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ABSTRACT Interconnect structure, as the weak point of reliability, is often the critical part in electronic
devices during their service. In order to monitor the health state and degradation of interconnect structure,
the charging time is used as the health indicator for interconnect structure of QFP package in this paper.
Firstly, a monitoring circuit, based on the proposed electrical model of interconnect structure, is designed to
measure the charging time in real time. Secondly, the equivalent circuit of the monitoring circuit is derived
and the effect of the parameters of the monitoring circuit on the charging time is analyzed. Then, experiments
under vibration and steady temperature are conducted to analyze the failure of interconnect structure and
derive the damage model. Finally, the effect of charging time as the health indicator to monitor the damage
of interconnection structures is analyzed and the uncertainty is discussed. Results show that the charging
time is directly related to the interconnect damage and can well characterize the interconnect failure, which
can be used as a health indicator to assess the damage and predict the failure of interconnect structure.

INDEX TERMS Health indicator, interconnect structure, damage, vibration, charging time.

I. INTRODUCTION
With the development of technology, electronic equipment
has been widely used in the complex system, like aircraft
or ships, which may assume important functions and tasks
[1]. It has been a hot and difficult topic to evaluate the health
and reliability of electronic equipment in service, especially
for electronic equipment in critical system. Health refers to
the extent of degradation or deviation from normal condi-
tions [2], based on which the Remaining Useful Life (RUL)
can be estimated. Prognostics, as the main content of prog-
nostics and health management (PHM), involves real-time
monitoring of health indicators such as current, voltage and
strain of electronic devices, based on which the damage
of those devices can be estimated and their RULs can be
calculated.

Prognostics has been used in electronics in three formats.
The first are fuses and canaries. Chauhan et al used canaries
to predict the solder interconnect failure of resistance by
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adjusting the printed circuit board pad dimensions and the
solder interconnect area [3]. It can be a feasible method for
some small devices like resistance or capacitance, to indicate
failures by designing canaries. However, it may be difficult
and impractical to predict failures of bigger devices like
CPU. The second is monitoring and reasoning the failure
precursors. Chauhan et al have used temperature rise to assess
the degradation in varistor solder interconnects due to thermal
fatigue damage [4]. Whereas Cai et al used the junction
temperature of LEDs to predict the lifetime of luminaires [5].
Ji et al used the on-state voltage drop as an indicator to
monitoring the wire-bond-related failure in the insulated-gate
bipolar transistor (IGBT) [6]. It is a difficulty for this
method to find the failure precursors of devices. The last
one is monitoring environmental and usage profiles for
damage modeling. Some researchers have used environ-
ment loadings such as temperature, humidity, and vibra-
tion to assess the reliability of products [7]–[10]. However,
there could be a great uncertainty to assess reliability by
monitoring environmental loadings and usage profiles, and
its result may be very inaccurate due to the difference
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between the monitoring environmental loadings and the
actual environmental loadings suffered by devices.

Surface mount devices like chips and resistance, as the
important electronic components, have received much focus
to research its reliability. For some complex devices like inte-
grated circuits and FPGA, it is impractical to design canaries
due to its relatively large size and high cost, and there may be
large prediction error by monitoring environmental and usage
profiles due to their complex structure. Therefore, it has been
increased interest in finding health indicators of complex
devices [11]–[14].

The failure of interconnect between electronic device and
the printed circuit board, which provides the mechanical
fixing and electrical interconnection, has a significant impact
on the reliability of electronic equipment. Many researches
have focus on the failure and failure characterization of inter-
connect structure. There are two main ways to investigate
failure indicators for the interconnect. One way is to extract
physical signals like strain and stress. Yang et al have used
the strain and stress of solder joints for electronic packaging
to predict RUL under vibration and temperature cycling [15].
This method needs to monitor the strain and stress of solder
joints, which is difficult during the operation of electronic
package. Tang et al. [16] have attached the strain gauges
on the PCB near or rear to the key solder joints of the chip
to measure the strain of PCB in order to predict the fatigue
life of BGA solder joints. There are too many interference
factors in this method, resulting in the prediction results are
not stable. Full field strain on the PCB has been extracted by
Lall et al using high speed cameras, to evaluate the solder
joints reliability [17]. However, the requirements for strain
measurement are high, and the characterization results are
closely related to the strain position and sensor accuracy. The
other methods are using electrical signals such as current and
voltage. Liu et al. [18] have measured the voltage change of
solder joints to predict failure, by connecting solder joints of
special BGA package in series to form two daisy-chain loops.
But this method is not practical when electronic devices work.
Additionally, some researchers have used FPGA’s function
to monitor the health of solder joints in real-time [19], [20],
by designed specific monitoring circuit.

However, there are few researches on the health monitoring
of Plastic Quad Flat Package (QFP) interconnect, which is
widely used in electronic equipment. As the main compo-
nent of electronic equipment, QFP package device’s health
states has great influence on the function and reliability of
electronic equipment. Studies show that interconnect failure
is one of the most causes of QFP package failure in elec-
tronic equipment, which is mainly induced by temperature
and vibration loading [21]–[23]. In this paper, a study is
conducted to find the indicator that can represent the health
state and degradation of the interconnect structure in QFP
package under vibration and steady temperature.

In the previous study [21], the electrical model of QFP
interconnect structure has been modeled. But the failure char-
acterization and damage derivation have not been investigated

FIGURE 1. Single crack electrical model of interconnect structure.

thoroughly, which will be studied depth in this article. The
interconnect structure of QFP package in this paper includes
lead, solder and pad, as defined in the literature [21]. In order
to investigate the failure characterization and damage deriva-
tion of QFP package interconnect, a systematic study is
conducted in this paper, by designing the monitoring circuit,
conducting the degradation test under random vibration and
steady temperature, analyzing the results and deriving the
damage of interconnect structure.

The remainder of this paper is organized as follows.
Section II introduces the electrical model and the monitoring
circuit of interconnect structure. Section III is the analysis
of failure characterization by analyzing test results and the
monitoring indicator. Section IV is damage derivation and
verification. Section V concludes this paper.

II. MONITORING SCHEME OF INTERCONNECT
STRUCTURE
A. ELECTRICAL MODEL OF INTERCONNECT STRUCTURE
The Electrical model of QFP interconnect structure has been
established in an earlier work [21], in which the crack is
equivalent to the parallel connection of capacitance and resis-
tance, as shown in Fig. 1 is the electrical model of a sin-
gle crack. In the process of crack propagation, there are
three stages. In the first stage, there is no crack initiation,
and an interconnect structure is equivalent to a resistance.
At the stage of crack initiation and propagation, the inter-
connect structure is equivalent to the parallel of a capaci-
tance and resistance. When a penetrative crack is formed, the
interconnect structure is equivalent to a capacitance.

B. MONITORING CIRCUIT OF INTERCONNECT STRUCTURE
In order to monitor the health status of interconnect structure
at work, a monitoring capacitor is added at the back end,
as shown in Fig. 2. Each monitoring unit is composed of
two interconnect structures, one is monitored interconnect
structure (interconnect structure 1) and the other is feedback
interconnect structure (interconnect structure 2). Fig. 3 shows
the equivalent monitoring circuit of interconnect structures.

Where R3 is the equivalent resistance of the wire between
the lead and themonitoring capacitor. Based on the equivalent
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FIGURE 2. Monitoring circuit.

FIGURE 3. The equivalent monitoring circuit.

monitoring circuit, voltage U2 at the back end of the lead
(point A in Fig. 3) is deduced to be:
U2

=
R1R3C1C2s2+(R1C1+R3C2)s+1

R1(R2+R3)C1C2s2+[R1C2+R1C1+(R2+R3)C2]s+1
·Vu

=
c2s2 + c1s+ c0
s2 + a1s+ a0

·Vu (1)

Here
c2 = R3/(R2 + R3)

c1 = (R1C1 + R3C2)/R1(R2 + R3)C1C2

a0 = c0 = 1/R1(R2 + R3)C1C2

a1 = [R1C2+R1C1+(R2 + R3)C2]/R1(R2 + R3)C1C2 (2)

Then, the charging time could be measured by controlling
the voltage at the front of themonitored interconnect structure
periodicity (point B in Fig. 2). The procedure of measuring
the charging time is showed in Table 1. Where, the initial-
ization of the chip mainly includes pins setting, clock setting
and serial port setting. The monitored interconnect structure
is set to output, whereas the feedback interconnect structure
is set to input. During the measurement of charging time,
the monitored interconnect structure first outputs high poten-
tial and starts the timer. Due to the presence of the monitoring
capacitor, the potential at point A will increase gradually.

TABLE 1. The procedure of measuring the charging time.

FIGURE 4. Charging time curve with R1 and C1.

The timer stops when the potential at point A reaches the high
trigger potential of the feedback interconnect structure. Then,
the monitored interconnect structure outputs low potential.
The time recorded by timer is defined as the charging time,
which is used as the health indicator for the monitored inter-
connect structure. The equivalent impedance of monitored
interconnect structurewill changewith the crack propagation,
resulting in the charging time change.

C. SIMULATION AND VERIFICATION OF
MONITORING CIRCUIT
Since STM32F103VBT6 is used in the verification test, and
its high potential trigger potential is 2V , the charging time
defined in this paper is the time required from 0V to 2V .
Vu is the working voltage of the chip, so Vu = 3.3V . Base
on the Eq. (1) and (2), we get the change curve of charging
time with the equivalent resistance R1 and the equivalent
capacitance C1, when C2 = 1000uf , which is shown in
Fig. 4. It can be found that the charging time increases with
the increase of the equivalent resistance R1 and decreases
with the increase of the equivalent capacitance C1. Due to the
different initial values of resistance R1, R2 and capacitance
C1, different initial values of charging time will appear. Fig. 5
shows that the charging time decreases with the increase of
equivalent resistance R3 under different initial charging time,
and the charging time is zero when the equivalent resistance
R3 exceeds a certain value.

A verification test is conducted by connecting a variable
resistor in series at the back of the monitored interconnect
structure, which simulates the resistance change caused by

122900 VOLUME 8, 2020



J. Hu et al.: Health Indicator for Interconnect structure of QFP Package

FIGURE 5. Charging time curve with R3.

FIGURE 6. Relationship between the charging time and the equivalent
resistance.

the crack propagation of themonitored interconnect structure.
The evolution relationship between charging time and equiv-
alent resistance of the monitored interconnect structure, with
different monitoring capacitance (330uf , 550uf , 1000uf , and
2200uf ), is shown in the Fig. 6. The results show that there
is a linear relationship between the charging time and the
equivalent resistance, which is consistent with the simulation
results. There is a blind area in the initial stage of resistance
change, that is, the change of equivalent resistance of inter-
connection structure cannot be reflected by the change of
charging time, and the smaller the monitoring capacitance is,
the larger the blind area is, the smaller the initial charging
time is, as shown in table 2 in detail. This phenomenon is
mainly caused by two aspects. One is that the interconnect
structure and conductor have initial resistance. According to
the formula τ = RC , the time constant increases with the
increase of capacitance, so the initial charging time exists,
and increases with the increase of themonitoring capacitance.
The other one is that different monitoring capacitance results
in different charging time change rates, i.e. different mea-
surement accuracy. The larger the monitoring capacitance
is, the higher the measurement accuracy will be, and the
chip clock is fixed, so different blind resistance appears.
In the next study, capacitor with capacitance of 1000uf is
selected as the monitoring capacitor, because of its moderate

TABLE 2. Blind resistance and charging time under different capacitance.

FIGURE 7. The combined vibration-temperature tester.

FIGURE 8. The test specimen.

initial resistance, small blind area, high measurement
accuracy and proper volume.

III. FAILURE ANALYSIS OF INTERCONNECT STRUCTURE
In this section, the experiment that specimens subjected to
random vibration and steady temperature is conducted, with
the charging timemonitored, to study the charging timemani-
festation under different failure modes and analyze the failure
characterization of interconnect structure.

A. EXPERIMENT SCHEME
The combined vibration-temperature tester is composed of
DONGLING ES-6-230 shaker and temperature and humidity
box THV402-5, which can provide the maximum accelera-
tion of 1000 m/s2 and temperature of − 65 to 150 ◦, as show
in Fig. 7.

Fig. 8 shows the test specimen consisting of surface
mounted QFP100 chip STM32F103VBT6 and other com-
ponents like resistance and capacitance. Components on
the test specimen are assembled with Sn-Pb solders on the
printed circuit board (PCB). The test specimens are con-
structed of flame retardant (FR4) material with the size
180 × 90× 1.6 mm. For each test specimen, the charging
time of 16 pairs of interconnect structures is monitored
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FIGURE 9. Four manifestation of charging time.

automatically in real-time, and its distribution was consistent
with that in the literature [21].

Test specimens are subjected to a random vibration with
bandwidth 280∼320Hz and power spectral density 0.8 g2/Hz
under temperature −25, 25 and 75◦C, respectively. The test
stoppedwhen the test specimen fails to automatically transmit
data to monitoring software.

B. FAILURE MODE CHARACTERIZATION ANALYSIS
After cutting, mounting, polishing and sectioning the failure
test specimens, surfaces of specimens are observed under the
scanning electron microscope. The observation results show
that there are four failuremodes and three places easy to crack
for the interconnection structure [21]. Through the analysis of
the charging time data under each failure mode, it is obvious
that the manifestation of charging time shows certain rules,
which can be explained by the electrical model established
before.

In the experiment, there are fourmanifestations of charging
time, as shown in Figure 9, while Figure 10 is the corre-
sponding SEM. The first manifestation is shown in Fig. 9 (a).
During the experiment, the charging time increases gradually
with fluctuation, and its value is not less than the initial
value. The second manifestation shows that the charging time
increases gradually with fluctuation, but occasionally it is less
than the initial value, as shown in the Fig. 9 (b). At the same
time, Fig. 9 (c) is the third manifestation of charging time.
Compared with the first two manifestations, the charging
time mainly decreases gradually and occasionally exceeds
the initial value. Whereas the fourth manifestation is similar
to the third manifestation, except that it will not exceed the
initial value, as shown in Fig. 9 (d).

For the first three manifestations, the results show cracks
are found in interconnect structure, which may be any fail-
ure mode of interconnect structure. However, for the fourth
manifestation, there is no crack in interconnect structure,
which results from the fracture of the wire connecting the
monitoring capacitor. This phenomenon also occurs in other
specimens.

FIGURE 10. SEMs corresponding to Fig. 12.

The charging time may increase or decrease, how to
explain this phenomenon is the focus of the next part. Based
on the electrical model above, there are two reasons for
the charging time decreasing, one is the equivalent capac-
itance C1 increased, the other is the equivalent resistance
R3 increased. During the vibration process, when the crack
closes, the gap between the two sides of the crack decreases,
resulting in an increase in the equivalent capacitance and a
decrease in the charging time. The fracture of the wire con-
necting the monitoring capacitor is equivalent to the increase
of R3 resistance, which would result in the decrease of the
charging time.Whereas for the charging time increasing, only
result from the equivalent resistance R1 increase.

During the experiment, the charging time increase is the
result of crack propagation, whereas the fluctuation is due to
the change of effective length of crack in the vibration. For the
first manifestation, the change of charging time is only related
to the change of equivalent resistance R1. The equivalent
resistance R1 increases with crack propagation, result in the
charging time increasing. Whereas the effective length of
crack changes randomly due to vibration, which makes the
charging time to fluctuate. For the other three manifestations,
the charging time is affected by the equivalent capacitance
C1 and the equivalent resistance R3.C1 or R3 increases during
test, resulting in the decrease of charging time. However, how
the value C1 or R3 affects the change of charging time, and
which is the main factor, will be analyzed in the next part.

IV. DAMAGE DERIVATION AND VERIFICATION
From the analysis above, we find that the increase of charging
time is only related to crack propagation of interconnect
structure. However, the decrease of charging time is related
to the increase of equivalent capacitance C1 or equivalent
resistance R3 referring to crack in the wire connecting the
monitoring capacitor. In this part, we firstly deduce the rela-
tionship between cracks in interconnect structure and the
charging time. Then, we discuss the effect of uncertainty
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FIGURE 11. Lead size diagram.

due to random vibration, and analyze the effect of equivalent
capacitanceC1 and equivalent resistanceR3 on charging time.

A. MODELING AND FITTING
The general formula of resistance is R = ρL/AR. Where L
is the length of the conductor, AR is the cross-sectional area
of the current passing through the conductor, and ρ is the con-
ductivity of the conductive material. For the interconnection
structure of QFP package, the cross-sectional area of current
passing through can be equivalent to AR = h · d · (1− D).
Where d is the width of lead. h is the thickness of lead, andD
is the ratio of crack length to crack propagation length, named
damage factor. When the interconnection structure does no
crackD = 0, the resistance value is small.When a penetrating
crack occurs D = 1, the resistance value is infinite.

The expression of flat capacitor is:

C =
εAc
dc
=
ε0εrAC
dc

(3)

Among them, ε0 is the vacuum dielectric constant
ε0 = 8.85 × 10−12 (F/m), εr is the relative dielectric con-
stant of the material, and the air relative dielectric constant
εr = 1.000585.AC = d ·h·D is the area of the capacitor plate,
and dc is the distance between capacitor plates, equivalent to
the average openingwidth of the cracks in the interconnection
structure.

By measuring the size of interconnect structure and
combining with the electrical model of interconnect struc-
ture, the curve between damage factor and charging time is
fitted with different R2 initial resistance values, as shown
in Fig. 12, which shows a nonlinear relationship between the
damage factor and the charging time. During the test, only
the initial value and the real-time monitoring value of the
charging time can be measured, so the fitting model between
the damage and the initial value and the real-time monitor-
ing value is established according to the simulation results.
Fig. 12 shows that the non-linearity between the damage
and charging time is obvious. In order to better deduce the
relationship between damage and charging time, the curve
is divided into two stages. And an optimization algorithm,
the sequential quadratic programming (SQP) method, is used

FIGURE 12. The curve of damage factor and charging time.

FIGURE 13. Failure mode 1 of interconnect structure.

to determine the split point, with the minimum value of the
R-square of two-stage fitting as the objective function. Result
shows the split point is 0.8, so the first stage is D ∼ (0, 0.8]
and the second stage is D ∼ (0.8, 1).

When D ∼ (0, 0.8], by fitting with formula
T = a∗ exp(−b∗D)+ c∗T0, we can get,

a = 0.6746(0.6278, 0.7215)

b = −4.497(−4.586,−4.408)

c = 0.9983(0.9957, 1.001) (4)

The fitting R-square is 0.9986, which shows a good fitting
effect. The values in parentheses indicate the 95% confidence
interval for the estimated parameter.
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FIGURE 14. Mixed failure modes of interconnect structure.

When D ∼ (0.8, 1), it can also be obtained by fitting
formula T = a∗Db

+ c∗T0,

a = 1013(952.2, 1073)

b = 56.13(52.28, 59.99)

c = 1.9(1.78, 2.02) (5)

The fitting R-square is 0.9706, which shows a good fitting
effect.

Combining formula (4) and (5), the relationship between
damage factor D and initial charging time T0 and real-time
monitoring charging value T is established, which is defined
as Dfun:

Dfun =

{
Dfun1(T ,T0) D ∼ (0, 0.8]
Dfun2(T ,T0) D ∼ (0.8, 1)

(6)

Dfun1 and Dfun2 are defined in (0, 0.8] and (0.8, 1) for
charging time T and T0 to induce damage factor D, respec-
tively.

B. DAMAGE MODEL VERIFICATION
In this part, SEM results and charging data of interconnect
structure are analyzed to verify the damagemodel. It is known
frommeasurement under SEM that the average width of three
leads is 117um, while the average length of the interface
between the solder and the lead is 669um.

Fig. 13-Fig. 16 show SEM results and their charging time
of interconnect structure under random vibration in three
stages of crack growth (short crack, long crack and pen-
etrative crack). Fig. 13 shows short crack, Fig. 14 shows

FIGURE 15. Failure mode 4 of interconnect structure.

long crack, whereas Fig. 15 and Fig. 16 show penetrative
cracks. Mixed failure modes appear in Fig. 14, where the
length of crack for failure mode 1 and failure mode 3 are
182,46um and 71.24um respectively, whose corresponding
damage factors are 0.27 and 0.6. Therefore, failure mode
3 is the main failure for this interconnect structure, and
the damage factor is 0.6, according to the principle of
competitive failure. Fig. 13, Fig. 15 and Fig. 16 present
only one failure mode, namely mode 1, mode 4 and
mode 3, with corresponding damage factors of 0.18, 1 and 1
respectively.

According to the damage derivation formula (6), the
damage can be calculated form initial charging time T0 and
real-time monitoring charging time T . In the process of crack
propagation, the length of crack is monotonically increas-
ing. However, the charging time does not always increase
monotonously, due to the existence of vibration. So, the max-
imum of charging time is used to calculate the damage factor.
Table 3 shows the comparison between the actual damage and
the calculated damage under three temperatures. The error
estimates for each specimen are listed, with a negative error
for underestimation and a positive error for overestimation,
all of which are below 0.15, and most below 0.05, indicating
that charging time can be used as health indicator of inter-
connect structure in QFP electronic packaging. Additionally,
it can be seen that the estimation error decreases with the
crack growth.
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FIGURE 16. Failure mode 3 of interconnect structure.

TABLE 3. The calculated damage factors.

C. UNCERTAINTY ANALYSIS AND DISCUSSION
The equivalent capacitance C1 is decided by the distance
between capacitor plates dc, which changes in the vibra-
tion, resulting in the charging time change. Another factor
affects the charging time is the damage factor. The effective
crack length Le (corresponding to effective damage factor
De) may less than the actual crack length La (corresponding
to actual damage factor Da), due to the vibration. Assume
dce ∼ U (0, dc0) and Le ∼ U (0,La), then use Monte Carlo
method to analyze the influence of vibration on charging
time, where dc0 is the distance between equivalent capacitor
plates without vibration, whereas dce is the effective distance
under vibration.

FIGURE 17. A crack length under random vibration.

FIGURE 18. Simulation of charging time under random vibration when
De = 0.8 without considering R3 changes.

When De = 0.8, the change of charging time under
random vibration is simulated without considering the effect
of equivalent resistance R3, shown in Fig. 18. If with-
out vibration, the charging time would be 47 us when
De = 0.8, with the initial value of charging time being 21 us.
The simulation shows that the charging time would change
randomly between 21 us and 47 us, due to the vibration.
Fig. 19 shows the changes of equivalent capacitanceC1 under
random vibration when De = 0.8, which shows the value
of is only a few pF or nF . When considering the effect of
equivalent resistance R3, the charging time may less than the
initial value due to random vibration, as shown in Fig. 20.
Therefore, it is assumed that the equivalent capacitance C1
is too small to affect the charging time, and the decrease of
charging time is mainly result from the increase of R3, which
is due to the crack propagation in the wire connecting the
monitoring capacitor.

Charging time is linearly related to equivalent resistance
R1, and effective crack length De is uniformly distributed,
so charging time is uniformly distributed under random vibra-
tion, T ∼ U (Tl,Tu). Upper limit Tu of uniform distribu-
tion reflects the maximum equivalent resistance R1, which
corresponds to the actual damage factor Da of interconnect
structure. If there is no crack in the wire connecting the mon-
itoring capacitor, Tl is the initial charging time, otherwise, Tl .
corresponds to the effect of the actual damage in the wire con-
necting on charging time. Therefore, we could estimate Tu to
calculate the actual damage factor of interconnect structure.
Table 4 lists the estimate of Tu for twelve specimens under
different temperatures at 95% confidence level. It is shown
that the confidence interval of the method is very narrow
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FIGURE 19. Simulation of equivalent capacitance C1 under random
vibration when De = 0.8.

FIGURE 20. Simulation of charging time under random vibration when
De = 0.8 considering R3 changes.

TABLE 4. Estimate at 95% confidence level.

and the damage interval is almost constant, which shows that
the confidence of predicting damage by estimating the upper
limit value Tu is high.

V. CONCLUSION
In this paper, the electrical model of QFP interconnect struc-
ture has been proposed for crack propagation, base on which,
the monitoring circuit is designed, and the charging time is

monitored as the health indicator of interconnect structure
during the experiment. Moreover, combined with the SEM
and the charging time, the failure characterization has been
analyzed, and damage derivation of QFP interconnect struc-
ture has been studied under random vibration and steady
temperature.

Results show that the charging time can be a health
indicator for interconnect structure of QFP package in three
aspects. Firstly, the charging time can indicate the failure of
the interconnection structure. Secondly, the failure position,
interconnect structure or the wire connecting the monitoring
capacitor, can be inferred by the manifestation of charging
time. Thirdly, the damage of interconnect structure can be
estimated by the initial charging time and the upper limit
value of current charging time, combined with the dam-
age derivation model established in this paper. In addition,
the charging time is monitored by the function of the QFP
package chip itself, by adding an external capacitor for the
monitored interconnect structure. Therefore, this method is
feasible because of its low cost and easy implementation,
which can be applied to engineering practice by monitoring
the spare pins in the QFP package.
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