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Abstract—In this paper, a multi-physics based fatigue life
prediction model for surface mountable power electronics fuses is
presented. It is aimed at a realistic, simple and accurate model
development conducted through pulse cycling. Fatigue is the
dominating failure mechanism of fuse links and enhancing their
cycle life is a major concern for power electronics designers and
users. To reduce development time and cost, fatigue life is
conventionally obtained empirically through accelerated thermal
cycling, which assumes uniform temperature in the fuse link. In
actual applications, the fuse assembly is subjected to pulse
cycling, power cycling, series of surge currents, etc., and fuse
links are subjected to non-uniform temperature. This non-
uniform temperature and mismatch of coefficients of thermal
expansion (CTE) between fuse components makes the fuse
deform differently than the case of uniform temperature. In this
work, a pulse cycling analysis scheme is proposed and conducted
to predict chip fuse fatigue. Numerical simulations are
performed by finite element analyses. It is found that decreasing
the cold resistance of the fuse by 38 percent will increase the
cycles-to-failure by at least 3x for large ON-times at rated
current of wire-in-air fuses.

Keywords—Fatigue life, SMD fuses, Wire-in-Air fuses.

L INTRODUCTION

Electronic fuses are designed with an intentional weak link to
protect equipment and electrical circuits from overload faults,
short-circuit faults and ground faults. Typical ratings of these
fuses are 300 volts or below and are used to protect electronic
equipment such as power supplies, consumer electronics, and
computers. Electronic fuses are classified as either miniature
or subminiature type fuses. The subminiature fuse category
includes cartridge and surface mount fuses (SMD). A SMD
fuse is soldered directly onto a printed circuit board. Standard
package sizes for SMD fuses are 0402, 0603, 1206, 6125, and
1025 where for example 0402 size package has a length of
0.04 inches and a width of 0.02 inches. These sizes are
standard throughout the electronics industry. Smaller, low
profile fuses are highly desired. Smaller fuses also have lower
breaking capacity than a larger package size. These package
size configurations are compatible with standard pick and
place machines used in the PCB industry. Most chip fuses
have a fuse element which is deposited onto a ceramic or
glass-coated ceramic substrate [1]. Here, we focus on wire-in-
air chip fuse geometry description as shown in Fig.1.
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Figure 1: Chip fuse with wire-in-air structure.

The emerging power electronics technologies provide exciting
new opportunities, but also create more challenges for
engineers aiming to enhance the reliability of electronic
products. Emerging technologies, such as vehicle power
electronics [2], electric vehicle battery management systems
[3, 4], IGBT/MOSFET protection fuses [5], and efficient
energy generation, conversion, and storage systems [6].
Nuisance fuse openings are some of the biggest reliability
challenges in such applications. These are caused by the
fatigue process of crack initiation and growth due to thermal
cyclic loads. Thermal cyclic loads are caused by pulse cycling,
power cycling, series of surge currents, or thermal cycling due
to environmental conditions. Cycles-to-failure prediction
models for fuses are proposed by researchers in the past [7-
10]. In these previous works, an empirical model based on the
fuse cyclic testing [7], a fatigue lifecycle model based on
creep model and pulse cyclic test for low current and long
ON-time pulses [8] and a fatigue lifecycle model based on
finite element analysis (FEA) for thermal cycling of cartridge
fuses with a plasticity material model for temperature range of
+25 °C to +80 °C [9] are considered.

For pure copper material, which is used in fuse links, the low
temperature creep region can be identified in the deformation
mechanism maps [10] as shown in Fig. 2. In this study, FEA
based fatigue lifecycle model for pulse cycling of fuse link
temperature up to 40% of melting temperature in degree
Kelvin (+270 °C) for both elastic and plastic regime as
indicated by shared region in Fig. 2 is presented. This is for
the first time that a full electro-thermo-mechanical multi-
physics formulation is proposed to develop the lifecycle model
and predict lifetime of the SMD chip fuses.
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Figure 2: Deformation mechanism map for pure Copper
material of grain size 0.1 mm [10].

The organization of this paper is as follows. A brief
introduction, motivation and previous work of lifecycle
prediction of fuse was described in Section I. Section II
presents the governing physics equations pertaining to
electrical, thermal, mechanical, and fatigue calculations.
lustrative examples and validations are presented in Section
III. Concluding remarks are provided in Section IV.

II. FUNDAMENTALS OF THE PROPOSED MODEL

It is well known that the stress-strain related to low-cycle
fatigue and high-cycle fatigue due to Joule heating and cooling
in a fuse links is a very complex phenomenon, which involves
the coupled interactions between Joule heating and thermal
strain. These thermo-mechanical fatigue cycles cause
microstructural material damage to the fuse links, and lead to
fatigue crack initiation and propagation, and ultimately to
failure. An applied current flowing in an electrically
conducting path causes ohmic losses which cause the
temperature to rise. This generates heat, which is transported
by conduction along the conductor path and dissipated by
convection and radiation from the surfaces of the conductors
and parts connected to it. This temperature rise additionally
causes the ohmic losses to increase due to the increased
resistivity of the copper. Moreover, fuse links in actual
applications experience non-uniform temperature if the fuse
assembly is subjected to pulse cycling, power cycling, series of
surge currents, etc. This non-uniform temperature and
mismatch of coefficients of thermal expansion (CTE) between
fuse components makes the fuse links deform differently than
the case of uniform temperature. In the following subsections,
governing physics equations and boundary conditions related
to electrical, thermal, mechanical, and fatigue calculations for
the FEA model are presented. The role of the temperature,

which is the key coupling variable between all the three
physics, is highlighted.

A.  Joule Heating

Joule heating equation mainly involves following Maxwell’s
equations Egs. 1-2 where electric current density j is related to
electric field Eby j= o(T) E.

vV-j=0 (1)

E=-W 2)

where V' is the voltage, 6(7) is electric conductivity which is
function of temperature 7. Figure 3 shows o(7) for copper
material considered in this study. The boundary conditions at
the ground surface of the fuse assembly is given by

V=0 3)

and the terminal surface of the fuse assembly accounts for the
pulse current /(2) is given by Eq. 4.

(.n)A=1I(t) “4)

where n is the unit surface normal, 4 is the surface area of the
terminal available for the current /(). Above equations are
considered only for the conductive part of the fuse assembly.
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Figure 3: Electrical conductivity (o) and thermal
conductivity (k) of pure Copper material as function of
temnerature.

B.  Heat Equations
The governing equations for heat energy transport in the fuse
assembly are described in Eq. 5
T)C, T6T+ NC,(TMv-VT +V _|]'|2
P(IC, (1) 5+ P(TIC, (T 1=
where C,(7) is the specific heat at constant pressure and p(7) is
the material density. Figure 4 shows C,(7), and Fig. 5 shows

p(T) for copper material considered in this study. Heat flux ¢ is
given by Fourier law in Eq. 6

®)
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q=—k(T)VT (6)

where k(7) is the thermal conductivity shown in Fig.3.
Boundary conditions of temperature is given by Eq. 7 or heat
flux is given by Eq. 8.

T=T, ©

—n-q=qo (8)
Heat flux gy can be convective heat flux and/or radiation is
given by Eq. 9 from all the surfaces to ambient.

qo = h(Texe = T); qo = €0(Tge — T*); ©)

Where ois the Boltzmann constant, ¢ is the emissivity and e
is the ambient temperature around the fuse assembly. The
current density j in Eq. 5 is the coupling variable for heat
source to the thermal model from the electrical equations
described in Eqs. 1-2. Unlike in electrical equations, heat
equations are considered for the entire fuse assembly of the
model. At short-circuit or overload conditions the fuse opens
by melting at fuse link weak spots. While pulse cycling is
considered for the fatigue life cycle modeling, it is also
important to consider modeling the melting condition to avoid
thermal runaway due to cycling.
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Figure 4: Specific heat (Cy) of pure copper material as
function of temperature.

During fuse link melting, it is assumed that the phase change
occurs over a temperature interval. This temperature interval is
assumed to be between T, — A7/2 and T, + AT/2, where T is
the melting temperature of the copper equal to 1085°C. In this
interval, a function, 6, is introduced to represent the fraction of
phase before transition with § is equal to 1 before 7,0 — 47/2
and 0 after 7). + 4T/2. The density (p(7)), the specific enthalpy
(H) and the thermal conductivity (k(7)) are expressed for liquid
phase material by Eqs. 10-12.

p(T) = 0pps(T) + (1 = 6)pp2(T) (10)

pH = prall(T) +(1- g)ppZHpZ ) (11)

k = 0lpy (T) + (1 — )k (T) (12)
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Figure 5: Density (p) of pure Copper material as
function of temperature.

Differentiating the enthalpy Eq. 11 with respect to temperature
and after some algebraic manipulations, the effective specific
heat for the phase change material can be written as Eq. 13.

1
Cp = m (6 ppl(T)Cp,pl(T)
+ (1= 6) pya(T)Cppr(T)) (13)
Jda,
L_
aT

_ (1-0) Pp1—6 pp2

where a,, = 8091+ (1=0)0p and latent heat L is given by

L = Hy, — Hp, (14)

Once the temperature history is obtained over a period of time
for the pulse current, we need to solve for the stress and the
strain at the fuse link. This is described next.

C. Mechanical Stress-Strains Equations
Governing equations for force balance is given by

V-s+F,=0 (15)

where s is the stress, F\ is the body force and the deformation
gradient in the strcuture, F, is given by

F=1+Vu (16)

where I is the identity matrix, # is the displacement of material
in the fuse link. The stress and elastic strain (&) relationship
are defined by constitutive equation

s=C(T): €, 17

where C(7) is the material tensor function of Young’s modulus
E(T) which is itself a function of temperature, as illustrated in
Fig. 6, and Poisson's ratio. The relationship between total,
elastic, and inlastic strains are given by
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€e1 = € — Eine (18)

€inel = €9 + €p + €5 + € (19)
€= %[(Vu)T + (Vu) + (Vu)"(Vu)] (20)
€n = a(T)(T — Trep )l (21)

where &, &, and & are the thermal, plastic, and creep strains.
Creep strain is not considered in this study. 7. is the reference
temperature of zero thermal stress and and o is the coefficient
of thermal expansion (CTE). Figure 7 shows the CTE(T) for
copper considered in this study. If the fuse link is in contact
with any material such as the ceramic body in the case of chip
fuse, the difference between the CTEs would govern the
deformation and hence the stress and strain in the fuse link.
Plastic strains are defined by

)
—g; 120; F(s,5,(T)<0; AF=0 (22)

Gi,ZZAa

where Q is the plastic potential, A is the hardening parameter,
F is the yield surface function S)¢(T) yield strength of the
material which is also function of temperature described for
copper in Fig. 6.
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Figure 6: Young’s modulus (£) and yield strength (S,) as
function of temperature for pure copper.

Unlike electrical and thermal equations, the domain of
interest for the above mechanical equations can be reduced to
include fuse link and components is in contact with the fuse
link. The displacement constaint bounadry conditions are
considered at the interface where the fuse is soldered to the
PCB. The domain of interest for the plasticity equations (Eq.
22) can be restricted to a small region within the fuse link,
where the stress levels are above the yield strength of the
material. Time-dependent coupled electrical and thermal
equations are solved simultaneously for temperature history.
Mechanical equations are solved at times where stresses and

strains are required to calculate the lifecycles in the fatigue
calculations.
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Figure 7: Coefficient of thermal expansion (CTE) of
pure Copper material as function of temperature.
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D. Fatigue Calculations

Once the strains are solved for the peaks and wvalley
temperatures points in the temperature-time history that
correspond to the pulse cycle or the power cycle, cycles-to-
failure are computed. Predicting the lifecycle of fuse subjected
to thermo-mechanical fatigue continues to be a great challenge
and there are over one hundred life prediction approaches
available [11]. Amongst them, commonly employed
approaches are damage summation [12] which accounts for
creep damage in addition to inelastic strain, frequency
separation [13], strain-range partitioning [14], total strain-
range partitioning (TSRP) [15], and strain energy partitioning
[16]. Here we employ TSRP method.

em e Elastic @ 200C
e e e e e Flastic @ 3000C
e» a» e Plastic @ 200C
em o Plastic @ 3000C
e Total @ 200C
e Total @ 3000C

0.01 ; ; ; )
1.E402 1.E+03 1.E+04 1.E+05  1.E+06

CYCLES (N)
Figure 8: Strain-cycles data for copper from [17] for
elastic strain. olastic strain and total strain.

1.E+07

In the TSRP method, the total strain-range is assumed to be
the sum of the elastic strain-range and the inelastic strain
range and each range can be defined as suggested by Manson-
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Coffin theory, so the total strain-range and cycles-to-failure

relationship is given as

Aer = Aegp + A€ine = BeleCEI + BineleCinel (23)

where constants Be, Cei, Bier and Ciye. In this study, copper
material strain-cycles data employed is shown in Fig.8 [17] for
+20 °C and +300 °C. In the case of power cycling, when the
current profile is random in nature, then accumulative damage

algorithm via the Miner’s rule [18,19] is employed.
II. RESULTS

The developed FEA model is first tested for time-to-melt to
validate the electro-thermal model and then for lifecycle model
for cycles-to-failure for pulse cycling. Figure 9 shows the test
condition of the chip fuse solid model on the test PCB board

and Fig. 10 corresponding finite element mesh.

Figure 9: Chip fuse soldered to PCB solid model.

The fuse link is made of copper material. Comsol
Multiphysics® FEA software [20] is employed for computing

electrical field, temperature field, and stress and strain fields.
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Figure 10: Finite element mesh of the fuse on PCB model.

Figure 11 shows the time-to-melt for various currents for two
fuses with cold resistances of 5.5 mQ and 41.5 mQ. The
simulation results correlates very well with the test results

validating the electro-thermal model.
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Figure 11: Validation electro-thermal model of the fuse
by comparing the model results against test results of
time-to-melt of the fuse.

Figure 12 shows cyclic test fixture for pulse current test.
Figure 13 shows the cycles-to-failure for two pulses of 2 A and
3 A with different ON-times for 25.5 mQ and 41.5 mQ cold
resistance fuses. Since these cyclic tests are time consuming
there is only one data point to compare against the simulation
results, shown in Fig. 12. It should be noted that cycles-to-
failure due to fatigue test can have wide scatter (greater than
200 percent [7]). Cycles-to-failure test results show the
prediction power of the developed model is quite remarkable.
It can be seen that decreasing the cold resistance by 38 percent
from 41.5 mQ to 25.5 mQ would increase the cycles-to-failure
by more than 3 times.

Figure 12: Pulse cyclic test setup with counter to count
cycles-to-failure.
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Figure 13: Cycles-to-failure prediction of the fuse for
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results of time-to-melt of the fuse

IV. CONCLUSIONS

In this paper, for the first time, a complete electro-thermo-
mechanical multi-physics formulation is proposed to develop
the lifecycle model and predict lifetime of the SMD chip fuses.
Conventionally, fatigue life is obtained empirically through
accelerated thermal cycling, which assumes uniform
temperature in the fuse link. In the actual applications, the fuse
assembly is subjected to pulse cycling, power cycling, series of
surge currents, etc. and fuse links are subjected non-uniform
temperature. As our simulations have confirmed, this non-
uniform temperature and mismatch of coefficient of thermal
expansion between fuse components makes the fuse deform
differently from the case of uniform temperature. The predicted
time-to-melt results and test results correlate very well,
validating electro-thermal model. The predicted cycle-to-
failure results correlate remarkably well with the test results. It
is found that decreasing the cold resistance by 38 percent will
increase the cycles-to-failure by at least 3x for large ON-times
of rated current of the wire-in-air fuses.
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