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Abstract: Thermal Fatigue of flip chip component solder joints is widely existing in thermal energy
systems, which imposes a great challenge to operational safety. In order to investigate the influential
factors, this paper develops a model to analyze thermal fatigue, based on the Darveaux energy method.
Under cyclic thermal loading, a theoretical heat transfer and thermal stress model is developed for the
flip chip components and the thermal fatigue lives of flip chip component solder joints are analyzed.
The model based simulation results show the effects of environmental and power parameters on
thermal fatigue life. It is indicated that under cyclic thermal loading, the solder joint with the shortest
life in a package of flip chip components is located at the outer corner point of the array. Increment
in either power density or ambient temperature or the decrease in either power conversion time
or ambient pressure will result in short thermal fatigue lives of the key solder joints in the flip
chip components. In addition, thermal fatigue life is more sensitive to power density and ambient
temperature than to power conversion time and ambient air pressure.

Keywords: electronic device; flip chip component; thermal stress; thermal fatigue; life prediction

1. Introduction

With the rapid development of microelectronics, microelectronic devices with variable thermal
loads have been extensively used in the thermal energy system [1-3], chemical production [4-6],
biomedical detection [7-9], deep space exploration fields [10-12], and in microelectromechanical
systems (MEMS) [13-16]. The flip chip technology is widely applied in MEMS, in which solder joints
are used as both mechanical supports and interconnections between electronic components [17,18].
However, under cyclic thermal loads, solder joints always tend to fatigue failure resulting from the
mismatched thermal expansion of the materials in the solder joints [14,19]. Therefore, the thermal
fatigue life of a solder joint under cyclic thermal loads is directly related to the safe operation and
reliability of the entire electronic device [20]. In this context, the thermal fatigue mechanism and
prediction of thermal fatigue life are essential to the designs and reliabilities of electronic products.

Recently, several theoretical efforts to investigate the thermal fatigue mechanism and predict the
thermal fatigue life have been undertaken [21,22]. Cheng et al. [17] examined the reliability of the
solder interconnect of an advanced ultrafine-pitch integrated circuit chip through three-dimensional
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finite element (FE) numerical simulations and experimental tests. Incorporating the fatigue criteria
based on energy, Chen et al. [23] conducted the improvement of the geometric simplification methods.
The accuracy of simulation results depends on the parameters of the local model, including the mesh
density, step size, as well as cut boundaries. Jiang et al. [24] compared the prediction results of the
fatigue life solder balls in ball grid array (BGA) packaging obtained by the Darveaux model and
the Coffin-Manson model, which are energy-based and strain-based, respectively. In either model,
the fatigue life increases with height and decreases with diameter. However, the thermal stress
distributions for the solder joints in a BGA product is usually nonuniform, which gives rise to uneven
thermal fatigue lives for them. It is of significance finding the key solder joint that determines the
thermal fatigue life of a BGA product.

In addition, the thermal fatigue life of an electronic device depends on the ambient
environment [25-27] and cooling condition [28,29]. Considering the environmental conditions of
Mars, the reliability of the plastic BGA was experimentally studied under four different thermal
cycles (=55 to 100 °C, =55 to 125 °C, —65 to 150 °C, and —120 to 85 °C) [30]. Ghaffarian has taken
the optical photomicrographs of BGA to record the progression and characteristics of damage with
numerous thermal cycle intervals. Under the thermal cycles with extreme-temperature conditions,
the reliabilities of surface-mounted electronic package test boards were assessed for future long-term
deep space missions in extreme-temperature environments [31]. The highly accelerated life testing
(HALT) technique was applied by Ramesham [32] to assess electronic packaging during long-term
deep-space explorations with the extreme temperature ranging from —150 °C to +125 °C in order to
achieve optimized design. During this accelerated test within 12 h, an abnormal electrical continuity
occurred in the plastic BGA. However, the underlying relationship between the extreme ambient
environment and thermal fatigue life of an electronic device is still unclear. In particular, limited
attempts have been made to reveal the coupled effects of extreme ambient environments and cyclic
thermal loads on thermal fatigue lives.

Although there are several attempts to interpret the thermal fatigue life of an electronic device with
the extreme ambient environment via experimental investigations, numerical attempts in exploring
the thermal fatigue lives of electronic devices is less available, especially when the electronic devices
are operating under low temperature and pressure. Therefore, based on the Darveaux energy method,
a theoretical heat transfer and thermal stress model for flip chip components in the cavity of an
initial static air flow field and the finite boundary temperature under cyclic thermal loading was
developed in an attempt to predict the thermal fatigue lives of flip chip component solder joints.
The location of the critical solder joint in a flip chip component with the shortest thermal fatigue
life that determines the safety of the entire electronic device is examined. The effects of ambient
environment conditions and thermal loads on the thermal fatigue life of the critical solder joint are
discussed. This work can provide a further insight into the thermal reliability of an electronic device
under extreme ambient environments.

2. Mathematical Model

In this paper, a model consist of a 4 X 4 solder joint array of a flip chip component is developed,
as shown in Figure 1. The model mainly includes a silicon chip, a circuit board, a copper sheet,
and solder joints, as shown in Figure 2. There are 16 solder joints in the 4 X 4 array. Each solder joint has
a height of 0.3 mm, a surface area of 4.847 x 1077 m?, and a volume of 3.035 x 10~ m3. The shape of
the silicon chip is a rectangular parallelepiped with a length of 2 mm, a width of 2 mm, and a height of
0.5 mm. The shape of the copper sheet is a rectangular parallelepiped with a length of 2.7 mm, a width
of 2.7 mm, and a height of 0.07 mm. The shape of the circuit board is a rectangular parallelepiped with
a length, width and height of 2.7 mm, 2.7 mm, and 1.23 mm, respectively. In this paper, the following
assumptions are made: (1) the influences of the printed copper wire, filler and other components on
the model are neglected; (2) any residual stress and strain that may occur during the manufacturing
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process are ignored; (3) the materials in each part are ideally connected; and (4) when the temperature
varies, the heat conduction between each kind of material in the model is considered.

Silicon Chip

Figure 1. Geometry model of a flip chip component.

—— Silicon chip
——— Solder joint
I —— Copper sheet

——— Circuit board

Figure 2. Schematic of the flip chip component assembly material.
2.1. Governing Equations

In this paper, the circuit board, copper sheet, and silicon chip are regarded as isotropic, linear
elastic materials. The stress and strain have a simple one-to-one correspondence, and the constitutive
equation can be expressed as follows [24]:

{o} = [Dl{eal, )

where {0} is the stress component, [D] is the elastic stiffness matrix, and {e,} is the elastic
strain component.

When the ambient temperature of the material is greater than half of its own melting point,
viscoplastic behaviors should be considered. Since the mechanical parameters and properties of
tin-lead solder are affected by temperature and time, the unified viscoplastic Anand constitutive
equation [24] gives the stress-strain response of tin-lead solder under thermal loading.

To further study the influence of the working environment of on the thermal fatigue life,
the coupled effects of the air flow, thermal convection, heat conduction, and structural mechanics are
considered to investigate the thermal characteristics and failure mechanisms of electronic devices in
extreme environments. In this paper, cyclic thermal loading of electronic devices is used to simulate
the normal working/idle process of an electronic package. In addition, the Darveaux energy method is
applied in predicting the thermal fatigue lives. To study the influences of ambient temperature on the
thermal fatigue lives of electronic devices, a silicon chip with a cyclic thermal load is considered as a
heat source, which conducts heat between each part of the electronic devices. The time-dependent
function of the cyclic thermal load is:

P = Py(t), b))
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where Py is the power per unit volume of the flip chip component chip heat source. The cyclic thermal
load under typical conditions is shown in Figure 3, where the maximum power density of the silicon
chip is Pyax =5 X 107 W-m~3 and the minimum power density is P, =1 X 107 W-m™3. The conversion
time of the chip power is f4,s = 600 s.
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Figure 3. Power density of a cyclic thermal load.
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2.2. Boundary Conditions

At the beginning of every process, the whole zone of the computational domain is at thermal
equilibrium state with a constant temperature and pressure. As shown in Figure 4, the boundaries of
the computational domain are assumed to be open faces of constant pressure and temperature through
which air can flow, which means the boundaries has the identical temperature and pressure with the
ambient. Thus, the boundary conditions of the computational domain can all be written as:

Ty =T4 Py = Pa, (3)

where, the subscripts a and w represent the ambient and the boundaries of computational domain.
In this simulation, the ambient temperature and pressure are fluctuant parameters, and the typical
ambient temperature and pressure of the whole computational domain is T, = 20 °C and p, = 1 bar,
respectively. Additional, the boundary of the solid mechanics field is set to limit the rigid displacement:

w(x,y,z) =0 (x =28 mm,y = 0.1 mm, z = 1.41 mm), 4)

where w is the displacement of the copper sheet.
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Figure 4. Power density of the cyclic thermal load.
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The number of breakdown cycles of the electronic component is calculated to predict the thermal
fatigue life of the flip chip component. Therefore, the thermal fatigue life of a solder joint in the flip
chip component is predicted based on the Darveaux failure model [24].

a
N=KAW2 4 —— (5)
KsAWKs
[ AWV
Awuve = W’ (6)
1
AWg =W, =Wy = >(e'0’ —e0), (7)

2

where N denotes the cyclic number. In this study, the duration of one cycle is 6 h. AW, is the increment
in the density of average viscoplastic strain energy. AWj is the viscoplastic strain energy density
increase. W) and W; are the strain energy densities of adjacent cycles. ¢’ and ¢ are the equivalent
strains of adjacent cycles. ¢’ and ¢ are the equivalent stresses of adjacent cycles. a = 2.65 X 107* m is
the characteristic fracture length, which can be regarded as the diameter of the interface between the
solder joint and other materials. Ky, K3, K3, and K4 are related physical property parameters, and their
specific values are shown in Table 1.

Table 1. Material failure parameters.

Parameter Value Description
Ky 3.25 cycles-Pa~! Initial crack energy coefficient
Ky -1.52 Initial crack energy index
K3 4.04 x 1073 Pa-cycle™! Crack growth energy coefficient
Ky 0.98 Crack growth energy index

In this paper, a grid independence test is performed by calculating the thermal fatigue lives at
different grid numbers. The specific grid data and calculation results are shown in Table 2.

Table 2. Computational grid data of the flip chip component model.

Number of Grids = Thermal Fatigue Life (h)

12981970 17484
2783059 17520
1072916 17598

543249 17706
219631 17880
103691 18744
56625 19248
34138 20124

As shown in Table 2, after the number of grids reaches 1 x 10%, the predicted thermal fatigue life
is basically stable. Considering the calculation accuracy and calculation time, it is suitable to select the
calculation grid with a grid number of 1,072,916.

2.3. Model Validation

To validate the model, the finite element numerical simulation of the uniaxial tensile test under the
two working conditions of 313 K and 353 K is carried out, and the stress parameters are compared with
the experimental results from the literature [33], as shown in Figure 5. In the simulations, the strain rate
is constant at 0.5% s~! during uniaxial tensile testing. The two-dimensional geometry of the sample
used is illustrated in Figure 5a, and the three-dimensional model is given in Figure 5b. The stress at
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the tapered collar obtained by the numerical simulation are compared with the experimental results.
The mechanical properties of the 635n-37Pb solder are shown in Table 3.

. 20 |
—:j
|

(a) (b)

Figure 5. Uniaxial tensile test finite element numerical calculation model: (a) two-dimensional diagram

and (b) three-dimensional diagram.

Table 3. Performance parameters of 635n-37Pb tin-lead solder at a strain rate of 0.5% s~ .

Temperature (K) Elastic Modulus (MPa)

313 41350
353 38540
398 34568

Figure 6 shows the good agreement between the numerical simulation and experimental results
for the stresses at 313 K and 353 K, which indicates that our model is able to sufficiently describe the
mechanical characteristics of the solder at various working temperatures.

A Experimental results

#  Experimental results —— Numerical simulation

—— Numerical simulation 0l

0 1 1 1 1 1
4 5 0 1 2 3 4 5

3
e (%) & (%)
(a) (b)

Figure 6. Comparison of the numerical results and experimental data of the 63Sn-37Pb solder:
(a) operating temperature of 313 K and (b) operating temperature of 353 K.
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3. Results and Discussion

The thermal fatigue life distributions in the flip chip component under typical working conditions
is obtained using the Darveaux energy method, where the maximum power density of the silicon chip
is Pyax = 5 x 107 W-m~3 and the minimum power density is P,;;, = 1 X 107 W-m~2. The conversion
time of the chip power is tiuus = 600 s. As illustrated in Figure 7, the solder joint with the shortest
thermal fatigue life in the flip chip component appears at the outer corner point, which experience
19,055 (10*28) cycles. Since the malfunction of one solder joint in the flip chip component can lead
to the failure of the whole flip chip component, the solder joint with the shortest thermal fatigue life
in the flip chip component is regarded as the key solder joint. The thermal fatigue life of this key
solder joint is regarded as the final life of the flip chip component under typical conditions. In this
paper, the thermal fatigue lives of the flip chip components under various working conditions are
investigated, and the dependence of the thermal fatigue life on the maximum power density of the
device Py and the power conversion time #4,4,5, ambient temperature T, ambient pressure pp, and t
is analyzed.

A 555

lg(N)

WV 4.28

(a)

A 555
lg(N)

V¥ 4.28
(b)

Figure 7. Thermal fatigue life distributions in the flip chip component under typical operating
conditions: (a) three-dimensional view and (b) top view.

The temperature and stress distribution of the flip chip component is shown in Figure 8. The highest
temperature appears at the silicon chip and the solder joint during the high power dissipation period.
The stress at the connections between the solder joint and the silicon chip is the maximum. The stress
inside the solder joint is much smaller than the stress at the connections.

To describe the mechanism that lead to thermal failure of the electronic devices in detalil,
the evolution of the temperature and the stress data at the connections between the key solder joint and
the silicon chip are shown in Figure 9, under the same typical condition in Figure 3. Once the power
dissipation transfers from high value to low value or from low value to high value, the variation rate
of the temperature at the connection is very high and the stress at the connection suddenly increases.
When the temperature of the solder joint is nearly stable, the stress at the connection decreases evidently.



Energies 2019, 12, 2391 8of 13

The variation of the stress can be attributed to the variation rate of the temperature field, which
obviously depends on the maximum heating power and the power conversion time.

Unit: C

49.6
45
30
35
30
25
20

(a) (b)

Unit: MPa

(o) (d)

Figure 8. Temperature and stress distribution of the flip chip component at the vertical section of
key solder point: (a) temperature distribution in the high power dissipation period (t = 4.11 h);
(b) temperature distribution in the low power dissipation period (f = 6.11 h); (c) stress distribution in
the high power dissipation period (t = 4.11 h); and (d) stress distribution in the low power dissipation
period (t = 6.11 h).
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Figure 9. Temperature and the stress data at the connections between the key solder joint and the
silicon chip. (Pyax =5 x 107 W-m=3, P, = 1 X 10 W-m™3, and trans = 600 s).
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3.1. Effects of the Maximum Power Density

The maximum power density Py, plays a key role in the thermal fatigue lives. To study the effect
of Pyay, the parameters of the operating conditions are set as follows:

trans = 600 s
po=1bar . (8)
To =20°C

The other parameters are set to be the same as those under typical operating conditions.

As shown in Figure 10a, when P4y is less than 50 MW-m~3, the thermal fatigue lives decreases
rapidly with Pj;c. When Py is greater than 50 MW-m~3, the rate of decrease in the thermal fatigue
lives in slows down as Pj;y increases. In particular, the thermal fatigue lives are reduced to 1/10,730
when P,y increases from 20 MW-m~3 to 100 MW-m™3 indicating that high heat load is not beneficial
for the safe operation. Figure 10b shows that the temperatures of the silicon and solder joint increase
with Py,

10°} 1801 —=— silicon
160+ —— Solder
10°¢ O 1401
, o 1201
= 10 £ 100
Q
3l e, 804
10 g 60
=
10k 40
20 40 60 \ 80 100 20 40 60 80 100
Pmax (MW m ) Pmax (Mwma)
(a) (b)

Figure 10. Effects of the maximum power density on (a) thermal fatigue lives of the key solder joints
and (b) silicon temperatures and maximum of solder temperatures.

3.2. Effects of the Power Conversion Time

The dependence of thermal fatigue lives on the power conversion time ty,s is analyzed.
The parameters of the operating conditions are set as follows:

Py = 50 MW-m™3
po = 1bar . 9)
To=20°C

The other parameters are set to be the same as those under typical operating conditions.

As shown in Figure 11, as tyys increases, the thermal fatigue lives increase gradually. When #4415
is less than 500 s, the thermal fatigue lives are particularly short, which indicates that the thermal shock
generated by the fast conversion from high power to low power bring forth disadvantage in the safe
operation of electronic device. Therefore, the conversion rate from high power to low power needs to
be carefully controlled.
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Figure 11. Effects of the power conversion time on the thermal fatigue lives of the key solder joints.

3.3. Effects of the Ambient Temperature

The temperature difference between flip chip component and the ambient air determines whether
the heat can be brought away from the flip chip component. The variation of thermal fatigue lives of
the key solder joints versus the ambient air temperature is plotted in Figure 12. The parameters of the
operating conditions are set as follows:

Ppuax = 50 MW-m™3
po = 1 bar . (10)
ttrans = 600 s

The other parameters are set to be the same as those under typical operating conditions.

As seen from Figure 12, when the ambient temperature is less than —20 °C, the thermal fatigue
lives remain at high values because of the large temperature difference between the key solder joint
and ambient environment. These results indicate that the good heat dissipation effect caused by the
low ambient temperature can improve the thermal fatigue lives. When the ambient temperature rises
and is greater than —20 °C, the heat dissipation is reduced, which leads to a drastic decrement in the
thermal fatigue lives. When T rises from —20 °C to 20 °C, the thermal fatigue lives are reduced to
approximately 1/107. These results show that the working lives of electronic devices decrease with
increasing ambient temperature under normal working conditions.

-40 -20 0 20
T, (O

Figure 12. Effects of the ambient temperature on the thermal fatigue lives of the key solder joints.
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3.4. Effects of the Ambient Pressure

The ambient pressure pg also have significance during the heat transfer between the flip chip
component and the ambient environment as illustrated in Figure 13. The parameters of the operating
conditions are set as follows:

Pyir = 50 MW-m™3
To =20°C . (11)
trans = 600 s

The other parameters are set to be the same as those under typical operating conditions.

130
120+
110+

100 =
90 \
80+ T
70- e
3.0k

2.5k /

z /
2.0k
15k /

00 02 04 06 08 10
p, (bar)

Figure 13. Effects of the ambient pressure on the thermal fatigue lives of the key solder joints and the

T (°C)

maximum temperature of the key solder joints at the time f = 7 min.

In Figure 13, as py decreases, the thermal fatigue lives gradually decrease. As py decreases
from 1 bar to 0.1 bar, the thermal fatigue lives decrease by approximately 37.4%. The intermediate
temperature of the solder joint at the time ¢ = 7 min increases as the ambient pressure drops. These
results indicate that under natural convection conditions, the heat dissipation of an electronic device is
weakened by decreases in the ambient air pressure, which leads to quick increases in the temperature
and larger stress variation of the solder joint. Therefore, the thermal fatigue life of the key solder joint
decreases. For the ambient pressure py = 0.05 bar, which is nearly a vacuum environment, the natural
convection is extremely weak at this ambient pressure, the heat dissipation of the electronic devices
mainly depends on the heat conduction and the heat radiation. So the temperature of the electronic
device is relatively high and the thermal fatigue life of the key solder joint is relatively short.

4. Conclusions

In this paper, based on the Darveaux energy method, a theoretical model for BGA products under
cyclic thermal loading is developed in an effort to predict the thermal fatigue lives of solder joints in flip
chip component. Based on the simulation, the effects of power load factors and environmental factors
on thermal fatigue life are analyzed. The main conclusions drawn from the results are as follows:

1. Under the condition of cyclic thermal load, the location of the solder joint with the shortest
life in a flip chip component is at the outer corner point in the array. The final life of the flip chip
component under typical conditions is equal to the thermal fatigue life of this key solder joint.
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2. For the properties of the thermal load, an increase in the power density or a decrease in the
power conversion time will result in a short thermal fatigue life of the key solder joint in the flip chip
component. Moreover, the thermal shock generated by the fast conversion from high power to low
power will have a great disadvantage in the safe operation of the device.

3. When the ambient temperature is lower than —20 °C, the thermal fatigue life of the key solder
joint is notably sensitive to the variation in ambient temperature. As a result of the relatively large
temperature difference between the ambient environment and the key solder joint, the thermal fatigue
life of the key solder joint is high which is beneficial for the reliability of the device. When the ambient
temperature rises and is greater than —20 °C, the heat dissipation from the flip chip component to
the environment is reduced, which leads to a rapid decrease in the thermal fatigue lives of the key
solder joints.

4. Under the condition of natural convection, the heat dissipation of an electronic device is
weakened with decreases in the ambient air pressure, which leads to increases in the temperature and
failure potential of an electronic device.
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