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Abstract
In this paper, the reliability of copper pillar micro-bump under random vibration is investigated. Three kinds of copper pillar 
solder joints with different morphologies were obtained by changing the hot press bonding process, and the random vibration 
fatigue simulation of flip-flop interconnect solder joints was carried out by using Ansys to obtain the stress–strain distribu-
tion law of the solder joints and predict the vibration fatigue life of the solder joints. It is found that the outermost solder 
joints of flip-flop bonding are most likely to fail; the fatigue life of copper pillar solder joints is predicted based on the three 
interval method, the Miner linear cumulative damage criterion and the high cycle fatigue formula; reliability experiments 
are conducted, and it is found that the drum solder joints are most prone to cracking, followed by hourglass and columnar 
shapes and that all cracks are caused by the substrate side of copper pillar. Cracks are sprouted from the contact surface 
between the copper pillar and solder on the substrate side and expand internally in the intermetallic compound (IMC) layer, 
while the presence of voids aggravates the generation of cracks.

Keywords  Copper pillar bump · Flip chip · Random vibration · Vibration fatigue life

1  Introduction

With the development of three-dimensional integration tech-
nology, the application of electronic devices has become 
more and more extensive, and the environment in which it 
works has become diverse and harsh, such as in the automo-
tive, aerospace, medical and other industries, to improve the 
effectiveness of the package, which poses a new challenge 
to the reliability of microelectronic packaging [1, 17, 20]. 
In some cases, vibration can be a major factor in the failure 
of electronic devices [21]. Under the action of vibration, the 

electronic components will undergo dynamic bending defor-
mation, thus the solder joints between the substrate and the 
chip are subjected to repeated stress–strain, causing elastic 
and plastic deformation of the solder joints, which ultimately 
leads to the formation of cracks. A crack will increase the 
electrical resistance at the bonding interface until a break 
occurs and the device will become non-functional. The 
failure of solder joints subjected to shock and vibration is 
the main failure mechanism in electronic products, and the 
vibration reliability of solder joints has always been a con-
cern in the microelectronics industry [15].

Vibration reliability of solder joints has already been 
investigated by many researchers. Steinberg [19] pre-
sented extensive research and methodology on the analy-
sis and reliability of electronic equipment under vibration 
and drop/shock loads. Wong et al. [22] explained the fail-
ure to be due to the simultaneous axial and shear defor-
mation and coupling moments experienced at the solder 
interconnections. Due to the development of auto-driving 
cars, vibration reliability is getting more and more atten-
tion, and there are many researches on the development 
of new methods and techniques. Yu et al. [24] developed 
an evaluation method based on vibration testing and finite 
element analysis (FEA) for predicting the fatigue life of 
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electronic components under random vibration, show-
ing good fatigue life prediction. Xie et al. [23]. proposed 
a new method for vibration testing of automobiles and 
consumer electronic devices through sine-sweeping and 
random vibration experiments in combination with finite 
element analysis, and Khaldarov et al. [7, 8]. proposed 
a simplified method for analyzing random vibration for 
calculating vibration in solder joints experiencing high 
and ultra-high cycle fatigue, and also analyzed the failure 
mechanisms of copper traces and solder joints. Gharaibeh 
et al. [4, 5] demonstrated that it is possible to calibrate 
finite element modal vibration models by correlating the 
simulated vibration properties with experimental results 
as well as measured printed circuit board (PCB) strains. 
Sushil Doranga et al. [2, 3] used sine sweep and stepped 
sine testing to obtain the maximum vibration amplitude 
of the samples, correlated the experimental results with a 
finite element model, and also developed a global–local 
finite element model to analyze the fatigue of the solder 
joints. The microscopic mechanism of solder joint failure 
under random vibration is also a focus of attention. For 
example, Liu et al. [16] experimented and analyzed high 
cycle vibration fatigue in ball grid array (BGA) packages. 
Their experimental system provided controls for vary-
ing the cyclic frequency and the amplitude of the applied 
load. Direct visual inspection was used to record the fail-
ure of solder joints. It was observed that BGA intercon-
nect failures were due to cracks sprouting and expanding 
along the nickel/tin solder interface between the BGA 
solder balls and the electroless nickel/immersion gold 
plating on the plastic ball grid array (PBGA) substrate 
copper sheet. Liu et al. [15] conducted vibration reliabil-
ity experiments on lead-free BGA solder joints and found 
that with the increase of random vibration intensity, the 
damage location of the solder joints changes and the dam-
age form of the solder joints changes from fatigue cracks 
to brittle cracks, and it was also found that the damage 
mechanism of the solder joints under large power spectral 
density (PSD) acceleration amplitude is similar to that 
under impact loading. Majid et al. [18] found that the 
solder joints in BGA packages are subjected to the highest 
peeling stresses, which are concentrated at the interface 
between the solder joints and the PCB, and it was also 
found that the devices furthest away from the BGAs have 
the longest fatigue life [13]. In terms of improving vibra-
tion fatigue life, Libot et al. [14] found that SAC305 has a 
higher vibration fatigue life than Sn62Pb36Ag2 at 20 °C, 
and the vibration fatigue life of solder joints is lower at 
low temperatures due to low-temperature brittleness, and 
suggested that the solder joint shape may have an effect 
on the fatigue life as well. Lall et al. [10] investigated the 
vibration fatigue life of SAC105 and SAC305 the vibra-
tion fatigue life of solder joints at different temperatures 

was found to decrease significantly with increasing tem-
perature. Gharaibeh et al.. [6] found that the smaller size 
and thicker thickness of PCBs, and the larger size and 
thicker thickness of integrated circuits can improve the 
fatigue life, in relevant experimental demonstrations and 
theoretical modelling, stiffened PCB have been shown 
to have more than three times the life of solder balls. 
because even though the amplitude of the acceleration 
increases, the relative motion between the PCB and the 
package decreases [2].

At present, there are fewer research reports on the random 
vibration fatigue reliability of copper pillar bumps, and the 
influence and mechanism of the shape of the solder joints 
on their vibration reliability are still unclear. In this paper, 
Ansys was used to analyze the stress–strain distribution of 
the welded joints under random vibration, and to determine 
the location of the solder joints that are most vulnerable to 
failure in flip-flop bonding; experiments were conducted 
on three different shapes of solder joints obtained by chang-
ing the bonding process to predict the vibration fatigue life 
of copper pillar solder joints based on the three-interval 
method. Finally, reliability experiments were conducted to 
study the failure mechanism of the solder joints.

2 � Method and Experiment

2.1 � Sample Production

The daisy chain diagram of the chip and substrate used in 
this paper is shown in Fig. 1. Each sample contains two 
symmetrical daisy chains, and each daisy chain contains 28 
copper pillars. The chip size is 6 × 6 × 0.5 mm with a copper 
pillar height of 15 μm, the substrate size is 12 × 12 × 0.8 mm 
with a copper pillar height of 30 μm, and the copper pillar 
diameters are both 100 μm. The solder caps of the chip cop-
per pillars are made of Sn3.5Ag with a thickness of about 
25 μm. The assembly is performed by thermal compression 
bonding (TCB), the thermal compression bonding param-
eters shown in Fig. 2, and the main parameters of TCB 
include bonding pressure, chip temperature, holding time 

Fig. 1   Flip Chip Diagram a chip solder joint array b substrate copper 
pillar array
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and lifting height, and the three morphologies obtained are 
shown in Fig. 3. Test vehicle shown in Fig. 4 consisted of a 
PCB, substrate, chip, and solder balls.

2.2 � Finite Element Analysis

To study the stress–strain distribution of the solder joints 
under the action of random vibration, finite element software 
is used to carry out random vibration simulation on the flip 
chip and PCB, and the overall finite element model of the 
random vibration device is shown in Fig. 5. In this paper, 
to simplify the model and save calculation time, the simula-
tion model only has a flip chip. There are 281050 meshes 
and 1387432 nodes in total. The PCB is constrained by four 
positioning holes around it. The material used for the chip is 
Si. The solder joint material is Sn3.5Ag. Substrate and PCB 
materials are FR-4. The specific properties parameters of each 
material are shown in Table 1. The parameters are taken from 
the room temperature. All the material properties are linear 
elastic models, and all materials are considered isotropic.

The modal analysis is first performed through the Modal 
module of Ansys software. Then in the Random Vibration 
module in Ansys, the PSD function is added to apply random 
vibration load to the flip chip, and the PSD load is added 
at the four positioning holes of the constraints with the 

direction perpendicular to the chip. The minimum frequency 
of the random vibration is 50 Hz, the maximum frequency is 
2000 Hz, the maximum power spectral density is 0.3G2/Hz, 
the total root-mean-square (RMS) value of the acceleration 
is 207.1 m/s2, and the gravitational acceleration is 9.8 m/s2. 
Specific PSD is shown in Fig. 6.

The fatigue life of the copper pillar solder joints was pre-
dicted using the three-interval method, the linear cumulation 
damage criterion, and the high cycle fatigue formula. The 
three-interval method is a method proposed by Steinberg 
[19] by collating and rearranging a large amount of experi-
mental data. The three-interval method assumes that the 
instantaneous acceleration or strain at a point on the device 
during a random load to which the device is subjected is a 
time-dependent random process, and that this process obeys 
a normal distribution. The three-interval method is shown 
in Eqs. (1)–(5):

(1)n1 = N+
0
Ts(3600sec∕hr)(0.6831)

(2)n2 = N+
0
Ts(3600sec∕hr)(0.271)

(3)n3 = N+
0
Ts(3600sec∕hr)(0.0433)

Fig. 2   Hot pressing process 
curve

Fig. 3   Three different morpho-
logical samples
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For a mildly damper system with multiple peaks, each peak 
can be analogized to a system with a single degree of free-
dom to obtain Eq. (4), and according to a study by Hongfang 
Wang of Shanghai Jiao Tong University, the transfer rate of 
each peak can be calculated based on Eq. (5). In Eqs. (1)–(4), 
ni is the cumulative number of cycles under i� strain level 
(i = 1,2,3), Ts is the random vibration time, N0

+ is the average 
number of passes through the axes with a positive slope per 
unit time in a graph with time as the horizontal axis and accel-
eration or strain as the vertical axis, P is the power spectral 
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density at peak frequency, fi is the first (i = 1,2,3) natural fre-
quency of a PCB assembly, Q is the transmittance, Ω is the 
angular frequency.

The Miner linear cumulative damage criterion:

where Dv is the fatigue damage factor, often taken as 0.7, Ni 
is the number of fatigue cycles under i�.

The high cycle fatigue formula:

where �i is the maximum equivalent elastic strain at i�, �u  
is the tensile strength of the material, the tensile strength 
of the solder joint material Sn3.5Ag is taken as 25 MPa at 
room temperature [11] and E is the modulus of elasticity of 
the material.

The equivalent strain amplitude in the strain singularity 
region of the solder joint is averaged through Eqs. (8) and (9):
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Fig. 4   Test vehicle a schematic diagram of z-axis direction, b actual 
picture

Fig. 5   Random vibration modeling and constraint

Table 1   Basic material properties [9, 12]

Material Cu Sn3.5Ag Si FR-4

Poisson's ratio 0.34 0.35 0.28 0.39(XZ&YZ 
0.11(XY)

Density (kg/m3) 8960 6540 2329 1910
modulus of elasticity 

(GPa)
130 30.52 170 26.37(X,Y)11.8(Z)

Fig. 6   PSD curves for random vibration simulation
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Equation (8) where � is the equivalent strain amplitude, �i 
is the strain amplitude of a single mesh, and Vi is the mesh 
volume. In Eq. (9) �i(i = x, y, z) , and �ij(i, j = x, y, yandi ≠ j) 
are the positive and shear strains within each mesh.

2.3 � Test Conditions and Analysis

The random vibration test was performed using an electro-
dynamic shaker with the test conditions shown in Table 2, 
the acceleration RMS value is 20.71 g. After the random 
vibration test, the sample will be sealed with epoxy resin, 
and grinding samples with 80, 240, 800, 1500 purpose sand-
paper. The samples were polished with 0.5 μm diamond pol-
ishing solution. Then the microstructure was observed by 
scanning electron microscopy (SEM). Finally, the composi-
tion of the interfacial reaction products was analyzed using 
energy dispersive X-ray (EDX) analysis.

3 � Results and Discussion

3.1 � Stress and Strain Distribution and Fatigue Life 
Analysis During Random Vibration

The first 12 orders of natural frequency of modal analysis 
are shown in Table 3, since the highest frequency used for 

the random vibration experiment is 2000 Hz, the modal fre-
quency viewed is 1.5fmax = 3000Hz.

Figures 7 and 8 show the 1� stress–strain distribution 
of the flip-flop copper pillar solder joints, and it can be 
seen that the chip under random vibration is subjected to 
the outermost solder joints with the largest statistical value 
of stress–strain, which is due to the constraints on the four 
corners of the PCB, resulting in the deformation of the PCB 
in the random vibration, and in this deformation, the center 
of the chip's solder joints do not vary much with respect to 
the PCB's position, and the surrounding solder joints vary 
more with regard to the PCB's position, and so the outermost 
chip's solder joints have a large stress–strain under random 
vibration. The enlarged view of the solder joint shows that 
the maximum stress–strain of the solder joint occurs on the 
side close to the PCB, and the stress–strain in the middle of 
the solder joint is relatively small, so that the crack of the 
solder joint occurs at this position at the very beginning, and 
the maximum value of the 1�  stress is 3.4889MPa and the 
value of the strain in the direction of the Z-axis under the 1�  
is 0.00016931mm/mm. In general, the first failure location 
in the chip under random vibration is the outermost solder 
joints, and the first crack is on the side of the copper pillar 
solder joints near the PCB.

In this paper, the three-interval method is used to predict 
the random vibration fatigue life of the copper pillar flip-
flop solder joints, and the equivalent strain of the solder 
joints from 1� ∼ 3� is obtained through simulation. The 
vibration fatigue life of the copper pillar solder joints can 
be obtained as 281 h through the calculation of Eqs. (1)–(9).

3.2 � Influence of Solder Joint Structure 
on the Vibration Fatigue Life of Solder Joints

3.2.1 � Effect of Solder Joint Height on Fatigue Life of Flip Chip

First, the volume of the solder joint is fixed at 1.845E-
4mm3, the copper column diameter is 0.1  mm, and 
the height of the solder joint varies from 0.0185 mm to 
0.032 mm. Table 4 shows the results obtained according to 
the three-interval method.

Figure 9 shows the relationship between the vibration 
fatigue life of the solder joint and the height of the solder 
joint, When the height of the solder joint is 0.02 mm, the 
vibration fatigue life is maximum 356.58 h. When it is less 
than this height, the vibration fatigue life increases with the 
increase of the height, and when it is higher than this height, 
the vibration fatigue life also decreases with the increase of 
the solder joint. when the height is 0.02 mm, the fatigue life 
is more than two times of other heights.

Figure 10 shows the strain distribution of different sol-
der joint heights, from the figure can be found with the 

Table 2   Random vibration test 
curve power spectral density

Test frequency (Hz) PSD 
((m/
s2)2/Hz)

50 7.5
100 30
1000 30
2000 7.5

Table 3   First twelfth order 
modal analysis of copper pillar 
interconnection solder joints on 
the PCB

Ordinal number Natural 
frequency 
(Hz)

1 428.75
2 775.83
3 1032
4 1179.1
5 1485.2
6 1762.2
7 1843.1
8 2465
9 2737.7
10 2899.8
11 3242
12 3410.1
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increase in the height of the solder joint, the location of 
the maximum equivalent elastic strain from the bottom 
of the solder joint gradually shifted to the middle of the 
solder joint, which may lead to inconsistency in the loca-
tion of the random vibration solder joint failure, that is, 
hourglass-shaped solder joints vulnerable to failure in the 
middle of the solder joint. The maximum strain of the 
solder joint is shifted to the middle of the solder joint 
probably because the deformation of the PCB under ran-
dom vibration will pull on the solder joint, and when the 
PCB bends upward, it will stretch the solder joint, and 
because the hourglass-type solder joint is relatively thin 
in the neck, the stress strain here is larger, and it becomes 
a failure-prone solder joint.

3.2.2 � Effect of Solder Joint Volume on Fatigue Life of Flip Chip

The fixed solder joint height is 0.023 µm, the copper pillar 
diameter is 0.1 mm, and the solder joint volume varies from 
1.454E-4mm3 to 2.292E-4mm3. Table. 5 shows the results 
obtained according to the three-interval method.

Figure 11 shows the relationship between the fatigue life 
of the solder joint and the volume of the solder joint, the 
vibration fatigue life of the solder joints increases and then 
decreases as the volume of the solder joints increases. When 
the volume of the solder joint is 2.103E-4mm3, the vibration 
fatigue life is maximum 280.97 h; when the volume of the 
solder joint is 1.454E-4mm3, the vibration fatigue life is 

minimum 18.64 h. Therefore, increasing the volume of the 
solder joint can improve the resistance of the solder joint to 
vibration to some extent.

3.2.3 � Effect of Copper Pillar Diameter on Fatigue Life  
of Flip Chip

The fixed solder joint volume is 1.845E-4mm3, the solder 
joint height is 0.023 mm, and the copper pillar diameter var-
ies from 0.09–0.11 mm, Table 6 shows the results obtained 
according to the three-interval method.

Figure 12 shows the relationship between the fatigue life 
of the solder joint and the diameter of the copper pillar, 
with the increase of the diameter of the copper pillar, the 
vibration fatigue life of the solder joint has no obvious law. 
When the diameter of the solder joint is 0.1 mm, the maxi-
mum vibration fatigue life of the solder joint is 182.57 h, 
and when the diameter of the copper pillar is 0.11 mm, the 
minimum vibration fatigue life of the solder joint is 32.98 h.

3.3 � Reliability Test of Different Structure Solder Joints

Figure 13 shows the solder joint images of the three shapes 
of solder joints at random vibration for 4 h, from which 
neither the column shape nor the hourglass shape produces 
obvious cracks, whereas the drum shape solder joint can be 
seen in Fig. 15f that there is already a slight crack produced, 
the cracks are located at the IMC where the copper pillar on 

Fig. 7   Cloud view of 1� stress 
distribution in flip-flop solder 
joints

Fig. 8   Cloud view of 1� strain 
distribution in flip-flop solder 
joints
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Table 4   Relationship between 
solder joint height variation and 
vibration fatigue life

Number 1 2 3 4 5

Pad Diameter(mm) 0.1 0.1 0.1 0.1 0.1
Solder Joint volume(mm3) 1.845E-4 1.845E-4 1.845E-4 1.845E-4 1.845E-4
Solder Joint height(mm) 0.0185 0.02 0.023 0.028 0.032
Dv 0.0143 1.96E-3 3.38

E-3
9.67
E-3

0.0139

Vibration fatigue life(h) 48.93 356.57 182.57 72.38 50.19

Fig. 9   Fatigue life of a solder joint as a function of solder joint height

Table 5   Relationship between 
solder joint volume variation 
and vibration fatigue life

Number 1 2 3 4 5

Pad Diameter(mm) 0.1 0.1 0.1 0.1 0.1
Solder Joint volume(mm3) 1.454E-4 1.608E-4 1.845E-4 2.103E-4 2.292

E-4
Solder Joint height(mm) 0.023 0.023 0.023 0.023 0.023
Dv(h

−1) 0.0376 0.0226 3.83E-3 2.49E-3 5.73E-3
Vibration fatigue life(h) 18.64 31 182.57 280.97 122.0

5

Fig. 11   Fatigue life of a solder joint as a function of solder joint vol-
ume

Fig. 10   Strain distribution at 
different solder joint heights: 
a 0.0185 mm; b 0.023 mm; c 
0.032 mm
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the substrate side contacts the solder. The chip side solder 
joints did not produce obvious cracks.

Figure 14 shows the solder joints after 8 h of random 
vibration, from the figure it can be found that the three kinds 
of shape of the solder joints have different degrees of cracks, 
and cracks are generated from the substrate side of the cop-
per pillar in the contact surface of the solder, the chip side is 
still no cracks, and at the same time from the finite element 
analysis, the maximum stress and strain of the solder joints 
appeared in the substrate side of the copper pillar in the 
contact surface of the solder. The location of crack growth 
in random vibration verifies the reliability of the simula-
tion. Comparing Fig. 13d with Fig. 14d, it is found that the 
cracks in the solder joint suddenly increase a lot with 4 h 
more random vibration because the solder joint in Fig. 14d 
are filled with IMC and the copper pillar on the side of the 
substrate have micro holes, so longer cracks are produced 
during random vibration.

Figure 15a shows the diagram of some solder joints 
with bad bonding quality, from which it can be found that 
when there is a hole on the side of the solder joint and the 
copper pillar of the substrate, cracks are very easy to be 
generated during the vibration process, especially in the 
place where IMC is abundant, Fig. 15b shows the graph of 
IMC less hourglass shaped solder joint, which is found to 

have almost no crack generation in the presence of a hole 
as compared to Fig. 14d, probably due to the absence of 
IMC at the place where this hole is generated, thus IMC 
has a great impact on the random vibration reliability of 
the solder joint and its generation should be avoided as 
much as possible.

From the above analysis, the cracks of the three different 
solder joints started to grow at the contact surface between 
the copper pillar and the solder on the side of the substrate, 
and the first to crack is the drum joint followed by the hour-
glass and pillar joints. In the process of random vibration, 
the PCB board will fluctuate up and down with the vibra-
tion will produce tensile and compressive stress and strain 
on the solder joints, in this kind of alternating stress, the 
solder joints will produce internal damage, when the damage 
accumulates to a certain degree, cracks will be produced. 
On the other hand, during the flip bonding process, IMC is 
generated inside the solder joint, and the nature of IMC with 
low temperature brittleness does not match the nature of 
the solder, resulting in stress concentration at the interface. 

Table 6   Relationship between 
copper pillar diameter variation 
and vibration fatigue life

Number 1 2 3 4 5

Pad Diameter(mm) 0.09 0.095 0.1 0.105 0.11
Solder Joint volume(mm3) 1.845E-4 1.845E-4 1.845E-4 1.845E-4 1.845E-4
Solder Joint height(mm) 0.023 0.023 0.023 0.023 0.023
Dv 5.26E-3 0.0102 3.83E-3 6.91E-3 0.0212
Vibration fatigue life(h) 133.15 68.67 182.57 113 32.98

Fig. 12   Fatigue life of solder joints as a function of copper pillar diameter

Fig.13   SEM image of solder joints with 4 h random vibration a col-
umn overall; b column partial; c hourglass overall; d hourglass par-
tial; e drum overall; f drum partial



115Journal of Electronic Testing (2024) 40:107–116	

Under these two factors, the solder joint cracks at the IMC 
layer and expands until it fails.

4 � Conclusion

(1)	 In the random vibration process is in the outermost 
layer of the flip chip solder joints subject to the great-
est stress strain, is the weakest solder joints in the entire 
chip (prone to failure).

(2)	 Control the volume of the solder joint and copper pillar 
diameter is constant, when the height of the solder joint 
has 0.0185 mm-0.032 mm change, the fatigue life of the 
solder joint is maximum when the height of the joint 
is 0.02 mm, and as the height of the joint increases, 
the failure position of the joint gradually moves to the 
middle of the joint; control the height of the solder 
joint and copper pillar diameter is constant, when the 
volume of the solder joint from 1.454E-4mm3-2.292E-
4mm3 change, fatigue life of solder joints increases 
and then decreases; controlling the volume of the sol-
der joint and the height of the solder joint constant, 
when the diameter of the copper column changes from 
0.09 mm-0.11 mm, there is no clear pattern in the 
fatigue life of solder joints.

(3)	 Under the effect of random vibration, the cracks of sol-
der joints are located at the IMC of the contact surface 
between the copper pillar and the solder joints on the side 
of the substrate, and the solder joints with the first cracks 
are located at the periphery of the chip and are very prone 
to cracks when there are holes in the IMC layer. For all 
three shapes, the drum shape is the most prone to crack-
ing, followed by the hourglass and column shapes.
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