is
bigger than real tn. So test and model tn of FM1 and FM2 is
expressed in Figure 11. Results show that test tn is indeed
a bit smaller than model tn under most circumstances which
verified conjecture of error source.

For solder joints and chip reliability model, due to IMC
is not considered causing η of FM1 and FM2 is larger than
the actual value, so we can qualitatively analyze that the
reliability of FM1, FM2 solder joints and chips is greater than
actual value too, according to equations (18) and (26). In the

FIGURE 11. Test and model tn of FM1,FM2.

FIGURE 12. Solder joint status monitoring software.

environmental stress test, the solder joint status monitoring
software, shown in Figure 12, is used to monitor the status
of chip solder joints in real time. The capacitor charging time
corresponding to solder failure time has been counted through
a large number of previous degradation tests. Their average
value, input tomonitoring software, is taken as themonitoring
threshold to determine whether the solder joint has failed.
The normal number n1, n2, n3 of these three solder joints in
all samples are counted separately at intervals. n1, n2, n3 is
divided by the samples number N to obtain solder joint relia-
bility. According to the finite element simulation, the solder
joint is the vulnerable area of the chip. Therefore, we detect
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FIGURE 13. Test and model reliability of FM1, FM2, FM3 and chip.

the state of all chip solder joints. Once any solder joint fails,
the chip is deemed to failed, and the chip failure time is the
first solder joint failure time.. Similarly, the normal number
of chip is counted at the interval and divided by N to obtain
the chip reliability.

The accuracy of reliability models can be analyzed by
comparing the reliability model curve with the reliability data
obtained by statistical calculation, as shown in Figure 13.
It can be seen the test results are consistent with the model
curve, indicating that the solder joint reliability model and
chip reliability model based on multiple solder joint compet-
ing failure can reflect the actual circumstances. And we can
find that the reliability of model is indeed higher than the
reliability of test for FM1, FM2 and chip especially during
reliability rapid changing stage. This also shows that IMC is
the important source of error in modeling.

VI. CONCLUSION
This article takes QFP chip solder joints as the main research
object. The chip reliability model under constant temperature
and random vibration are established based on the solder
joint degradation mechanism and the mutually dependent
competing failure theory.

First, the failure samples are obtained through chip degra-
dation tests, and the stress-strain response of solder joints is
obtained through finite element simulation. Three solder joint
failure modes are distinguished based on SEM analysis, FEM
analysis and test data.

Then, Coffin-Manson and Paris failure physical model is
modified by the data-driven PCMD health index to establish

degradation models, which provides a theoretical reference
for the degradation mechanism of solder joints and a gen-
eral research method for solder joint degradation modeling
under coupled environment loads. As failure time is predicted
as the characteristic life of two-parameter Weibull distribu-
tion, the established solder joint degradation model is linked
with the solder joint reliability model. The shape parameters
under different failuremodes are set as changing valueswhich
simulates the solder joint degradation in actual circumstances
and thus makes the solder joint and chip reliability models
more accurate.

Finally, Chip reliability model based on mutually depen-
dent competing failure of solder joints is established accord-
ing to the Gumbel Copula function. The parameters of the
solder joints and chip reliability models are estimated through
the IFM method. The result shows that the chip reliability is
close to the reliability of FM1 solder joint, but lower than
the reliability of each solder joint failure mode. This means
our model is more accurate than directly characterizing the
chip reliability according to the most vulnerable solder joint.
Verification tests are carried out to verify the accuracy of
solder joint degradation models. Simultaneously, the actual
reliability data of solder joints and chips are obtained to be
compared with reliability model curves. Consistent results
verify the effectiveness and accuracy of reliability model.
And we find that the poor brittleness of IMC is the main
source of errors in degradation models and reliability models.

In this article, we innovate a reliability modeling method,
which provides an idea for transition from solder joint
level reliability to component level reliability. Based on this
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method and competitive failure theory, we can continue to
study the reliability of simple and integrated components and
their joint failure. It is also possible to establish the electronic
system level reliability model in future studies.

REFERENCES
[1] C. Hu, H. Pei, Z. Wang, X. Si, and Z. Zhang, ‘‘A new remaining useful life

estimation method for equipment subjected to intervention of imperfect
maintenance activities,’’ Chin. J. Aeronaut., vol. 31, no. 3, pp. 514–528,
Mar. 2018.

[2] J. Sun, C. Li, C. Liu, Z. Gong, and R.Wang, ‘‘A data-driven health indicator
extraction method for aircraft air conditioning system health monitoring,’’
Chin. J. Aeronaut., vol. 32, no. 2, pp. 409–416, Feb. 2019.

[3] C. Sankavaram, B. Pattipati, A. Kodali, K. Pattipati, M. Azam, S. Kumar,
and M. Pecht, ‘‘Model-based and data-driven prognosis of automotive and
electronic systems,’’ in Proc. IEEE Int. Conf. Autom. Sci. Eng., Aug. 2009,
pp. 96–101.

[4] A. Barua and K. Khorasani, ‘‘Hierarchical fault diagnosis and health
monitoring in satellites formation flight,’’ IEEE Trans. Syst., Man, Cybern.
C, Appl. Rev., vol. 41, no. 2, pp. 223–239, Mar. 2011.

[5] Z.-J. Han, S.-B. Xue, J.-X. Wang, X. Zhang, L. Zhang, S.-L. Yu, and
H. Wang, ‘‘Mechanical properties of QFP micro-joints soldered with lead-
free solders using diode laser soldering technology,’’ Trans. Nonferrous
Met. Soc. China, vol. 18, no. 4, pp. 814–818, Aug. 2008.

[6] X. Zhou, X. Lu, X. Cao, Z. Liu, and Y. Chen, ‘‘Research on life evaluation
method of solder joint based on eddy current pulse thermography,’’ Rev.
Sci. Instrum., vol. 90, no. 8, Aug. 2019, Art. no. 084901.

[7] J. Shao, H. Zhang, and B. Chen, ‘‘Experimental study on the reliability
of PBGA electronic packaging under shock loading,’’ Electronics, 2019,
vol. 8, no. 3, p. 279.

[8] C. Lee and D. Kwon, ‘‘A similarity based prognostics approach for
real time health management of electronics using impedance anal-
ysis and SVM regression,’’ Microelectron. Rel., vol. 83, pp. 77–83,
Apr. 2018.

[9] D. Kwon, M. H. Azarian, and M. Pecht, ‘‘Remaining-life prediction of
solder joints using RF impedance analysis and Gaussian process regres-
sion,’’ IEEE Trans. Compon., Packag., Manuf. Technol., vol. 5, no. 11,
pp. 1602–1609, Nov. 2015.

[10] Q. K. Zhang and Z. F. Zhang, ‘‘In situ observations on creep fatigue
fracture behavior of Sn–4Ag/Cu solder joints,’’ActaMater., vol. 59, no. 15,
pp. 6017–6028, Sep. 2011.

[11] Y. Zhu, X. Li, C. Wang, and R. Gao, ‘‘Investigation on high temperature
mechanical fatigue failure behavior of SnAgCu/Cu solder joint,’’ J. Mater.
Sci., Mater. Electron., vol. 25, no. 3, pp. 1429–1434, Mar. 2014.

[12] M. K. Huang and C. Lee, ‘‘Board level reliability of lead-free designs of
BGAs, CSPs,’’QFPs TSOPs Soldering Surf. Mount Technol., vol. 20, no. 3,
pp. 18–25, 2008.

[13] H. Jiaxing, J. Bo, S. Zengjin, L. Fang, C. Yaojun, and Z. Yulin, ‘‘Failure
and failure characterization of QFP package interconnect structure under
random vibration condition,’’ Microelectron. Rel., vol. 91, pp. 120–127,
Dec. 2018.

[14] M. Samavatian, L. K. Ilyashenko, A. Surendar, A. Maseleno, and
V. Samavatian, ‘‘Effects of system design on fatigue life of solder joints in
BGApackages under vibration at random frequencies,’’ J. Electron.Mater.,
vol. 47, no. 11, pp. 6781–6790, Nov. 2018.

[15] C. Fx, ‘‘Lead free solder joint reliability characterization for PBGA, PQFP
and TSSOP assemblies,’’ in Proc. Electron. Compon. Technol., 2005,
pp. 916–921.

[16] R. Al Athamneh, D. B. Hani, H. Ali, and S. Hamasha, ‘‘Reliability model-
ing for aged SAC305 solder joints cycled in accelerated shear fatigue test,’’
Microelectron. Rel., vol. 104, Jan. 2020, Art. no. 113507.

[17] M. Mustafa, J. C. Suhling, and P. Lall, ‘‘Experimental determination of
fatigue behavior of lead free solder joints in microelectronic packaging
subjected to isothermal aging,’’Microelectron. Rel., vol. 56, pp. 136–147,
Jan. 2016.

[18] L. Wu, X. Han, C. Shao, F. Yao, andW. Yang, ‘‘Thermal fatigue modelling
and simulation of flip chip component solder joints under cyclic thermal
loading,’’ Energies, vol. 12, no. 12, p. 2391, Jun. 2019.

[19] Y. Chen, Y. Jin, and R. Kang, ‘‘Coupling damage and reliability model-
ing for creep and fatigue of solder joint,’’ Microelectron. Rel., vol. 75,
pp. 233–238, Aug. 2017.

[20] O. O. Ogbomo, E. H. Amalu, N. N. Ekere, and P. O. Olagbegi, ‘‘Effect of
coefficient of thermal expansion (CTE) mismatch of solder joint materials
in photovoltaic (PV) modules operating in elevated temperature climate on
the Joint’s damage,’’ Procedia Manuf., vol. 11, pp. 1145–1152, 2017.

[21] W. Tang, B. Jing, Y. Huang, and Z. Sheng, ‘‘Feature extraction for latent
fault detection and failure modes classification of board-level package
under vibration loadings,’’ Sci. China Technol. Sci., vol. 58, no. 11,
pp. 1905–1914, Nov. 2015.

[22] S.-U. Zhang, ‘‘Chip package interaction for LED packages,’’ Microelec-
tron. Rel., vol. 63, pp. 76–81, Aug. 2016.

[23] F. Liu andG.Meng, ‘‘Random vibration reliability of BGA lead-free solder
joint,’’Microelectron. Rel., vol. 54, no. 1, pp. 226–232, Jan. 2014.

[24] C. Liu, J. Wang, A. Zhang, and H. Ding, ‘‘Research on the fault diagnosis
technology of intermittent connection failure belonging to FPGA solder-
joints in BGA package,’’ Optik, vol. 125, no. 2, pp. 737–740, Jan. 2014.

[25] N. Wang, X. Ma, X. Xu, and Z. Rui, ‘‘A low power online test method
for FPGA single solder joint resistance,’’ J. Electron. Test., vol. 33, no. 6,
pp. 775–780, Dec. 2017.

[26] Q. S. Zhu, F. Gao, H. C. Ma, Z. Q. Liu, J. D. Guo, and L. Zhang, ‘‘Failure
behavior of flip chip solder joint under coupling condition of thermal
cycling and electrical current,’’ J. Mater. Sci., Mater. Electron., vol. 29,
no. 6, pp. 5025–5033, Mar. 2018.

[27] V. Bagdonavičius and M. S. Nikulin, ‘‘Estimation in degradation mod-
els with explanatory variables,’’ Lifetime Data Anal., vol. 7, no. 1,
pp. 85–103, 2001.

[28] W. Huang and R. G. Askin, ‘‘Reliability analysis of electronic devices with
multiple competing failure modes involving performance aging degrada-
tion,’’ Qual. Rel. Eng. Int., vol. 19, no. 3, pp. 241–254, May 2003.

[29] Y. Wang and H. Pham, ‘‘Modeling the dependent competing risks with
multiple degradation processes and random shock using time-varying cop-
ulas,’’ IEEE Trans. Rel., vol. 61, no. 1, pp. 13–22, Mar. 2012.

[30] H. Che, S. Zeng, J. Guo, and Y.Wang, ‘‘Reliability modeling for dependent
competing failure processes with mutually dependent degradation process
and shock process,’’ Rel. Eng. Syst. Saf., vol. 180, pp. 168–178, Dec. 2018.

[31] H. Sh, ‘‘Reliability modeling for mutually dependent competing failure
processes due to degradation and random shocks,’’ Appl. Math. Model.,
vol. 51, pp. 232–249, Dec. 2017.

[32] Y. Cao, S. Liu, Z. Fang, and W. Dong, ‘‘Modeling ageing effects for
multi-state systems with multiple components subject to competing and
dependent failure processes,’’ Rel. Eng. Syst. Saf., vol. 199, Jul. 2020,
Art. no. 106890.

[33] H. Peng, Q. Feng, and D. W. Coit, ‘‘Reliability and maintenance modeling
for systems subject to multiple dependent competing failure processes,’’
IIE Trans., vol. 43, no. 1, pp. 12–22, Oct. 2010.

[34] X. Bai, Y. Shi, Y. Liu, and B. Liu, ‘‘Reliability estimation of multicom-
ponent stress–strength model based on copula function under progres-
sively hybrid censoring,’’ J. Comput. Appl. Math., vol. 344, pp. 100–114,
Dec. 2018.

[35] Q. Qiu and L. Cui, ‘‘Reliability evaluation based on a dependent two-
stage failure process with competing failures,’’Appl. Math.Model., vol. 64,
pp. 699–712, Dec. 2018.

[36] Zeng, Z. G. Chen, and Y. X, ‘‘A compositional method to model dependent
failure behavior based on PoF models,’’ Chin. J. Aeronaut., 2017, vol. 30,
no. 5, pp. 1729–1739.

[37] China State Administration of Market Supervision and Administration,
Environmental Test, Beijing, China, 2019.

[38] China Quality Supervision, Inspection and Quarantine Bureau, GB/T
25712-2010, Vibration aging process parameter selection and effect eval-
uation method, Standard Press, Beijing, China, 2010.

[39] G. Elger, ‘‘Analysis of solder joint reliability of high power LEDs by
transient thermal testing and transient finite element simulations,’’ Micro-
electron. J., vol. 46, no. 12, Part A,2015,Pages 1230-1238.

[40] Y. Zhang, B. Jing, F. Lu, X. Jiao, J. Hu, and Y. Chen, ‘‘Study on failure
simulation and fatigue life prediction of BGA solder joint under random
vibration,’’ in Proc. Prognostics Syst. Health Manage. Conf., Oct. 2018,
pp. 675–681.

[41] L. Longteng, J. Bo, and H. Jiaxing, ‘‘The degradation study for QFP inter-
connection structure based on PCMD health index and darveaux model,’’
Microelectron. Rel., vol. 109, Jun. 2020, Art. no. 113662.

[42] C. Andersson, ‘‘Comparison of isothermal mechanicalfatigue properties of
lead- free solder joints and bulk solders,’’MaterialsScience Eng., vol. 394,
nos. 1–2, pp. 20–27, 2005.

[43] L. F. Coffin, ‘‘Study of the effects of cyclic thermal stresses on a ductile
metal,’’ Trans. Am. Soc. Mech. Eng., vol. 76, pp. 931–950, May 1954.

VOLUME 8, 2020 204707



L. Li et al.: Study on Chip Reliability Modeling Based on Mutually Dependent Competing Failure

[44] S. Manson, Behavior of Materials under Condition of Thermal Stress,
vol. 2933.Washington, DC, USA: National Advisory Committee for Aero-
nautics, 1954.

[45] J. D. Morrow, ‘‘Cyclic plastic strain energy and fatigue of metals,’’ in
Internal Friction, Damping and Cyclic Plasticity, vol. 378, B. J. Lazan,
Ed. Philadelphia, PA, USA: ASTM STP, 1965, pp. 45–87.

[46] M. Roellig, R. Dudek, S. Wiese, B. Boehme, B. Wunderle, K.-J. Wolter,
and B. Michel, ‘‘Fatigue analysis of miniaturized lead-free solder contacts
based on a novel test concept,’’ Microelectron. Rel., vol. 47, nos. 2–3,
pp. 187–195, Feb. 2007.

[47] W. B. Nelson, Accelerated Testing: Statistical Models, Test Plans, and
Data Analysis. vol. 344. Hoboken, NJ, USA: Wiley, 2009.

[48] X. Bai, Y. Shi, H. Ng, andY. Liu, ‘‘Inference of accelerated dependent com-
peting risks model for Marshall-Olkin bivariate Weibull distribution with
nonconstant parameters,’’ J. Comput. Appl. Math., vol. 366, Mar. 2020,
Art. no. 112398.

[49] R. B. Nelsen, An Introduction to Copulas. New York, NY, USA: Springer,
2006.

[50] A. Sklar, Fonctions de Repartition An Dimensions Et Leurs Marges. Paris,
France: Publications Institut de Statistique de Univ., 1959.

[51] V. Panchenko, ‘‘Goodness-of-fit test for copulas,’’ Phys. A, Stat. Mech.
Appl., vol. 355, no. 1, pp. 176–182, 2005.

[52] Y.-C. Chiou, Y.-M. Jen, and S.-H. Huang, ‘‘Finite element based fatigue
life estimation of the solder joints with effect of intermetallic compound
growth,’’Microelectron. Rel., vol. 51, no. 12, pp. 2319–2329, Dec. 2011.

LONGTENG LI received the B.S. degree in elec-
trical engineering and automation from Air Force
Engineering University, in 2018, where he is cur-
rently pursuing the M.S. degree with the College
of Aeronautics Engineering.

His current research interests include intelligent
detection and the health monitoring of electronic
equipment.

BO JING received the M.Sc. degree from Air
Force Engineering University, in 1996, and the
Ph.D. degree from Northwestern Polytechnical
University, in 2002. She is currently a Professor
of Air Force Engineering University. Her current
research interests include prognostics and health
management, design for testability, sensor net-
works, and information fusion.

JIAXING HU received the M.S. degree in con-
trol science and engineering from Air Force Engi-
neering University, in 2016, where he is currently
pursuing the Ph.D. degree with the College of
Aeronautics Engineering.

His current research interests include condition
monitoring, fault reasoning, and the prognostics of
electronic equipment.

XIAOXUAN JIAO received the B.Sc. and M.Sc.
degrees from Air Force Engineering University,
in 2012 and 2014, respectively, where he is cur-
rently pursuing the Ph.D. degree. His current
research interests include information fusion, and
fault diagnosis and prognostics.

JINXIN PAN received the B.Sc. degree from Air
Force Engineering University, in 2019, where he is
currently pursuing the M.Sc. degree. His current
research interest includes prognostic and health
management.

HONGDA SUN received the B.Sc. degree from
Anhui University, in 2013. He is currently pursu-
ing the M.Sc. degree with Air Force Engineering
University. His current research interests include
intelligent detection and health management.

204708 VOLUME 8, 2020


