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ABSTRACT Electronic packaging solder joints are the key parts of mechanical fixation and electrical
interconnection between electronic chips and printed circuit boards, which are prone to failure and lead
to electronic device failures under the action of vibration environment stress. In regard to the failure
characterization and degradation modeling of electronic packaging solder joints under vibration load, this
paper adopts environmental stress tests, builds a vibration failure test platform, designs a vibration load
excitation spectrum, and obtains solder joint degradation data under vibration stress; it uses the square root
amplitude, form factors, and kurtosis factors to characterize the solder joint degradation process, which
effectively identify the solder joint degradation node, and improve the data monotonicity of the solder
joint degradation process; the Wiener process is used to build a solder joint multi-stage degradation model.
Based on the EM algorithm, the hyperparameters of the degradation model have been optimized, and the
universal test of the Wiener degradation model with multiple samples is carried out in accordance with the
LB index. The analysis shows that the effectiveness of different samples is as high as 87.5%, which verifies
the universality of the Wiener degradation model; Based on the crack morphology subject to the solder joint
test and the features of the solder joint in the multi-stages, the paper analyzes the crack propagation behavior
of the solder joint, and clarifies the failure mechanism of the solder joint.

INDEX TERMS Solder joints, vibration stress, state characterization, degradationmodeling,Wiener process.

I. INTRODUCTION
With the continuous expansion and extension of battlefield
boundaries in the information age, various types of combat
units, mainly aircraft, radar, reactance, and communications,
have more diverse functional configurations and complex
equipment components. As the main carrier of equipment
function integration, electronic equipment has a broader role
and a more prominent position. As the core component sup-
porting the realization of the functions of electronic equip-
ment, electronic packaging chips feature diverse types, dense
distribution, and large numbers. Besides, due to the combat
missions, equipment installations face the needs of forward-
ing support, long-distance maneuvering, and cross-regional
garrison, which are normally exposed to harsh environments
including vibration and shock, high and low temperatures,
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high salt and humidity, and are prone to fault and failure.
Studies have shown that 70% of electronic device faults are
caused by electronic packaging failures [1]–[4], while the
damage in the electronic chip connection structure is the main
cause of electronic packaging failures. Solder joints are a
typical electronic chip connection structure, and solder joint
failure has become one of the key issues that restrict the
reliability of electronic equipment. Statistics show that vibra-
tion accounts for 20% of the environmental factors affect-
ing the reliability of airborne electronic equipment [5], [6],
and is the main environmental stress that causes solder joint
failure. The solder joints are small, concealed in packaging,
and few studies focus on the acquisition of solder joint state
monitoring data and the representation of health status, while
fewer systematic researches focus on the construction of
degradation process models.

The researches on the characterization and degradation
modeling of solder joint health under vibration load mainly
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adopt environmental stress tests and numerical simulation.
Since the environmental stress test can directly obtain the
state monitoring signal reflecting the failure process of the
solder joint, it is more helpful to study the failure character-
ization and degradation modeling of the solder joint [7], [8].
This paper also uses the environmental stress test to study
the solder joint failure characterization and degradation mod-
eling. In previous studies, Kwon and Yoon [9] proposed an
impedance analysis for detecting the failure of solder joints.
The study pointed out that the resistance signal will change
suddenly before and after the damage of the solder joint
occurs, but it is difficult to characterize the gradual process
of degradation. The test shows that due to crack growth,
the impedance continues to increase with the deterioration
of the solder joint, which can reflect the initial failure stage
of the solder joint. Che and Pang [10] studied the failure
behavior of QFP solder joints under vibration stress, using
a high-speed camera to capture the dynamic displacement of
the PCB board encapsulating the QFP chip, and regarding the
displacement change as a state monitoring signal to study the
characterization of solder joint failure and failure modes. Kim
and Hwang [11] studied the reliability of PBGA solder joints
under random vibration load. In the vibration test, the chip
was encapsulated on a daisy chain circuit board to collect the
solder joint electrical signals, and the solder joint resistance
signal was regarded as the damage state evaluation index.
The results show that the crack propagation length is closely
related to the solder joint resistance. Tang et al. [12]–[14]
realized the multi-stage degradation characterization of QFP
solder joints under vibration load based on the resistance
signal monitored by the experiment and divided the solder
joint failure stages into a healthy state, mild failure, moderate
failure and invalidate. Xu et al. [15] studied the life predic-
tion method of PBGA solder joints under random vibration
loads. By laying a daisy chain circuit on the PCB board to
monitor the resistance of the solder joints, the health status
of the solder joints can be identified and failure judgments
can be made, which verifies the validity of the method.
Zhang et al. [16] conducted a study on the failure of solder
joints under random vibration load. In the experiment, a strain
gauge was attached to the PCB board, and a daisy chain
circuit was designed to monitor the solder joint resistance.
The strain gauge senses the strain value of the PCB board
near the solder joint during the vibration and the resistance
value is used as a criterion for the failure of the solder joint.
The results show that with the reciprocating vibration of the
PCB board, the strain value also presents the characteristics of
alternating changes, and when the solder joint fracture mode
changes, its resistance value will increase significantly.

From the perspective of mechanical response, both electri-
cal and strain signals can demonstrate the state changes of sol-
der joints under environmental stress. From the perspective
of failure characterization, impedance signals can directly
reflect the influence of changes in the internal structure of
solder joints on circuit continuity, which is more favorable
compared to strain signals. As a monitoring parameter that

reflects the connection status of the solder joint, the electrical
signal not only reveals the moment when the solder joint fails
but more importantly, it shows the process of the solder joint
changing from the intact state to complete failure. Since the
degradation mechanism of solder joints under vibration load
is still unclear, the degradation data is highly random, and the
degradation model is suitable to be constructed by a stochas-
tic process including Wiener process, Gamma process, and
Poisson process, etc., which are respectively suitable for
non-strictly regular degradation processes, strictly regular
degradation processes, and cumulative damage caused by
shocks [17]–[19]. Cai et al. [20] used the Wiener process
to describe the nonlinear degradation process. Liu et al. [21]
used the stochastic Wiener process to describe the life cycle
of aeroengines. Wei and Chen [22] used a multi-stageWiener
process to construct a product degradation model. This paper
adopts the Wiener process to construct the solder joint degra-
dation model under vibration load.

The paper focusing on the failure characterization and
degradation modeling of solder joints under vibration load,
is divided into three parts. In the first part, the paper uses
the environmental tests and designs solder joint health moni-
toring circuits, which obtain electrical signals of solder joint
status; the second part includes the multi-dimensional degra-
dation characteristics of solder joints, the construction of a
stochastic Wiener process model of solder joints, and testing
the adaptability of the model with multi-sample degradation
data; in the last part, the paper studies the failure mechanism
of solder joints based on the multi-stage degradation statisti-
cal characteristics and the microscopic crack morphology of
the solder joints.

II. VIBRATION FAILURE TEST OF SOLDER JOINTS IN
ELECTRONIC PACKAGING
A. BUILDING A VIBRATION FAILURE TEST PLATFORM
Vibration failure test is an important approach to study the
degradation process and failure mechanism of solder joints
in electronic packaging. However, due to the small size of
the solder joints and the hidden packaging location, the test
firstly needs to solve the key issues of platform construction,
the design of test pieces and the monitoring of parameters.
This paper takes GJB150.16A and MIL-810B standards as
references, and builds a vibration failure test platform as
a vibration environment for solder joint failure based to
the requirements of electronic packaging solder joint envi-
ronmental test [23], as shown in Figure 1. The platform
includes vibration test pieces, fixtures and signal monitoring
devices, covering the processes of ‘‘vibration load applica-
tion’’, ‘‘vibration load transmission’’, ‘‘vibration load moni-
toring’’, etc., and can ensure the accelerated testing of circuit
board components under multi-directional complex vibration
stress. To ensure that the vibration stress acts on the test
pieces, the test adopts a closed-loop control system in which
the vibration signal excitation is applied through the server,
and the control signal is transmitted to the vibration table
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FIGURE 1. Experimental design.

through the power amplifier. The fixture acceleration is used
as the loop negative feedback signal, which reacts to the
excitation output of the vibration table to ensure that the test
piece is in the vibration stress environment set before.

The test piece design of solder joint in electronic packaging
is shown in Figure 2. The circuit board is a rectangular PCB
with the length, width, and thickness of 180mm × 90mm ×
0.7mm, marked as the PCB-A. A square PCB board with the
size of 20mm × 20mm × 0.7mm is used as the substrate,
marked as PCB-B. The solder joints are packaged between
the two copper pads PCB-A board and PCB-B board, stably
supporting the PCB board to prevent the direction of the stress
applied by the two PCB boards to the solder joints from the
deviation due to non-parallelism. In addition, the holes on
the PCB provide a wire interface for the monitoring of the
electrical signals of the solder joints.

FIGURE 2. Solder joint package drawing.

The electrical signal monitoring of the solder joint is shown
in Figure 3. The solder joint is packaged between the PCB-A
board and the PCB-B board, and the voltage monitoring
points connect the two PCB boards through the holes. The
voltages that have been tested are respectively marked asUr1,

FIGURE 3. Monitoring circuit of electric signals.

Ur2 and Ur3, as in

Uri = U × Ri/ (Ri + Rd ) (1)

Among them, U is the DC power supply of the voltage
divider circuit, Rd is the voltage divider resistance of the
circuit, and Ri is the solder joint resistance of the branch
circuit.

The DC power supply voltage is 5V. When the solder
joint is intact, the resistance of the solder joint is close to 0,
and the partial voltage is also approximately 0V; when the
solder joint is gradually damaged, the conductive area of the
test pieces of the solder joint decreases and the resistance
gradually increases; when the solder joint fails, the resistance
is theoretically close to infinity and the voltage tends to 5V.
Therefore, the voltage amplitude of the solder joint changes
from 0 to 5V from the initial state to the final failure.

B. RANDOM VIBRATION LOAD DESIGN
Due to the different operations of the equipment, the vibration
stress environment of the equipment is different, in which
the service environment of airborne equipment is the most
severe. Therefore, this paper takes the vibration environ-
ment of jet aircraft instrumentation equipment as a reference
to determine its vibration load and apply it to the failure
test of solder joints. Vibration sources of airborne instru-
mentation equipment mainly include engine noise, airflow
disturbances outside the aircraft, and structural vibration
caused by aircraft maneuvering. It requires a large num-
ber of and complicated actual measurements to obtain the
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actual vibration environment of the instrumentation equip-
ment, so this paper selects the vibration spectrum type of
the instrumentation equipment provided by the GJB150.16A
as a reference to determine the test load. The random power
spectrum density [24]–[26] is shown in Figure 4.

FIGURE 4. Vibration environment of jet aircraft dashboard.

Figure 4 shows that the up and down slopes of the random
power spectral density and the frequency range have been
determined. The parameters to be determined in the test
are the initial frequency and the acceleration power spectral
density valueW0 (unit: g2/Hz), and the values are 0.01, 0.02,
0.03, 0.04, 0.05, 0.06 and the frequency is relatively high.
This paper uses W0 = 0.03g2/Hz to design the acceleration
power spectrum and conduct experiments, in which the ran-
dom vibration load design is shown in Figure 5.

FIGURE 5. Random vibration power spectrum.

The PSD value ±3dB sets the alarm line and ±6dB sets
the interrupt line. When the vibration parameters in the test
are abnormal, there will be a warning until the test is inter-
rupted by itself to ensure that the vibration parameters are
controlled within the specified value ±3dB during the entire
test process. By comparing the input and output PSD curves,
the excitation signal is nearly consistent with the measured
signal, which does not have large peaks, indicating that the
fixture design features good transfer and also ensures the
successful failure test of the solder joint under specific stress.

III. CHARACTERIZATION OF SOLDER
JOINT HEALTH STATUS
This paper uses environmental stress testing to obtain the data
in the solder joint degradation process, as shown in Figure 6.
The voltage amplitude of the solder joint does not change
significantly at first, and then the peak value is close to 0.5V,
and finally increased sharply and quickly reaching a failure
state. Under the vibration stress, cracks in the solder joints
gradually sprout, and the opening and closing of the cracks
lead to the repeated changes in the effective energized area of
the solder joints and changes in the voltage amplitude.

FIGURE 6. Solder joint voltage change graph.

Under the vibration stress, the solder joint cracks are in
a state of periodic opening and closing during the vibration,
and the solder joint voltage alternately changes between peak
and valley values. At the beginning of the vibration, the sol-
der joints are intact and no cracks are generated; with the
continuous vibration stress, cracks in the solder joints begin
to grow, and the accumulation of solder joint deformation
reaching to a certain level may cause brittle fracture of the
solder joints. During the vibration process of the solder joints,
on the one hand, due to the continuous target load, the solder
joints alternately bear the pressure and tension exerted by
the PCB board; on the other hand, the time lag between
the acceleration of the solder joint reaching to the peak
and the PCB board deformation reaching the extreme value
leads to the repeatedly compression and stretch of the solder
joints [27], [28].

According to the electrical signal monitoring data in the
solder joint degradation process, solder joint degradation is
a multi-stage degradation process. However, the electrical
signal reflects the change in the resistance of the solder joint,
whose data curve features insignificant monotonic change,
large numerical fluctuation range, and difficulty in determin-
ing the moment of phase transition, and it cannot fully char-
acterize the change in the health state of the solder joint. For
this problem, this paper selects time-domain statistics such
as peak value, mean value, root square amplitude, standard
deviation, variance, crest factor, and kurtosis factor to demon-
strate the solder joint degradation process. The research has
shown that compared with the peak value, mean value, stan-
dard deviation, and variance, the root square amplitude is
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the most monotonic, and can best reflect the degradation
process of solder joints, while kurtosis factor and crest factor
are more sensitive to the transition moment of solder joint
degradation process [29], [30]. This paper also uses the square
root amplitude, form factor, and kurtosis factor to describe
the solder joint degradation process under random vibration
loads, as shown in Figure 7.

FIGURE 7. Degradation process of solder joints under random vibration
load.

The figure above shows that the square root amplitude,
crest factor and, kurtosis factor demonstrate the degradation
characteristics of solder joints from different aspects. The
root square amplitude is the most monotonic, while the crest
factor and kurtosis factor are more sensitive on the failure
state of solder joints. Based on the three statistics, the anal-
ysis shows that the form factor effectively identifies the first
inflection point of the solder joint degradation process, and
the solder joint electrical signal is distorted 87 minutes later,
and the square root amplitude changes from 10−3 to 10−1;
The kurtosis factor effectively identifies the second inflection
point of the solder joint degradation process, and the solder
joint electrical signal enters the accelerated failure phase at
227 minutes. Therefore, the solder joint degradation process
can be divided into three stages. In the first stage, the solder
joints are intact and the data is stable, indicating that no
cracks have initiated; in the second stage, the signal has been
distorted, and the voltage root amplitude gradually increases,
indicating the growth of the solder joints crack and the slow
expansion; in the third stage, The signal peak and valley value
greatly increase. The solder joint signal amplitude changes
more drastically, and the solder joint is in the accelerated
failure stage.

IV. WIENER DEGRADATION MODEL CONSTRUCTION
A. DEGENERATE EQUATION BASED ON WIENER PROCESS
According to the nature of theWiener process, the time series
difference {S(t), t ≥ 0} obeys the normal distribution, that

is S(t + 1t) − S(t)∼N (1t·µ,1·σ2), where µ is the drift
parameter of S(t) and σ is the diffusion parameter of S(t).
In actual situations, the time series tend to change away

from the initial value, that is µ 6= 0. When the parameters
µ and σ in the Wiener process model are constant, there
is no difference between degraded samples, that is, the dif-
ference of the same batch of solder joints can be ignored.
In fact, due to uncontrollable factors, there are bound to be
differences between solder joint samples. Therefore, model
parameters vary with sample selection. In this regard, this
paper takes µ and σ as the random variables, and the Wiener
process model [31], [32] that introduces the random effect
of parameter changes is expressed as S(t) = µt + σW (t),
where µ and σ obey the joint distribution of normal-inverse
Gamma [33]. In accordance with the random effect analysis
of the Wiener process, µ and σ are both random variables.
To define G = σ − 2, it can be assumed to obey the Gamma
distribution, that is:

f (G) = (βα/0(α))× Gα+1 × exp(−βG) (2)

In formula (2), the Gamma distribution parameters G, α
and β are all positive numbers. On this basis, it can be
assumed that under the given premise G, µ obeys the normal
distribution, that is µ|G∼N(p, q·G−1).

The Wiener process is suitable for processing linear degra-
dation processes while actually product degradation pro-
cesses are often non-linear and cover multiple degradation
stages. According to the identification of the solder joint
degradation process under random vibration load, each degra-
dation stage of the solder joint can be approximately regarded
as linear degradation. This paper establishes the solder joint
segmentation model based on the Wiener process as in

X (t)=


µ0t + σ0B(t) t ≤ T1
l1+µ1(t − T1)+ σ1B(t) T1 ≤ t ≤ T2
l2 + µ2(t − T1 − T2)+ σ2B(t) T2 < T1

(3)

In the formula, l1 and l2 respectively represent the distance
between the initial value of the corresponding degradation
stage and the horizontal axis, and the time T1 and T2 are
obtained by pre-analyzing the statistic form factor and kur-
tosis factor.

B. OPTIMIZATION OF MODEL PARAMETERS BASED ON
THE EM ALGORITHM
The acquisition of model parameters firstly needs to
obtain the prior values of hyperparameters. This paper studies
the iterative optimization of prior values based on the EM
algorithm. The EM algorithm is easy to calculate, and the
results have good convergence, which often used to solve
the maximum likelihood function. Following the Bayesian
formula, the posterior estimated value of the hyperparameter
is obtained [34], as shown in formula (4):

B(µ,G|S) =
L(S|µ,G) · B(µ,G)∫

+∞

0

∫
+∞

0 L(S|µ,G) · B(µ,G)dµdG
(4)
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In the formula, L(S|µ,G) represents a maximum like-
lihood function. B(µ,G) is a priori density function, and
B(µ,G|S) is a posterior density function. L(S|µ,G) and
B(µ,G) are shown in formulas (5) and (6) respectively.

B(µ,G) =
G
1/2
√
2πq

e
−G(µ−p)2

2q
βαGα+1

0(α)
e−βG (5)

L(S|µ,G) =
n∏
i=1

G
1/2

√
2π1(ti)

e
−G(1Si−µ1(ti))

2

21(ti) (6)

According to the prior and posterior density functions of
drift parameters and diffusion parameters, when the hyperpa-
rameters α∗, β∗, p∗, q∗ obtained, posterior iteration equations
can be verified as in

α∗ =
N
2
+ α (7)

β∗ = β +
p2

2q
−

(Snq+ p)2

2(tnq2 + d)
+

n∑
i=1

1S2i
21ti

(8)

p∗ =
Snq+ p
tnq+ 1

(9)

q∗ =
q

tnq+ 1
(10)

This paper has carried out 8 batches of solder joint failure
tests, so the sample data in the priori parameter estimation is
the degradation process data of the 8 solder joint samples.
Si = {S1i, S2i, . . . , Sni} is the degradation data of the life
process of the jth sample. The measurement time of tij refers
to each measurement value Sij. i represents the number of
measurements in the process, where i = 1, 2, . . . , n and
j = 1, 2, . . . ,N (N = 8). The 8 samples are used as prior
information to establish the likelihood function [35]–[37],
as in formula (11).

L(µj,Gj, α, β, p, q)=
n∏
i=1

N∏
j=1

G0.5
j√

2π1tij
e
−Gj(1Sij−µj1tij)

2

21tij

×

N∏
j=1

G0.5
j

√
2πq

e
−wj(µj−p)

2

2q

×
βαGα−1j

0(α)
e−βGj (11)

Formula (11) includes model parameters µj, Gj and hyper-
parameters α, β, p, q. The iterative equation of hyperparam-
eter [38] estimates as in

ϕ(α̂)− ln α̂ =
1
N

N∑
j=1

lnGj + lnN − ln
N∑
j=1

lnGj (12)

β̂ = N · α̂

/
N∑
j=1

Gj (13)

p̂ =
n∑
j=1

Gjµj

/
n∑
j=1

Gj (14)

q̂ =
1
N

n∑
j=1

(Gjµ2
j − 2p̂Gjµj + p̂2Gj (15)

In the above formula, ϕ(·) refers to the diGamma func-
tion. µj and Gj are the undetermined variables. The hyper-
parameter estimates, cannot be directly calculated by the
model parameters. The EM algorithm is required to obtain the
expected valuesµj andGj includingE(Gj),E(lnGj),E(Gjµj),
and E(Gjµ2

j ), then substitute it into the iterative equation to
replace µj and Gj. Since µ and G obey the conjugate prior
distribution of normal-inverse Gamma, the iterative equation
of expected value [39] can be derived as follows.

E(Gj) =
α̂j + nj

/
2

β̂j +
p̂2j
2q̂j
−

(q̂jsnj+p̂j)2

2(tnjq̂2j +q̂j)
+

n∑
i=1

1s2ij
21tij

(16)

E(lnGj) = ϕ(α̂j +
nj
2
)

− ln(β̂j +
p̂2j
2q̂j
−

(q̂jsnj + p̂j)2

2(tnjq̂2j + q̂j)
+

n∑
i=1

1s2ij
21tij

)

(17)

E(Gjµj) = E(GjE(µj|Gj)) = E(Gj)
q̂jsnj + p̂j
tnjq̂j + 1

(18)

E(Gjµ2
j ) = E(Gj)(

q̂jsnj + p̂j
tnjq̂j + 1

)2 +
q̂j

tnjq̂j + 1
(19)

In the above formula, the hyperparameter estimates are
the calculated values after the jth iteration. On the basis of
obtaining the parameters-including expectations, the E(Gj),
E(lnGj), E(Gjµj) and E(Gjµ2

j ) are substituted into the iter-
ative formulas (12) to (15), so that the hyperparameter esti-
mates can be obtained after j+ 1 steps. After the calculation
results of the j and j + 1 steps meet the iteration accuracy,
the hyperparameter estimates of the j + 1 step are the prior
estimates.

To apply Wiener process modeling, the difference of each
degradation stage of the solder joints is firstly tested with a
significance level of 0.1 normality, and then a hypothesis is
made:
H0: The degraded component difference obeys the normal

distribution;
H1: The degraded component difference does not obey the

normal distribution.
The paper adopts Lilliefors test, an improvement of

Kolmogorov-Smirnov test, which is only applicable to test
the standard normal distribution, while Lilliefors test is also
applicable to the general normal test.

The Lilliefors test is as follows. For the increments of n
samples, namely1S = (1s1,1s2, . . . ,1sn−1), the degrada-
tion data is standardized according to the following formula.

zi = 1si − µ̂
/
σ̂ (20)

On this basis, according to the size order of zi, the empirical
distribution function of Fn(z) is obtained from the new order
of z(i), and then the test statistic [40] is obtained, as in

Dn = sup |Fn(z)− φ(z)| (21)
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In accordance with the critical value Dn1−α under the
significance level α, when Dn ≥ Dn1−α , reject H0, and
the difference of degraded data is not normally distributed;
when Dn < Dn1−α , then accept H0, and the difference of
degraded data is normally distributed. Lilliefors normal test is
used to analyze the normality of the difference of solder joint
degradation under simple harmonic vibration load. At the sig-
nificance level of 0.1, the accepted sample obeys the normal
distribution. The normal distribution inspection curve of each
stage of the solder joint is shown in Figure 8.

In the solving process ofmodel parameters, the initial value
of hyperparametersα, β, p, q are set to 0.1, 0.1, 0.1, 0.1.When
the iteration accuracy of the four hyperparameters e1, e2, e3
and e4 are all less than 10−6, the iteration stops, and the itera-
tive value at this time is selected as the a priori estimated value
of the hyperparameter. The calculation formula of iteration
accuracy ei is as in e1 =

∣∣α̂n − α̂n+1∣∣ e2 =
∣∣∣β̂n − β̂n+1∣∣∣

e3 =
∣∣p̂n − p̂n+1∣∣ e4 =

∣∣q̂n − q̂n+1∣∣ (22)

After the iterative calculation, the priori estimates of hyper-
parameter are marked as α̂, β̂, p̂, q̂. Priori estimates are
substituted into the hyperparameter posterior probability for-
mula, which generates hyperparameter posterior estimates
including α∗, β∗, p∗, q∗. The hyperparameter estimates of
the three degradation stages are shown in Table 1. The solder
joint degradation curve is shown in Figure 9. The degrada-
tion trajectory and degradation curve show that the degrada-
tion process of solder joints can be characterized with the
construction of the degradation model based on the Wiener
process.

TABLE 1. Hyperparameter estimates under random vibration load.

The Wiener degradation model of solder joints researched
and constructed in this paper can better describe the degrada-
tion process of solder joint structure. And the model is a key
step in the research of solder joint remaining life prediction.
After that, the model failure probability density function
and failure probability distribution function can be further
derived, and then the probability distribution and estimation
method of the remaining life can be established. At last,

FIGURE 8. Degradation differential data distribution curve.

these model foundation can be applied to the remaining life
prediction and health management research of solder joints.

C. INSPECTION OF SOLDER JOINT DEGRADATION
MODEL BASED ON LB INDEX
The Wiener degradation model based on the EM algorithm
takes the degradation data of a single solder joint as the
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FIGURE 9. Degradation curve of solder joint under random vibration load.

modeling object. The adaptability of the model to multiple
samples under the same vibration stress needs to be further
inspected. This paper adopts the white noise test to verify the
effectiveness of the model, that is, the white noise analysis

on the residual sequence of the model is conducted with the
LB (Ljung-Box) index.When the model takes the white noise
significance test, it indicates that the degradation model fully
shows the characteristics of the failure data, and vice. The
calculation of LB index [41] as follows:

LB = n(n+ 2)
m∑
i=1

(ρ̂2(i)
/
(n− i)) (23)

where n is the number of samples and ρ̂2(i) is the correlation
coefficient of sample order delay of k . This statistic obeys the
chi-square distribution and the degree of freedom ism. Given
the significance level α = 0.05, the rejection domain is LB>
χ2
1−α,m. The null hypothesis and alternative hypothesis of LB

test are:

H0 : ρ̂
2
1 = ρ̂

2
2 = · · · = ρ̂

2
m;

H1: At least certain ρ̂2k (k ≤ m) is not equal to 0.
The valid null hypothesis indicates that the sample data

are independent, and the null sequence is considered as a
white noise sequence; otherwise, the sample residuals are
considered to be correlated, and the null sequence is not a
white noise sequence.

This paper adopts the Wiener degradation model to char-
acterize the degradation processes of multiple solder joints
under the same vibration stress, and calculates the residuals
based on the model results, and then the residuals are tested
for significance. When the significance probability is greater
than 0.05, namely, the return logic value is 0, which means
that there is not enough evidence to reject the null hypothesis
that the residual sequence is not autocorrelated; when the
significance probability is less than 0.05, that is, the return
logic value is 1, which means that the residual sequence has
autocorrelation at the significance level of 0.05, and the null
hypothesis is invalid. The significance probability and logical
value results of each sample degradation model are shown
in Table 2.

TABLE 2. White noise test result.

The white noise test results in Table 2 show that the 7 sam-
ples under random vibration load passed the white noise test
with the pass rate of 87.5%, indicating that the Wiener model
can fully show the information of the solder joint degrada-
tion process and can be used as a model to characterize the
degradation process of solder joints.
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V. ANALYSIS OF MICROSCOPIC FAILURE MECHANISM
OF SOLDER JOINTS
To further analyze the microscopic failure behavior of solder
joints under random vibration load, this paper selects solder
joints with voltage peaks in the range of (0, 0.1), (0.1, 0.5),
(0.5, 1), (1, 1.5), (1.5, 5) for electron microscope observation,
and marks the solder joints as R1, R2, R3, R4 and R5.

The voltage amplitude range of the solder joints R1 is
between 0 and 0.1. The signal amplitude and electron micro-
scope observation results are shown in Figure 10, which show
that the square root amplitude value of the statistic is about
0.026, indicating that the state of the solder joint is still in the
first phase. There are cracks in the right and middle of the
solder joints, and no traces of cracks in the solder joints near
the Cu pad and the Cu pad area. The distribution of internal
cracks in the solder joints also verifies that the solder joints
are basically intact.

FIGURE 10. (a) Signal amplitude and (b) crack growth behavior of the
first group of solder joints.

The peak voltage range of the solder joints R2 is between
0.1 and 0.5. The signal amplitude and electron microscope
observation results are shown in Figure 11. Based on the
change in the amplitude of the electrical signal in Figure 11,
combined with the observation and analysis of the electron
microscope, it is found that the state of the solder joint has
changed and entered the second stage of failure. On both sides
of the solder joint, the obvious cracks appear, and the solder
changes loosely with the number of cracks increases.

The peak voltage range of the solder joint R3 is between
0.5 and 1. The signal amplitude and electron microscope

FIGURE 11. (a) Signal amplitude and (b) crack growth behavior of the
second group of solder joints.

observation results are shown in Figure 12. Compared with
the square root amplitude of the solder joint R2, the signal
amplitude has over doubled, and the damage of the solder
joint obviously increases. The cracks of solder joint R3 spread
laterally along the inner side of the solder joint close to the
copper pad. The main component of the IMC layer formed
on the part of the Cu pad surface that is in contact with the
Sn solder is Cu6Sn5 crystals, which is brittle and prone to
breakage under stress load.

The peak voltage range of the solder joint R4 is between
1 and 1.5. The signal amplitude and electron microscope
observation results are shown in Figure 13 respectively, which
shows that the amplitude of the electrical signal has increased
significantly, and the damage of the solder joint cracks has
also been further increased. The solder joint cracks originate
in the IMC layer at the junction of the solder joint and the
Cu pad and expand downward, penetrating the solder joint
longitudinally.

The peak voltage range of the solder joints R5 is between
1.5 and 5. The signal amplitude and electron microscope
observation results are shown in Figure 14. The amplitude
of the electrical signal in Figure 14 has exceeded 2V and
stabilized at this amplitude, while the root square amplitude
of the degradation is also about 1.8, indicating that the solder
joint basically failed. There are multiple cracks in the solder
joints R5, among which the cracks that have the greatest
impact on the solder joints originate from the outside of the
solder joints, extending laterally along the Cu pads, finally

117452 VOLUME 9, 2021



J. Dong et al.: Research on Wiener Degradation Model and Failure Mechanism

FIGURE 12. (a) Signal amplitude and (b) crack growth behavior of the
third group of solder joints.

FIGURE 13. (a) Signal amplitude and (b) crack growth behavior of the
fourth group of solder joints.

penetrating the Cu pads, which leads to the failure of the
solder joints.

Through the analysis of the microscopic failure behavior
of the solder joints, it shows that the distribution of solder

FIGURE 14. (a) Signal amplitude and (b) crack growth behavior of the
fifth group of solder joints.

TABLE 3. Solder joint crack distribution statistics under the random
vibration load.

joint cracks covers four positions: both sides of the solder
joint, the inside of the solder joint near the cavity, between the
solder joint and the Cu pad, and within the Cu pad. With the
reciprocating vibration of the PCB board, the edge position of
the solder joint gradually becomes loose under the action of
alternating stress, which leads to the initiation and expansion
of cracks. The microscopic analysis of solder joint cracks
shows that the increase of solder joint damage under vibration
load leads to the increase of the degradation characteristic
value. To compare the damage degree of the solder joints
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under different degradation levels, the statistics of the crack
with the largest percentage of the horizontal and vertical
width of the corresponding area in the horizontal and vertical
length of each solder joint are shown in Table 3. The increase
percentage of cracks of R1-R3 in the horizontal length is not
as obvious as that in the horizontal length. The cracks of
R4-R5 grow rapidly vertically. The change of solder joint
cracks is similar to the solder joint monitoring signal. How-
ever, due to the uncertainty of the time threshold of the solder
joint degradation stage, and the observation of the solder joint
with the electron microscope are all post-observations, it is
difficult to strictly match the solder joint crack growth behav-
ior and the solder joint degradation process together. The
solder joint crack and solder joint state monitoring signals are
a kind of qualitative correlation, further quantitative research
and error analysis require simulation and experimental obser-
vation based on a large number of experiments.

VI. CONCLUSION
This paper focuses on the health characterization and degra-
dation modeling of solder joints under vibration loads. Based
on the vibration environment of the airborne electronic equip-
ment, firstly the solder joint vibration failure test platform is
built, and the vibration load excitation spectrum, test pieces
and electrical signal monitoring circuit are designed, from
which the solder joint degradation data under vibration stress
are obtained. On this basis, the square root amplitude, form
factor, and kurtosis factor are used as the characteristics of
the solder joint degradation process, which effectively iden-
tify the solder joint degradation node and improve the data
monotonicity of the solder joint degradation process. For
the problem of solder joint degradation modeling, the paper
adopts the Wiener process to build a solder joint multi-stage
degradation model. Based on the EM algorithm, the model’s
hyperparameter solution is optimized. The paper carries out
an adaptability test on the Wiener degradation model under
multiple samples based on the LB index, which verifies the
universality of Wiener degradation model. Finally, based on
the characteristics shown in the solder joint degradation pro-
cess, and with the comprehensive solder joint metallographic
analysis, the paper distinguishes the solder joint multi-stage
degradation process, studies the solder joint micro crack
propagation behavior, and verify the effectiveness of the
solder joint health status feature expression from the micro
aspect. The micro-failure mechanism of solder joints has
been summarized and studied simultaneously. The paper
studies the test platform, the test design, the selected health
characteristics, the Wiener degradation model of the solder
joints, and the microscopic failure mechanism of the sol-
der joints obtained from the analysis, which can provide
approaches and the theoretical reference for the reliability
study and degradation research of the chip electronic connec-
tion structure.

Research on solder joint degradation model and failure
behavior is the basis of solder joint life prediction and
health management research. It is also the basis for the state

assessment of electronic equipment. Due to the differences
in solder joint samples and the complexity of the equipment
service environment, there are also certain differences in
solder joint degradation rate and degradation volatility. This
paper is based on the EM algorithm to achieve the solution
of the degenerate model parameters and hyperparameters.
However, the analysis of model differences under different
samples, the construction of physical models for solder joint
failure, the prediction of the remaining life of solder joints
and health management, and even the state assessment and
health management research at the electronic equipment level
require more in-depth research.
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