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)e random vibration failure of an array power supply for near-space SAR was analyzed.)e fracture mechanism and the fracture
reason of fracture formation in the specimen were investigated. )e results show that antishock MOS pin breaks first, and the
power supply is still in the working state during the process of random vibration.)is caused dischargings at the tip of the fracture
and melting of the tip of the broken pin which form a river-shaped fracture and granular tissue. )e plastic fracture with typical
dimple morphology of the pins for the resistor tube occurred during the random vibration.)e intergranular fracture appeared at
the welding part of the electronic components for array power supply, which presented a brittle fracture mechanism.)e fracture
was dominated by a ductile fracture for components when the stress produced by the vibration was close to the yield strength of
the material. )e fracture was dominated by a brittle fracture for components when the stress produced by the vibration was far
beyond the yield strength of the material. A simulation evaluation system based on the high-confidence model was proposed. )e
stress of the electronic components for array power supply and its welding was much lower than the allowable strength of the
material by the optimization of the structure and the form of the welding for the array power supply. )e sample was successfully
tested and verified without any further fracture problems.

1. Introduction

)ere is no influence of meteorological cloud and rain and
also the air flow is stable in the near-space airspace
(20–100 km above the Earth) which is conducive to the
movement of high-speed aircraft and floating slow platform
[1–3]. )erefore, with the advantages of higher mobility,
shorter preparation period, stronger penetration ability, and
richer task modes, near-space vehicles can be used for dy-
namic observations in specific regions of the world for the
purpose of terrestrial environment and disaster monitoring,
large-area security surveillance, real-time battlefield moni-
toring, and accurate strikes [4–7]. Near-space synthetic
aperture radar (SAR) is the “eyes” of near-space vehicles for
the communication, detection, and guidance functions, and

its research is still in the theoretical stage [8]. At present,
research studies on near-space SAR focus on large-scale SAR
scenes, high-resolution imaging, and slow-target SAR
moving target detection and imaging modes as well as al-
gorithms [9–13].

As a core component of the near-space SAR, the array
power supply is different from the traditional centralized
high-power and high-voltage form, which generally adopts
the high-power density form of low voltage and high cur-
rent. Array power supply experiences harsh vibrations
during the take-off, cruise, and landing of an aircraft whose
performance is related to the operational reliability of the
SAR [14–16]. )e array power supply needs to be reasonably
distributed in a limited space and needs to maintain the
working stability in a bad working environment. So the
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reasonable structure design is particularly important.
However, near-space vehicles often face a complicated
working environment and the vibrations in each process will
cause great harm to the module-level devices in the SAR.
When designing and using an array power supply, random
vibration failure is an essential consideration [17–19]. )ere
are currently few studies which consider random vibration
fatigue of array power supply.

)e most obvious characteristic of random vibration is
nonperiodic. In recent years, considerable efforts have been
focused on the aspects of theoretical model, experiment,
simulation, and shock absorption for the random vibration
[20–23]. On the theoretical side, Dzenis and Saunders [24]
set up a mathematical model which can be used for the
development of mechanism-based predictive models of
fracture and life. Zhang andQiao [25] proposed a newmodel
to quantitatively analyze the fracture behavior of materials in
which validity was also verified. Jiang et al. [26] deduced the
analytic formulation of dynamic response bounds for both
the linear single degree of freedom (SDOF) vibration system
and the multiple degree of freedom (MDOF) vibration
system which can provide theoretical help for the follow-up
research of random vibration analysis. Chen et al. [27]
proposed a novel method for random vibration analysis of
single degree of freedom (SDOF) vibroimpact systems which
can be used as the benchmark to examine the accuracy of
approximate solutions obtained by other methods. In order
to reduce the cost and shorten the test period, random
vibration qualification tests performed in a laboratory will
typically be run using much higher acceleration levels than
the values found in the actual environments which are often
considered to be accelerated life tests. Gharaibeh and Pit-
arresi [28] employed the Taguchi method for random vi-
bration analysis to investigate the fatigue life performance of
electronic vehicles and gave an optimal design for the best
fatigue performance. With the aim of investigating effects of
both Gaussian and non-Gaussian random excitation on the
vibration fatigue, Jiang et al. [29] explored a novel
accelerated random vibration fatigue test methodology and
strategy. Liu et al. [30] used the frequency-domained
method to analyze the random vibration fatigue of airborne
structural components and proposed a scheme for design
improvement by simulations. Pothula et al. [31] studied the
fatigue failure of the accelerated random vibration test which
was compared with the theoretical model. It was pointed out
that the exponent is related to all theories for undamped
beams and in general with Dirlik theory for damped beams.
)rough vibration failure analysis, the mechanical behavior
and failure laws of a material can be found out, which
provides reference for design and simulation evaluation
[32,33]. Furthermore, the method of establishing a failure
and simulation evaluation system for electronic devices in
near space is a very important research topic. Lu et al. [34]
applied the precise integration method (PIM) to study
nonstationary random vibration of structures subjected to
moving loads and got an excellent result. Zeng et al. [35]
used the finite element method and pseudoexcitation
method to simulate the vertical random vibration of the
interaction system of the vehicle slab track ridge and verified

the reliability and efficiency of the simulation method. Li
et al. [36] established an aircraft model, the finite element
method-boundary element method of dynamic model
(FEM-BEM dynamic model) to predict the characteristics of
the vibration-acoustic coupling. In order to avoid the in-
fluence of random vibration on the equipment, many
scholars have studied the shock absorption of random vi-
bration. Wang et al. [37] and Li et al. [38] studied the
variable frequency vibration isolators and dynamic anti-
resonance isolators in order to reduce the damage of vi-
bration to airborne products. Dong et al. [39] had put
forward a dynamic equation of the coupled system resulting
in the remarkable vibration attenuation for the primary
system and a larger bandwidth for vibration absorption.
Harmoko et al. [40] designed an effective vibration isolation
system based on military specifications MIL-STD-810E
which ensured that the equipment can work smoothly and
normally under random vibration load. Although scholars
have conducted many research studies on the random vi-
bration of the equipment, there are few research studies on
the power supply of near-space SAR from the perspective of
the three-dimensional integration of theory, simulation, and
experiment. And the relevant research studies are of great
significance and value for near-space vehicles.

)erefore, the theory and vibration failure of array
power supply for a near-space SAR are analyzed in this
paper. )e fracture mechanism and the reason for its for-
mation in the specimen were investigated. )ree-dimen-
sional integration methods of structure optimization-digital
simulation-test verification are used to solve the failure of
the array power supply device. )e simulation evaluation
system based on a high-confidence model is also proposed
and verified.

2. Theoretical Analysis and Experiment
Method of Random Vibration

2.1. ,eoretical Analysis of Random Vibration. Mode is the
inherent property of the structure for electronic systems.)e
natural frequency, mode shape, and other modal parameters
of the structure can be obtained by calculation or test
analysis. Modal analysis is the premise of the random vi-
bration test and simulation analysis. It is widely used to
obtain modal parameters (natural frequency, mode shape,
and damping) through the modal test to modify the finite
element model. )erefore, in order to decouple the structure
of electronic equipment, it is necessary to analyze the natural
frequencies and modes of vibration before random vibration
analysis. )e random vibration test is generally conducted
separately in three directions. )e random vibration
equations in all directions are the same. Taking the random
vibration in the X direction as an example, the dynamic
equation of the array power supply is [41,42]

M €x + C _x + Kx � F(t), (1)

whereM, C, andK are the mass matrix, dampingmatrix, and
stiffness matrix of the multidegree of freedom system, re-
spectively, €x, _x, and x are the acceleration, velocity, and
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displacement vector, and and F(t) is the excitation vector of
the fixture.

When studying the modes of random vibration for
electronic systems, the electronic equipment is directly fixed
on the test fixture, which is considered as a fixed connection.
It is generally believed that F(t)� 0 and C� 0. )erefore,
equation (1) can be simplified to the dynamic equation of an
undamped free vibration system:

M €x + Kx � 0. (2)

Let x � A sin(ωt), where A is the amplitude. Combined
with equation (2), we can obtain the following equation:

K − ω2
i M � 0, (3)

where ωi is the ith circular frequency of the system and
fi � ωi/2π is the ith natural frequency.

)e modes of random vibration can also be estimated
using a polynomial series [43]:

fi �
ωi

2π
�
5.31
π

D

ρ
1

15c4
+

1
9c2d2 +

1
15d4  , (4)

where ρ � W/abg � uh/g (mass per unit area),W is the total
weight of plate, u is the material density, a is the length of
plate, b is the width of plate, h is the plate thickness, and g is
the acceleration of gravity.

)is is also the theoretical basis for modal test and
simulation. Compared with the natural frequency of the test
mode, the response surface method can be used to modify
the finite element model of power supply, and the dynamic
characteristics of the modified finite element model of power
supply are predicted and evaluated. Generally speaking, the
reliability of the simulation results of modes is quite high,
which can be directly followed by the subsequent random
vibration analysis as long as the simplification of the model
and the boundary design are reasonable.

)e most common method used for evaluating random
vibration is in terms of the power spectral density (PSD).
According to the type or condition of the environment that
the curve attempts to simulate, the random vibration input
PSD curve can have many shapes. )e more common types
of curves are shown in Figure 1. )e square root of the area
under the curve still represents the input acceleration level.
)e input acceleration level is calculated by the curve area.
When the slope is not − 3 dB, the following formula can be
used to determine the area under the positive or negative
slope sections:

A �
3P2

3 + S
f2 −

f1

f2
 

S/3

f1⎡⎣ ⎤⎦, (5)

orA �
3P2

3 + S

f2

f1
 

S/3

f2 − f1
⎡⎣ ⎤⎦, (6)

where P1 and P2 are the input PSD at the resonant frequency
(g2/Hz), f1 and f2 are the corresponding frequency, and S is
the slope of curve. When the sloped section of the PSD curve

has a value of − 3 dB, the area under the curve can be found
by using the following equations:

A � − f2P2loge

f2

f1
. (7)

)e area under the flat-top section, where the slope is
zero can be determined from the following relation:

A � P f2 − f1( . (8)

According to formulas (5)–(8), the input value of the
random vibration test according to the actual test curve in
Section 2.2 can be calculated.

In the random vibration experiment, the vibration is
generally carried out along a certain axis. After the end of the
test, the other two axial vibrations shall be carried out,
respectively. )erefore, electronic equipment can be defined
as a single degree of freedom system in the random vibration
test and simulation.)e system response caused by vibration
at the resonant frequency will change with the magnitude of
the varying displacement. It is necessary to obtain the re-
sponse of the electronic equipment to a random vibration
input. )is is usually achieved by using the following
equation [43]:

Pout � Q
2
P, (9)

where P is the input PSD at the resonant frequency (g2/Hz),
Q is the transmission rate, and Pout is the response of the test
module.

Q �
1 + 2RΩRc( 

2

1 − R2
Ω( 

2
+ 2RcRΩ( 

2
⎡⎣ ⎤⎦

1/2

, (10)

where RΩ is the ratio of the resonant frequency (f ) to the
natural frequency (fi) and RC is the damping ratio. )e
response of the module in case of random vibration is

G
2
out � 

∞

0

Pdf

1 − f/fi( 
2

 
2

+ 2Rc f/fi( 
2
. (11)

)e above equation can be integrated to obtain the mean
square acceleration response of the mass to the random
vibration input:

Gout �
2πfnP

8Rc

. (12)

PSD

Frequency (Hz)

P2

P1

f2f1

Figure 1: Typical random vibration input PSD curves.
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In a light-damped system, the relation between the
damping ratio and transmission rate can be expressed by

Rc �
1
2Q

. (13)

)erefore, equation (12) can be written as

Gout �

�������
π
2

PfnQ



. (14)

)e calculation and simulation error are very small when
the slope within the resonant frequency range is less than
6 dB/oct. According to this theoretical model, the random
vibration test and simulation optimization analysis of power
supply are carried out.

2.2. Test Method. )e vibration tests of the array power
supply before and after structure design optimization are
conducted on a V3000-26 vibrating table, and the test
duration is 5min in each axial direction (three axial di-
rections in total), as shown in Figure 2. )e functional
vibration test is carried out according to the broadband
random test method, as shown in Figure 3. )e frequency
set in the test is 5–2000Hz. )e square root of the area
under the curve still represents the input RMS accelera-
tion level. Calculating according to formulas (5)–(8),
A1 � 0.6 g2, A2 � 0.0033 g2, A3 � 28 g2, A4 � 80 g2, and the
total area under the curve leads to the RMS acceleration:
A �A1 +A2 +A3 +A4 �108.6033 g2.

)e array power supply (Figure 4) is fixed on the test
bench by means of a fixture so that the test piece is axially
stressed. An internal view of the array power supply is shown
in Figure 5. )e rectangular PCB is the most common shape
used by the electronics industry since this shape is easily
adapted to the popular modular plug-in type of assembly,
which utilizes an electrical connector along the bottom edge
of the circuit board (Figure 5). )e high-power semicon-
ductor tubes are fixed to the PCB first, and then to the power
supply shell. In order to ensure the heat dissipation of the
device, one side of the device shall be close to the shell of
array power supply. Ribs are often added to PCBs shell
which increase the stiffness of the circuit board and increases
the resonant frequency. )e PCB board is fixed to the power
supply shell with screws.

During the test, no less than 3 control points are
arranged at the connection points between the array power
supply and the fixture to avoid the amplification of the input
response transmitted to the array power supply through the
fixture. )e locations of test points are determined by
evaluating the risk points. Observations are performed by a
SMZ10 00 stereo microscope and 4300 scanning electron
microscope which is used for SEM and EDS analysis.

2.3. Simulation Evaluation System Based on High-Confidence
Model. )e fundamental nature of random vibration and
fatigue should be studied deeply in order to design, de-
velop, and produce cost-effective and lightweight struc-
tures with a high degree of reliability. )e load-carrying
capability of the structural elements is also examined by the

accelerated test and simulation to make sure it does not
buckles under the expected dynamic loads. In view of the
frequent fracture failure of electronic equipment, the
simulation evaluation system based on the high-confidence
model is proposed. )e specific implementation process is
as follows (Figure 6): Firstly, the random vibration ac-
celeration experiment of the first designed power supply is
carried out. In case of fracture failure of electronic com-
ponents, the causes of failure are analyzed and solutions are

Power supply

FixtureVibration table

Figure 2: )e vibration test site.
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20 50 300 1000 2000
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Figure 3: Functional test vibration spectrum.

Figure 4: )e schematic diagram of external for array power
supply.

Power supply boardControl
board

Figure 5: )e schematic diagram of internal for array power
supply.
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given according to the causes. )en, according to the cause
analysis, the power supply is optimized. Based on the above
fracture analysis and design optimization, the simulation
research is carried out. In order to ensure the accuracy of
simulation, a large number of experiments are carried out
to modify the simulation model and boundary conditions
to improve the simulation accuracy and the simulation
results are compared with the experiments again to de-
termine the accuracy of the simulation. Finally, the pro-
posed simulation evaluation system based on the high-
confidence model is used to directly simulate the vibration
of the follow-up new power supply, reduce the tests, and
shorten the research and development period.

3. Test Results and Discussions

3.1. Test Phenomenon Description. Firstly, the random vi-
bration acceleration experiment was carried out for the
original design power supply. In the process of random
vibration test, it was found that the radar display console
showed a power supply failure. An examination of the array
power supply showed that the three pins of the antishock
MOS tube on the back of the power input processing module
were all broken near the tube body and a pin of the antishock
resistor was broken, as shown in Figure 7. )e failed MOS
tube was checked by a stereo microscope. It was found that
the fracture surface was clean and free of impurities, showing
a typical form of fatigue fracture (Figure 8).In order to verify
the mechanism of power failure, the power supply was
inspected carefully. Cracks were also identified at multiple
welding points of the power supply board and the control
board, as shown in Figure 9.

3.2. Failure Analysis. SEM microstructure observations of
the fracture of the antishockMOS tube were carried out.)e
results show that Pin 1 and Pin 3 are similar, showing a near
dimple-like fracture, and Pin 2 displays a fluvial fracture.
Parts of the fracture of Pin 1 and Pin 3 have microcracks,
which are likely to be caused by the crack extension. At the
pin fracture, there is a spherical or molten structure which is
caused by tip discharge after the pin breaks. However, a
typical dimple-like fracture can still be seen from
Figure 10(a). )e dimple is in the same direction overall,
showing a parabolic shape. )e convex crack appears in the
form of shear dimples or equiaxial tearing dimples, which
are the combined effects of tensile stress and shear stress.
)is is caused by the random vibration of the array power
supply. )erefore, the fracture of the MOS tubes is due to
overstress. )e formation of the fluvial fracture in
Figure 10(b) can be explained as follows: Pin 2 was broken
prior to Pin 1 and Pin 3 during vibration. At this point, the
array power supply was still working, causing the contact

Structural 
reliability test

Fracture 
analysis

Plastic 
fracture

Brittle 
fracture

Structural 
reinforcement
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improvement

Design of 
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Boundary 
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conditions and tests

Verification

After failure and fracture
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Data 
analysis

Figure 6: Flow chart of the simulation evaluation system based on
the high-confidence model.

Pin 1 Pin 2 Pin 3

Antishock
MOS tube

Insurance
resistance

Figure 7: Fracture macromorphology of the semiconductor tube.

Figure 8: Fracture morphology of the pin for the semiconductor
tube.
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Figure 9: Macromorphology of the welding crack.

5μm

(a)

5μm

(b)

5μm

(c)

Figure 10: Micrographs of fracture surfaces of the pins of the antishock MOS tube: (a) Pin 1, (b) Pin 2, and (c) Pin 3.
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resistance at the fracture to increase, and then tip discharge
occurred at the tip of the fracture. )e pin materials melted
continuously, and thus the fluvial fracture was formed.
)rough the EDS analysis (Table 1) of the three pins in
Figure 10, it was obvious that no other impurity elements
were found at the dimple fracture, the spherical particles,
and the fluvial fracture. )e surface of Pin 2 was covered
with a layer of copper due to discharge fusion, which led to
increased levels of copper, indicating the correctness of the
above analysis.

SEM microscopic morphological observations of the
fractured resistor tubes revealed that the entire pin surface
has a typical equiaxial dimple structure (see Figure 11),
whichmeans the fracture wasmainly caused by tensile stress.
)e spherical substances found in some areas of the fracture
were the result of material fusion caused by tip discharge
after the pin breaks. However, this fracture had few
spheroids and was typically ductile. )is shows that after the
three pins of antishock MOS tube were fractured, without
nearby support, the stress for the pin of the resistor tube was
further concentrated here and caused a fracture.

Corrosion at welding points can also cause fractures at
welding seams due to stress concentration [44–47]. To
confirm the relationship between pin fracture and corrosion,
the MOS tube and resistor tube were sealed to prepare a
metallographic sample, and SEM observations were per-
formed. )e results are shown in Figure 12. )ere are only a
few microcracks at the fracture of Pin 2 of the MOS tube,
which were caused by vibration. )ere was no trace of cor-
rosion on the substrate. After further observation of the pin,
the coating was found to be intact without any corrosion.

)e welding cracks of the power controlling board
terminal are analyzed as an example here. From the cross
section shown in Figure 13, it can be seen that the cracks all
extend from the welding surface of the terminal to that of the
printed board. Two cracks are found at the welding seam on
one side of the board: one extends along the solder to the
inside of the welding joint; the other extends to the weld
interface after it reaches the welding joint of the solder and
the printed board. Similar to the brittle fracture of ceramics,
the cracks are relatively flat, which indicates that the fracture
occurs in an instant without deformation.)e hollow as well
as the crack are found at the welding seam on the other side.
)e crack starts from the hollow and, after continuing for a
certain distance, enters the weld interface.

From Figure 14, a partial view of the welding seam in
Figure 13, we know that the fractures at the welding points are
mainly transgranular, whichmeans that brittle fracture occurs
because the vibration stress here is too great. )e welding
seam extends from the solder to the weld interface of the
printed board. Near the weld interface, the cracks are mainly
found between the welding seam and the intermetallic
compound (IMC) of the PCB pad. )e IMC (Figure 14(c)) of
the weld interface crack at A in Figure 13 is about 0.9 μm
thick, slightly smaller than that of the cross section of the well-
welded interface at B (Figure 14(d)) (about 1.2 μm). )is
shows that the IMC strength of the cross section is greater
than that of the solder substrate. However, in the case of poor
welding, a weak area will be formed at the IMC of the

interface, which not only changes the direction of the crack
extension but also accelerates the crack propagation.

From the above analysis, it can be seen that the fractures
of Pin 1 and Pin 3 are dimple-shaped, but there are plenty of
spheroids caused by multiple tip discharges. )e fracture of
Pin 2 is fluvial, which is caused by the fusions of the pin
materials as a result of repeated postfracture discharges.
)erefore, it can be estimated that the fracture of Pin 2
preceded that of Pin 1 and Pin 3. Fractures of the antishock
MOS tubes reduce the strength and stiffness of the entire
printed board. Fracture of the resistor tube was caused due
to an excessive stress. )rough observations, we find that
there are only a few microcracks of the pin fracture, without
any trace of corrosion on the substrate, and that coatings at
other locations are also intact without any corrosion.
)erefore, the fracture of field effect pins has nothing to do
with corrosion but is a result of overstress during vibration.
As vibration continues, the magnitude keeps increasing,
causing multiple fractures at the welding points of the power
printed board. )e visible cracks on the welding point
surface extend to the inside, and the fractures are mainly
transgranular.

4. Optimization Design and
Simulation Analysis

In view of the problems in the above vibration, it needs to be
improved from the perspective of structure and process
optimization. To optimize the design of the power supply, we
should take advantage of the buffer effect of the wire in Ω
welding to increase the stiffness, overcome the deformation
caused by the soft connection between the pin and the
printed board, and reduce the stress on the printed board
during vibration. )is can effectively avoid the rigid con-
nection vibration fracture of pins for semiconductor.

Table 1: EDS test results of three locations of the antishock MOS
tube.

Location Element C O Cu Al Si k
Pin 1 Wt% 27.29 7.83 55.53 0.98 6.43 1.94
Pin 2 Wt% 12.15 3.29 80.59 0.98 1.89 1.1
Pin 3 Wt% 23.87 7.38 60.34 1.48 5.61 1.32

5μm

Figure 11: Micrographs of fracture surface of the pin of the resistor
tube.
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To further ensure the strength, the welding points of PCB
devices were reinforced, as shown in Figure 15(a). )e shell
was also reinforced to increase its stiffness and reduce the
transmissibility between the shell and the printed board, as
shown in Figure 15(b).

On the basis of the above fracture analysis and design
optimization, a simulation study was conducted. To ensure
accuracy of the simulation results, a simulation evaluation
system was proposed based on the high-confidence model.
First, the simulation model and boundary conditions were
modified with numerous tests to improve accuracy. )e
simulation results after modification were compared with
themselves which were tested again to ensure simulation
accuracy. )e results are shown in Table 2. )e verification

was based on the power controlling board, and both the test
and simulation inputs were 1 g. It was found that before
optimization, the high-frequency response amplification at
the test point of the controlling board was obvious, with the
total RMS value being approximately 8.4 g, or around 8.4
times larger. )rough the test modification, the simulation
result was amplified and was 8.9 times larger than the ex-
citation. After the design optimization, the total RMS value
of the measured data at the test point of the controlling
board was enlarged by approximately 4.5 times.)rough test
modification, the simulation result was amplified and was
4.8 times larger than the excitation. )rough the test and
simulation comparison before and after optimization, the
following conclusions can be drawn: (1) through structural
optimization and other measures, the high frequency of the
controlling board is reduced by more than 46%; (2) the
damage caused by random vibration can be controlled by
structural optimization; (3) the accuracy of the simulation
evaluation system of this high-confidence model is within
10%.

With the vibration spectrum of the functional test as an
input, a mechanical simulation analysis was performed for
the power control board before design optimization. As
could be seen from the simulation results in Figure 16(a), the
maximum stress at the semiconductor tube pin was higher
than 200MPa, while the tensile strength of the pin material
(fine copper) was 196MPa. )e pin of tube was fractured
when the maximum stress was larger than the tensile
strength.)is is mainly due to the large vibrationmagnitude,
the heavy weight of devices on the printed board (the total

25μm

(a)

25μm

(b)

10μm

(c)

10μm

(d)

Figure 12: Cross-sectional SEM micrograph of the weld of antishock MOS tube: Pin 1 (a), Pin 2 (b), Pin 3 (c), and resistor tube (d).

Hollow

Crack

A B

Figure 13: SEM micrograph of the cracks on the power control
board terminal.
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weight of the three capacitors is 253.5 g), the unstable
structure, and the overlarge response during vibration. )e
fractures were mostly ductile, which was consistent with the
fracture analysis above. From the stress rephotographed
after optimization shown in Figure 16(b), it could be seen
that the maximum stress was reduced to less than 50MPa,

Crack in the 
middle

(a)

Crack at edge

(b)

No crack

(c) (d)

Figure 14: Partial view of the cracks on power control board terminal: (a) crack in the middle of the solder, (b) crack at the interface, (c) no
crack at the interface, and (d) partial enlarged view of the solder crack.

Increase the pillar

(a)

Increase the
reinforcement

(b)

Figure 15: Diagram of power supply reinforcement: (a) printed board reinforcement, and (b) shell reinforcement.

Table 2: Comparison between simulation and test results based on
the high-confidence evaluation system (unit: g).

State Simulation result Test value
Initial state 8.9 8.4
Optimal poststate 4.8 4.5
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much lower than the tensile strength of the material (196
MPa). )e maximum stress was no longer on the pin; in
other words, the tube pins will not fracture.

)e type of solder used to weld the semiconductor tube
device was Sn-Pb (63Sn37Pb) whose tensile strength being

30MPa. Figure 17 shows that the maximum stress at the
welding points was 57.1MPa, much larger than the tensile
strength of the Sn-Pb solder, thus causing brittle fracture at
the welding points due to excessive stress. After optimiza-
tion, the stress at the welding points drops to less than

Equivalent stress
Type: equivalent stress
Scale factor value: 3 Sigma
Probability: 99.73%
Unit: Pa
Time: 0

0.000 0.035

0.0530.018

0.070 (m)
X

Z

Y

3.3234e8 Max

2.9842e8

2.5849e8

2.2157e8

1.8464e8

1.4772e8

1.1079e8

7.3867e7

3.6941e7

15958 Min

(a)

Equivalent stress
Type: equivalent stress
Scale factor value: 3 Sigma
Probability: 99.73%
Unit: Pa
Time: 0

1.5367e8 Max

1.366e8

1.1952e8

1.0245e8

8.5373e7

6.8298e7

5.1224e7

3.4149e7

1.7075e7

32.198 Min
0.000 0.035

0.0530.018

0.070 (m)

xxx

X
Z

Y

(b)

Figure 16: Comparative analysis of semiconductor tube stress simulation: (a) before optimization and (b) after optimization.

B.Random vibration
Equivalent stress 2
Type: equivalent stress
Scale factor value: 3.
Probability: 99.73%
Unit: Pa
Time: 0

5.7152e7 Max

5.0813e7

4.4474e7

3.8136e7

3.1797e7

2.5458e7

1.912e7

1.2781e7

6.4423e6

1.0355e5 Min

0.000 0.020

0.0300.010

0.040 (m)
Y

X
Z

(a)

B.Random vibration
Equivalent stress 2
Type: equivalent stress
Scale factor value: 3.
Probability: 99.73%
Unit: Pa
Time: 0

0.000 0.025

0.0380.013

0.050 (m)

Y

XZ

3.1224e6 Max

2.7762e6

2.63e6

2.0837e6

1.7375e6

1.3913e6

1.0451e6

6.9884e5

3.5262e5

63988 Min

(b)

Figure 17: Comparative analysis of stress simulation at the welding point of the semiconductor tube (a) before optimization and (b) after
optimization.
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5MPa, much lower than the tensile strength of the tin solder
(30MPa). )e array power supply passed the test without
any fractures or cracks which proved the rationality of the
optimization design.

5. Conclusions

(1) During random vibration, the stress concentration of
the antishock MOS tube and the resistor exceeded
the yield strength by about 20% and the fractures
were mostly dimple ones, along with fluvial fractures
caused by tip discharge as well as microspherical
structures.

(2) )e fractures at the welding seams of relevant devices
were mostly transgranular, mainly because the stress
at the seams was much larger than the strength of tin
solder, resulting in brittle fractures.

(3) To tackle the fracture problem, the array power
supply was optimized from three aspects and a
random vibration test had been conducted suc-
cessfully to avoid fractures and microcracks.

(4) )e fracture analysis results were verified by actual
tests and simulations, which justify the fracture
analysis in the paper.
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