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thermal capaciter (F or /K,

maximum displacement {m).

moduiug of elasticity (Pa)

Grashof number,

current {A).

arca moment of inertin wbout neutral axis (1114).
rated current (A),

peak current (A

mu.gmllcm of current squre over time (A%s),
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minumum melting P value of fuses (Alles).
prospective current (A).

injected current for coupled network (A or A7 ohm).
constant.

maoment (N.m).
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in-planc foree (N).

number of current pulses to blowing.
initial in-plane foree (M),

number of current pulscs for the reference parameter,
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input energy to a scgment (W)

Prandtl number,

activation energy (1)

resistance (€2).

Rayleigh nunber.

electrical resistance (ohm).

thermal resistance (ohm or K/W).

radial surface (m?).

lemperature rise (K, #C).

temperature of the wire (K).

temperalure inside the glass tube (K).

air temperature outside the glass wbe (1K)
eritical temperature rise (K, °C).

total potential energy (1)

voltage (V).

cnergy for real elongation (J),
deformation energy {1).
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W, bending energy for buckling shape (J),

¢ specific heat (J. kg K"y,

d, actual ciongation related with spring (m).
e axial strain.

€y straia,

e, strain.

£ gravity constant (g = 9.81 m. g4,

h heat transition cocfficient for the convection (W. m2 K™y,
i current (A).

i current density (A.m™).

k curvatare (m™ ).

k, spring constant (N,

{ length of a segment (m).

{s length of the fuse element (m).

n nutnber of segments,

g, heat digsipation in a segment (W).

g heat conduction in a scgment(W).

o heatl convection from a segment(W),

g, heat radiation from a segment({W).

I, outer radius of the end cap (m).

Iy radiug of the wire {m).

I, inner radius of the glass tube {m).

t, outer radius of the glass tube (m}.

! time {%).

b melting time (s).

Lo on time ().

Ly off time (%),

u displacement in z direction {m}.

1. dispiacement derivative.

w displacement in p direction ().

Wy initial displacement (m).

W derivative of vertical displacement.

W, sceond order derivative of vertical displacement (™).
¥y relevant dimension (for a cylinder, x, is the diameter) {m).
X, Wz co-ordinatcs, '
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thermal diffusion cocfficient (1112. ).
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thermal expansion coefficient (for a gas 3= 171,
deflection factor,
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Chapter 1 Overview

1.1 Electric fuses

Fuses are designed for the protection of electric circuits and couipment. Fuses were invenled
around 1864 | 1] Nowadays, they arc produced in a wide variely ol physical dimensions, shapes
and internal constructions and mainly used in conjunction with fuse clips, mountings and
holders, Among many electrical devices, fuses are well known for their popularity in house
apparatus and installations.

In the instrument technology, fuses with 2 mA rated cureent can be found. Beeause of
the explosive development of computer industries, an enormous amount ol miniaiure fases
is required. On the other hand, the rapid increased demand for larpe semiconductor
devices leads to the need of very high ratings of semiconductor protection fuses (ratings
higher than 2 kA and 1000 V), FFor high voltage applications, praducts with ratings of 100
Aand 72,5 kV are applied.

Fuses may be grouped under four headings: miniature fuses, high voltage fuses, low
voltage power fuses and semiconductor protection fuses. The heart of a fuse always
consists ol a conductive strip oF wire element, which carries an electric current. This piece
of material is made of metals or their alloys and it is defined ag a fuse element. Figure
1.1 shows a typical fuse [or semiconductor protection. The construction consists of a fuse
clement, ceramic body, contacts and sand.

_/. Contact Ceramic hody

|

Fuse elemenm

Figure 1.1 Typical semiconductor protection fuse

Fuses must be able 1o open cireuits at currents which exceed a piven value within o
cerlain time, Application normally requires that the fuse operating time should be shorter
for higher current values. This behaviour of the fuse is described by its ¢oreent - time {7 -
£} characteristic,

The £ - ¢ characteristic is defined as a curve where the value of the melting lime is
expressed as a function of the prospective symmetric current. under stated conditions of

2
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operation. In the short time range, the Joule integral ¢ is defincd as the integral of the
square of the current over a given time interval, if the time interval is shott enough, A
typical / - ¢ characteristic of semiconductor fuses is shown in Fig. 1.2, where the melting
time 7 is expressed as a function of the effective current [ (r.m.s.). For shorl melting times,
Pt values are provided together with melting times.

10°
Melting Time Data
B 660 V 160 A fuses
10 F - 2
E ] ty [msl T
i ] [A's]
10 E <1 4200
CO ] 1 7600
—10 ¢ . 4 10200
— 5 11300
100 g ] 10 1387(
A ] Silver
10 F . element dimension
3 18 mm* .13 mm
a2l
10 | L
10° 10° 10"

I [A]

Figure 1.2 Typical current - time characteristic of
a semiconductor protection fuses

In general, because of ageing effects, 7 - ¢ characteristics of fuses tend to shilt. As a
result fuses can blow after 2 number of current pulses at values faster than expected from
the original 7 - 7 curve, It is obvious that the deterioration of J - ¢ characteristics can lead to
unreliable functioning of eiectrical systems. In order to improve the reliability of electrical
systems, lifetime estimation of fuses are required by users and manufacturers.

1.2 Literature raview

Rasic knowledge of fuses has becn provided by Wright [1], Johann [2] and Wang [3] in
their textbooks. Two Hteratures stedies (4, 5] are available for further studies in fuse
designs and their applications. In this section, only a brief review will be given and
particular attention will be paid 10 the state of arl in the fuse developments,

1.2.1 Prearcing characteristics

Extensive contributions have been made since 70°s to simulate prearcing characteristics
and applications ol various lvpes of fuses. Among them, the finite difference method {6,
7], finite element method (8, 9, 10] electrical analogue method [11] and TI.M [12]
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{Transimission line mateix method) are widely used to conduct the pertformancee simulation.
A good guidance for clement designs may be provided from the stmulation.

Fuses should operate at short circuit or overload current, However, they should not
operiate al nominal load conditions which are related with continuous or pulsed (evehe)
currents, In practice. the undesired change of fuse behaviour, for instance uncexpeeted

usually called ageing. To deseribe ageing, lifetime for various applications can be detined
as the time for reaching the acceptable change of current - {ime characteristics ol luses,
the time for fuse blowing or the time for a certain pereent of reststance ingrease. Tor
ageing studies, literature review will be presented in Section 1.3,

Many general purpose fuse links are provided with low melting poimt materinds which
are altached 1o Tuse elements. As a result of diffusion, a reduction of the melting point of
fuse elements is realised. The phenomena refated with this effect is reflerred 1o as the M-
effeet named after Metcallt To achieve desired current - time characteristics of tuses, M-
effect was often uscd. However, for certain current shapes, the M-cflect can bring about
undesired diffusion and result in ageing. Daalder |13} and Hotwann [14] conducted
studics of Me-cfTeets, they concluded that if the Tuse element s propeety desianed,
interdilTusion has no detrimental effect on fuse performance. Recently, Beaujean |15]
proposed a simulation method for current - time characteristics where interactions hetween
silver sirip and low melting point materials were considered.

1.2.2 Arcing phenomena

Although many studies have been conducted expertmentally and theoretically to predict
arcing behaviour, the use of various models is limited to specific types and load conditions
[16, 17, 18, 19]. The arcing process is still not {ully vrderstoad, therefore, the description
of the arcing process is largely dependent on empirical parameters.

1.2.3 Fuse designs

Among many devefopments, the following new types of {uses can be mentioned: surface
mount fuses {20, 21), substrate fuses {22}, vacuum fuses |23, 24]. 81, fuses [23),
electronic fuses {26] and smart fuses [27]. These new developments are focused on high
reliability (21, 23, 24. 26, 27|, extreme compactness (20, 21, 22] and casy availability [26.
271,

1.3 Topics related with this thesis

As it has heen mentioncd in Section 1.2, two main unsolved problems remain in the
description of fuse behaviour, viz. arcing ard ageing. The subject of this thesis will be
focused on ageing mechanisms, as far as these are caused by thermal mechanical reasons,
The studicd fuse configurations are limited to those normally chosen for miniature and
semiconductor protection fuses. Scetion 1.3.1 presents state of art ol lifetime studies in
general. Section 1.3.2 gives a brief descriptions of basic mechanisms of metal
deformation, Section 1.3.3 addresses reliability ilems in existing standards for mintature
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fuses, low voltage fuses and high voltage fuses. Section 1.3.4 introduces the minimum /71
value and describes the phenomena of thermal buckling related with fuse elements.

1.3.1 Lifetime studies in literature

Ageing can take place at continuous leads and cyclic loads. The latter may be
distinguished in pulsed current with

high amplitude and short conducting time
low amplitnde and long conducting time

Such ageing can happen in circuits with power electronics, Also, motor starting,
transformer and capacitor inrush are related with such pulsed currents.

Various attempts have been made to provide solutions for the problem of fuse ageing.
For cyclic duties, compressive siresses are induced due to temperature rise during current
flow, During the period without current, the compression is released due to cooling. This
thermat effect becomes cyelic in nature. More than continuous heating, this eyclic heating
results in ageing of the fuse element. In the former investigations, resistance chanpes,
movement and cracks of fuse elements have been noticed. Some specific propertics are
stated below.

Because of current surges, fuscs may be subjected to fatigue problems. Several
mcthods for lifetime estimation for specified currents have heen presented in the past.
Possibly the first paper {28] correlating cyecles to failures with current parameters appearsd
to be in 1969, In resistance welding applications, fuses should be derated to protect
thyristors. Cycles to failure for fuses were presented in a praph as a linear [unction of the
ratio of rated melting Pt to the actual I passed through the fuse during the current
conducting time. Taking the fuse element (emperature excursion as a parameter was also
addressed as an alternative.

In 1974, W.1. [Tuber experimentally investigated cffects of the minimum 7 change for
fuses to have proper intush capability for the protection of power transformers {29]. Two
successive half cycle curren! pulses spaced four seconds apart were suggested to test the
fuse's rated minimum melt 77 value of fuses. It was indicated that the minimum melt 77
valuc of fuses can be taken as a criteria for fuse to withstand the transformer inrush and
lightning protection.

For fuses, exposed to a ¢yclic current, the number of pulses which fuses can withstand,
was considerad as a linear function of the percentage of the rated current [30]. The on time
and off time from five seconds to [ minutes were used during tests. For tuse selection in
the protection of semiconductors, it was recommended that the equivalent r.oes. value of
an occasional overload current should not exceed §3% of the current value from [ - ¢
characteristics for the samé duration. For frequent overload currents, the limit was reduced
te 70%. For cyclic duties, the current for the on time was suggested not lo exceed 50% of
the value of current corresponding 1o J - ¢ characteristics. For this duty and in case of
overload duration ahove | hour, the r.m. 5. current was limited to the rated current. Tt wus
suggested that the lifetime of fuses is consumed by clectric currents. No motivation of
these recomumendations was presented by experimental or theeretical analysis.
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The microstructure chunges of subminiature fuses have heen examined [31] by using
scanuing electron migroscope (SEAM) and energy dispersive X-ray microscape (£128). The
fuse elements were made of silver copper alloy wires. After the wire experienced 1he
pulsed current of an on time up 1o 225 microseconds, partial melting ard recrystatlization
were found in locelised areas within the grain structure. Sepregation was found ot the
surface of & wire. laking the energy dissipation during the pulse current as eriteria (321
[Hetime limits were determined lor fuses of copper silver alloy wires. The thresholds of
lifetimey at different temperaturc riscs were expected 10 ber maximum Hictime condition
at 100 °C; more than 20000 eyeles at 300 2C; more than 1000 eycles at 500 °C; potential
single pulse at 800 .

Klepp [33] conducled comparative studies of nickel or tin plated contaety with silver
plated contacts, Contiet resistance of nickel or tin plated contacts is lTound 1o increase in
high temperature and aggressive atmosphere, Kok [34] amadysed failures of fuses used in
the cireuils of nuclear generating stations, supgestions were made [or improving reliability
of control vircuit fuses.

For high voltage fuses, Arai [35] conducted expertmental motion studies of elements
for model fuselinks in cyclic lifetime tests, The notched fuse clement wax made of siiver.
For a straight fuse element, movement of the clement wus observed duting prlsed curremt
by X-ray photography. When fuses experienced oyelic currents, originally bent luse
clements were changed inlo ripples; cracks were found in the clement notches. Ageing in
fuse elements was expiained by thermal fatigue, lifetimes were presented as a fanction of
current reélated with current « time characteristics.

High voltage expulsion fuses are widely used in the power system protoction. As a
circuit fault oceurs, the are in these fuses is extinguished by the expulsion effect ol gases
produced by the arc. After 13 kV high voltage expulsion fuses were exposed to eyelic
currents, deterioration of 7 - ¢ characteristies and resistance changes have been observed
36} Fuse wires made of copper, tin silver copper alloy, and tin lead alloy were used in
the experiments. The amplitude of pulsed current was 120% the amplitude of the fuse
eated current. The on time was 1 hour, A long off time was adopted o cool down the
tested fusc.

For eyclic dutics, lifetime was sugzgested to be presented [37] as a function of current
. 2 . .
retaled with £ values during the on time.

As the therma! elfect was directly taken into account |3§], the Jifetime observations
were {itted and presented as a function of a combined variable of temperature rise and
mean temperature. A cocfficient which reflects deflections has been introduced to relute
the mechanical strain with lifetime. Tts value was determined from the lifetime regression
analysis,

Nuisapce operation of high voltage fuses during storms has been reported (349, 40, 41,
42] in USA, Canada and Australia. As the fusc operation wus considerad to be caused by
lightning, the estimated operating rate [40Q] can be ap to 0.43% from the field ebservation,
According to Westrom’s work, after tin fuse Hnks were used in the sysiem for years of
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service, 2% of the fuses showed a time reduction above 10% with the melting current |38},
They recommended large ratings of fuses for the protection Lo avoid nuisance operation,

Limitation of fuse fifelime, caused by oxidation of silver coated copper wires, has
been investigated [43] for continwous eurrenls. Cracks induced in the fuse wires were
reported. Because of chemical reactions in the clement to occur at an elevated
temperature, resistance of a fuse goes up. As regards the resistance changes, measurements
have been performed on different elemient materials. The on time of pulsed current was |
hour during the eyclic tests, Fusc elements of siiver, copper, silver coated copper, nickel
coated copper, tin silver copper alloy were studied. For a given ¢urrent, energy dissipation
ingreases, this resuits in the final interruption of fuses in services.

These preliminary studies provided gqualitative indtcation of fuse ageing mechanisms,
However, because motion of the fuse elements was not delined or even was not taken o
account, various parameters in the proposed models have to be determined by using the
curve fitting method. Use of this method is limited for certain types, and normally 4 large
number of tests are required.

1.3.2 Basic mechanism of metal deformation

Metal deformation [44] can be distinguished in: clastic, plastic and creep tvpes. Elastic
and plastic deformations are considered as instantancous deformation caused by applied
stresses, while creep deformation is modelled as time dependent.

Elastic deformation is reversible, plastic deformation is non-linear and irreversible.
They are considered as the instantancous deformation cesponse o the application of a
load. Plastic deformation may have two forms: slip and twinning. 8lip is the most commaon
form, it is vonsidered as the shearing of crystal blocks over one another ¢.g. in multiples of
the unit displacement. The displacement of crystal blocks occurs consecutively in the
small region of slip plane and spread outwards. The boundary between the regions where
slip has taken place and where slip has not occurred is called a dislocation. The dislocation
is commonly represented as a line in the slip planc. By contrast, twinning is used to
describe the fractional displacement of crystal blocks. Plastic deformation causes
permanent changes in the material.

Creep [45] stands for the time dependent deformation and rupture, it is also
irrcversible. Because the failures due to ¢reep are similar 1o those induced by plastic
deformation, the creep deformation is normally treated as a plastic deformation. Creep
deformation is divided into intragranular and intergranular deformation. As the name
implies, intragranular creep stands for the creep inside a grain and inlergranular ereep for
the ¢reep among grains. [atragranular crecp deformation includes crystallographic slip and
subgrain formation. The plastic deformation takes place due to slip of dislocations by
gliding on certain preferred slip planes, As regards with subgrain formation, because of
the inhomogeneity of creep deformation, many opportunities of local bending are provided
within a single crystal or individual grains of polycrystals. Local bending further causes
dislocations of one sign line up, The dislocations arrange themselves by cross-slip into
low anglc subgrain boundaries due to interaction hetween dislocations, Subgrain
boundaries are formed in the primary stage of creep. Intergranular creep deformation
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includes  grain boundary sliding, creep cavily nucleation, told formation and  grain
boundary migration,

Based on the diffusion concept, several models have been developed 1o predict the
creep behaviour. From an atomic or molecular perspective, diffusion in solids 15 the
migration of atems or moelecules {rom one laitice site to another latdee sitc. The aloms
must have sullicient energy to break bonds and then reform them st another latiice site.
This enerpy is known as the activation energy, When two balk materials are o contact,
interdiffusion takes place, Al the surface molecules from one material can migrae into
anather by diffusion and vice-versa with diflerent diffusion rates.

In addition o the stress, clevated temperature and temperature changes can lead to
failures, namcly thermal fatigue. According to the range for stress ¢ and temperatare 7.
different models related with the shear modulus & and the melting temperature 7, were
proposed in the past [44, 45, 46]. o = 107 G und T = 0.5 T, lattice diffusion ereep
{Nabarra-Herring crecp) model is used, The creep process is controlled by ditfusion ol
agloms and vacancies under low applied stress, temperature is above 0.5 T, Materials
deform in the 1ensile direction. Creep also exists under low stress and low lemperaturee. If
a = 0" ¢ and T = 0.5 7, the process can be described by grain boundary diffusion
{Coble creep). 1f 10 G o= 10" Gand T> 0.3 T dislocation motion controlled crecp
deformatlion oceurs by both dislocation gliding and dislocation ¢climbing, 1{ o ~ 10 ¢ and
T (005 7,. grain boundary sliding and superplasticity may oceur. Grain boundary sliding
mainty contributes 1o the creep i the primary stage. Because the agreement ol activation
cnergy of crecp and lattice self diffusion, the sliding is considered as a diffusion
controlled  process, 1§ several mechanisms are mutually  independent, the  fastest
mechanism governs the creep behaviour, while if the mechanisms are dependent, the
slowest mechanism governs the creep hehaviour.

The creep curve i3 a strain time relationship where strain is detined as a function of
time under a constant load or stress, The slope of the curve is defined as the ereep rate,
The crcep is distinguished into three stages: primary ereep, secondary ereep und tertiary
vreep. The creep rale in the secondary creep stage is termed as the steady state creep rate.
Because most deformation involves this stage, it is of primary importance.

Considering the effects of eyelic theemal stresses on metals, the number of cyeles to
{ailure can be directly refated with clastic strain and plastic strain,

Application of metal delormation mechanismsa can be found for both large mechanical
componenls and small electronic devices, such as power plant components and printed
cirenit boards. Overall componenl dimensions may vary from meters (o micremeters.
When fuse elements made from metals experience electric currents, thermal and
clectromagnetic cffeets can lead to deformations of fuse clements. For current pulses,
cyclic thermal stress in the {use element is involved.

1.3.3 Lifetime considerations in standardy

In the madern world. there is no doubt that commercial industrial products have 1o meet
their standards, 1EC Publication 127 @ miniature fuses [47] is the most important standard
for mintature fuses. This standard specifies two types of tests related with lifetime
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cxpectancy. The first ane is the endwrance tese stated in [EC Publication 127-1 Sub-¢luuse
2.4 and the second is the pulse rest specified in [EC Publivation 127-1 Sub.clause 9.6.

Indurance tests require fuses to withstand 100 cyeles. Each ¢yele vonsists of an on
time of [ hour with a current and an off time of 15 minutes without current, The current
magnitude is normally 1.2 times the rated current of tested fuses, Direet current is used in
the test. The voltage drop after tests is measured by applying the rated cureent 1o the (ested
fuse, The increase of the voltage drop is required to be not more than 10% of the value
measured before tests,

In contrast to endurance tests, pulse tests are performed to gain information of abitity
to withstand current surges normally cxperienced in service. These tests require 1000
times specified current pulses, The voltage drop afier lests is measured by exerting the
rated current on the tested fuse. The increase of the voltage drop is required to be not more
than 10% of the value measured before tests. The main feature of the test is that current
pulse has a larger magnitude and a shorler on time compared with that in endurance tests,

In TRC Publication 26%-4 (1986) [48], concerning [use-links for the protection of
semivonductor devices, overload curves are required (see IEC 269-4, Sub-Clause 5.6.4
and 8.4.3.4). I'uses are subjected 10 100 load cycles, cach cyele has a total duration of 0.2
times the conventional time which is defined by fuse ratings. The “on™ period with a
current value and a duration corresponding to the co-ordinates of the overload capability
o be verified. the “off” period forms the rest of the cycle. The time co-ordinates are
suggested to he within the range of 0.07 10 60 seconds.

In IEC Publication 644 (1979) [49], concerning high voltage fuses for moter circuit
applicalions, two test sequences are recommended for fuses to withstand repetitive starting
conditions, The first test consists of 100 eyeles and the sccond consists of 2000 cycles {see
Clause &).

For most applications, however fuses have to withstand more than 10° current pulses,
2000 current pulses are often far too less to mect users requirements. Lacking of guidance
from existing standards, manufacturers have to accumulate experience to deal with these
practical problems, a good service is normally realised by a trial and error method.
Therefore to understand ageing méechunisms of fuses and 1o perform reliability studics arc
of a practical value for industries.

1.3.4 Minimum 77 value and thermal buckling

Before main contents of this thesis zre outlined, the minimum 7t value of fuses and the
concept of thermal buckling related with lifetime predictions will be explained and
described first.

(1) Minimum Prvaluc

Current - time characleristics of fuses show a spread for the melting time al a given
current, The minimum F7 value is the current square times the minimum melting time for a
. - - - i)
given current. Below this value, fuses do not operate. In many cases, the minimum [7¢
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vithue at 10 ms ¢an be directly related 1o the selection of {uses [or the protection of
cleetrical components.

For miniature fuses, a8 stated by manufacturers. this value is approximately a constant
because the adiabatic heating may be assumed for most wire clements (with 20 nun overall
tength). Vor transformer protections, 25 times the transformer rated coerent for 10 my iy
sometimes required in order to have fuses withstand transformer inrush currents. Dula
sheets for semiconductor devices, for example thyristors, quote a lgure (or the masimum
surge current that devices cun survive, A half sing pulse with a width of 10 ma (30 Hz) is
wsually taken Lo indicate the £ for fusing. This 't value represents the enerpy that ¢un be
passed by semiconductor devices without damaging them. Therefore in this thesis, the
minimum melting 7 value is chosen as ong of the parameters. [n some applications. fuses
ure 1'cqui{cd to blow below a certain j‘t_) value. Therefore, in principle, the muaximum
melting /71 value and the average melting /*f value can also be used.

(2) Thermal buckling

Thermal buckling is o coneept 1o describe the movement of components duc to thermal
origins. In 1989, Moulin [30] conducted a review of thermal buckling analysis methods.
For electric [uses vnder discussion, their elements can be considersd etther as columns
with twa fixed cnds or plates with twoe fixed edges. Por a column with twe fixed ends or g
plate with two (ixed edpes, becavse of the boundary constrains the compressive force
increases as the temperature of the column or the plate rises. At the beginning, the column
or the plate reserves its original shape. This state s called as pre buckling. As the
temperature incrcases further, the column or the plate may start to move. The process is
called as thermal buckling because of its thermal origin. The temperature rise limit for
thermal buckling to take place is defined as the critical temperature rise. After motion of
the clement is initiated, the displacement of the column or the plate inereases significanty
with temperature, This is called as thermal post buckling.

1.4 Content of this thesis

Previous studies and current standards do not provide general valid methods to deseribe
fuse reliabifity. This study atlempts fo describe mcthods o predict the fuse lifetime
expectaney in the case where thermal mechanical processes are dominant. The first task of
this work i3 W answer questions related with  the ageing mechanism of miniature {uses
during short time pulse currents.

When fuses experience long time cyelic currents, ageing of fuses may dilter from that
in short time eyclic currents. Accordingly in IEC Publication 127 miniature {uses.
endurance tests are specified. To prediet fuse lifetimes for long time currents. (he second
goal is to investigate relevanl behaviour during tong time currents,

Because of the various dimensions and shapes of fuse elements, 1t may be asked
whether it is possible to find a model {or lifetime estimation compatible with all situations,
Consequently, to resolve this difficulty becomes the third ebjective of this wark.
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For semiconductor protection fuses, notched fuse ¢lements may have different shapes.
they can be surrcunded by sand or bound sand. There ate many paramcters which
influence lifetime of commercial products, and hence to study these causes and predict
lifetime becomes our fourth ebjective.

As it has heen stated, the prime objective of this thesis s to provide a general
theoretical method for lifetime predictions and to evaluate the change of current - fime
characteristics after fuses are submitted to curvent pulses, Because lifetime is dependen
en the stress - strain relationship, displacements of the fuse element have to be
determined. However, displacements are developed due to electric heating which depends
on heat transfer processes. Therefore, in accomplishing these tasks, first experimentol
relationships of Lifetime and importunt parameters are invesripated, Secondly, thermal
response of fuse elements is analysed for different currents. Thirdly, meial deformation
diee to thermal ¢ffects is studied wgether with the resulting stress, Finally on the basis of
thermal fatigue due to cyclic stress/strain, the lifetime can be predicied theorelivally
Following this scheme, the work is divided into five parts: introduction (Chapter 1),
experiments (Chapters 2, 3 and 4), heat transfer modelling (Chapters 5 and 6), thermal
buckling (Chapter 7) and lifctime predictions (Chapter 8), and gencral conciusions
(Chapter 9).

Chapter 2 presents experimental results of pulse tests. It describes experimental
equipment and test procedures. Fuses are submitted to short current pulses in the order of
10 milliseconds to obtain lifctimes. This chapter also discusses possibililics to present
lifetimes as function of several parameters related with current.

Chapter 3 covers lifetime studies related with endurance tests and long time ageing
behaviour, Tests are relevant to endurance tests specified in [EC Puoblication 127:
miniatuee fuses, The chapter discusses the possible relationship between lifetimes and
current parameters: magnitude and on time.

Chapter 4 describes experiments for studying the ageing mechanism of semicondustor
protection fuses [51]. Experimental ohservations of lifetimes and deformation are
presented.

Chapter 5 presents thermal modelling methods [52] for miniature fuses. Here, heat
radiation and convection of fuse clements arc considered to be non-linear functions of the
element temperature, The putpose is to caleulate the temperature response and distribution
for fuse elements excited by any currents, Application of this mede! may also result in
current - time characteristics (J - ) of miniature fuses which are of imporlance Lo
manufacturers,

Chapter 6 presents three dimensional thermal transient simulations [53] due to electric
current for semiconductor fuscs by using EMTP (Electro-Magnetic Transient Program
[54]). In the simutation, the current density disteibution in the fuse element is vonsidered
in lwe dimensions,

Chapter 7 presents analysis of element motions for thermally siressed {uses due w
electric ¢urrents, The present study describes two buckling medels. The first one is based
on the work [55] where the maximum displacement of a straight fuse wire is obtained o
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be w [unction of (he clement temperature, Phe second buckling model uses the finite
element method, it describes displacements in the axial direetion and the perpendicular
direelion of the wire. Both models attempl to analyse (he stresy and strain of fuse wires
due 1o thermal origin, The purpose is to predict the breaking location and 1o gain un
msight of mechanical responses due to clectric currents.

Chapter 8 presents models for lifetime predictions for mintature [uses [300 37, 58] and
for semiconductor protection fuses for eyclic currents. [t discusses apeing origing of both
lypes of fuses and possibilities for improving fuse litfetimes. General applications of the
méthods (o various lypes of fuses are addressed.

Chapter 9 summariscs main conclusions {rom the previons chapters.



Part Il Experiments



Chapter 2 Lifetime Experiments with Short Current Pulses

This chapter presents and anatyses experimental resulis of lifetime reduction of’ commercial
mintature fuscs by the short cument pulse, For current pulses, fr /. 1, and Ly may by
defined as [ollows;

Fr 14 the current square integral over a period ¢ for a single current pulse (unit in Als)
L is the peak current of a cwrent pulse (unit in A )

. 1g the current pulse time (unit in ms)

Lagr is thes time period between two successive current pulses (unit i sceond).

As far as the current pulse time is concerned in this thesis, current pulses muy be classtiied
inte two categorics: short current pulses and long current putses. A short current pulse meang
that the current pulse time 3 in order of several milliseconds.

As stated in the first chapter, miniature fuses have different clement shapes as regurds to
their applications. On the basis of current - time characteristics, miniature fuses are distinguished
as: very fast aeling luses (FI¥), fast acting fuses (F), medivm lime lag fhses (M), time lag fuses
(1) and very time lag fuses (TT). Essential difference among them exists in their prearcing rr
values. For cxample, prearcing Pt values show big differences at 10 times the rated current. Fast
aeling fuses open earlier than time lag fuses for o short circuit current. So in practice, o
withstund inrush currents during the switching of equipment, fme lag fuses are supgesied in
favour. Materials of fuse clements often differ for various current ratings. As a conscguence, the
yuestion ol lifetime variations rises due to propertics of element materials. Before any large scale
studies on lifetimes are started, a case study is carried out. So to get an impression of effects of
currcnt pulses on (use lifetimes, experiments start with a typical time lag fuse,

Because ol construction differences of fuses, it is reasonable to ask whether conelusions drawn
from the case study represent peneralitics or not. In other words, a general method should be
pursued for all practical fuses. To find the solution for these problems, several typical
configurations are studied. Because experimental procedurcs for all fuses are more or less the
same, experimental descriptions will take the time lag fuse as an example for the lustration.

This chapter mainly covers two parts. The {irst part deseribes the efforts o study liletimes of
atypical time lag fuse and the second part describes the influence of other parameters of fuses on
lifetimes, Main objectives are:

- o determine experimentally the lifetime of miniature fuses exposed to cyelic current with
rectangular and sinusoidal pulse shapes for long off times.
- to stdy the influence of the internal construction of {uses on their lifetimes.

2.1 Studies of a time lag fuse

2.1.1 Test object
Figure 2.1 shows a typical construction of the chosen test object (Litteliuse type 218.800), The
fase element of these time lag fuses is a struight wire element and is positioned inside a glass

14
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tube, Two ends of the wire clement are soldered onto end caps. The efement of tested fuses is
made from a clad wite of 50% silver and 50% tin-zine alloy by weight. The wire diameter is
(1.103 rmm. Fuses are rated at 800 mA and the minimum melting #7 value is 1.3 A5, as indicated
by the fuse manufacturer (see Appendix).

2.1.2 Measurements of voltage drops

To study fuse ageing, technical information of new fuses should be collected. As resistance change
was considered as one of the main points related with fatigue, measurements of voltage drops were
performed.

(ilass tehe

End ¢cap

Fuse element

Figure 2.1 Typical time lag minigture fuse

According to JEC Publication 127 : miniaturc fuses [47], the rated current should be used for
determining the voltage drop and then the power loss. In normal practice, the heat produced by
10% of the rated current is considered to be negligible. For these reasons, to measure the cold
resistance of fuses 10% of rated current can be chosen. To guarantee the measuring accuracy, the
four terminal method {59, 60] was adopted. Figure 2.2 shows the principle scheme, where 7 is the
applied current, £/ is the measured voltage between two terminals, ‘

| =
—

+ U -
Figure 2.2 Four terminal method for measuring the fuse resistance
For 800 mA time lag fuses, voliage drops across 74 fuse samples were obtained by using the

fuse rated current (300 mA). Accordingly, 80 mA was taken in the measurement to determine the
cold resistance.
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1.1.3 Test circuits for current pulses with half sinusoidal wave forms

To study the influence of current wave forms on fuse lifetimes. two typical current wave forms
wuere used: pulsed currents with halfl sinuseidal and rectangular wave forms. The peak current
ranged up 10 20 ampercs. The relative Ft value varied from 0.16 10 0.85 which was defined s the
ratio of the 7’7 valuc of the pulsed current Lo the minimusn metling 7t vatue of fuses as stated by the
manufacturer,

In the following. experiments for eurrent pulses with a half stmmoidal wave Torm will be
discussed, Pulse tests in this work are aimed at collecting lifetime data ol [uses, when luses are
subjected to current pulses, To continue the pulse test, lest facilitics are reguired to be properly co-
ordinated so that a series of current pulses are exposed 1o fuses, Secondly, the hine intorval
between two pulses ure adjustable. Resistance or voltage drops in this peniod should alse be
measured, To accomplish these duties, an experimental set-up was constrected as shown in Fig.
2.3,

curent | o | emara0 s

pulse [ —— | (EEE 488 e

generater | P 212 bus | E——
S ot a1

F'M 2535 multimeter l

Figure 2.3 Experimental setup for performing puise tests [51]

The set-up mainly consisted of 2 computer, a digital input/output unit (PM 21303, a digital low
level switch (PM 2121), an TEEE interface (IEEE 488 PM 2101), a digital multimeter (PM 2535)
and a current pulse generator. The digital (/O unit and the low level switch were used Lo produce
switching signals and control operation for tests. With the digital multimeter, voltage drops across
tested fuses can be measured by using a current source of 80 mA (or 300 mA). The generator was
actually an LO7 ¢irenil with a thyristor which can be controlled by the computer mterface to obtain
current pulses with an approximately hall sinusoidal wave form. Scveral fuses were tested in one
series at the same time. Figure 2.4 shows the test cireuil of one unit in the current pulse generator
which was designed by P. van Rictschoten (see Appendix).

To evaluate the lifetime distribution, in the fest stage this process was repeated unti all fuses
operated, allerwards until three of five fuses interrupted. Resistance values and the number of
pulses which fuses withstood were stored in disk files, Additionally, the fuse voltage, the current
and the £ value of pulsed currents were saved.

2.1.4 Test circuits for current pulses with rectangular wave forms
To study fuse apeing duc to applying @ rectanpular currcnt pulse, similar duties mentioned in
Section 2.1.3 were carried out to gather lifetimes,

The experimental set-up [62] designed by I, van Rietschoten is shown in Iig, 2.5, The system
mainly consisted of a d.¢. supply, a digital control unit, counters, an electronic switch, a current
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detect switch, a digital potential meter (DPM) and 2 shunt, The d.c. supply can deliver a current
between 800 mA to 20 A. Within 100 s, the current reaches its top value and keeps constant. In
one serles 12 fuses can be tested, during the test the resistance of fuscs was measured. Afler fuse
by counters and put into the computer for

breaking the numbers of cycles 1o failure were recorded
further analysis.

1=80mA 0
Digital multimeter
R 51
. ' m[l:vd
Diff. amp. §
- Diff. amp, 4 BC
{I{ [] Shunt Y T ¢ ™
| — u Triae 0-350V
'T'} 1
Trigger Ground

Figure 2.4 Test circuif diagram for sinusoidal pulsed currents

S, 81. Relays (V23100 - V71);

Triac ' Tic - 263 M

L=22mH C=1.3mF R=2200hm

Counters

T3

Current

Source

i

‘? ~ Current detector

)
Fuses o

i

Shunt

Lr{ Flectronic switch
. i

DPM

Digital control

Master counter

Figure 2.5 Test circuit diagram for current pulses with rectanqular wave forms [62)
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2.2 Statistical distribution

Fwao types of distributions, nametly the wormal distribution and the Weidhd! distribution. are used
in this thesis to cstimale (he disteibution of observed parameters. such as voltage drops,
resistance and the number of current pulses to {ailures, The model of the rormal distribution is 4
summation of independent identically distributed random variables. 1t is widely used to evaluate
parameters of products to deseribe their new situation, For example, dimenstons, weighl and ¢te.

The Weibul! distribution has been widely wsed in reliability studies a5 a model for the
lifelime of products including the description of a wide range of fatigue phenomena. For this

reason, this distribution is chosen as a starting point in this rescarch. The most popular method of

lifetime analysis is 1o fit the distribution to lifetime data by the maximum likelibood meihod
(ML), As an alternative, the distribution is often Atted to lifetime data by using o gruphic
procedure, one advaniage of this method is to visually check whether the observed [Hetimes
belong to this distribution.

For the Weibull distribution, its cumtulative density fiunction ix

B =8 - enpt - (AYVY Jor r 20 (2.1)

where ¢ 15 the random variable, A = 0 and = 0 arc the scule and shape parameters, respectively.
In Lhis situation / is the time related with the number of current pulses which fusey can withstund,
The dersity function for the Weibull distribution is
Fiy = A g exp—can®) 1=0
The mean value of the Weibull distribution is
Elt] = a1+ ﬁ" )]
Reorganisation of Bg. 2.1 leads to
1”5:\11[ - "”5-«';-( ! - i'(”)} = ﬁ f”{:.’.u Ao+ B "’”gllir
To obtain a lincar relationship between lifetime fog,, 7 and the corresponding value of the
cwmulative density finction, lag,, ¢ must be plotted against log,, [«log (1-F(1)]. The common
practice {631 18 10 plot Iog,, & against £y, = (k-0.3)Vn, where 1), 1, . £, .0 4, are the ordered
observations from the population, r is the tunmber of total samples {1 20 & < ) the
experimental results can be fitted 10 a straight line in this geaph. the validity of the Weibull
distribution is assumed. The slope of the line is a measure of paramaeter 3.

2.3 Results and discussion

During pulse tests, hoth sinusoidal and rectangular wave forms of current pulses were vsed, the
purpose 1s (o cxamine the influence of wave forms on the fuse lifetime. The current through the
tested [use and the corresponding voltage across the fuse were measured by a digital oscilloscope.
Figure 2.6 shows typicul traces for a current pulse with the sinusoidal wave [orm, A time lag for
the voltage trace exists as compared with jts corresponding current, This physically means thal
during the period of a current pulse, the fuse wire element is heated up (resistance ingreases).

Before the test with current pulse started, conditions of new products ware evaluated first. the
initial cold resistance was measured for 74 samples. Voltage drops of fuses were measured at 2 dle.
current of 800 mA (rated current),
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Figure 2.6 Measured pulsed current and correspanding voltage
! : measured current; U measured voitage,
R ; resistance; R,y initial resistance

Figure 2.7 presents the histogram of voltage drops. If the voltage drop is assumed to follow the
normal distribution, then the mean value p = 68.3 mV and the standard deviation o = 1.9 can be
obtained. The 90% confidence interval of this voltage distribution is [65, 71.4] mV, which is
comesponding to resistance values from 31.3 to §9.3 mE2,

HMistagram of voltage drops

&
&
Jln
0 [ ]
2 2] 1] 3]

& 70 77

Voltage drops at 800 mA [mV]

Figure 2.7 Histogram of the voltage drops before current pulses
if the normal distribution for voltage drops is assumed,
then mean value | = 68.3 mV and standard daviationc = 1.9
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For both types of pulses, parameters of current pulses I b und 1, are meusured by nsing a
digitat osciltoscope, Also during the lifetime test, the vollage drops were measured until the end of
life. For theee time lag fuses. Fig. 2.8 displays typical measueing results of voltage drops as o
[unution of time, Measurements were pertormed between current pulses. Approximalely sinusoidal
current pilses were applied (sce Fig. 2.6) with Fr=061 Ay, Dot 14O AL, 702 ms 1,7 35

Voltage drop  [mV)

80
73 . o “',
PSR A PR
70 e‘.‘;.-:? PR .
i.."‘-" *
65"
60 ‘
0 1 2 3 4 5 G 7 8

Number of current pulses  [Thousands)

Figure 2.8 Msasured voltage drops at B0Q mA against
number of sinusoidal current pulses
't =061 A%, loaak = V4B A, L, 2 62 ms, [y=3 s for 3 fuses

Figure 2.9 shows measured voltage drops for three fuses exposed to rectangular current pulses
with the same Fr. The parameters of current pulses are Fr = (.61 Al Lo = B AL, - 1O MS Ay
3s,

Voltage drop  [mV]

85| |
80 ! 1
75 |- . |
70 ‘:‘ . : . Coe e ' ‘

. . . I
65t |

0 2 4 6 8770 2 14 16

Number of current pulses [ Thousands |

Figure 2.9 Measured voltage drops against number of rectangular current pulses
Pt=061A’s, losan = 8 Aty = 10 ms, ty= 3 8 for 3 fuses
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The common point of Figs. 2.8 and 2.9 is that in general the resistance increases as the number
of current pulses increases. Initially, the resistance increases mpidly until the number of applied
pulses reachcs a value of about 1000 puolses. Afterwards, resistance increases slowly and
sometimes # also decreases. At the final stage, near the end of fuse life. resistance increases
sharply again. From a number of experiments, it is noticed that fuses show the {inal resistance
Increases later when submitted with rectangufar curtent pulses as compared with half sinusoidal
current pulses. Examples are shown in Figs. 2.8 and 2.9. This is possibly due to the fact that the
input energy rate during the rectangular current pulse (lower f,.., longer .. is lower than that
during sinusotdal curtent pulses,

Observations of the fuse behaviour just before breaking provide a possible approach to study
lifetime criteria. From a large amount of tests, lifetime median and corresponding median of the
percentage resistance increases before fuse breaking are obtained. Statistic medians (50% vatue) of
fuse lifetimes and percentages of resistance increases are caleulated from five tested samples. The
average increase of resistance is found to be 9.8 %5,

To estimate fuse lifetimes according to 2 statistical model, the first goal is to cxamine
whether lifetimes follow a specific pattern of distribution. Figure 2.10 shows the accumulated
frequency as a function of lifetime on probability paper of the Weibull distribution. In Fig. 2.10,
curve "a" shows the results for Fr=0.61 A, Jeoi = 14.6 A, 1, = 6.2 ms, 1,,= 3 5 curve "b" for
Fr 061 A, 1y =104 A, t,, = 5.6 ms, 1,,= 5 s and curve "¢" for F't=061 A%, [, =8 A, 1,

Jrs
=10ms, ;=35
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Figure 2.10 Probability paper for the Weibull distribution of fuse fifetime
for current puises with different pararmeters
a: ft=061A%, bogaie = 14.6 A b, = 6.2 ms, t,p = 3 8, sinusoidal
b Pt=061A%, looan = T0.4 A toy = 5.6 M3, Loy = 5 8, rectangular
c: Ft=067A%, loaok = 8 A lon = 10 ms, L5 = 3 5, rectangular
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In Fig. 2.10, becuuse observations are fitted into a line, the Weibull distribution can be used 1o
estimate lifetimes. In addition, this graph shows that for the same 7r value of current puises, fuse
liletime will be short as the current pulse time for current deereases, In other words, the peak
current increase leads to a decrease of lifetime,

From a large amount of pulse tests, mean lifetimes can be estimated based on the Weibull
distribution. Lifetimes expressed in number of current pulses are presented in Table 2.1 as luses
were exposed to half sinusoidal cuerent pulses and rectangular currenl pulses,

Table 2.1 Experimental results from the pulse tests

7 J[;ml“\'w Wave Lo Log Mean litetime
r’;mm form [ms) [5]
0.89 5 6.2 7 2.2
0.65 5 6.7 7 1%
{153 y 6.2 7 372 T
T AR 4 6.2 7 2666
047 s 6.2 7 5973
0.47 5 6.2 3 2656 |
042 5 6.2 7 13099
037 3 6.2 7 55563
057 r 12 4 Ta05 T
0.57 r 12 b 1272
0.52 r 56 3 2261 T
0.47 T 5.6 5 5259
0.47 ¢ t0 3 8978
0.37 T 8 3 265400

In Table 2.1, “5 and "r™ represent the sinusoidal and rectanpular wave forms respectively.
C mrcspundmf_, pﬂmmc,ln,ra are defined as follows: 1!1,”,“ is the f7 value of each current pulse;
r t,n 15 the minimym 1 value corrcsponding 1o the J - 1 characteristic 0[ fuses [or the same time
as 1, . To simplify the estimation, in this case, the minimum adfobotic Frvalue is used however,

on

Dring pulse tests, the praduslly changing voltage drops or resistances were measured and
results are shown in Fig. 2.8 and Fig. 2.9, On the basis of these observations, three basic patterns
can be rocognised. Resistance inereases dueing pulse tests in general, At the beginning resistance
increases very fast; afler about 1000 current pulses, resistances become more or less stuble, At the
final stage, resistance increases sharply again,

Figure 2.11 shows normalised resistance change patterns for different £ values during pulse
tests. Each lype of marks represents a trace of voltage drop corresponding o lifetime median for a
series of pulse test. This graph indicates that during the fuse lifetime, the resistnee of fuses will
increase with similar normalised patterns for a broad range of pulse shapes. I'rom this graph. il can
be concluded that as the averape voltape drops inerease up to about 75 mV. the lifelime of fuses is
consumed. This offers indeed a uselul guideline in practice, 1o check whether o fuse is nearly at
the end of life.
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Figure 2.11  Volfage drop at 800 mA as a function of
percentage lifetime for current pulses
+ Fr=048 Azs, loaai = 8 A L, = Bms, by = 3 5, rectangular wave shape
x: Pt=074 Azs, loeak = 8 A lon = 12 ms, 5 = 4 5, rectangular wave shape
o:Pt=061 Als, fooaie = 14.6 A loy = 6.2 M3, toy = 3 5, half sinusoidal wave shape

One should remind that parameters of current pulses in Figs. 2.8-2.11 arc measured values, a
certain accuracy may be assumed. For instance (see Fig, 2.9), [ = 8 A and £, » 10 ms [ead to
Pr=10.64 instead of 0.61.

Using Table 2.1, Fig, 2.12 presents fuse lifetimes against the relative Pt value of current
pulses, where 12:,,",,3 is the £t value of a single current pulse; Fr,,;, i3 the minimum It value of
the melting ( /1,,, = 1.3 A% ). By using the curve fitting method [64], lifetimes are found o be a
simple function of the relative I’ value of the pulsed current, [t is expressed to be

2

Pt
g N = C log), — e (2.1)

?

whera () and C, ate constants determined from experimental observations. In this case C, = -
12,6 and C, = - 0.38. C, indicates whether ageing of fuses is faster (Cy = 0) than that expected
from current - time characteristics. C, is a measure for ageing sensitivity to curment pulses.

In Fig. 2,12, mark A indicates lifetimes of fuse where current pulses with a half sinusoidal
wave form was applied; mark 8 indicates lifetimes of fuse where current pulses with a rectangular
wave form. Tt can been seen that as the relative It value reaches 1, the number of current pulses is
also ngar 1; as the It value increases, lifetimes decrease. From this graph, it can also be seen that
lifetimes for current pulses with a half sinusoidal wave forms slightly differ from those for current
pulses with a rectangular wave forms, This encourage us further to investigate the lifetime
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hehaviour of other types of fuses, on the basis that (he Fi value of cusrent pulses is the determining
factor for the lifetime reduction, Because the test cireuits for sinusoidal current wave forms are
much asier to build than the test eireuits for the current pulses with rectangular wave forms, thuy
lest eireuits for producing current pulses with sinusotdal wave forms were constructed to test other
lypes of fuses,

Number of current pulses
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Figure 2.12 Fuse lifetime as a function of the relative I’t value of current puises
A current pulse with a half sinusoidal wave form
m current pulse with a rectangular wave form

2.4 Influence of internal constructions on lifetimes

In Section 2.3, lifetime dctcrminations have been presented for a time lag fuse, where the
" - ' N . by ~
number of cycles to fatlure showed to be a function of the relative I £ value of current pulses.

The quostion here is whether it is possible to generalise this dependency lor other fuse Lypes.
In this section, with the same circuits in Fig. 2.4 efforts will be made therefore to determine the
lifetimes of other 1ypes of fuses. Because test circuits have the same principle scheme, the
deseriptions of test procedures will not be addressed again.

2.4.1 Element materials

For low veltage [uses and high volage fuses, silver and copper arc the best known element
materials. For minfature fuses, alloys are also widcly used because of practical requirements in
manufacturing and applications. To get a general impression, different ¢lement materials were
chogen. They may be used 1o make fast acting fuses and time lag fuses.

2.4.2 Element chapes

As the element shapes are concerned, there are a number of choiees. The most commonly esed
types are shown in Fig, 2.13: straight wire elements, corrugated clements. wound wirg clements
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and § - shaped plates. However, in this thesis, results of straight wire clements and corrugated
clements are presented only.

‘= straight wire { - )

Ve Wound wire S shape ~ T Corrﬁgalteél wire (-}
1 .{”r.l(”(\’f{l,r{m (e ; > \ NN

Figure 2.13 Typical element shapes

1.4.3 Results and discussion

According (o the analysis for fuses (Littelfuse type 218.800) in Section 2.3, the fuse lifetime in
number of current pulses can be presented as a linear function of the 7't value of the pubsed
current, on a double logarithmic scale. To check the general validity of the relationship
concerning different element materials and shapes, following types of fuses were used as
examples: Nickel wire elements, silver alioy wire slements (Ag.Cu.Zn.Cd: 50%Ag, 13.5%Cu,
16.5%Zn and 18%Cd), silver plated (3%) copper wire elements; silver plated (20%) copper
wires, and silver clad wire eletnents (Ag/SnZn: 50% Ag and 50% tin-zinc alloy 85% Sn and 13%
Zn). Experiments were conducted in Littelfuse. Figure 2.14 shows lifetimes of miniature fuses
(Littelfuse type 217001, 217002) for current pulses with sinusoidal wave forms, where lines are
obtained according 10 Eq, 2.1 with different coefficients.
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Figure 2.14 Lifelimes for fuse made from sifver plated (3%) copper wires
for sinusoidal current pulses (Eq. 2.1)
a : Liftelfuse ftype 217002, b : Liftelfuse lype 217001
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lor various different types of fuses, the curve slope from the regression anulysis By, 2.1 58
outlined in Table 2.2, where corrugated and straight elements are indicated by == and -7
respectively.

Table 2.2 Slope of lifetime relationship

lFuse type | o pm Flement matcrial Element shape Q) Uy
217.315 50 Mi - -20.3 -9
217,500 | 6% AgCn7nCd ST s
207001 |60 Cu, Ag plated 3% - 152 -1.26
717002 Cu, Agplated 3% | -15.4 0.046
2EEH0T sz Cu, Ag plated 20% S92 ] Saed
235125 |62 Cu, Ag plated 20% ~  |-1R3§ 230
235016 |73 Cu, Ag plated 20% - 2193 N
235002 [ 98 Cu, Ag plated 20% -169 | o154 |
TTRE00° 103 Ag/Sn.7n . X BT TR
218001 | 117 Ag/Sn.Zn - -6 - 6.64 |
218125 | 134 Ag/Sn.7n B Y S1.04
2180L6 156 | Ag/Sn.n - -0.4 S0.60
235500 AgCuzZnCd -8R 0.27
233700 | 63 AgCuZnCd - 7.7 -0.17
237001 | 96 Ag/Sn.Zn -8.99 -0.33

From Table 2,2, it is clear that the repgression lines {rom (he curve [ling are not always
threwgh th unit relative 77 value. For the most cases, the points are located to the left of the unit
relative F'r value. To examine the influence of materials on the relationship. the coclficients O,
are presented in Fig, 2,15,

20

15
T

5

OV e o S VY T
Ag/EnZn NI AgCuZnCd  Cubg20% CuAg3%

Figure 2.15 Influence of elemsent materials on slope ©; in Eq 21
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For the same scrics, as indicated by manufacturers, current - time characteristics are usually
presented as a curve with the spread in one graph, where the ratio of prospective current to the
rated current is taken as 4 variable. However, as indicated in Table 2.2 and Fig. 2.13, because of
different element materials (see 235 series), the slope for lifetime relationships may differ
targely, Consequently, the lifetime relations can no long be presented as one simple curve (or all
types of fitses in one series.

A higher slope means that as the /°t value decteases, the lifetime increascs faster. Figure 2,15
shows that the elemnent made of nickel gives rise to the highest slope for the lifetime relationship.
while the clement made of alloys produces a low slope. Silver plated copper elements offer also
a relatively high slope (217.001, 217002; 235001, 2351.25, 23501.6, 235002), while silver ¢lad
wire elements provide a low slope. It is then clear that silver plated copper wire elements give
the best lifetime results for corrugated elements. Fuse elements made from nickel and silver
plated copper have high melting points and a relatively high slope. In practice, fast acting fuscs
are normally made from the materials with high melting points, it is therefore suggested that fast
acting fuses are better than time lag fuses, as the number of current pulscs for fuses to withstand
is concerned.

2.5 Conctlusions

[n this chapter, lifetime expertments of miniatyre fuses for short current pulses were performed.
According to statistical analysis for the time lag fuses (Littelfuse type 218.800), lifetimes of fuscs
can he described by the Weibull distribution, using Ft as a characteristic. During the lifetime of
fuses, resistance increases as fuses are subjected to short current pulses with the pulse time in order
of 10 ms. The value of resistance increase before breaking is about 10% for the time lag fuses
studied (Littelfuse type 218.800),

Lifetime is mainly determined by the /¢ value of current pulses. the wave shape of current
pulscs has a secondary influence on the lifetime of fuses. From the regression analysis, the lifetime
of fuses is found to decrease cxponentially with the 7. The slope of the line (the fuse lifetime as a
function of the /7 of the pulsed current) is from 7 to 20 for most miniature fuses. To improve the
lifetime of fuses, the high steepness or slope is desired,

From comparisons of lifetime relationships for different fuses in Table 2.2, silver plated copper
is considered to he a good material for fuse elements. Withstand abilities for time lag fuses are
generally not so good as fast acting fuses on the basis of the relative Fr value, which i3
contradictory to common practice.



Chapter 3 Lifetime Experiments with Long Current Pulses

In Chapter 2, lifetime studies have been performed on the basis of experimental observations
when minialure fuses are subjected to short current pulses. In normal service. fuges may also
carry low eurrents with a long conducting time cither cyelic or continuous. Fuses are expected
not t operate also under these circumstanees,

[n situations of frequent switching, {uses experience cyclic loading. In 11 publication: 127
miniatuee fuses, endurance tests are specified to evaluate the quality of fuses o withstund long
time eyelic currents. The pulse time is required to be one hour, followed by 4 period of 15
minutes without current, This duty should be repeated 106 times,

The question here is whether {uses sull fulfil their tasks afler these tests, Therefore, the
objective of this chapler is to evaluate fuse lifetimes for more extended current cycles and
amplitudes, Fhis chapter covers endurance studies for miniature fuses during long pulse time
current pulses and continuous loading. On the basis ol experimental observations, the number of
current pulses is refated with the pulse current and the on time, using statistical analytic methods
based on the Weibull distribution,

3.1 Experiments

3.1.1 Test objects
Commereial miniature fiuses (1ittelfuse Series 218,800) were chosen as test objects. The wehnical
dats have been discussed already in Chapter 2.

3.1.2 Test method

To investigate the deformation of fuses and momitor the long term fatigue process, experiments
were performed for current pulses with different magnitudes and pulse times. Resistance increase
has been noticed as an indicator of fatigue [65] for electrical interconnections. Theretore, during
the experiments, resistance was measured between current pulses by using the four terminal
method, Numbers of current pulses which fuses withatood were collected. The experimental set-up
for this study is the same as shown in Fig. 2.5,

To get comparable results with endurance tests specificd in 1EC 127 miniature fuses. the Orst
cxperiment wus performed for different currents with the sume on and off times as stated in HHC
127 (one hour ot and 15 minutes off).

3afore the test started, nitlal voltages across the fuse-link were measured. A testing eurrent {
specificd from 1.2%7, up to 1.8*]. flowed through the fuse-link for a period 7, of one hour, where
!, was the rated current of the fuse, One minute before the end of the on time 7, the voltage across
the fuse-link was measured and stored in the computer. The current was then switched o7 Jor a
period £, of 15 minutes.

To investigate the influence of the current pulse time ¢, the seeond experiment wag carried
out with a chanpeable pulse times 1, in range from 10 seconds to 14 minutes.

2%
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The third experiment was performed 10 éxamine whether the resistance would changs due to a
continuous d.¢. current { /= 1.5 * I, ). The test lagted about 250 hours.

3.2 Results

3.2.1 Endurance

From the first experimnent, resistance changes wete obtained and found to increase with the
number of current pulses. Figure 3.1 shows typical results of resistance increase percentages for
¢lght fuses until all fuses interrupted, where R, is the cold resistance. The test current was 1.5
time the rated current with ¢, = 1 hour and £, = [ 5 minutes. This graph indicates that resistances
may increase up to 30% before fuse blowing.

For current pulses with 1.4 to 1.7 times the rated current, the final resistance increase before
fuse blowing is presented in Fig. 3.2, where Ry is the cold resistance . Above 1.5 times the rated
current, the resistance change decreases. Extrapolation of the resuhs indicates that above 1.9
times the rated current, resistance increases do not occur before final fuse operation. This value
i3 in agreement with the minimum fusing current according to characteristics from the fuse
manufacturer. [For currents smaller than 1.5 times the rated current, it seems that the resistance
increases slowly and tends to approach a constant value.

(R-Roe¥Ry %
BO === e
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Figure 3.1 Resistance increase as a function of time
during current pulses for 8 fuses
with [ = 1.6 1, t,, = T hour, Ly = 15 minutas
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Figure 3.2 Final resistance increase in endurance tests

From the endurance experiments, for currents with one hour on time and 15 minutes off time.

results are summarised tn Table 3.1,

Tahle 3.1 Results from extended endurance tests

I, the minimum numbet
_ of current pulses
(/;=800mA ) from 20 fuses (5% value)
1.5 9l
1.6 19
1.7 2
1.3 ]

3.2.2 Inflaence of the on time on lifetimes

From the sccond experiment, numbers of current pulses which fuses withstood were obtained in
Table 3.2. The testing cutrent / varied from [.4 A o 1.7 A with the on time ¢, from 1/6 to 10

minutes, £, from 1 to 3 minutes.

After fuses were subjected to long current pulses, resistance was found to increase, Por
practical applications, it is also of importance to know whether this is true for continuous
loading. Figure 3.3 gives an impression of the gradual resistance increase for a typical current of

1.5 times the rated current.
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Table 3.2 Number of current puises fuses withstood
! on o MNumber of Current Pulses
[A] | [min] |[min]
141 |1 1 416 (435 [816 | 868 | 102 | 107 (110 | 114 | 1298 | 1455
1.52 [1 1 148 | 113 |20 75 20 74 94 117 |24 I10
1.38 i1 1 3 4 7 i 13 14 15 19 30 59
1.62 11 1 2 2 3 4 5 5 6 6 8 9
147 |5 k) 18 38 49 54 63 66 80 9 (109 | 127
1.52 (5 5 3 & B [ 16 20 20 26 30 49
1.58 | 5 3 1 l 3 4 4 ] 7 9 1
1.50 | 5 [ 1 4 10 1] 15 18 25 33
147 | 10 1 11 i3 20 22 26 29 34 34 36 67
142 110 1 69 88 95 112 [ 119 (120 [ 137 [ 155 | 183 232
1.52 110 1 10 13 11 2 8 9 9 2 9 15
1.37 | 10 1 334 [ 152 (295 [393 [385 [427 |36§ (410 | 174 | 261
1.52 | 10 | 1 2 9 7 10 3 12 5 14 &
1.53 | I/6 1 683 [ 156 663 | 632 | 342 [131 [739 [ 910 | 2013 ] 1002
1.58 | 1/6 1 4] 91 115 | 117 [161 J163 | 174 | 181 {230 (241
1.6]1 | 1/6 1 98 170 | 62 16 56 37 45 23 61 24
1.72 | 1/6 1 9 6 10 5 7 2 8 4 3 4
147 | 1/6 1 650 | 313 |272 [155 [ 160 }325 (221 [328 (1769 6107
35 - : e g
F 39 / s
2 25| S
& 20, // A Vo
o SRELE e |
= / / W/ :
A ot e !
) Vs :.
150~ 200 250
Time [ hour ]

Figure 3.3 Resisiance increase at a continuous current 1.5 1, for eight fuses
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3.3 Resistance changes

From experiments it can be concluded that for continuons ioading us well us current pulses.
resistance inercases. For a typical current of 1.5 times the raled current, evelic loadings result in
a higher valug of the final resistance inerease about 30% in average. For coutinuous loadings
with the samic current, the final resistance increase is ubout 25%. (n the other hand. {uses may
allow a shorler service time (about 200 hours) for continous loadings, in contrast to the time for
cyclic leadings (about 500 hours).

In the IEC recommendations, it was suggested that endurance iests providud a qualification
for fuses in the normal service, wherg both continuous leading and cyclic oading are invoived.
However, comparisons of both situations show a discrepancy in resistance increase between our
experimental results and IEC recommendations. At this moment, no physteal explanation has
been found and further studies are needed. 1t is therefore suggested that more concerns should be
added in the TRC recommendations for these aspects.

3.4 Lifetime relationships

Figure 3.4 and Fig. 3.5 show lifetime distributions on the Weibull paper for different
experimental conditions from Table 3.2

99
90 : ¢ \/ //J / : / X
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Figure 3.4 Distribution of number of current pulses fuses withstood
a:l=152 t,=1minute L, =1minute
b =152 t,=5minues {,y=5minutes
¢! =152 t, =10 minutes, t,; = 1 minule
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Figure 3.5 Distribution of number of current pulses fuses withsfood
tos = 10 seCONdS, fp = 1 minufe
a:f=172 b:161, ¢: 158 d:1.53 6:147TA

It may be seen that in general the data agree reasonably well with a straight line on Weibu!l
paper. It is therefore concluded that the lifetime distribution obeys Weibull distribution. Another
feature is that for different current parametérs the slopes of regression lines (B) are
approximately the same.

Tn Chapter 2, it has been demonstrated that for short cugrent pulses the 7' value of a current
pulse can be used as a parameter in the prediction of fuse lifetimes. However, for a long pulse
time current, because much energy is tansferred to end caps and surroundings, induced
deformation can not be expected to be simple expressions of the /°f value, Therefore alternatives
should be found.

Attemnpts in this chapter are (o resolve the problem based on statistical approaches. To
comply this task, experimental data for lifetimes (aumbers of current pulses which fuses
withstood) will be used to estimate the 5%, 95% values and the mean of fuse lifetimes for 2
specific current pulse. Onee these estimations are available, the effort is to define an expression
in general.

The visual cxamination (see Figs. 3.4 and 3.5) has shown that lifetimes obey the Weibnll
distribution, Using lifetime data in Table 3.2, the maximum likelihood method is adopted o find
the scale and shape parameters of the distribution. Results of the scale and shape parameters (A,
) from estimations are summarized in Table 3.3.

Table 3.3 shows a number of experimental lifetimes and derived parameters for the Weibull
distribution. To enable a comparison of the different results, it is suggested to use regression
analysis on the basis of statistical results,
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Table 3.3 Parameter estimations according to Table 3.2

/ Lo mearn
(Al [m"i%] [r:;’r;] 5% N 95 1A i

P41 | ] 460 963 1466 | 0.0009 |35
1.52 l 1 20) &0 {538 2.0
.58 11 | 1.7 174 1458 12
162 |1 | 1.7 5 8.9 14
147 |5 5 24 |7 129 D012 2.3
152 |5 5 3.8 9.7 |424 0045 117
158 |3 5 (L6 3.8 89 1.23 15
150 |3 1 1.5 13 32 0071 |13
1.47 [0 1L 1149 29 |56 0.03 |2t
142 |10 i 547 131 |20 0.0068 | 3.0
152 |10 I 2.8 8.4 157 100 |23
137 1o I 177 319 455 0.0028 | 4.3
.52 10) 1 2.1 7.0 15 A00 2.1
153 e [ 108 726 1688 | 00012 |15
1.58 1/6 | o0 151 248 L0050 |29
160 |1 ] L1 60 135 o015 |16
1.72 1/6 \ 1.2 4.8 9.4 0.8 2.0
1.47 1/6 | 914 3244 &174 00002 |21

For different current parameters, a comparable constant slope () has been Jound in the
Weibull distribution plot (see Fips. 3.4 and 3.3), Therefore, the slope B iy be assumed to be
independent of the on time 7, and the off time 2., at 4 reference current or vige versa. On the
other hand, the scale parameter A increases as the Ff value of pulsed corrent inereases for the
same o time £, This suggests that the seale parameter A depends on the current / and the o
time £, Because for 74+ 0 there is no damage to the fuse element., a trivial cxpression for & is
recommended as

oo (1Y

where x = 0, v = 0, & = 0 and g, =0, The physical meaning of this cxpression is that for any
current puises, fuses have infinite lifetmes as fong as either the current 7 or the on time £, is
7Cro.

First, a reference mean value i taken as Eta(/. 4,,)] for A According 1o the definition of

the mean value of the disteibution, the ratio of the expected mean value (V= L[t/ 7,3 for a
specifie current pulse to the reference mean value E[ty(/, 1,,}] is given by

Eleihe,y

el )‘.ﬂ”. -

Elt, (i) Ao

i
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It follows that the number of current pulses ¥ can be approximated by

logN=d, - klog, 11, (3.1)

Introducing regression analysis into this expression, coefficicnts in Eq, 3.1 are found to be
x=1lLy=05k=2454,=9
The values of k and A, corresponding to the 90% confidence level are estimated to be
ke =28, Ky ™ 258, 4, 0o = B8 4, pax =919

i o ™

Comparisons of experimental observations and results of Bq. 3.1 are presented in Fig. 3.0.
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Figure 3.6 Number of current pulses as a function of a combined parameter I''t,,"*
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Because this relationship is derived from the experiments for long time current pulses,
therefore predictions from the graph should provide a guidance for practical situations for the on
times above [0 seconds. Using Eq. 3.1, the number of current pulses fuses withstood for
different current pulses with the on time ¢,, = | hour is predicted. Figure 3.7 shows campatisons
of predictions with observations from Table 3.1, Mark “x” indicates observations sorresponding
to 5% value {Table 3.1}, Mark “0" indicates observations for 14 7, and 1.5 J, . Three curves
indicate results for 5% values, 95% values and the mean respectively,

However it should ke kept in mind that predictions obtained are based on two conditions: the
constant slope or shape paramcter f and the scale parameter A can be expressed as a power
function of Fr,”. The first condition is supported by experimental results which are shown in
Figs. 3.4 and 3.5 The second condition is further derived from Figs. 3.4 and 3.5, Because a
comparable constant slope B in Table 3.3 (in accordance with Weibull plots) has been
demonstrated for high currents above 1.5 1. For the current less than 1.3 /1, , the slope tends to
increase (see Table 3.3). This result provides the support for the resistance inctease percentages,
where the increase tendency has been found o saturate. Nevertheless, it may be clearly seen in
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this graph that regression analysis on the basis of lifetime observations (or the on time 2, lrom
10 seconds 1o 10 minutes may be used 1o prediet litetimes Tor much long pulse tmes {about |
o).
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Figure 3.7 Comparisons of predictions with observations relevant to endurance
Mark “x” . observed 5% values from Table 3.1
Mark “0" . observations for 1.4 1, and 1.5,

3.6 Conclusions

From experimental studies, resistance is found 1o increase after fuses are subjected (o long time
eurrent pulses or continueus leading, Observation shows that continuous loadings lead o small
resistance Increase compared with eyelic loading before fuse blowing. The resistance change
betore fuse breaking decreases as the magnitude of currents inereases and tends to approach a
constant value below 1.4 times the rated current for eyclic loading.

This work has proposed a method for combining statistical methods and regression analysis
on the basis of observations. Using lifetime observations of different on and off times from 10
seconds to 10 minuwtes, estimations of lifetimes have been carricd out, Based on these regulty
comparison of predictions and observations for the on time | hour and off time 15 minules are
made and {ound to be in reasonable good agreement. This means that the time required 1o
evaluate annoying cndurance tests can be greatly reduced based on severnl short time
CRperiments,



Chapter 4 Experiments for Notched Strip Fuses

This chapter describes attempts to observe therma! buckling and deformation of notched fuse
elements. Using high speed photography, motion of the element was observed and displacements
were measured during current pulses. Afier fiuses were subjected to current pulses, the surface of
the fuse elements was examined by using electron scanning and optic microscopes.

Concerning previous investigations, ageing related with notched fuse e¢lements may be
roughly divided into four types: unreliable contacts [33] due to contact resistance increase;
diffusion of metal interactions {13, 14]; thermal fatigue induced by temperature variations [35]
{strain ¢yeling) and electromagnetic reaction.

The prime objective of this chapter is to provide quantitative experimental observations for
understanding physical phenomena related with lifetime reduction of fuses for silver notched
strip elements. Thermal fatigue induced by short current pulses is assumed to be the only ageing
mechanism. Three series experiments are intended to be performed: withstand ability of short
current pulses, displacement measurements by using high speed photography and deformation
studies by applying a scapning electron microscope and an optical microscope.

4.1 Experimental set-up

4.1.1 Circuit scheme

To produce a pulsed current, a REC circuit with ten parallel capacitor branches was realised
[68]. Figure 4.1 shows the principle of the test cireuit. Basically a capacitor and a thyristor
formed a branch, and an inductance was used in series with a test object. First capacitors were
charged by connecting them to a d.c. supply. After isolating the d.c. source, capacitors were then
discharged by triggering thyristors. Consequently a current pulse was produced.

k o
at a2 g0

o1 Sbiozshi o1
T2 1 2 10

Figure 4.1 Electrical circuit for producing the pulsed current
L:787uH, C: 114 +30410% mF, Shunt: 80mV/AO0A, T T24N
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Triggering signals of 120 mA were individually exerted on 10 thyristors o provide reliable
triggering and to prevent damage of thyristors. The separate teiggering circuil |51] is shown in
Fig. 4.2.

Y

120 120 120

at az aih

Figure 4.2 Triggeting circuit

The test current frem the circuit was of a half sinuseidal wave form, which can be
characterised by parameters as !”’t, L, ;f(,,, {on time} and ¢, (olf time). The on time /4, s the
conducting time for the pulsed current, J7 15 the ntegral of the current square over the on time. [,
is the peak value of the pulsed current. The off time f,, is the time between two successive
pulsed currents. ‘

4.1.2 Peak current and I't values
With the circuit showir in Fig. 4.1, a cuerent peak value up to 2.8 kA can be produced, dependenmt
on the charging voltage of capaciters, The shortest duration between two pulsed currents wask
chosen to be about 2 minutes, the on time for each current pulse can be chosen to he 5 ms or 9
ms.

Figure 4.3 shows measured peak currents and I values as (unctions of the charping voltage
of capacitors, Two curves indicate the peak current and /s value respectively for pulses with a
duration ol 9 ms.
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Feak current I, [A] Pt [A%]
2500 . : y T 25000
2000 L 1 20000
1500 ¢ 1 15000
1000 L 410000
200 | 45000

0 : ; : : 8
0 20 40 60 80 10

Charging voltage of capacitors  [V]

Figure 4.3 Relationships between peak current, It and
charging voltage of capacitors

4.1.3 Test objects

Commercial fuses (160 A and 660 V) for the semiconductor protection were chosen as test
objects, Figure 4.4 shows a typical clement geometry, where dimensions are given in
mitlimetres. The thickness was 130 um. Elements of three typical shapes (“type A”, “type C” and
“rupe D7) shown in Figs. 4.3, 4.6 and 4.7 were used in the lifetime tests,
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Figure 4.4 Element geometry fortfype A, C, D and E
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Figure 4.6 Type C

Figure 4.7 Type D

Because the element in commercial fuses for ratings of 160 A and 660 V has five rows of
notches (see Fig, 4.4), it is diftficult and time consuming to determine the displacement for each
row at different currents. For this reason, straight fuse elements with (ive rows {fype £) and one
row {rupe FY of notches were proposed. Figure 4.8 shows the dimensions of fuse clement "
F composed of only one row of notches in the middle of the clement. The overall siae was the
same a5 the elements used in commercial products.
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21.5
Figure 4.8 Notched alement "type F" for displacement measurements
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4.2 Lifetime experiments with short current pulses

Experimens for lifetimes were performed in 8iba GmbH Germany for three types of commercial
tuses: Twpe 4, C and /7 (see Figs. 4.5, 4.6 and 4.7). The test circuit was given in Fias. 4.1 and
4.2. Both sand and bound sand were used as arc extinction malerials in the ceramic body of
fuses. The on time z,, was chosen to be 3 ms or 1) ms.

T

4.2.1 Results of lifetimes

In experitmnents, current pulses were applied to test objects until fuses blown. The pumber of
current pulses which fuses withstand were obtained and summarised in Tables 4.1, 4.2 and 4.3

Tahble 4.1 Testing results of lifetime for type A fuse slements (t,,= 10 ms)

Filler type Sand Sand
Pt A’ 15800 14200
Total samples 8 19

26, 29, 54, 86, 72, 158, 182, 195, 273, 276, 323, 345,
103, 187, [I90, (372, 383, 508, 621, 741, 939, 969, 1161,
326 1232

Tahle 4.2 Tesling results of lifetirne for type C fuse elemenis

Filler Sand | Boun Sand Sand Sand Bound Bound
d
FrA's | 10735 | 10961 | 14280 15082 15400 15082 15400
I, ms 5 5 10 10 10 10 - 10
Samples 4 4 3 14 14 4 6
76 1328 [ 1754 305, 545, |93, 190, 2249 2794

299 1525 | 1865 [ 685, 741, | 223,457, |=5000 4288
1027 | 1755 | 2732 | 753,795, | 482,503, |=5000 =35000
1173 [ 1811 | 2863 | 951, 1060, | 624, 625, | =5000 >5000

3213 1197, 737, 360, =5000
1284, 861, 876, =5000
1374, 1131,
1399, 1799
1530,

1901
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4.2.2 Lifetime distribution and prediction

Because so many parameters influence the lifetimes of fuses (see Tables 4.1-4.3), first, statistical
approaches are used to {ind the lifetime distribution. Fipure 4.9 shows lifetime distributions on

Table 4.3 Testing resuilts of lifetime for type D fuse eiements
Filler | Samd | Bound Sand Sand Bound Bound
FeAls 110735 ] 10961 15082 15400 15082 L5400
Toms | s 5 10 10 10 0
Samples 4 4 ) i3 4 3
23 200 1934, 1169, 1248, [ 1082 231 o
460 225 2438, 1502, 1236 423
[E61 | 701 2722, 1508, 1649, 1 1843 535G
2164 | =5000 | 4410, 1839, 1927 Tt7
=5000) 2200}, 2261 4300
= 5000 3281,
3281, 3424,
3633,
4213, =3000,
5000, =5000

A

the Weibull paper (631 for a typical fuse etement (type () for different £1 values, experimental

results in Table 4.2 were used, 1t imay be seen that in general the data are well fitted with straight

lines on the Weibull probability plot. It is therefore concluded that the lifetime distribution obeys
the Weibull distribution.

Accumulated Frequencies
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sand

= (5082

sand

1
10

100

LI

000
Number Of Fulsed Currents

T

{ Fr=14280
sand

10000

Figure 4.% Lifetime distributions on the Welbull probability plot

for type C element at different I’ values
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For different types of fuse clements, the slope purameter of the Weibull distribution are often
found to vary with the £t value of current pulses. However, it also has been noticed that for
certain experiments, this slope keeps the same, for v::xam}plc, results in Table 4.1, In attempting o
present a simple relationship between lifetime and /'r value, the slope is assumed to be a
constant, From this point, the ratio of mean lifetimes E[1(F1)} is given by

Ele (7 ] - A

E[TU:M)] AL
where 'ty is the reference £7 value and Ag is the scale parameter of the Weibull distribution at
Pty . Further the relationship is expressed as

(4.1)

ALY
log N = logy, Ny - logy Lt (42)

i

where

N, the mean value of lifetime at the reference /¢ value
N:  the mean value of lifetime ( N = E[«(’n])

Becanse of no damape to the fusc clement for Pt =0, a trivial expression for A is suggested to
be

A= o (F1) (4.3)

This implies that for Ft = 0, fuses should have infinite lifctimes. Tt foliows that the lifetime N
can be approximated by

logy N = logy No - logy, 1:'_"' - klog, I't (4.4)

i)

Eq. 4.4 provides a linear cxtrapolation for the lifetime determinations on the double
logarithmic scale. However, it should be kept in mind that the result here is obtained bascd on
the assumption that the constant slope or shape parameter and the scale parameter can be
expressed as a power function of Fr value.

4.2.3 Comparisons with literature contributions
Using different expressions of the scale parameter A leads to the different lifetime relationships:
(1) assuming A is dependent on the temperature rise 8 of the fuse clement
h=a,b* (4.5)

{2) assuming A is dependent on the temperature rise 0 and the average temperature 8, al
the hottest spot of the fuse element

h=a,(00,)" (46)
where a,, x and k arc constants,

From Eq. 4.5 the lifetime expression similar to that proposed by Arai [33] can be achieved,
while from Eq. 4.6 the lifetime expression similar to that suggested by Wilkins [67] can be
obtained.
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4.3 Motion of notched elements

To understand physical phenomenu of lifetime consumption related with motion of clements,
quantitative obscrvations of motion are to be provided from experiments,

4.3.1 Set-up for measuring displacements

Figure 4.1 shows an illustration of the experimental set-up for meusuring the displacement
during a current pulse. Fuse elements are normally surrounded by sand and not visible (o the
outside. To corfirm whether the fuse elemant moves or nol when a current is exerted, a dummy
fise was used for observations. In the dummy fuse, one edpe of the fuse element faced a glass
plate, the distance between the plate and the element was smaller than the grain sive of sand so0
that the element can be easily monitered. In such a way, the influence ol the plate on the possible
clement motion can be neglected. Sand packing density for fuses is examined (o he
approximately the same as for commercial products. A high speed camera was located in front of
the fuse, A fJash light was positioned at a angle of about 45° between the plate. To determine the
exact exposure time, a light detecior was installed to pick up the light signal. A {four channel
digital oseilloscope was used to record fuse current, voltage, an opening signal from the camera
shutter and a signal related with the exposure period due to a lash light,

Light e N —

detector f / o Glass plate Caramic body
. - ) !
H_,.«-/ Fuse
‘ element
Lens i ' !
. ‘ Element :
' \) Sand
Flash
Shutter tube

Film

Figure 4.10 Experirnental set-up for measuring displacements

4.3.2 Results

Typical traces recorded by a four chanpel digital oscilloscope are displayed m Pig. 411, the
current was produced by charging capacitors to about 70 velts. During a current pulse, the
corresponding voltage acrogs the fuse was measured. The ¢losing contact of the high speed
carnera indicaled the shutter release, produced an action signal about 3 ms before current pulses
were triggered and this shutter releasing signal was sent to the oscilioscope. An optical sensor
was installed to pick up the light signul which indicated film expesure period. The exposure took
place about 900 ps before electric current flowed.
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. ) [KA] U IV Shutter, Flash
s 2 =

21 M Shutter

3 i

0 5 10 1% 20 Z5 30 55

Time [mz]
Figure 4.11 Typical cscifloscope traces for measuring displacements
1 eurrent, U | voltage

Displacements at the element notch were measured for different 't values of pulsed currents.
The clement thickness 135 um was taken as the measuring reference, measuring accuracy was
within 8 um. Figure 4.12 shows typical displacements of the element at two locations (point |
at the notch edge and point 2 at a distance of | mm along the strip) together with the pulsed
current against time.

21
Current [A] Displacement [um}
2000 r - o — v 100
Current
1500 b 75
1000 50
500k 25
ot f o
»
» & oo
-500 . ; 0 : ‘ 25
o] 5 10 15 20 25 30
Time [ms])

Figure 4,12 Measured dynamical displacement induced by pulsed current
‘—* - displacement at location1, o—o : displacement at location 2
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As shown in Fig. 4,12, the element started to move in about 2 ms. after the current wirs
exerted, Slightly afler the current peak, the element arrived at the maximum displacement in
about 7 ms after current conducting. As the current decreased. the clement moeved gradually
backwards., After the current reached zero, the element 1 needs time (ot least 15 ms in this
case) o move hack 1o its original position.

In addition to these displacement measurements, twe siandstill pmnh were found 1o be
spaced about 5 mm seress the noteh [or current pulses with differant Fi values. For the straight
fime elements with five rows of notches (see Fig. 4.4), high order buckling shapes have been
observed. Signiftcant displacements were deteeted al one or more neteh localions. For
yuantilutive analysis, more experiments are needed,

4.3.3 Discussion

Thermal expansion s proportional to the temperature rise, thus the compressive toree due (o
expansion in the element increases with temperature, 17 this compressive Torce exceeds o certain
Hoit, motion of the element starts. This s similar to the process in miniature fuses o be
described in Chapter 7.

The lotal thermal strain indueed i ulse proportional to temperature rise, so i proinciple, the
maximum displaceroent as a function of time should have a relation with the temperature trace,
Supposing thal the maximum displacement is corresponding to the maximum temperature rise of
the element noteh, then the maximum temperature of the notch may be expected at about 7 ms
after current conducting according to Fig. 4,12, Becuuse the displacement it the middle of the
noteh can not be measured direatly, the displacement at the location ! indicated in Fig. 4.12 can
provide a rough approximation of the maximum displacement.

For compact sand, clasticity may be assumed, During the motion of the clement. sand is
compressed, a parl of the energy s stored in sand. The compressive foree in the element
decrcases with the temperature, In such a situation, sand acts as a compressed spring due to the
movement of the fuse clement. When the temperature ol the efement is below the value
corresponding Lo the compressive force of sand (as a spring). sand pushes the clement
backwards. 'This probably explains why after current zero the clement stightly oscillites (see Vig.
4.12%, only after a rather long time. the element goes back to its original position

Bueeause of sund prains, one might also expect the element 1o move among grains, however,
such & motion requires very high force in the axial direction. For the commenly used sund siees
{several hundred micrometers in diameter), this condition can not be fulillled, This is confinmed
by ohservations where the displacement profile has been found rather smooth along the clement.

On the basis of observalions i Section 4.3.1, the integral of curremt square wnd the
correspending lime before (he motion QL‘]llLd can he dcfmu.l as &puml purameters similar o 1he
delinitions of prearcing time and Fr. which are noted s r f, and 1, respectivelv, From
measurements for different 77 values of current pulses, these parsmeters 2 (he motion starting
moment can also be determined as functions of the £r value of pulsed currents.

Results refated with these parameters are given in Figs, 4,13 and 4.14: as the 1 value of
current pulses increases, the time for mmmn te: hegin dCC]’L&HL‘s This leads e a reduction of the
771 value for the motion starting. For the P value below 3 kA% (1he peak current rlhmll B AL
the movement will not start for the object under discussion, Because the maximum 77 value in



Experiments for Notched Steip Fuses

47

Fig. 4.14 iz near the melting Ft for this element type, the maximum displacement lor the tested
element is limited within about 100 um (see Fig. 4.14). This value is in the order of the element

thickness (13( tm).

t, [ms]. 1%t [kA%s]

[ER

a, I,
SN
t, _/
)
10 15 20
12t [kAZs]

Figure 4.13 Motion starting time t, and starting t, against ’t of current pulses
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Figure 4,14 Measured maximum displacements as a function of
the I°t value of current puises at the location 1 indicated in Fig. 4.12

4.4 Minimum melting ¢ value

As it has been introduced in Chapter 1 that the use of the minimum melting /¢ value can avoid
unexpected interruptions in service. In addition, this criteria will be used in the lifetime
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estimation in Chapter 9. This section describes efforts for determining the minimam melling /7
values and presents experimental results,

lixperimental sel-up described in Section 4.1 was used o determine the minimum {7 values
for the two types ("Ope P osee Fig 4.2 and "ape £ ol elements, Vigure 4,15 <hows mgasured
results of the melting 77 values for two types of clements.

Pt [kA%s]
8

e e s o 1m0 = aa

17
16+
15 #
14 o
13 o
12 o
11

1.5 P 2.5
Peak current  [kA]

Figure 4.15 Detormination of the minimurn melting It value:
* Medting Pt vaiues type C
o Meiting I’ values type F

i this graph, mark ™" and mark Yo" depict the melting Fivalues corresponding to differemt
peak currents (or melting times). As rhc peak current inereases above 2.1 kKA, commierainl fuses
will blow. The melting time deereases with the peak current. For elemengs with one row of
ot hes, ',umlcu' results were oblained, 1t s therelore confirmed the minimum melting Frvalue is
about 17 kA" (see Fig, 4.13).

4.5 Microscopic study of deformation

Adter fuses were submitted to current pulses, notches were examined by o scanning eleciron
micrescope and an optical microscope. This section presents deformation studics for elements in
commercial fuses (Chvpe £ and “fvpe C7 ) with ratings of 160 A and 660 V.

4.5, 1 Microseope view

. . 2 . .
After (00 pulsed currents with 1 value of 14,7 KA™s, the fuse element was taken out from the
ceramic body and put under the scanning electron microscope. Typical views of the new fuse
clement and the element after test are given in Figs. 4.16 and 4.17, where 150 amplification was
used,
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Figure 4.16 SEM photo of a new element notch (type E)

Figure 4.17 SEM photo of an element notch after tests (type E)

From Fig. 4.16 it can be seen that scratches exist even for new fuse elements. After fuses are
subjected to current pulses, plastic deformation is situated in the notch region and the surface
becomes rough (see Fig. 4.17). The damage can be characterised by a length parameter & shown
in Fig. 4.17 ( about 0.16 mm ).
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4.5.2 Damage length distribution
Foe 22 samples e O the damage length of the middle row notches was measured by an
optical microscope. The damage length & is described with the Weibull distributien. its density
fungtion e { o =0 ) is expressed as
Sl A Bt expt = (A d ") {(4.7)
Figure 4.1 8 presents experimental results of the damage length with calenlated values for the

density function of the Weibull distribution (the scale parameter A = L38. the shape paraumeter [

3.7y The meun damage length is estimated to be 0.7 mm with the confidence mterval 1003, 1.0]
at 10% confidence level.

f(u)

—_
o
T

0.5f ﬂ | mi—l

0 0.5 1 1.
Damage length d  [mm]

(423

Figure 4.18 The density function of the damage length (type C)
Bar . cbservations,
Curve : estimaltion

0 the basis of Figs. 4.17 and 4.18, 1t is clear that the damage length increases alier fuses are
subjected 1o current pulses, This suggests resistance change of fuses during their Hile, owever,
prior o fuse breaking very small increase of resistance has been detected to be within the
resiatanee spread of new products. [t is therefore concluded that resistance measurements during
the serviee of semiconductor protection fuses can not indicate the lifetime consumplion helore
[use breaking.
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4.6 Conclusions

From the present studies, {ollowing main points are concluded:

(1)

(2)

(3)

(4)
(3

(6)

The number of current pulses which fuses withstand is described with the Weibull
distribulion; it is also approximated as a linear function of Fz value on the double
logarithmic scale.

As fuses with sand fillers arc subjected to current pulses, displacements of the fuse
elements may take place during the fuse clement heating up.

The maximum displacement of tested elements has been found to increase with the Fr
valuc of current pulses. However, experiments show that the maximum value is limited
within 100w (in the order of the element thickness and notch width).

The minimum melting /7 value of the tested objects has been found to be 17 kA™s.

After flow of pulsed currents, plastic deformation is accumulated in the notch region.
Scanning electron microscope pictures show that surface of the fuse element becomes
rough as compared with new fuse clements, The damage length increases with the number
of current pulses.

Existing methods for resistance measurements can not provide replacement information
for semiconductor protection fuses in service.
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Chapter 5 Nonlinear Thermal Modelling for Miniature Fuses

This chapter presents an electrical thermal analogue method for the heat transfer problems in
miniatare fuses. As in the foregoing, it has been stated that /7 is a dominant factor for tuse
ageing, therefore the related temperature change is. Numerical sclutions ol lemperature
distributions of the fise elerent are found by solving the equivalent electrical network relations,
Heat conduction, convection and radiation are considered for the fuse element. MNon-lincar
behaviour related with material properlies and heat convection are introduced, The thenmal
analysis is considered as the basis to enable cyclic stress determinations which on their turn are
rclated directly to fuse ageing.

Because temperature values of thin fuse wire elements during the normal load are extremely
difficult to meusure, lemperature changes should be caleolated, During the last 20 years, several
caleulating methods have been proposed [6, 7, 8, 9, [0, 11, 12]. Tt has been demonstrated that the
thermal problem can be modelled by its electrical equivalent [11]. Among many advantages,
components in the networks have clear physical meaning. The convergence of numerical
solutions is guaranieed [12] because of the existence of real components and their physical
behaviour, Linear or constant material properties are normally used, effects of end caps are often
omitted, For miniature fuses, a specizl request should he fulfilled for solving non-lincar
problems due to element materials and heat conveetion [25, 52].

To fulfil the task of simulating the temperature variations due to clectric currents, in this
chapter a thermal model will be developed on the basis of a thermal and electrical analogus
scheme. Tt starts from the description of physical models according to the thermal process.
Afterwards corresponding networks are described. A software package used for the electronic
circuit analysis, is chosen to simulate networks because of its possibility to model components
with  lookup tables, In the simulation, heat conduction and storage within the end cap are
considered. In addition, non-linear behaviour related with material properties and heat
convection are uscd.

5.1 Thermal models

To be general, commercial miniature fuses with straight fuse wires were chosen as studying
objects, The wire was positioned along the middle axis of a glass twhe. To describe the thermal
process of fuse wires due to electric currents, the fuse wire was divided into several axial segments
between end caps. The diameters of the wire elements are 50 pm (nickel wire element) and 103 um
(silver ¢lad wire element), The number of segments » can be arbitrary. Tn the thermal modelling,
the following temperature can be distinguished: T, (wire temperature), T, (lemperature inside the
glass tube) and T. (air temperature outside the plass tube). The temperature at the same axial
position z inside the wire element was assumed to be the same because the heat transfer in the
¢lement is much better than in gir Figure 5.1 shows geometry notations.

53
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_____ Glass tub
1lass tube . End cap

‘ r,= 1.5 mm
I B s
X £ = 223 mm / T, = 2.6 mm

| |
— Solder

-

lﬁ
oﬁ

......... — 1 e e e e
— Element

[.=17.5 mm

Figure 5.1 Geomelry nolations of a minfature fuse

Basic thermal analysis used in the following ¢an be found in lierature |68, 6%, 70). Iar heat
transler due (o the forced convection in the tube, the natural convection way assumed.
Encrgy input
The JToule heating due to electric current i(t) within cach segment obeys
P=if(ryp Li(nnr))
Heat dissipation

The heat dissipation is contributed to the temperature rise of the wire, which s determined by the
rate of temperature change. mass density, specific heat and the volume to be
ar

g, =y cAV =
Heat conduction
The heat conduction along the wire is determined by the product of the temperature gradiem
along the wire, thermal conductivity and cross sectional area of the wire. It may be expressed by

ar

“=h Ay
Heat convection
Heat loss caused by convection is determined by

g, =h5(I,-T,)
'The effect of heat convection [71, 72, 73, 74] can be represented by a resistance
The cooling effet of convection is usually cxpressed by the Nusselt number My
hx

N =iz
iy
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for u eylinder x, is the diameter, Other relevant dimensiontess numbers for the convection are the
Prandtl number Pr

Pt
kX
and the Grashol number Gr

G,=gB(1,~1,) i
The Rayleigh number Ra is defined as
Ra=FrtGr
The MNusselt number is expressed as
N, =036+ 0.043(G, PY 'Y +052(Cr Py
ynder the following conditions:

¢ horizontal eylinder in geometry

¢ natural convection

¢ wire in air and with small diameter { in order of 30 pm}
& 107 < Grpr= 10

Heat radiation
The heat loss due to radiation may be approximated by [68, 69]
q. =ce8(T/ -1

5.2 Analogies and circuits

On the basis of the descriptions in the above section for heat ransfer, the thermal model can be
rewritten in terms of zlectrical components by using the following analogues:

heat flow ¢lectric gurrent
temperature voltage

thermal resistance clectrical resistance
thermal capacity electrical capacity

Table 5.1 shows cquivalent cxpressions which represent electrical components according 10
the analogue [52, 75]. All parameters are lemperature (voltage) dependent. In Table 501, 7.
300K

To establish a simulating scheme, the fuse was divided into similar axial scgments between
the end caps. Because of symimetry, only half of the element was necessary to be simulated. Figure
5.2 shows subcireuils of one segment and one half segment. The subcircuit of the half segment
was connected to the subcircuit of the end cap. Component parameters were determined by
reorganising the thermal expressions, equivalent resistance and capacitance.

The end cap is assumed to be of @ room temperature (typically 20 °C) during short current
pulses (in order of 10 ms), because the end caps have a massive volume as compared with the wire
element. It was represented by a fixed voltage spurce, in this situation the source was the circuit
carth. For d.c. current or long time current periods, heat storage and conduction within the end
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caps should be considered. This suggested that thermal behaviour of the end caps can be simulated
by capacitors and resistors. Capacitors represented heat dissipution in the el caps, and resistors
represented the conduction and convection Toss in the end caps. The compicte cireudt tor the
simlation was formed by connecting all the sub eireuits. The relerence paint in the cleetrical

network for the 0 volt was chosen Lo be corresponding to 300 K.

Table 5.1 Thermal and electrical analogues
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To simulate the transient behaviour, an extra subeircuit for the time dependent current source
is often necessary. In practice, electric current exerted to fuses does not always follow a well
defined wave shape, For this reason, the digital values of current should be taken 1o form the
subcircuit. Electric current is expressed as a function of time in a lookup table (time and current
pairs). To introduce this table inte the network, a picce wise linear function is used to convert
time into voltage. Therefore numerically speaking, cuetent as a {function of time iz equal to the
voltage control current source in this subcircuit,

5.3 Applications

In Scctions 5.1 and 5.2, descriptions for solving heat transfer problems related with miniature
fuses have been provided. In the following, applications will be illustrated for two typical
cormmercial miniature fuses. The first one is a fast acting fuse for a rated current of 315 mA, its
clement was made of pure nickel (length = 17.5 mm, radius r, = 25 pm ). The second s a typical
time delay fuse of which the element was made of silver clad wire {length = 17.5 mm, radius r, =
51.5 um ), the mated current was 800 mA. Simulated results of current - time characteristics.
voltage response and resistance increase due to current pulses will be compared with experimental
determinations.

5.3.1 Fast acting fuses (Nickel element)

The technical data of fuses are as follows: Littelfuse type 217 315; rated voltage @ a.¢. 250 V; rated
current : 315 mA; the melting Frvalue: 0.13 A’s.

Temperature dependency of electrical resistivity p of nickel was used |52, 76]. For the heat
storage within the nickel wire and the air inside the tube, temperature dependent values |68, 76)
were used for the specific heat. For the thermal conduction in the axial direction along the wire and
it the radial dircction across the air, temperature dependent values of conductivity [68, 76] were
used, l or Ihé, glass tube, constant vakucs [77] were used for the thetmal conductivity (Ay,,, = 1.95
Wm K"y and the specific heat. The emissivity for nickel was taken to be 0.23. Component
purameters for # = 7 in the simulation cirenit were determined by introducing the material
properties. Figures 5.3 to 3.8 show (heir numerical results of components as functions of the
SEgMent temperature.

R [Ohm]

i d |
| i
o " 560" 1660 1500 2000
T [K]
Figure 5.3 Eleclrical resisfance of nickel wire as & function of temperature (n=7)



58 Chaprer 5

20 1 R [koh‘m]

25 ) |
20 |
% 50 160 150 200

Tw [K]

Figure 5.4 Thermal resistance of nicke! wire a3 a function of temperature (n=7)
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Figure 5.5 Convection resistance of nickel wire as a function of temperature (n=7)
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Figure 5.6 Radiation of nicke! wire as a function of temperature (n=7)
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Figure 5.7 Heat capacity of nickel wire as a function of temperature (n=7)

G [uF]
25 . i,

- Py
[+

0

o BGOTTT 4600 15060 2600
Ty K]

Figure 5.8 Air capacity as a function of air temperaiure(n=7)

The whole model in the above is strongly dependent on a number of assumptions {or the heat
flow behaviour and material properties. As a check of the validity, the /-t characteristic of nickel
fuses which is well documented experimentaily and also determined with our thermal models.
Figure 5.9 shows a comparison of simulated results and the manufacturer limits. Apparently, a
rather good agreememt has been achieved with respect to the temperature of the wire ¢lements,
which encourage us to use the thermal modelling for temperature determinations during pulse load,
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Figure 5.9 Comparison of I-f characteristics of nicke! fuse wires
Dashed ling - manufacturer limits; solid line © simulafion

Furlther the measured voltage response for a given current pulse with a peak vatue of 4 A was
compared with simulation results, Figure 5,10 shows the measured voltage and the simulations for
the current pulse together, The graph indicates that theorctical values are slightly below the
MEasUTeErnents,

Current [A] and Voltage [V
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o /_ ----- : Bimulation
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Figure 5.10 Voltage response of a current pulse with a peak valug of 4 A
—  Simulation; ... . Measurement
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From the current and voltage mensurements, the resistance was obtained as a function of time.
For the same current pulse, the caleulated resistance was also obtained, the results are compared in
Fig. 3.11. For both resistance determinations the initial resistance was reasonable in accordance
with the cold fuse resistance (about 800 m€). During the current peak, both simulations and
derived resistance from measurements were similar, After the current peak, simulated values are
helow those determined {rom voltage and current measurements. One of the possibie reasons is
that as cwrrent decreases, the accuracy in the ratio of voltage to current becomes low.

Current [ A ]Jand Resistance [ Ohm |

4l ~— Current

3L
I \ Resistance

2+ I Voltage/Current A
| — : Simulation

11

0 : . . . _

8 10 12 14 16 18 20 22

Time [ms]

Figure 5.11 Comparisons of nickel wire element resistance for a given current pulse
;. Determinafion from voltage and currant ratic; — - Simulation

3.3.2 Time delay fuses (Silver clad wire)

Element composition of this fuse wire was 50% silver and 50% tin - zinc alloy by weight, Tin -zine
alloy was composed of 85% tin and 15% zinc. Technical data arc: Littclfuse type 218 804); vated
voltage - a.c. 250 V; rated current : 80 mA and the minimum melting Plon: 13 Als,

The electrical resistivity p and temperature coefficient of resistivity @ were determined from
measurements by using the four terminal method. Because of the obvious difficulty in
determining material properties, mass density vy, specific heat ¢ and thermal conductivity A were
estimated according to their con'lpo‘_-.luon and wire wnstrucuon In the sunulatlon the follnwmg
valueqwereuqed p= 374 10" ohmom, o= 454107 K, 0= 254 T kg K, v = 2.6410° kg.m',
A= 220 W' 'K Resistivity and its temperature coefficient [557 are in accordance with
manufacture data. Specific heat ¢ and thermal conductivity A are evaluated according to wire
compositions, which might contribute the deviations to simulations. Specific heat ¢ is also in

aceordance with the value suggested by manufacturer.

For a given pulsed current, the voltage across the fitse and the temperature distribution (#=7)
were caleulated. Figure 512 illustrates the simulated fuse voltage from the model and the
measurad voltage corresponding to a pulsed current with Fr = 0.6 A%. On the other hand, from
voltage and current measurements, resistance values were found. Because the initial resistance
before current Howing was known, the average temperature nse can be determined by wsing the
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relationship between lemperature and resistance. igure 3.13 displays a typical trace of the average
temperatuee rise from the simulation, where the temperature rise derived from the measured
vollage - current values is also presented. In this graph, the delay of temperature profile 15 clearly
identified referring 1o the current pulse. ‘The maximum temperature rise is reached after the current
putse started about 5 ms.

Current [ A ] Voltage [V ]
15 ' e — - =115
S Ak / Voltage
% .o 0 Measuremeant
-—; Simulation
10 1.0
Current
5 10.5
|
M,
o | A . L
0 1 2 3 4 5 B 7 8

Time [ ms |

Figure 5.12 Comparison of the simulated and expermental fuse voltage
for a current pulse I°t = 0.6 A’s (silver clad wire)

Temperature rise [ Celsius ] Current[ A ]
180 " " v T B
160 T ‘
140 D
120 SN Temperature rise’ 1 12
—=; Simulation
100 | i
.. Measuremeant 10
80 | 8
60 | &
40 Current . 4
",
20 : . ] 2
0 G 7 8

Time [ ms ]

Figure 5.13 Comparison of the average femperature risg of
the fuse (silver clad wire) for a current pulse Ft=06As
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From a previous study [35], the maxinum displacement in the middle of the wire element was
found to be 300 um for a constant current of 1.3 A. By using a well defincd relationship [55]
between displacement and the average tempetature risc, the corresponding temperature risc was
found 1o be 70 Celsius. To study the influence of end caps and further to examine the analogue
method, the temperature distribution for a current of 1.3 A is calculated and shown in Fig. 5.14.
‘The average temperatare rige is about 64 Celsius,

Temperature rise [ Celsius |
80 i

80 | il
70
60 |
50+
40 +
30
20
10 L
0

0 5 10 15 20
Position [ mm ]

Figure 5.14 Temperature distribution for a currentof 1.3 A

While Fig. 5.14 is related with a constant current of 1.3 A, Table 5.2 also presents temperature
values for current pulses with a duration of about 7 ms {see Fig. 5.13).

Table 5.2 Averaga temperature rise corresponding fo
different 't values of pulsed currents

't
2 0.22 0.37 (.60 0.78 0.98
AR
I ‘
- 0.17 0.28 0.46 0.60 0.75
jz‘rmfn
Top [°C) 52 101 164 205 284
T.. [°C) 60 11 207 301 431
T, [°C) 50 93 169 218 328

In Table 5.2, T, is the temperature rise under the adiabatic assumption, T, 15 the value

from network simulations, and T,y is the temperature rise determined {rom voltage and current
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measurements. £°1,,,, indicates (he minimum melting /f. Comparison hetween the calculated
temperature rises is made in Fig. 3.15 with the temperature valucs obtained by measuring voltage
and current. This graph indicates that as F1 values increase, the simulation results move up and
above the results determined from voltage and current measurements, Vigures 5.10 to 5.15 show a
devistion of about 10 % between simulations and experimental results.

Temperature rise [ Celsius ]
450 : : : , : e e

400 A~
350 | b -

300 yd A
. o ®

ae ! -~ o

200 P w ]
150 | /f':,,f" ]
100 ot
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0.2

05 06 07 08 09 1
Pt [Als}

Figure 5.15 Comparisons of temperature rises

x : Values from voltage - current measurements

b : Calculated results under adiabatic assumption
¢ - Simultation results

To examine the sinulation, the average temperaturc risc for wire clements hus been
determined  from the resistance measurements, namely, from  the voltage and  current
measucements, For the oniform distribution of the temperature along the fuse clement. this method
iz always valid. For the circumstances where the electric resistivity of the firse element is a lincar
function of the temperature rise, the validity can alzo be proved to he independent of the
temperatuce disteibution. The resistivity of silver clad wire has been eaperimentally determined,
results indicate that the resistivity can be approximated by a linear function (o - 4.5%10™ K™y, For
the nickel wire, as the temperature is above 600 K, because of nonlincarity of resistivity the
accuracy of this method relies on its temperature distribution. The temperature rise determined
from the resistance is slightly higher than the real average lemperature rise, and the deviation can
he evaluated to be within 13%.

54 Conclusions

Because bolh melting characteristics and veltage - current relations predicled by the theemal
analysis are reasonable in accordance with experimental results, the thermal analogue method
can he considered as a tool for stress analysis which is essentially based on thermal hehaviour.



Chapter 6 Thermal Modelling for Semiconductor Fuses

The primary objeetive of the fuse reliability project is to understand fusc 2peing mechanisms and
to provida application guidance for industries. This chapter deseribes a method w simulate three
dimensional transient thermal responscs of semiconductor fuses stimulated by electric current.
The resulis wilk be used for thermal stress determinations related with fuse lifetimes,

For miniatere (uses, because of their simple construction, thepmal modelling could be
performed with electrical analogue techniques. However, for semiconductor protection fuses,
hecause of nonuniform current density distribution and complex of lhe construction, mors
sophisticated programming techniques are needed.

For thermal simulations of fiiges, the finite different method [6, 7] and the finite element
methad [&, 4, 10} and the network analogue method [11, 12] may be applied. To find the solution
of the three dimensional thermal problems of semiconductor protection fuses, LMTP [34]
{Rlectro-Magnetic Transient Program) as a teol is chosen in this work, EMTP has heen widely
used for simulating eleetrical transients in networks, EMTP, compared with other available
software packages, such as PSPICE and MICROCAD, i3 capable of handling very large
networks (more than (0000 components) for Apollo workstation with 4 MB memory, EMTD
allows various components which cover TACS (Transient Analysis of Control Systems), models.
switches, resistors, capacitors, contretled voltage or current sources, look up tables (point by
point function) and sub circuits (including files). Additionally, students in power engineering can
get the knowledge of EMTF for huge electrical network simulations [78, 79, 80].

Two dimensional electric current distribution within the notched fuse clement is numerically
resolved by using resistive networks, Thermal behaviour of fuses has been simulated in EMTP
(Electro-Magnelic Transient Program) by using the thermal clectrical analogue method, The
problem of three dimensional heat transfer within fuses is convetted imto ¢lectrical modelling
where refevant electrical components represent heat conduction, generation and dissipation. The
validity of the thermal model has been checked by comparison of the resulting melting
characteristic with the manufacture curve; however, the {inal purpose is to use EMTP for
lifetime determinations,

6.1 Considerations for thermal modelling

6.1.1 Geometry of the fuse element

Commercial power {uses for semiconductor protection are chosen as simulation objects, with
ratings of 160 A, 660 V and breaking capacity 120 kA, Figure 6.1 shows a typical element
geometry, where dimensions are given in millimetres.
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Figure 6.1 Element geomeiry

The fuse element made of silver without M-gpots consists of five rows of nolches and each
row has [0 holes. The hole has a diameter of 1.5 mm. The overall element size s
43mm* | 8rom*0. 13 5mm.

The fuse clement is surrounded by sand with an average grain size diameter of $.36 mm, The
sand packing density is about 1.79 g/em’. The thickness of the surrounding ceramie body i
about 5 mm. The distance between the body and the element is about 4 mm.

6.1.2 Thermal behaviour of fuses

In order to find the (emperature distribution, two equations should be solved.

VY420 (6.1
5 .

yc%é:VlVTrpﬁ (6.2
[

The first is the field equation, which describes the electric potential distribution. The second is
the cnergy balance equation, It states that the input energy due to joule heating s balanced by the
heat conduction and the energy to raise the temperature of the object. The houndary conditions
are specified as

o Ty=20°C

b= by D)

b=
¢y 15 a known constant at one boundary.

Regarding {use ageing and thermal behaviour, simulations for bath long time and short thne

current conduction are required. To get an insight of heat transfer, it is casy 1o start with the idea
of thermal diffusion depth {or the penetration depth). This concepls states that the distance



Thermal Modelling for Semiconductor Fuses 67

depends on the heat conducting time and the thermal diffusion coelficient. An approximation of
the diffuston depth [6%] is given by

8(1)= 1201 {6.3)
The diffusion coefficient is given by

A
a=2 (64)
.
To understand the heat transfer process in the fuse, the middle row of the noteh is considered
only, because 1t has the highest temperature as clectric current flows.

Using the fuse element dimensions and the expression of diffusion depth, the following ume
Himits are established. For timnes less than 0.3 ms, heat conduction is limited within the noteh
zone {0.75mm), hence adiabatic heating is suggested. Diffusion depth is about 4 mm in the silver
¢lernent for @ ms. Diffuston depth in sand is equal to the thickness of the element (¢, 13 mm) for
7 ms. These two time limits give an impression of the adiabatic heating. After about 150 ms,
diffusion depth reaches 4 mm in sand. From 150 ms to 300 ms both heat conduction in the
clement and sand have the influence. After about 300 ms, heat conduction from the central notch
reaches the end contacts, Heat transferred to contacts can not be neglected. Aller about 30
seconds, heat conduction reaches the ceraric body. Therefore in this range contacts and sand are
heat transfer media. Heat convection and radiation of the ceramic body take place. As a
consequence, all possible heat transfar factors should be considered above this time limit.

Within 300 ms, hcat cnergy conducts in the silver element and sand. There is no heat
conduction in the ceramic body for this psriod. Figure 6.2 shows relevant dimensions for this
simulation. Because of geomerric symmetry, only a small region of the total fuse clement is
required to be simulated. Above 300 ms, to simplify the simulation, the contact temperature and
the outer surface temperature of the ceramic body are assumed to be the same as the surrounding
temperature. Figure 6.3 shows the simulation region of the fuse element for longer time studies.

Figure 6.2 Simulation region for times shorter than 300 ms
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Figure 6.3 Simulation region for times between 300 ms and 30 5

6.1.3 Electrical equivalents

To realise the electrical anatogue method, the simulation region is divided into small sub
volumes. Bleetrical equivalents are network components transformed from the thermal and
¢clectrical problems, like aleeady discussed in Chapter 5. Quantities of clectricul components are
defined according to Fgs. 6.1 and 6.2

6.2 Network representation

In the previous section, general forms of component representations have been discussed. In this
section, sub circuits corresponding 1o subvolumes will be represented.

&.2.1 Sub-volume generation

To achieve high resolution, small subvolumes are necessary. Figure 6.4 shows a typical
subvolume uned its dimensions.

AZ f - :x.
Ax

Figure 6.4 Co-ordinates and subvolume dirmengions

6.2.2 Sub circuits

Corresponding 10 Fig. 6.2 and 6.3, the area for the electric current flow simutation in the silver
can be divided into small sub-valumes, For a subvolume, clectrical behaviour is represented by
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four resistances, &, (j=1,2,3,4). A two dimensional representation is adequate here because
of the small thickness of the metal strip. The eorresponding subcircuit is represented in Fig. 6.5,
Four measuring swirches (type 91 device in TAUS) are used to obtained the electric current in
the network.

u
\ |
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1 RI3
R ;4 i #
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X010/ P,
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D

Figure 6.5 Subcircuit for electric current flow

The resistance values are determined by subvolume dimensions and its resistivity, The
length is from the centre point of the subvolume to the boundary surface. It is assumed that the
current direction is perpendicular upon the relevant cross section, The resistivity of silver is
dependent on the temperature of the subvolume which i3 represented by a type 98 device in
TACS as a look up table,

For heat transfer, three dimensional modelling is necessary, Heat conduction is represented
by six equivalent resistances, R, (=1, ..,6) Resistancc values depend on the thermal
vonduction coefficicnt. Energy due to electrical current flow is represented by injecting an
aquivalent thermal current, Energy used to increase the subvolume temperature is represented by
charging an equivalent capacitor. Figure 6.6 shows the equivalent subcircuil for thermal
simulation. Temperature coupled to a type 90 device in TACS is also measured by using a
measuring switch and introduced into & type 98 device. In this way, a injected current source
{type 60 device) is realised with the resistivity dependence of temperature in thermal network.

Component parameters for the sand and the ceramic body can be obtained in a similar way,
Of course, no branches exist in the subcircuit for the electric current flow in sand. The complete
cireuit consists of all sub cireuits. From this ¢ircuit, temperature values at different nodes are
obtained.
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Figure 6.6 Cquivalent subcircurt of heat conduction

For decoupled solutions, current distribution and temperature distribution are obtained
separately. However, for the coupled solutions, two nelworks have 10 be solved simultaneously.
In the subeircuil for simulating current flow, the temperature dependent resistance is represented
as a current source and a constant resistance together. Consequently, the subcircuit shown in Fig,
6.7 is used to simulate the electric current flow. Gutpul of current is realised by o tvpe 33 device.
Figure 6.8 presents the coupled subceireuit for the heat transfer in the silver strip (see Vig. 6.7).
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Figure 6.7 Subcircuit for electtic current flow including temperature dapendence
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L iavz02

Aoz02 p

Figure 6.8 Coupled equivalent subcircuit for the heat conduction
in the silfver strip {(see Fig, 6.7)

In Fiz. 6.8, two TACS controlled switches ate used to couple the electric and thermal
networks. A sample and hold function is introduced to keep the capacitor voltage. Two type 23
devices are used as triggers which control two switches represented as type 23 devices. To solve
the complete network, an iteration procedure has to be applied. This is shown in Fig. 6.9, where
T is the period for the coupled nctwork simulation, The process is realised by exerting two
triggering signals to switches & and & (TACS controlled switches). First, two switches are closed
by trigger §. Temperature values at all nodes are caleulated, The temperature of the silver strip is
measured by the measuring switch b in one time step. These two switches are opened by trigger
2. Consequently, temperatures at all nodes are hold, New electric current distribution is
calculated during two time steps because of nonlinearity. As the stable state is reached, two
switches are closed again and then temperatures at the next instant can be caleulated,

Closs

St I T N

0 1At 24t 3At 4Ar SAL 6At 1At —

Trigger | ‘[‘ ? t
0 IAr 24t 34t 4Ar 5Atr GAt TAr T

A
Trigger 2 e e | Ve .‘_T‘___._. t

b s
e

0 1At 24t 3AtL 44t 5Ar &A1 TAr

Figure 6.9 lteration scheme for the coupled non-finear network
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6.2.3 Boundary conditions

tn the simulation, the last sand layer and the network nodes al the end contagt are connected 1o
the thermal network ground. The temperature of the layer is al a room temperature. Hea
conduetion through the narrow edgpes of the silver strip into sand is assumed W be neglected,

6.3 Data input and output files
i'or the network, a program (SEMIFUSE PAS) is used to generate data joput (ikes for EMTPE AL
reslstances, capacitors, swilches, current sources and TACS (Iranstent Analysis of Control
Systems) are connected according to the subvolume representation.

Resistivity as a function of temperature, thermal conductivity, specific heat and mass density
of silver were taken from the literature {81, 1For sand and ceramic, the commeonly used values
were introduced, Some propeeties are given in Table 6.1,

Table 6.1 Material properties in the simulation

A W/mK, y kg/m' ¢ JkeK
silver 391 10402 276
sand 0.3 1670 8OO
ceramic 1.46 2200 670

6.4 Results and discussion

Figure 6.10 shows g typical temperature distribution near the notch (the maximum lemperature
574 “C7) at the time instant of 7 ms for a sinusoidal current pulse of 1250 A, 'This graph indicates
the most heated location is around the noteh within about 1 mm.
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Figure 6.10 Three dimensional temperature distribution
at 7ms for a 10 ms current pulse of 1250 A
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Figure 6,11 shows simulation results of the maximum temperature rise for & current pulse of
700 A, The curremt indicated in the graph is 1/44 value of the total current through the fuse
element, The graph indicates the simulated temperature profile as a function of time. After the
current flows, the temperature rises up with a time delay. The maximum temperaturc of the
¢lernent is rcached after the current peak, the temperature delays about 2 ms, As the current
decreases, the temperature falls down.
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Figure 6.11 Simulation for current puises

To examine the current - time ( = } characteristics in the long time range, measurements of
melting times for 300 A, 400 A and 600 A were performed. Experimental results from
measurements are summarised in Table 6.2,

Table 6.2 Measurements for checking | - t characteristics

T [A] 5] T (Al S
300 220 400 20
300 154 600 2.8
300 220 600 2
400 10 A00 1.8
400 15 600 2
400 19 a0 1.3

From manufacturer data of Fr values for the time range within 10 ms, the prospective current
I, and the virtual current I, [82] was obtained for the corresponding melting times. The results
are presented in Table 6.3,
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Takle 6.3 Frospective current |, virtual current [, and Pt values

FroAls i, ms A Loos
7600 i 10854 2756
10200 4 1824 1576 i
11300 5 1503 1503 i
15870 [0 1260 zeh |

Comparison of the manulacturer /- characteristic, the measurements and caleulaled results
from EMEP 15 made in 1°ig. £.12. The minimum fusing current from the simulation was found {o
be 205 AL

1000 , L. -
1 - —— Minimum fusing current
. S‘\
100 N :
: Manufacturer curve
: £, -
10, ‘ \\\
- 1 Theoretical _/ "'”*\‘\
E 3 results A
0.1,
001 | N
0.001 ' S T .
100 1000 10000

P [A]

Figure 6.12 Comparison of thearstical results wilh
manufacturar curve and measurements "+

This graph shows that measured valucs (" #") arc stightly below the manufacture curve as
well as the sitoulated results. In general, it can also be seen that caleulations arc in agreement
with hoth resules from the fuse manufacturer and the measurements.

" 6.5 Conclusions

As before, the proposed analegue methed proved to be a powerful twol lor simulating thermal
transicnt responses, EMP numerical results of current - time characteristics of fuses show
reasonable agreement with both manufacturer curve and measurements. Numerical valenlations
have heen conducted for eurrent pulses. This study shows that the proposed EMTP modelling
methed can be used to predict thermal responses of fuses, as #1 will he necessary for the lifetime
analysis,



PartIV Thermal Buckling and Lifetime Predictions



Chapter 7 Thermal Buckling of Wire Elements

As slated in Chapter 1, to prediet fuse lifetimes, thermal response and displacement of the [use
element should be known first. This chapter describes efforts o solve the thermul post buckling
problem of thin metal columng which carry eleetric current. The solution of analytical studics is
based on the principle of the minimum potential energy. Besides, the elfeet ol temperature s
inchuded in a theeretical finite element fonmulation. Both methods have taken  vertical
displacements into account in contrast 1o existing methods. Mechanical materiul propertivs are
considered (o be temperature independent. Also edge conditions are assunzed to e immovable.
Numerical results of displacements are compared with measurements from a microscope and
high speed photography. In the present investigation, these two methods are used to unalyse
mation of wire elements subjected to thermal loads.

7.1 Buckling concept

Thermal buckling due to electrie current may be of interest in many arcas such as printed circuit
bourds, comnections of electronic components, overhead lines and cables [83] Por fuse wire
clements, hocause they are fixed onto end caps, the thermal expansion due to clectric heating s
suppressed. As a resull, temperature change produces thermal strain that leads o thermal stress.
This may bring about strain cyeling and chunges in material propertics. Consequently, it can
resull in thermal faligue and lifetime reduction of wire clements.

In 1983, Arai [35] conducted hoth cxperimental and analylic studies 1o determine litetime of
notched fuse clements. Motion of the fuse element was shown and suggested to be related with
lifetime, however, withoul any guantitative medels. The objective of the present siady i to
provide 4 quanlitative description.

Iiguee 7.1 gives a schematic view {o illustrate the motion of wire elements. The motion i3
simplificd to be one dimensional in the y-z plane and the magnitude s only dependent of one
spatial variable z. When wire elements are subjected to electric current, temperatuee rises. As a
conscquence, thermal stresses are built up,

Figure 7.1 Buckling geometry and sign nofation

76
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The thermal strain corresponding to the thermal stress induced in the wire clement is
proportional to the thermal expansion coefficient and the temperature tise of [use wire without end
constraints. It is expressed as

agy = [T (7.1)

Because the wire is fixed at the ends, temperature rise cesults in stress. The wire keeps its original
position; this process is called pre buckling, As the thermal stress exceeds & certain value, the wire
element starts to move, The start of the motion is called buckling. The complete movement is
called post buckling, During the post buckling, one part of the thermal strain is contribinted io the
motion of the wirc element, another part is converted into compressed deformation. Timoshenko
[84] proposed a function to describe the displacement (see Fig. 7.1) as
¥z} =03 Doy (1 - cos Q;Iz) {7.2)
o

For the determination of the maximum displacement 1), no valid theoretical method was
available. Further literature {83, %6, 87, 88] shows that most methods are based primarily on
tinear structural theory with empirical cotpections to account for non-linear behaviour, Namely,
most investigations are limited to displacements comparable with the thickness of plates or the
diameter of columns. In our sitation, however, the maximum displacement of wire elements can
be up to 10 times the diameter of the wire and even more, A suitable solution for thermal post
buckling of fuse wire elements has therefore not been found yet,

This chapter describes the mechanical response of a fuse wire e¢lement during thermal
buckling for miniature fiuses subjected to electric current. Two methods will be addressed to find
the post buckling solution for thin colunins, The first attempt is to present an analylic study
which describes the process in terms of energy [35]. The second describes efforts to develop a
finitc element formulation by using the virtual work principle [85], Numerical results from these
rmethods will be compared with experimental observations.

7.2 Analytical study

This section introduces an apalytic methed [55] for solving thermal buckling problems.
Deformation causes are limited to thermal origins, oxidation and creep are neglected. In addjtion,
temperature rise along the column is assumed to be constant.

To describe buckling, Eq. 7.2 still can be used as onc of the possibilities of curved forms in
equilibrium [55, 84] in the neighbourhood of the bifurcation point, This point is referred to the
location of the maximum load without causing displacement perpendicular to the load in the
lpad - displacement curve, Using the p(z) function, the increase of fuse wire length afier buckling

tollows
w b p
_ dy _ g 3
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~ L'or a finear spring with the actual elengation o, the stored energy is expressed w be ¥« 0.5 &,
d7. With the analysed system, the wial energy consists of the deformation energy, bending energy
and energy due to the actual ¢longation in the post buckling. The deformation energy due o the
compresston is

! S :
Wy = SEALBRT - Ko D )y (7.3)
The energy due to the actual elongation in motion is
! , -
W, = 5 EALK, D) hy (74)
1he bendling energy to keep the buckling takes
a
1 n
AN OF B A & W 7.3
g et [fn ) v

The total potential (clastic energy) consists of W, W, and ¥,

L. Denoting by [/, the total
potcntial, one may wrile
T, Wa & Wt W (7.6)

The total polential energy has to be minimum for realising a possible buckling mode and
therelore the derivative of /.10 a position variable 1 is zero, 1t follows

diy 0
¢ (7.7)
where 1) 1s equal to DE,M.
‘The maxirnum displacement can be obtained from Fq. 7.7 to be

Do 7 ’3"\/ S Brr e e

;
T iy

—

(7.%)

|

Substitution of Liys, 7.8 into 7.2 leads to an expression of the buckling shape for the static
condition. According to Bg. 7.8, let D, = O, the ¢ritical temperature risc is lound Lo b

PRI :
T N 7.9
P =TT G4 A
The dellection factor y is defined ag
Ay Mg
kL S B “ (7.10)
! A(-‘.;[, N

I means physically that the mechanical stratn is a fraction of the thermal strain expressed in .
7.1 during the post buckling. Before the buckling oceurs, the wire is motionless. thermal stress is
eyl 1o mechanical siress (y=1), During the buckling, the factor is caleulated from

AT
R . S PR (7.1}
3 A BT
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7.3 Finite element formulation

In Section 7.2, the analylic approach has been presented to determine the displacement response
due to temperature rise, where the temperature rise along the column is taken as a constant. In
practical situations, temperature decreases as the location i3 near the fixing ends, This motivates
# more aceurate simulation methed for the mechanical response concerning arhitrary temperature
distribution aleng the column, In 1991, Locke [85] conducted studies of thermal buckling (or
beams, the description is considered to be useful and relevant with this work. The following
presents an extended description to enable analysis of large defiections of thin columns,

7.3.1 Physical models

The principle of virtual work [85, #89] states that for a column in equilibrium wnder the action of
internal and external forees, in undergeing an infinitcsimal virtual displacement [90] the work
done by the external forces is equal to the work done by the internat forces. This can be written
as

LN

il

=& K

oxf

(7.12)

To describe the formulation, Fig. 7.1 shows sign notations for a column {fuse wire), where
the undeformed co-ordinates are applied. Suppose that the damping and acceleration are
neglected, hecause the external work is zero during the thermal post buckling, the left side
remains to be zero. The virtual work of the internal forces is written as

BFﬂ,,,=j(6rfN+5!c M+be Ede,)dz (7.13)

The first and sccond terms describe the virtual work in the axial direction. The third rerm
represents the virtual work necded for the vertical displacement, which is not present in Locke 's
work [83]. Possibly because this term {5 small and thus it can be neglected. For [use wire
clements, the vertical displacement w can be many times the wire diameter during the post
buckling, Therefore this term ¢an no longer be neglected,

The large deflection strain - displacement relation [85] for an initially deflected beam is
given by

L=¢+ VK (7.14)
where

PETIR TN

¢, =N,

eﬁ=5w_'_‘+w_uwﬂ_‘ (7.15)

k= - .H;:.'

In an initially straight column, wy is zero. For an uniform column, subjected to a temperature rise
T(z), the in-plane foree N and moment resultant Af are given by
N=EAde+ N—-FEABT(z)
M=Elk+ M, (7.16)
1n this work, the initial moment A, and the initiat in-plane force N, are assumed to be zero.
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7.3.2 Formulatign

To deseribe the virtual work, the column is divided into a number of scaments or subvolumes
Nseg. For cach subvolume (lg o %] J = 00 0 Mseg) the pringiple of virtual work may be
applied. Summarising the virtual work in each suhvolame teads 1o the tolal virual work in the
column, Figure 7.2 shows notations of the nodal displacements for a subvolume.

¥
. <
Wy Wy
U R 0, Uy
ey [T R »
Z 2
node 1 rode 2

Figure 7.2 Nodal displacements for a subvolume

At two nodes, displacement w and its derivative, displacement » and temperature rise T give
the nodal values as follows

{”n}w N R TLIPS P (7.17)
Ve, b=l .
L (7.18)

Displacement functions w and i at any locations are represented by node values and cxpressed as

we=e, 4ok e BT o B

u=p +p, 5 (7.19)
where the comordinate £ is lransformed from
2
£= (z-z1)
# (7.20)
1 .
z, - (512, h=z, -3,

Accordingly, o, . . oy, o . By and i are found as functions of nodal values. By using
Hermil’s high order functions, displacement w and  can be rewritten as

Wz o E -'i'l')t.\E_"z +0CJ;‘ =[N]ia,}
p= b R E =[N, Ha, (7.21)
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where N and N, are Hermit's shape functions, Their expressions are
1 1
N(1)=4(2—3§ +E7)

N(2)=gql(1—é—é*+é")

| (7.22)
N(3)=E(2+3§—§")
Ney=2loigag ey

T24

1
N,,(1}=5(1-'€.)

1 (7.23)
N"(2)=5(1+€)

In a similar way, the temperature rise in & subvolume is defined as
T={ N, T} (7.24)

where My = N,

Far the columm, the nodal displacements {¢}; in a subvolume (j =0, ..., Nsag) and the nodal
displacements {0} are respectively defined as

{q};r=[{“".~p },’T# {G'm },‘T]
(Y =1yt o lgd s ntady ] (7.25)

Introducing Eqs. 7.17-7.24 into Eqgs. 7.14-7.16, the virtual work (see Egs. 7.12 and 7.13) reads in

general
N =1

A8 = 3 alq,) 8, (7.26)

Because this expression holds for arbitrary variations &0, according to the strain-stress
definitions, the clement equations in matrix form can be expressed further as @, (¢ ) = 0, and the
cortesponding system equations can be reorganised as

4,Q0=F (7.27)

whare 4, is a matrix, F is the right hand vector, The vector @ represents complete nodal
displacements. Both 4, and F are functions of nodal displacements.

7.3.3 Programming and nemerical solution
A finite element program was developed based on the previous formulation. The program was
coded with Maple [64] which is a symbolic mathematics package, One of the advantages is that

variables mvolved can be easily changed, for example, the matrix calculations, At the time
being, initial deflection and moment were not considered in the caleulation.

The resulting equations of motion represented by Eq. 7.27 were solved by using Newton's
iteration technique [91]. For any (2, a vector funclion G is defined as
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GUN = ALDQ I .

For the system equation Eq. 727, the Newton’s method defines a sequence TS (. . then
G =Gt
GO+ HE =0

where the Jacobean malrix J(Qk.) containg the partial derivatives of the vector [unciion Cr'(Qk).
The i-th equation of the system is g2iven by

WMl ok

vy ,

c’.,(C_)k T+ z ﬁo% (% ) D
i1 ﬁQ‘

fori 4.0 3%(Ny, - 7). The iteration continues until ” oot )H sw,, where g, is related with the
required iteration sccuracy.

The iteration requires the initial values of nodal displacements which were piven in e
wiays, The first method is based on Eq. 7.2 which describes the column shape in the
neighbourhood of the bifurcation point [42, 93], The maximum displacement value 712, trom
Eq. 7.8 (for the known average temperature rise) is used, As an alternaiive, arbitrary values
smalier than the wire diameter, for example 10 percent value of the wire diameter, can also b
used without influencing the final solution for the buckling, The second method uses the idea
that if the imperfection of the columa tends to zero and then the solution is congidered
approximately as the real solution. The imperfection in the iteration scheme wis represented by
different small nodal displacements. Both methods for giving  initial  fteration  nedal
displacements were tested, results show no significant differance.

7.4 Displacement measurements

A miniature fuse is composed of a fuse element or wire, end caps and « glass tube. The straight
{use clement can be posttioned inside the tubular visible glass body. The ciement is fixed onto
two end caps, Therefore, the fuse wire can be assumed to be a column with two [ixed ends.
Cohuna dimensions are simplified w be diameter and length.

As fuses are exposed 1o etectric currents, thermal expansion of the element ocecurs, In
altenpling 10 observe the buckling effects and verify the proposed numetical scheme.
experiments for both de. current and current pulses were performed for two types ol fuses
(Littelfuse Lype 217,315 and 218.800). Their ¢lements were made from pure pickel wire and
silver clad wire (Ag/Sn-Zn) respectivaly. The later consisted of 50% silver, 50% tin-vzinc alloy
(85% tin and 15% zing) in weight.

7.4.1 DC eurrent

Before measuring displagements of fuse wires due to d.e, cuerent, to check whether the glass
wbe has influence on the measuring accuracy, the displacements were measured with and
without current flowing for fuses. These two easurements did not show dilference for the same
sample. During experiments, the test eurrent ap to 10 A can be supplied. which was measured by
a Fluke 8000 digital multimeter, The voltage across the tested fuse was measured by o Keithley
179 digitab TRMS multimeter, The displacements in the two perpendicutar directions of the fuse
wire were measured by using a NIKON microscope [ 351,
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7.42 Current pulses

For measuring the displacements of fuse wires, an L cireuit was constructed to generate current
pulses. A thyristor was used to switch on and off the current through the tested fuse. A high
speed camera was used 10 measure the displacement. To get enough illumination for fiiming, a
flash tube was instailed. linages were produced with the help of achromats and micro zoom lens.
The wire diameter was taken as a reference for determining the displacement, During the
experiment, fuse current and voltage were recordad by a digital 12 bit oscilloscope. An optical
sensor reacted to the flagh tube and produced the exposure signal. In the meantime. the camera
shutter release signal and the exposure signal were also obtained and written down in the
oscilloscope, Ior determining the maximum displacement, a spatial resolution of 10 wm per mm
was achicved.

7.5 Results and discussion

Table 7.1 summarises material properties used in the displacement calculations for 4g/Sk-Zn fiises
and Nickel fuses,
Table 7.1 Material properties and dimensions

Element type Ni Ag/Sn.Zn
Length of fuse element lp=17.5 mm {p=17.5 mm
Diameter of fuse element =50 pm d=103 pm
Thermal expansion coefficient | p=13.3*10° B=22.1%10"
Elasticity E=199.5%10°Pa | E=61"10"Pa
Cross sectional area A=1.96%10" m* A=8.33*10"m’
Ares moment of inertia L=307410"mt | 12552710 m®

In the table, diameter and elasticity were measured values. In theoretical calculations alasticity
does not influence the displacement as long as the deformation ¢an be assumed to be elastic.
Length was evaluated according o the fuse manufacturer's requirements for the elemient, which
was also examined by the resistance measurements. Thermal expansion coefficient in the literature
[76] was uscd for nickel wire, while the data for Ag/Sn.Zn wire was taken from the manufacturer's
information.

During the experiment for d.c. current, voltage, current and displacements were measured. On
the basis of temperature dependency of resistivity, the temperature rise of filses was determined.,
Theoretical values of displacements were found by substituting these experimentally determined
temperature rises into Eq. 7.8, Figure 7.3 and Fig. 7.4 show comparisons of theory with
observations of the displacements for nickel fuses and Ag/Sn.Zn fuses. Because of the nonlinearily
of resistivity of nickel due to temperature rise, the average temperature rise determined from the
voltage and current measurements may not represent the real average tempeérature rise of the wire
¢lement. For the existing element configuration, the inaccuracy is within 13% for d.¢. currents and
7% for short curtent pulses. In addition for the average temperature rise above the maghetic
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transition point (abowl 630 K), the evaluated value from the resistance meassvrenient 1s higher than
the real averape temperature rise. This means that experimentally evaluated resulis in Fig. 7.3 fit
caleulations (Ee. 7.8) better if this nonlinearity of resistivity is taken into account.
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Figure 7.3 Dependence of displacements on ternperature rise (nickel wires)
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Figure 7.4 Dependence of displacements on temperature rise (Ag/Sn.Zn wires)
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By introducing the measured curtent into thermal medeiling, (he average wemperalure rise wis
found for different £7 values of current pulses. Using the displacement - lemperature rise relation in
Section 7.2, thearetical displacements were obtained. Table 7.2 lists experimental results [rom
high speed photography and temperature caleulations fram thermal modelling.
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Table 7.2 Results of measuraments and calculations

for different It values of pulsed currents

;::; 0.22 0.37 0.60 0.7% 0.98
b
o 0.17 0.28 0.46 0.60 0.75
Tuus 52 101 164 205 284
D, 247 349 458 516 590
Agy % | 011 0.22 0.36 0.43 0.62
Ae,% | 003 0.10 0.17 0.21 0.28
A% | 006 0.12 0.19 0.24 0.34
To 60 11 207 301 431
T 50 93 169 218 328
Dy 250 349 475 541 665

Figure 7.5 shows that theoretical caleulations and results determined by using high speed
photography for 4g/Sk.Zn fuses; in agreement with experimentat observations,

Maximurm displacement [ um ]

700 . .
o
600} A
.-"'fzx
500} ,e-""f it _
5
400} /
.-/Ef

3001

a’
22 vaTToE T o8 1

1% [A%s]

Figure 7.5 Displacement as a function of It value for current pulses (Ag/Sn.Zn wires)

‘0" : obzervation from high speed photography: "—" theory (tharmal modelling, Eq. 7.8)
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According to Table 7.2 the deflection factors were caleulated and shown in Vig. 7.6, The
average value wa aboul 0.54 for 4g/Sa.Zn fuse clements during current pulses. For d.e. currents,
ag temperarure rise increases, the deflection thetor decreases down 1o 2 value small than 0.3,

Deflection factor

sy S0
Chay + ) i
05l 3:@@;@-&- S I
(}(_'_5 (e)
0.4 o
&
0.3 - . . TR
0 50 100 160 200 250 300

Temperature rise

Figure 7.6 Relationship between deflection and temperature rise (Ag/Sn.Zn fuse wires)
0" d.oocurrent; "+*: pulse current; " theory (Eq. 7.8)

T examinge the influence of temperature distribution on the displacement, profile ol vertical
displacements is compared with measurements for @ de. eurrant of 960 mA. Virst, the
lemperatare distribution for the current was simulated, the results are shown in g, 7.7.

Temperature rize [°C ]

40 ks

0s | /—a ]

0 ‘ 8 o 15 20
FPositon =z [mm |

Figure 7.7 Temperature distribution for a d.¢. current of 960 mA
a . average temperature rise 18 °C from voltage current measurements
b thermal modelling
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In Vig. 7.7, curve "o indicates the average temperature rise from the veltage and current
measurcment. Curve “F7 indicates the distribution obtained from the thermal modelling.

Figure 7.8 shows the displacement w as functions of position z obtained from different
simulation methods.
Disptacement in the vy direction w [ um ]

250

200+

150+

160G

50+

0 5 10 15 20
z 1mm])
Figure 7. 8 Displacement for Ag/Sn.Zn fuge wires
a: Locke's method, b: Eq. 7.8, ¢ : FEM at 3¢ Celsius;
d : FEM with temperature distribution {see Fig. 7.7}

In Fig. 7.4, curve "¢ indicates the results obtained by using the literature method [R5).
Curve "d" gives the results from Eq. 7.8, Curve "¢" presents the results from the lnite element
method, where the average temperatute rise was psed. Curve "J" presents the resulis from the
finite element method, where the temperature distribution in Fig. 7.7 was used. Mark “p"
displays the observed displacements due to the d.c. current. This graph shows that the biggest
deviation hetween curve “2" and the ohservations cxists. Therefore, methods presented in this
work offers a better solution than that in literature [85].

Figure 7.9 shows the displacement » as functions of position z. Cueve "¢” indicates the
results obtained by using the hiterature method [83]. Curve “c™ presents the results from the finite
element method, where the average temperature rise was uséd. Curve “d presents the results
from the finite clement method, where the temperature distribution in Fig. 7.7 was used.
Concerning the temperature distribution during the d.e. current below the minimum melling
current, the displacement i takes the direction towards two end caps. As the emperature is near
the uniform distribution (constant temperature rise), the displacement acts as curve “a™ and “¢™,
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Dizplacement in the z direction u [ pm ]
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Figure 7.9 Axial displacement for Ag/Sn Zn fuse wires
a : Locke's method, ¢ ' FEM at a temperature rigse 30 Celsius,
d : FEM with temperature rige in Fig. 7.7

Figure 7.10 shows the TEM numerical solutions of the strains e, o, md v, 0.3%0,]
corresponding to g, 7.13 based on different temperature distributions,
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Figure 710 FEM solution of strains e, and e, for Ag/sn. Zn fuse wires
a' e, atatemperature rise 30 Celsius, b e, temperature rige in Fig. 7.7,
¢ e, for both termperature distribution {see Eqs. 7.14 and 7.15)
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In Fig. 7.10, Curve "2 gives the results by assuming the uniform temperature distribution,
whtile curve “6™ gives the results corresponding to the temperature distribution in Fig, 7.7, Curve
Y™ displays the strain ¢, lor both temperature distributions.

Figure 7.11 shows the relative stress as a function of position axial z. The stress is equal 10
the ratio of' the tn-plane force N (see Fq. 7.13) and the average thermal force stress EAR T

0

Relative stress
&
o
|
f

0.8 \_ a ’\- b —

l |
-1
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z [mm]

Figure 7.11 FEM solution of relative stress for Ag/Sn.Zn fuse wires (Eq. 7.15)
a . at a temperature rise 30 Celsius; b : femperature rise in Fig. 7.7

Temperature rise T lakes the average value of the whole wire element. Similar to Fig. 7.10,
curve “a pives the results obtained by assuming the uniform temperature distribution, while
curve “57 gives the results corresponding to the temperature distribution in Fig. 7.7. This graph
indicates that the in-plane force is compressive (negative) along the wire eclemem. For the
uniform temperature distribution, the in-plane force is almost a constant. The breaking location
15 expected to be at the middle peint, or/and at the soldering position (near end caps) as a resul?
of the bending stress, Curve "6 indicates three points {one al the middle point and other two
ncar end caps) subjected to larger stresses. Between the point near the end cap and the middle
point, additional two points also have relatively high local stress,

As the heat transfer increases along the wire element, the extension in the middle of the wire
clement inereascs and the extension near the end caps decreases. It is coneluded that the particles
with high temperature attemnpt to move towards the location where the temperalure s 1ow.
Because the stress due to the bending reaches the highest value in the middle and at the end caps,
the maximum deformation depends largely on strain e which includes the contribulion of e, and
¢y, Again because of bending, the breaking possibility at the middle point is the largest, These
explain why the fuse element breaks in the middle region for current pulses and for short time
d.c. currents.



.'.-)_“ Chapter 7

However, [or lung cyelic loading, ereep takes place, after motion the wire clement may have
dilficully te come back to itz original position. In this case, it the deformation is assumed 1o be
controlled by the sieain ¢, (sce Fig. 7.10), then breaking locations can be expected ol the place
where ¢, 15 the maximum. This assumption is supported by the results of Tildtime experiments
tor long curtent pulses, whaere the breaking location is verified.

Figure 7.11 also shows that the relative slress s approximately o constant aboul 4.6 along
the wire clement. 1 the maximum temperature rise in Fig. 7.7 15 ased, the relutive stress will
decrcase to about 0.4, Beeause the deflection factor in Seetion 7.2 s related with this relative
stress, comparison ol the deflection factor in Fig. 7.7 with the relative siress becomes obvious,

7.6 Conclusions and future work

Analytic solutions ane the finite element formudation are presented for the buckling of thermally
stressed wire elements under assumption of the clastic deformation. The anadvtical approuch
assumes the uniformly distributed temperature. The in - plune stress along the middle plane of the
clement is also evaluated 1o be the same, From the finite clement formuolation. displacements of
wire claments are caleulated and presented for both the uniforin lemporature distribution snd
arbitrary temperature distnibutions. The analytic approach provides a simple solution for the
vertical displacernent, The finite clement formulution offers both vertical and waal Jisplacements
with consumplion of numerous computer time. The breaking locations ol (he wire element iy also
discussed,

[For the practical interest, this work can be improved in two aspects in the future. The fiest is
te extend the finite clement formulation of thermal post buckling problems for a strip fuse
clement, 'The second task is to include the inital defleetion for designing the optimal shape of
he fuse element.



Chapter 8 Lifetime Predictions

This chapter presents physical models of lifetime predictions for electric fuses, when fuses
experience current pulses. Commercial miniature fuses and semiconductor protéction luses have
been used 1o verify the proposed models. For short current pulses, lifetimes are estimated based
on the elastic fracture mechanism, while for long current pulses the combination of Manson -
Coffin law and the creep process is used. Afier determination of malerial and design propertics,
lifetime predictions are finally obtained from theory, in agreement with experimental
observations. Consequently, change of current - time characteristics is indicated by vsing results
of lifctime predictions. Recommendations are also made to reduce the experiments needed for
determination of fuse lifetimes in practice.

8.1 Introduction

Engineering matetials are normally subjected to stresses in the temperature  dependent
environment, consequently, components show a limited lifetime. Because of the impottance of
engincering reliability, extensive studies of metal deformation and fatigue [94, 95, 96] have heen
pertformed in this century.

Before the lifetime of fuse is determined, main contributions to the element damage should
be defined. When fuses are subjected to current pulses, temperature rise brings about thermal
strain due to thermal expansion. The strain produces stress due to the constraints of fuse
elements, A cyclic thermal stress is applied to the fuse. The thermal stress fatigue is only of
cyclic nature, as long as the time period for cach current pulse is short enough. At the time being,
this time limit is assumed to be in several mifliseconds, later this limit will be discussed again,
For long currént pulses, in addition to the ¢yelic strain, thermally activated creep may play &
role, For continuous loading, thermally activated creep is the main origin for the damage.

As it has been discussed in the {irst chapter, previously proposed methods in Hietime
determination [35, 79, 97] ars based on curve fitting of experimental results; lifetime relations
are purely empirical either without statistical analysis or clear physical meaning, Existing
standards for fuses also do not provide enough information for lifetime expectancy. This means
for the prediction of lifetime that many experiments are required for cach design again, above all,
methods are not general, they can not give an overview for fuse ageing,

Chapters 2, 3 and 4 have extended the study to improve lifetime estimation by using statistical
methods. The objective of this chapter is 1o develop physical models for lifetime predictions for
fuses i general. This work 1s concerned with cyclic thermal fatigue for both short and long currént
pulses. Besides, creep during long current pulses and continwous loading is also discussed. In the
deseription ol this chapter, a typical time lag fuse [47] is used as an cxample. Aflerwards, the
theory iz applied to semiconductor protection fuses. Results of high voltage fuses and tow voltage
power fuses {Tom literature are also presented by using the methods propesed in this thesis,

il
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8.2 Lifetime prediction for short current puises

Pruring therimal huckling, a part o' the thermal steain contributes to mechanical strain (o result in
stress. This mechanical strain may be divided inte elastic strain and plastic strain. Based on the
relationship between stress and strain, the number of current pulses which fuses can withstand
will be predicted. following physical modelling,

8.2.1 Physical models

Although less gencral modelling of fuse lifetime behaviour has been published up e now,
etiormous work has been conducted sinee 50% on lifetime modeiling of mechanical components
{46, 57, 98,99 100, 101]. This scetion attempts to make connection between penera) mechanies
studics and specific luse hehaviour.

Lifetime for the elastic strain range

In terms of the number N oof eyeles o fatlore, the modulus of elasticity 14 ad the monotonic
firncture strength o'y . the elastic strain can be cxpressed [46, 99|

M

I 5, N (819

where

Aed2  elastic steain amplitude

E modulus of clasticity

G, stress amplitude

o'y fatigue stress coefflcient

N number af cureent pulses o blowing

h {atiguee steength exponent from -0.07 10 -0.13

Lifetime for the plastic range

Tn 1954, Manson and Coffin [98] have made two imporlant contributions on the subject of metal
thermal fatigue at the same time independently. These contributions propose u relationship
hetween the plastic steain and the number of cycles (o [oilure which have [ormed foundations for
thermal [atigue studics up (0 now. This relationship is named as Mangon - CofTin law (46, 98, 99],
With this relationship, the plastic parl of the strain is related with the number of cycles w failure

e, N {82

where

Axy/2 plastic strain amplitade

o futigue ductility cuefficient
N mumber of current pulses 10 blowing
c.' tatigue ductility exponent from -0.5 to -0.7

Thermal buckling for wire clements
Therma! strain induced in the fuse clement due to a current pulse is given by

Aow BT
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where s temperature coefficient for the thermal expansion and T is temperature difference.
Thermal buckling occurs (see Chapter 7) for the temperature rise above the critical limit. Only a
part of this thermal strain contributes to the actual mechanical strain. [n Chapter 7. the deflection
factor is derived as
1 2nts, 1
ot
2 ApT
. . . 2 . \ .
For intermediate and high It values of current pulses, the deflection factor y 1s almost &
constant, the mechanical strain is

AEm= ¥ AEH; ( g4 )

(83)

According to the discussion above, the mechanical strain amplitude Ag,/2 is generally piven by

e, _Ac, A%,
17 2

8.2.1 Results of lifetime predictions for minizture fuses

To demonstrale the validity of our models, comparisons will be presentad by using both
predictions based on measurements of displacements and predictions purely from simulations.
For the lifetime predictions, material properties listed in Table 8.1 are used. The values directly
measured or derived  arce indicated in the source item as TUE. The wvalues from fuse
manufacturer and from the literalure are also indicated. In addition, diameter, resistivity,
temperature coefficient of resistivity, ftacture stress and elasticity have also been
measured.

Tahle 8.1 Muterial propertics in the modelling

Propetties Source Values Units
wire diameter d Littelfuse 0.103E-3 m
fatigue strength exponent A Hertzberg 46| -0.08
fatigue stress coefficient o) Littelfuse 11558 Pa
thermal cxpansion cocfficient B Littelfuse 22.1E-6 | m/mK
modulus of elasticity £ Littelfuse 6119 Pa
equivalent masg density v TUE 8.6E3 kg/m';
equivalent specific heat ¢ TUE 254 Mgk
resistivily at 20 °C py Littelfuse J48E-8 | W.n
fatiguc ductility exponent ¢ Henzbergl46] -0.5
temperature cocfflcient of TUE 4.5E-3 VK
resistivity o
deflection factor y TUE 0.5
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Predictions based on measurements of displacements

From displucement measurcments, mechanical strains were determinegd 155, 57 as presented in
Table 8.2, The mechanical strain Az, was considered as the difference hetween the thermal stegin
Agy, contributed by the temperature rise and the apparent strain Az, determined {Fom the maximunm
disptacement by the high speed films, Results retated with different 7’7 values of current pulses arc
summarised in Table 8.2 with the calenlated Yfetime M for the elastic celationship (sce Ly, &1,

Table 8.2 Lifatime predictions based on elastic strain ranges

Flyge A's T °C Ay Yo As, Y At Y N
0.22 52 0.11 0.05 0.06 951"
0.37 101 0.22 0.10 - 017 Leas10®
0.60 .‘164 0.36 0.17 0.19 524107
(.78 205 0.45 (.21 024 _“:3—
0o | ”"284 0.62 0.28 | 0.34 36

Figure 8.1 compares these caleulated lifetimes (see Table £.2) with experimental resubts, where
It is the minimem £t value corresponding o current - time characteristics al the same time as
the pulse time for a current pulse.
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Figure 8.1 Comparisons of experimental results with lifatime: predictions "@”
based on displacement measuraments for different current pulses
"7 sinusoidal {(exp.y, 0" rectangular (exp.)
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In this graph, Mark “o" indicates the ohservations for rectangular current pulses and mark “x”
depicts the results for sinusoidal current pulses. The curve with mark € gives the predicted values
of lifetimes based on the elastic strain relationship.

Purely theoretical lifetime predictions

In order to estimate lifelimes without use of any empirical relation, later on the lemperature tise
and the resulting mechanical strain have been simuiated by using PAPICE. By introducing the
material properties listed in Table 8.1, lifetimes of fuses for pulsed currents were computed with
Lg. 8.1 and tabulated in Table 8.3, where I};, s the calculated temperature rise from the thermal
modelling,

Table 8.3 Theoretical lifetime for pulsed currents

Plome A's | 038 0.50 0.63 0.78 0.95 1.04
P?Epurw
| o 0.38 048 01.60 0.73 0.80
Iz!ml'n
Tm °C 23 114 156 208 276 318
N 474107 | 8.9+10° | 1.8*10° 487 14 2.4

Figure B2 compares observed lifstimes with predictions from Table 8.3. The solid line
presents the lifetime ¢alculated by using the temperature rise obtained from the thermal madelling
{52}
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Figure 8.2 Comparisons of lifetime predictions (Eq. 8.1) and experimental resuits
“o" rectangular; "x": sinusoidal
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8.2.3 Discossion

Iioth Figa. 8.1 and 8.2 show that the number of current pulses which fises withstand increeses as
the 7’1 value decreases, predictions are well fitted with lifetime observations., supposing that clastic
sirain is dominant. Becuuse temperature rise 7 s dppruwuulely proportional o [, so the number
of current pulses N is approximately & linear (unction of Fr on the double logarithmic scale.

Theorctically, the elastic strain s of the most significance for the high eyele fatigue, while for
low cyele fatipue, (he plastic strain will be the dominant item. The takeover poinl s situated at
litetimes about 1,000 corresponding Lo the strain amplitude 0.01 146, 991, Pao | 1] and Logsdon
HHOZT studied the thermal fatigue of solder joints. Pao suggesled that the elastic (moture is also
dominant for low cyele [aligue [or thin layers with (hickness of 0.254 mnon, becausye theee s
insufficient thickness (o weeommaodate the plaste information. This is in accordence with our
experimentul ohservations (see Figs. 8.1 und 8.2), where wires with disreters in order of 0.1 mm
are used.

Althougl agreement has been [ound between lifetime predictions and actuol values, it should
b aware that for a fuse element, the deformation can be developed in the axial direction and in the
raclial direction. The stress in the radial direction depends on the thermal expansion coetlicients of’
silver, tin-zine afloy and the temperature sises. In the prediction above, the radial strain and stress
are not voncermned. Besides, the dugtility cocflicient, oxdation in the clement, the connection
technology and the local temperature rise may also have influences on lifetimes. In Chapters 2 und
3, the resistance inerease has been reported during the fuse life, however, no use of resistance
change has been made for the lifetime determinations.

8.3 Lifetime prediction of miniature fuses for long current pulses

After fuses are subjected to a number of long time current pulses, the position of elements
changes, Additionally, afier breaking lomaitudinal cracks ¢an also be found on the element
surface for long current pulses, in contrast to the radial cracks for shorl carrent pulses, This
suggests that the plastic deformation is induced.  Because of cyclic nature, the lifetime is
suggested to follow Manson - Cotfin law. In this process, the steady creep stroin rate 5 taken [or
the determination of plastic strains.

8.3.1 Temperature relationship

Temperature tise for long current pulses can be determined both by simulations and experiments,
Two experimental methods have been applied 10 determine the average temperature rise of tuse
wire clements, The first meihod is based on the measurement of the vollage and current, from
whieh resistance is delermined. As the resistivity dependence of material on wemperature i3
known, the average temperature rise ¢an be calculated,

The second procedure 155 is dertved irom the buekling theory proposed in Chapter 7. When
clectric currents are applied w fuses, thermal buckling takes place. Both currents and
displacements may be measured, As it has been proved that the muximum displacement has a
well delined relationship with the average temperature rise. the relationship between the
temperature rise and the current is found,
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Figure 8.3 shows results of average temperature rises obtained from measurements of
displacements. The experimental relation between the average temperature rise 7 and the d.,
currént / is determined from curve fitting to be

T= 10"/
This suggests a general expression for the temperature rise 7 which can be described by
To "
where a; is a constant.

Temperature rige  [Celsius]
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Figure 8.3 The average femperature rise determined from
displacement measurements as a function of d.c. current

8.3.2 Creep rate

The creep rate is related to stress, temperature and time in general. Various relationships based
on experiments have been proposed in the past. One of the common used relationships is the
power law creep |45, 46] for the steady state creep rate.

This states that at intermediate to high stresses and at temperature above 0.5 7, where the
thermally activated creep process 15 dominated by the activation energy for self - diffusion, the
creep rate is given by

£, wo
where 87 is a constant (a; = 4~5 ), This stress dependency has been demonstrated and holds for
pure metals and their solid solutions (silver, copper, aluminium, nickel and etc).If o = 7, the
creep rate 15 rewritlen as
FI:‘ = ?“'2\:(. lr(“'(lz

For the determination of creep, the relationship with time is essential. Concerning time
influence. during each period, the creep rate may be assumed to be
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e (835

where mis o material comstant.

8.3.3 Lifetime relationship
It the plastic strain is assumed to be equal Lo creep strain contributed by (he steady stale ereep
rate, it follows
e (8.6
At '“= "!u Jutin !N.

Combination of Hqs. 8.2 and 8.6 leads io the relationship for (he number of current pulses for
fuses 1o blow

' wtay i
A

L Ve
N o= :1 =K, pritai it (87

2uy

where Ay, K. oy, a7, |98, 1031 and moare constants. 'The relation between &, ancd A, reads

Finally. the relationship for the number of current pulses which fuses withstand is defined.

8.3.4 Determination of parameters

For the time delay fuses in discussion, the value @, = 3 can be obtained from Fig, 8.3, The valoe
o ey 15 given by 4 < a7 5 aecording to the power law creep, a trial value g, 4.5 i3 supgested
therefore. Mangon - Collin law states that the futigue ductility exponent ¢ - (0.5 80.7), in this
wirrk, ¢ = -(h5 1y suggested.

I'or the determination of the material constant m, experiments were carried out for the same
current but with diflerent on times. The number of current pulses which fuses withstand and the
on Lime shoulk! have a lincar relation on o double logarithrmic scale; the slope of the relation is a
measure for the value of m.

From the experimental results listed in Table 3.3 of Chapter 3, theec serics of experiments
were used for this purpese. Their values are given in Tuble 8.4

Table 8.4 Data ussd for the determination of material constants

/ fon torr 5% mean N | 95%
1.52 A lmin Imin 20 &0 1598
132 A 1 Smin min 3.8 19.7 434"

1,32 A | 10min | Tmin 2.1 7.9 5

According (o s table, Fig. 8.4 gives the results {or the time slope. m is [ound 10 be 0.5,
thercfore the exponential component for time is -1 in the lifstime relation, Another teature of this
cvalualion 15 that the determination of constant K, From Fig. 8.4, the value of K, for the mean
[63] 15 found 16 be 3.6% l()“( the 5 % value is 7.8 *107).
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Figure 8.4 Determination of material constanis m and K
X" mean values, "o—o0" 3% values

8.3.5 Discussion

Ay a final expression for the lifetime consumption by plastic strain, it follows from Eq. 8.7
N=K 17 (28)
with &, =3.6%10° , 2, = 3, 2, = 4.5, and m = -1/2. In Fig. 8.5, the relation Eg. 8.8, based on
limited data from Table 8.4 are compared with the whole set of experimental lifetimes from
Tables 3.1 and 3.2,
Number of current pulses

T

]-27 tv1

Figure 8.5 Comparisons of predicted lifetimes and observations
‘0" forthe on time from 10 seconds (o 1 hour (see Tablg 3.3)
“x" 5% values for the on time of 1 hour (see Table 3.1)
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Considering the experimental lifetimes in Table 3.3, showing such a wide range of values fot
current £, on time 1, and ofUtime £, it 38 remarkable that the lifetimes can be related with only
ahe expression, even when some parameters were determined by using a part ol thiy table,

For the diffusion dominant situation, diffusion thickness is known to be proportionst 1o the
square rool of time and diflusion coefficient. The diffusion coelficient [46] is related with the
activation energy £ and temperature rise 7 Combining (he diffusion with the power Tiw creep.
the ereep rate van be approximated by

1
G (TRE A
2RT
where ¢ is the activation cnergy for diffusion, R s gas constant. This means thal as temperatire
rise T decreases, the lifctime inereases with £ also.

H e expl-

8.4 Lifetime prediction for a continuous loading
For conlinuous loading, the ereep accumulation may be ditferent from creep with cyclic loading.
However, considering the plastic strain relation proposed in Scetion 8.3, the lifetime reads
N« Lo K, g e
resulling in a rupture time

iy

TN T B or [T AT (899

Figurce 8.6 shows comparisons of predictions from Eq. 8.9 and abservations from Iig. 3.3,
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Figure 8.6 Comparisons of predictions (Eq. 8.9) and observations
forad.c cument | = 1.5,
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It shows that indications for the minimum melting current which is normally determined
after several hours has lost their relevance in the very long time.

8.5 Change of current - time characteristics

Up to now, extensive studies have been performed for lifetime determinations for short cutrent
pulscs and long current pulses. It is clear that fuses age if creep of the fusc element happens or
elastic fracture is involved,

Because of ageing, current - time characteristics change. They shift to faster operating
curves. If a fuse breaks afler a number of current pulses, the 7°f valuc of the last current pulse
before breaking is the momentary Fr vahue of the fuse. This means that [q. 8.7 can be used to
determine the whole shifted 7 - ¢ curve of fuscs with the number of long current puises N as a
parameter. For short current pulses, Fq. 8.1 can be vsed for determining the shift of 7 - r curve.
Far the transition from the creep dominant interruption to the elastic fracture, the numiber of
current pulscs for fuses to withstand will be the same. From Fig. 8.2 and Eq. 8.7, for different
curtent magnitudes, the on time for the transition is estimated to be about 5 seconds for the time
lag fuses under discussion. Figure 8.7 shows comparison of current - time characteristics for new
products and fuses after subjected to 10000 current pulses. Curve “a” indicates the shifted / - ¢
characteristic calculated by creep dependent part and the elastic fracture determined part.
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Figure 8.7 Comparison of current - time characteristics of virgin fuses
{before current pulses) with that after current pulses (N=70000)
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Physically. the shift of curtent - time characteristic is also dircetly related with the inerense
of resistance of fuses. In the adiabatic heating, the /7 for the melting s a constant which is
proportional o the inverse of resistivity (or resistence). However, the minimum fusing current is
proportional to (he inverse square rool of the resistivity. Considering the fuct thal resistance
increases alter wse indicated in Chapters 2 and 3, the more shift of /- ¢ curve in the adiabatic
range will be expected as compared with the shift in the range ot the smail currents for the same
amaonnt of resistance inerense. In other words, for the same amount of coreent pulses, the shift of
! - reurve s larger for small eurrents. This is not significant in Fig. 8.7.

Previous researchers comsidered that the fatigue of [use element was mainly controlled by the
plastic strain range. In Section 8.2, lifetimes are predicted aceording (o the elastic fracture for short
current pulses. 1F the relative £t value of the pulsed current is smaller than 0.7, clastic strain plays
an important role. In the range of large relative £t value = 0.7, plastic strain cxists, cracks
propagale in @ more or less brittle fashion [t00] [or wire elements with small diameters
{vorresponding 1o the plate with a thickness of 0.254 mm), Fq. 8.1 can still be used for the fuse
liletime prediction. In Sections 8.3 and 8.4, the lifetimes are determined with the plastic strain
(ereep) for long current pulses and continuous loading. At this moment the reason iy still not elcar
why not all processes follow the clastic fracture.

From Fig. 8.7, it is also clear that the proper protection provided by new tuscs muy be not
valid for fuses after use because of the shifi of current « time characteristics. For (s reason, it is
recommended Lhat fuse manufacturers should provide the information of shift in current - time
chargelenistivs to avold unexpecled interruption due to ageing. This requirement is sUll uot vet
specitied in THC Publications for fuses.

8.6 Lifetime prediction for notched strip fuses

In the previous scctions, liletime predictions have been presented where typical commercial
minfature fuses have been taken as examples, This scetion describes efforts o apply the method
of lifetime predictions for semiconductor protection tuses subjected to short current pulses.
Thermal buckling of the ¢lement due to clectric currents is discussed, and thermal fatigue is
considered as the main reason for ageing,

For the commercial semiconductor protection fuses in test, the rated current of sitver {use
clements wus 160 A, The (use construction was shown in Fig. 1.1 the clement shapes and
dimension were shown in Figs, 4.4 - 4.7,

8.6.1 Comparisons af calculations and observations
When fuses are subjected 1o current pulses, emperature rise brings about therroal steess duc to
thermal expansion. As the thermal stress 15 above u certain value, the fuse ¢lement tends Lo move
and leaves its previous position. During post buckling, only o part of the thermal strain is
contributed to the mechanical strain o produce stress, Therefore, w predict the lifetime. the
temperature distribution and the theemal buckling behaviour were studied and deseribed in
Chapters 4 and 6.

Thermal strain induced in the notch region of the fuse clement due (o o current pulse 18
proporiional 1o the temperature rise. The total thermal strain can be obtained by integrating {rom
x {;tolyand is approximated by
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"'l

Agy = P RT(YSAPT,, (810}

rmd
where B is the thermal expansion coefficient of sitver (20%10°%), 4, [, and , are constants.,

The mechanical strain 15 only & feaction of the thermal strain, 1t is similar to that for fuses
with wire elements in ajr. Based on the relationship between siress and strain in the elustic range
(Ag, = Ag,,), the number of current pulses & which fuses can withstand may be predicted {46, 97|
aceording o Eg. 8.1,

For silver fuse elements, modulus of etasticity £ = 71¥10° MP,, [atigue stress cocfficient o)
=130 MP, can be used, Fatigue strength exponent b= -0.08 was assumed. For clements with five
rows of notches, parameters Ay, 4, , {; in Fq. .10 were determined {rom the simulation o be A,
w (123, 1, = 1.3 mm, /s =4 mm. However, the deflection factor v in Eq. 8.4 is not known. To
formulate the calculations, this factor was agsumed to be the same as for the elements with one
row of notches shown in Fig. 4.5, Based on the experimental observations presented in Chapter
4,y = (L88 was found,

As it has been indicated in Chapter 4, to study the deformation mcechanism of
semiconductor fuscs, lifetime tests were performed with different types of fuse elements (npe A,
type C and nype D). From the experiments, the number of current pulses which fases withstood
and their mean values were obtained. Comparison of predictions and the mean values of
observations iz shown in Fig. 8.8. This figure clearly shows that for pulsed currents with a
duration of about 10 ms, lifetimes of fuses with sand decrease as the F° ¢ value increases,
predictions are in the conservative side of the number of current pulses which fuses withstand.
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Figure 8.8 Comparisons of predictions and observations
“x":tvpe A; "o" type G "+ type D; — © Calculation
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In Fig. 8.8, the number of current pulses that fuses wilhstand has been presented together
with experimental results for shorl current pulses of about 10 ms. For real semiconductor fuse
applicalions, cyeles are olien with on times of arcund 3 seconds (motor starling) or several
minwes (traction),  I'rom the disenssion in Section 8.5, i is known that the elastic fracture
mechaniam mainly determines lifetimes for the time Jag fuses for on tmes smaller than §
sceonds. Because the silver element creeps slower than the clement for the Ume lag fuses, the
time limil for the clastic fracture mechanism is expected 1 be larger than 3 seconds, suppose that
fusey are properly designed. Therefore, (he resulls here are stll valid for this silsation. For on
times in the range of several minutes, a further examination s necded o vonsider the
compelition between ereep and clastic fracture.

8.6.2 How to reduce ageing

Ageing 15 a time dependent process. Lifects of long time loads on the lifetime consuming are
mainly to be of ereep nature (including diffusion and oxidation). For short time loads, lifctimes
are considered o be consurmed due to eyelie fatigue related with strain variations |57 .

As ageing due to temperature rise is concerned, perhaps the maximum lemperature can be
proposed as one factor for design and application of fuses. According to the deformation
mechanism map {46}, for lemperatore below 200 °C there will be no plastic deformation for
silver clements. On this busis, fuses should be designed 1o carry eurrents which dir not produce
overheating. For the commercial fuses under investigation, when with the rated current of 160 A
is exerted, the corresponding temperature rise is tound to be 200 °C [rom the EMTE simulation,
Therefore, in theory this means the designed fuses wilf have infinite lifetimes if the currenst flows
through these fuses without switching off

The argument here is that deformation mechanism maps are cstablished al o rather slow
heating up process, is the resolt relevant to fuse applications? According Lo observation provided
in [32], during the rapid heating up diffusion may oceur on the grain boundarics, because of
inhomopinous material construction, 1t means that the eriteriu from the deformation map s only
valid for the small current carrying ability and constant loads which do no always reflect reality,

Recause of cyclic elfiects, temperature variations produce deformation even at the lower
lemperature, as a consequence, lifetime reduction can not be gvoid. The question 15 how to
design an element shape with the optimal lifetime,

Straight {use elements provide a relative high stress during current Jowing, becanse thermal
expunsion can not be released casily. In practice, oflen originally bent or waved fuse clements
are used. In the most situations, the element noteh has to withstand the maximoem steess because
ol the highest temperature rise and the smallest eross sectional aren. The local stress in the fuse
element noteh s determined by thesmal expansion, strain due to the displacement in the axial
direction and strain duc to the displacement in the perpendicular direction. Another factor iy the
curvatare al the noteh duc to the verlical displacement, On the one hand, the vertical
displacement will release part of thermal expansion,  stress decreases. On the other hand,
bending will increase the stress on the outer surface. The final sitation depends on the
compensation of two factors.

The breaking location of fuse elements is sifuated at the place where maximum deformation
15 induced. Experiments indicate the breaking usually occurs at the notch nesr end caps. As
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temperature rises near end caps arc not the highest, stress release 1s expected 1o be less at these
locations due to the element design,

For very short pulse times, Jifetime difference due 1o clement shapes, sand and bounded sand
will decrease in theory because of the delay in displacement. The maximum stress imposed
depends mainly on thermal expansion caused by joule heating.

8.7 Application of the method to results from literature

In this scetion, results presented in several literature for ditlerent types of fuses will be examined
with the proposed lifelime determination method for miniature fuses. For the power law of ereep
rate, @y = 4 ~ 3, the exponent in Fg. 8.7 can thus be from 24 to 30, if T o I, Beeause of heat
transfer in sand, @, < 3 can be expected in the expression 7 e 1 for low voltage power [uses,
Consequently, the exponent of current in the lifetime relation can be below 24. Stevenszon [97]
obtained experimental results for semiconductor protection fuses with on times from 5 seconds to
10 minutes. The curve slope in the fitted function can be found to be 0.045 on a double [ogarithmic
scale, This value is very close to 1/24 and comparable to the slope 1/27. This encouvrage further
practice of using physical models presented in Section 8.3

In 1972, Sletterink [104] conducted experiments for determining the number of current
pulses that fuses withstood. The tested fuse links were made of silver, a spol of pure tin was
positioned between two rows of notches of the fuse link. The rated cuerent of these fuse links
was 100 A. The munber of current pulses with on times from about 10 seconds to 1000 seconds
was presented for different current values between 160 A and 400 A, From the experimental
results, the current - time characteristies of fuse links were evaluated with the number of current
pulses as parameter. As discussed in Section 8.3, for the pure diffusion controlled ageing, the
exponent of time is about -1 for the lifetime relation (see Eq. &.7). Recause of stress
concentration near the notch, it may be expected that creep increases faster for the notched
¢lement than for the uniform element due to diffusion. For the same reason as indicated in
Section 8.3, this time exponent has to be determined from experimental values, The exponent of
on time 1 was found to be -4. Following this scheme, calculations were made in use of

1% ¢ L
Nzk, 12("&) {8.11)

where &y = 2.51, [, = 100 A. Results from the literature are presented with caleulations from Eg.
8.11 in Fig. 8.9, where marks represent the observations for different currents and lines give the
corresponding calculations. From this, again one may conciude that from the determination of
one i¢l of ageing results, all data can be related with the same expression.
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Figure 8.9 Camparisons of calculations (Eg. 8 11) and ohservations
after Sletterink [104]
— Calculation; x, *+ o . Observations

For the hoy, motor protections, Ossowicki [105] presenied experimental results ot copper
fuse elements for eyelic louding. Tna similar way, results there can also be extrapolated on the
busis ol elastiv fracture mechanisms.

8.8 Recommendations

In the existing standard IRC Publication 127, pulse tests and enduronece tests have been specificd
for amall amounts of eyelic currenta. A very limited number (1000 pulses in 1B 127) o pulsed
current is applicd 1o the firse to examine the gualily of fuses. On the one hond, the magnitude of
pulsed gureent will be too low Lo give o indication of pulse withstand ability of fuses; on the other
hand, from this investigation it is clear that fuses may withstand some thousands of pulsed currents,
but they may still fail after a long run in service, Results from the lests ¢an not give expectalions
how Jony fuses opersie according 1o their characteristics, The only thing known is that fuses can
withgtand the specificd numbers of current pulses. Nevertheless, this meusure indeed s oftective
o remove Lhe inital manufacturing fuilures of the products. Therglorg, the requirement in [LC i3
unsure fo puarantee the long ferm behaviour of fuses, more specific values of Tifetime should bo
carricd oul as o guidunce of sctectivity.

In conrast to these, for both pulse tests and endurance tests it 15 supgested Lhat fuses are
tested for two values of specific current pulses until their operation. High current values may he
used to reduce the testing time. or long current pulses aceording o . 8.7, constant K, and m
can be determined. 3ased on these known factors, lifetimes can he predicted for general
conditions. For short current pulses, because the slope is upproxtmately constant [or different Fi
values of current pulses. lifetimes can also be determined as o linewr {unction of the relative I't
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value, On the basis of lifetime information, the shift of current « time characteristivs can be
determined. The similar issucs can be made also for semiconductor protection fuses.

8.9 Conclusions

In this chapter, physical models for lifetime predictions have heen established for short current
pulse and long current pulses. Possibilities to extend the model for continuous foading are also
discussed. Predictions for typical time lag fuses have been demonstrated and compared with
cxperimental observations; agreement has heen found. The work is developed purely on the
physical basis and results obtained so far therefore provide a significant understanding of fuse
ageing problems compared with previous investigations, Methods proposed are also supported
by previous contributions which cover topics of semiconductor protection fuses, fow voltage
fuses and high voltage fuses. For short current pulses, the exponent of Ff in (ifetime relation
depends on the element materials, typically -12.5. For long current pulses, the exponent of
current 7 is from 24 - 30 and the cxponent of time ¢ may vary from -1 10 -4, In general
applications of the methods, only a few of experiments are needed to determine fuse lifetimes for
cyelic loading. Therefore, it assists the evaluation of commercial products. new developments
and applications of fuscs. Also this work offers a basis for more powerful tests for detecting
fuse ageing,
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Chapter 9 Conclusions

This thesis deals with ageing problems of clectric fuscs in service and deseribes methods Lo
predict lifetimes for these fuses, Typical miniature fuses and semiconducter protection fuses are
used as examplies 1o demonstrate the application of proposed methods. This work has been
carricd out in co-operation with SIBA GmbH, Linen, Germany and Littelfuse BV, Utrecht. the
Netherlands, In particular, attention has been paid to relations between motion and lifetime for
different types of fuse elements. Simulations of non-lincar thermal and mechanical responses
due to electric current are performed. Deformation is studied for notched fuse elements by using
a seanning electron microscope and an optical microscope.

9.1 Main results

(1)

(2)

(4)

Dring the lifetitme of miniature fuses, measured resistance shows a gradual increase for
short, long current pulses and continuous loading. As a measure for the reached lifetime
consumption. it is recommended to check the voltage drop.

Afler semiconductor protection fuses subjected to current pulses, damage of the fusc
clements has been examined by using a scanning ele¢tron microscope and an oplical
microscope. Significant deformation was found in the notch of the efement. [owever,
resislance remains more or Jess the same. Resistance measurements can only indicate the
spread of new products and provide a little guidance for the lifetime consumption for short
current pulses.

The temperature distribution within a fuse is simulated by using the electrical analogue
method for both mintature fises and semiconductor protection fuses. Voltage responses of
current pulses and current - time characteristics have been found in agreement with
experimental observations. For semiconductor protection fuses, numerical results of the
current density distribution can also be obtained with EMTP from three dimensional non-
linear transient simulations.

lIFor straight wire elements, the average {emperature risc can be obtained from resistance
detcrminations for arbitrary temperature distributions with an acceptable accuracy. 1'rom
the average temperature rise or the temperature distribution, the displacement and
corresponding stress are calculated on the basis of thermal post buckling analysis. The
displacement perpendicular to the element is proportional to the square root of the average
temperature rise. The siress along the element is approximately the same and proportional
10 the total thermal expansion.

The previously suggested empirical value of the deflection factor for considering fusc
¢lement buckling has been determined experimentally and given a theoretical basis for
both miniature fuses and semiconductor protection fuses,

109
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Chapter 9

(f)

Tor short current pulses, the liletime is predicted based on the clastic fracture mechanism
i agreement with experiments. The lifetime can be approximated s a lincar function of
the Fr value of a current pulse on the double logarithmic scale for minfature (uses and
serpiconductor protection fuses.

The exponent in the lifetime function may vary {rom -8 to -20 lor diflerent types of
miniature tuses; the wave form of the current pulse has a secondary intluence on the
lifetime.

For the practical interest, comhination of good heat conduction trom the clement 1o its
surrounding and the stress release due to element wave shapes may significantly increase
the (uge lifetimes.

For long current pulses, the lifetime of miniature fuses s predicted by considering the
thermally activated creep process. The lifelime can be represcnted as an exponential
[unction of current and on time. Fxponents of current and on time depend on designy sl
miaterials of the fuse clement; they can be determined by & few experiments, This lunction
has been contirmed by experimental results for a (ypical time lag vumature {use.
Application of the lifetime relation is also addressed for other types of Tuses with and
without M-ulects,

For continuous current, the lifetime of miniature fuses is approximated on the basis of the
thermully aclivated creep maodel for long cwrent pulses.

In existing standards related with fuses, there are no systematic methods [or determining
the fuse lifetime or the number of current pulses that fuses withstood and the deterioration
of current « time characteristics, 11 the lifetime is required, a lot of experiments should be
realised.

I this work, after lifetime determinations for short and long current pulses, the shift of
cuerent - time characteristics can be determined cither expetimentally or theoreticaily with
the number of ¢urrent pulses as parameter. This has been demonstrated for a typical time
Jag mimature fuse. Use of the methods proposed here will therefore be able to provide the
information [or replacing aged fuses in the instailations and greatly reduce unexpected
interruptions i the systems.

9.2 Suggestions for future work

{1

(2)

For fuses subjected 10 short current pulses, lifetime predictions have been presented. The
graphic presentation uses the minimum melting Fr vatue of fuses at 30 ms as a basc. In
theoty, this minimum melting /¢ value can be replaced at different melting thmes to
provide puidanee for practice as long as the pulse time is within a certain limit {about 5
seeonds [or 4g/ShZn wire clemenis).

For silver elements used in high voltage, low voltage and sericonductor protection fuses,
no enoupgh experimental data of fifetimes are available at this moment for different pulse
times. Precautions shonld be taken for using this limit. Ir additton, some moere experiments
are still needed to solve the problem of lifetime prediction in continuous loading.

To improve reliability of fuses, both good heat transfer and stress relense are required. For
cxample, substrate fuses may provide excellent heal trans{er medin, Because of mismatch
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of thermal expansion, however, extra stress can be induced for current putses and lead to
cracks in the interface between conducting materials and the silver base. Therefore further
studies are desired.

{3}  For designing optimal shapes of fuse elements, the proposed {inite element formulation

can be extended 1o inelude the influence of sand, element notches and the initial shape of
the element.

{4)  To assist applications of fuses, the work of this thesis can be further implemented into a
software to help application engineers to control and examine reliability of fuses.



Appendix Photos of Fuses and Experiment Setup

Experimental setup for measuring displacements
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Summary

This thesis covers the work carried oul in Eindhoven University of Technology during the
peried from October 19910 to September 1995, Professor dr, -ing. 1L Rijanle. prolessor v, G.0.
[Damstra and wssocinte professor ir. LG Sloot are thests dircctors.

Among many cleetrical devices. fuses are well knowi for their popularity in house apparatus
and industrial installations. Because of ageing effeets, characteristics of fses will deteriorate in
service. B ocder 10 improve the reliability of electrical systems, lilotime estimation of fuses are
required by both users and manufacturers. Literature studics show thal previoos work and
existing stundards do not provide general valid methods e give lifetinme expectancy of fuses,
For these reasons, this work was imibated in co-operation with Litleluse BV Ultrechi, the
Netherlands and Siba GmbH Linen, Germany.

This thests deseribes efforts o predict Ifetimes of miniature Toses and semicondugtor
protection fuses, Parameters in the models for predicting [use lifetimes are delined with clear
physical meaning; methods for determining these parameters are presented. Relatsd topies,
sueh us eleetrie eurrent distribution, heat transfer, thermal buckling and plastic deformation.
are also discussed, In existing menufbcturer catulogues, current - time characteristics are
normally provided. From the lifetime predictions presented in this thesis, shift ol cureeent - time
charaeteristics can be caleulated with the number of current pulses ng purameter.

1. Studies for miniature fuses

Lixperimental determinations of lifetimes were performed for short and long time current
pulses. These lests are comparable o the surge withstand and endurance desceribed in 5O
pubdication 127, Results show that hfetime follows the Wetbull distribution; it decreases with
current und current conducting time {or o time). During the courrent pulses, thermal huekling
of [use wire elements has been observed, Resistance of tuses 1ends 1o ingeease sluning the fuse
hte in general, although it may ave small varations.

T analyse the nfluence of current pulses, electrical analogue method was used to
simulate thermal responscs of wire elements. Heat conduction along the wire vlement,
convection and radialion of the element were considered in proposed hoeat transfer maodels. For
any carrent pulses, temperature rise could be caleulated. Simulations of voltage - current races
and current - time characteristics have been compared with experimental ohservations for two
typival types of miniature fuses.

To explain thermal buckling of wire elements during d.c. corrent and current pulses. the
analylic approach amd the finite element formutation were developed. Theoretival resulls of
displacements caleulated from both methods have been Tound in agreement with observations
from high speed photegraphy and optical microscope.

[n determining the lifetime of mintature fuses for short current pulses, lomperature
distribution and displacement of wire elements were laken into sccount. Filetime relstion
bascd on the clastic {racture mechanism has been inteoduced. Lifetime predictions in theory
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and experimental cvaluation from high speed photography have been compared with resuits of
lifetime tests,

For long cutrent pulses, Lhe plastic deformation was assumed 1o be related with power law
creep. Material and configuration constants of fuse wire clements were determined by using a
few lifetime data with different on times. Afterwards, the number of current pulses that fuses
withstand has been calculated based on Manson - Coffin law. Predictions have been compared
with various experimental results which are related with current magnitudes below the
minimurm fusing currcnt and conducting times {rom several seconds to one hour.

For both short and long current pulses, predictions have been found in reasonable
agreement with experimental results, From the lifctime predictions, deterioration of cureent -
time characteristics can be calculated which may provide the information for the fuse
replacement.

2. Studies for semiconductor protection fuses

In experiments of lifetimes for short current pulses, typical semiconductor protection fuscs
with the same current rating (160A) and different element shapes were taken as objects,
Results show that liletime obeys the Weibull disteibution; it decreases with the Fr value of
current pulses. Resistance changes during the fuse life are comparable with the spread of new
products.

l'or the fuse clements with the curved and straight shapes, thermal buckling was confirmed
by high speed photography in spite of existence of sand.

After fuses are submitted to current pulses, the surface of the clement notch becomes
rough, This plastic deformation will increase gradually according to the observation of
scanning clectron microscope. Considering the local deformation, lifetimes of commercial
products have been improved more than ten times for short current pulses,

For analysing the temperature distribution of the nolchad fuse element, EMTP was used (o
solve the resulting networks of electrical - thermal problems. In forming networks, non-linear
propertics of materials can be taken into account by using peint by point functions (or jook up
tables). Simulated results have been compared with melling characteristics and measured
voltage time traces. It is concluded that EMTP is a svitable tool for the analysis of three
dimensional time dependent medelling of fuses.

In the way similar to thal for miniature fuses, the number of short current palses that
semiconductor protection fuses withstand has been predicted. At the moment, the deflection
for the straight element was assumed. Predictions have been compared with experimental
results of fuses with three different curved element shapes. To improve the accuracy of
predictions, further investigations are recommended.



Samenvatting

it proefschrift, levensdunr-voorspellingen van smeltveiligheden voor de beveiliging van
apparaten cn vermogens-hallgeleiders, behandell et werk dat is uitgevoerd aon de Technische
Universiteit Bindhoven gedurende de periode van oktober 1991wl september 1995 onder leiding
van prof. dr. -ing H. Rijanto, proft ir, G.C. Damstra en e, LG Sloot.

Temidden van wvele cloktrische apparaten zijn smeltveiligheden zeer bekend door hun
popularitcit voor huishoudelijke apparatuvr ¢n industriéle installaties. "Uijdens het gebroik van
smeltveiligheden trecdt gen veroudering op waardoor de karakteristicken veranderen. Om de
hetroutwbaarheid van elektrische systemen te verbeteren, zijn schattingen van de levgnsduar van
srchveiligheden gewenst voor zowel gebruikers als fabrikanten. Uit Inerainurstudic volgt dat
eerder onderzock en hestaande normen niet voorzien in afpemeen geldige methoden voor de
bepaling van de fevensduur van smeliveiligheden. Om dese redenen werd dit werk peintticerd in
samenwerking met LitteHuse te Utrecht en Siba te Limen (12(d),

i proclsehrift beschrijit pogingen om de levensduur van miniatuur patronen cn
smeltveiligheden voor halfgeleiderbeveiliging te voorspellen. Parameters in de modellen voor de
voorspelling van de levensduur van smeltveiligheden worden gedefinicerd met con dutdelijke
fysische betckenis, methoden voor de bepaling van dese parameters worden aangegeven.
Hienmee sumenhangende onderwerpen zoals de clektrische stroomverdeling. warmte overdracht,
thermische buckling cn plastische deformatic komen evencens aam de orde.

1.  Onderzoek van miniatuursmeltveiligheden

Experimentele fevensduurbepalingen werden uttgevoerd voor stroompulsen mat een korte cn
lange tijdsduur. [Deze testen zijn vergelijkbaar met de [0 127 testen voor de bestendigheid
tegen pick- en lopgdurige belasting. Ult de resultaten volgt dul bet statistisch gedray van de
levensduur 1o beschrijven is met Weibull verdelingen, de Jevensduur neemt af mot de
stroomsterkte en de duur van de siroombelasting, Tijdens de stroompulsen werd thermische
opkrulling van smeligeleiders waargenomen. De weerstand van smeltgeleiders heeft in het
algemecn de nelging om toc te nemen tijdens de levensduur, al kunnen de veranderingen klcin
7ijn.

Om de invioed van stroompulsen e opderroeken, werden elekirische analoge modetlen
gebruikt om de thermische respons van draadelementen te simleren. I de voorgestelde
warmieoverdrachtmodellen werd rekening gehouden met warmtepeleiding. convectie en straling,
Voor willckeurige stroompulsen bleck het mogelijh om de temperatuurtocname te bepalen.
Simufaties van het tijdsverloop van stroem en spanning zijn vergeleken met experimentele
obscvatics voor twee lypische mintatuurpatronen.

Om thermische opkrulling van drsadelementen tijdens gelijkstroem ¢n stroompulsen (@
verklaren, werd een analytische benadering met de cindige clementen methode entwikkeld.

Theorctische resultaten van verplastsingen, berckend volpens belde methoden bleken o
overcenstemming  mel  waarnemingen  door  middel  van hoge  saclheidsfoloprafie  en
MILTORCGOPOPNAMES.
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Bij dc bepaling van de levensduur voar korte sttoompulsen, werd rekening gehouden met de
temperaluurverdeling en de vitwijking van drasdelementen. Voor de levensduur s een
uitdrukking voorgesteld, gebaseerd op elastische breuk. Voorspellingen van de levensduur,
zowel gebascerd op een semi cmpirische relatie als vanuit een zuiver theoretisch model zijn
vergeteken met de experimentele resultaten van levensduurbepalingen.

Voor langdurige stroompulsen werd verondersteld dat de plastische deformatie samenhangt
met exponentigle kruip., De bepodigde materisal- ent configuraticathankelijke constanten van
smeltgeleiders werden afgeleid uit enkele experimentele verbanden van de levensduur bij cen
beperkt aantal verschillende waarden voor de pulsduur. Vervolgens is een algemeen geldige
uitdrukking voor de levensduur afgeleid uit de Manson-Coffin-betrekking. De hiermee gedanc
voorspellingen zijn vergeleken met cen groot aantal cxperimentele resultaten metl een groot
beretk van de stroomsterkte en pulstijden van enkele sevondes tot cen uur.

Voor pulsen met zowel een korte als lange tijdsduur, bleken voorspellingen in
oversenslemming met experimentele resultaten,

2.  Onderzoek van smeltveiligheden voor halfgeleiderbeveiliging

D levensduur werd experimenteg] bepaald voor stroompulsen met ecn korte tijdsduur. Hiervoor
werden typische halfgeleiderpatronen met dezelfde nominale stroom (160 A) maer verschillende
¢lementeonfiguraties beproefd als testobject. Uil de resultaten volgt dat de levensduur voldoet
aan een Weibull verdeling. De levensduur neemt af met de /'t waarde horende bij de
stroompulsen. De veranderingen van weerstandswaarde gedurende de  levensduur waren
vergelijkbaar met de spreiding van nieuwe produkten.

Voor de smellgeleiderelementen met gebogen en rechte vorm, werd met snelle fotografie het
aptreden van thermische opkrulling vastgesteld, ondanks de anwezigheid van zand. Uit opnames
met een scanning microscoop volgde dat het oppervlak van de smeltgeleider ter plaatse van de
verjongingen ruw was na afloop van een langdurige pulshelasting, des te ruwer naarmate de
aantal pulsen toenam. Dit duidt op een geleidelijk toenemende plastische vervorming. Door de
nadere beschouwing van lokale vervorming kon worden bereikt dat de levensduur van
commerciéle produkten, belast met pulsvormige stromen, een factor ticn werd verlengd.

Voor de analyse van de temperatuurverdeling van stripelementen met uitsparingen, werd het
programma EMTP gebruikt om de resulterende netwerken horende bij elektrische en thermische
problemen op te lossen. Hierbij kan rckening worden gehouden met niet-lineaire materiaal
eigenschappen door middel van gedefinieerde functies of opzoektabellen. Simulatieresultaten
zijn vergeleken met smeltkarakteristicken ¢n gemeten spanning-tijd verbanden. Hieruit kan
worden geconcludeerd dat EMTP een geschikt instrument is voor de analyse van drie-
dimensionale tijdsathankelijke modellering van smeltgeleiders,

Op een soortgelijke manier als die bij miniatwursmeltveiligheden werd het aantal
stroompulsen berekend, waartegen ecn smeltvetligheid bestand is. Wel werd hicrbij uitgegaan
van ecn veronderstelling voor de optredende uitbuiging, Voeorspellingen zijn vergeleken met
experimentele resuitaten voor smeltveiligheden met drie verschillende gebogen configuraties,
Om de bhetrouwbaarheid van deze laatste voorspellingen te verbeteren wordt verder onderzoek
aanbevolen.
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Statements

accompanying the dissertation

Lifetime Predictions of Miniature Fuses and
Semiconductor Protection Fuses

X. 7. Meng

1

Large mechanical structures such as oil rigs, bridges, pipelines, chemical plants, nuclear
installations and aireraft may i the fuwre be equipped with “fuses™, which will give early
warnings about siresscs in the structure that could lead to catastrophic failures. Differem
from eleetric fuses. these “mechanical fases™ do not clear the possible damage however,

- A. Coghlan, ‘Fatigue fuses” blow tire whisile on structural stress, New scientist, Vol. 131,
Pp. 25-23, Sept. 1991,

2

Electrical analogue methods can be used to predict clecirical and thermal responses of
fuses which form the basis of lifetime determination.

- This thesis

3

For fuses with and wilhout sand, thermal buckling of the luse element takes place vs the
temperature of the element exceeds a certain Iimit.

- This thesis

4

In electric distributiont networks, UPS inverters, continuous gencrators, large motors and
electronic relay systems have the shortest ETTF (expected time 1o thilure). Fuses and
MV/LV circuit breakers have a relatively long ETTF. In conclusion, performance of
inverters, generalors, motors and relay systems should be improved 1o increase the reliability
of systems.

- M.H.). Bollen, “Literature search for refiability date of cormponemis in electric distribution
rerworks.” EUT Report 93-E-276, Eindhoven: TU Eindhoven, August 1993,



5

In distribution systems, numerical relays capable of communicating with manzgement
systems can be designed to emable sell-monitoring for better availabitity und less
maintenance. Therefore, they may provide possible advantages in reliability and lifatime
costs over traditional electromechanical and electronie protection refays.

6

Power quality is characterised by scveral indices. Some of these indices are defined by
the utility and others by customers. Therelore, agreement between utilities and industries is
needed 10 improve the overall power quality.

7

Becyuse ol advanced lechnology, the average lifetime ol people has inereased
dramatically, However, the maximum lifetime is still more or Jess the same. 5o, the need to
investigate the mechanism of the maximum hfetime will increase in the future.

8

To pursue a high economy growth rae the natural resources should be considered, such
as water, air, food and space, Otherwise, people have to pay back in the long run.

9

Whenever a government stays in power for too long or too short « period. the povernment
will attempt to view the country as its own property. To minimise corruption, the
government should be renewed regularly without military interference.

10

The Tap can be expressed (abstract ftom nature), But words are never sufficicnt, Names
can be given (to describe existence), hut descriptions are never complete. What does not
¢xist in thought prepares the beginning of heaven and carih; what does exist in thought is the
mother of the world. Tt is with no mind that miracles are to be observed. IUis with mind that
changes are to be examined. Both are from the same source and with different descriptions.
Continuous repetition of being with mind and with no mind leads to the expericnee of the
Tao.

- Lao £, “Dao De Jing (Tao Te Ching).” Edition of Low Guan Tat, Chapter one. about 10
century B.C.
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