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Abstract

In this thesis the electro-thermo-mechanical behaviour and withstand performance of
constricted high-breaking capacity thin/thick film substrate fuse elements is examined. Three-
dimensional time-varying non-linear CAD finite element modelling and simulation techniques
were used to investigate the current-carrying capacity of a variety of single-layer and multi-
layer fuse geometries for DC and repetitive currents. The critical electro-thermally-induced
stresses and strains were identified, and the techniques to achieve a reduction in the magnitude
of these stresses & strains were investigated. Computational tools were developed to enable the
prediction of the lifetime of thick-film substrate fuses subjected to cyclic-current loading
conditions. The lifetime of a manufactured substrate fuse, subjected to arange of pulsed
currents, was determined theoretically and correlated with the experimental findings. The onset
of crack formation, conductive film de-bonding and lifting from the substrate and fatigue were
studied computationally and experimentally. Photographic evidence of crack formation and
propagation in the conductive film, film de-bonding from the substrate, metal dislocation and

deformation in thin-thick film substrate fuse elements subjected to current pulses is presented.
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Chapter 1.

Introduction

1.1. The Purpose of this Thesis.

In this thesis the electro-thermo-mechanical behaviour of constricted high-breaking capacity
thin-thick film single and multi-layer substrate fuse elements was investigated. Methods to
computationally predict the lifetime of thin-thick film substrate fuses subjected to intermittent

current-carrying conditions were also devised.
The study embodied the following analyses of thick film current-carrying fuse elements:
e current distribution;
e temperature distribution;
e stress/strain/deformation distributions;
e lifetime prediction (fatigue analysis).

Previous studies on theoretical fuse lifetime prediction did not include substrate fuses. The
work done so far involved the theoretical and experimental lifetime prediction for wire and
strip fuse elements. For unconstricted geometries the simplified approach, wherein the strain is
assumed to be proportional to the temperature rise, can be adopted. For the purpose of this
study, wherein the thermal expansion of the fuse element is constrained by the substrate, full
scale simulation techniques had to be used in order to accurately predict the stresses and
strains. Consequently, three-dimensional time-varying non-linear CAD finite element modelling
and simulation techniques were adopted. Experimental work was carried out to verify the

theoretical lifetime predictions against the experimental results.



1.2. Contents of this Thesis

Chapter 2 provides a brief general background to fuses. It describes fuses for semiconductor
protection in more detail and provides an overview of fatigue and fuse life-time prediction
studies found in literature. Chapter 3 provides the theoretical background to all the stages
adopted for this study, i.e. electro-thermal analysis, thermal stress analysis, and fatigue (lifetime
prediction). Chapter 4 describes the results of the studies into the electro-thermo-mechanical
behaviour of thin-thick film substrate fuse elements. Critical stress/strain components, their
location and their effect on the fuse withstand performance were identified. Various substrate
and film materials along with single and multi-layer film geometries were studied to determine
the effect of varying the material properties and fuse element geometry on the magnitude of the
stresses. Chapter 5 describes the work undertaken to construct a model capable of the
prediction of the number of cycles to fatigue failure (fuse operation) for any shape of the
intermittent current loading. Samples of a manufactured substrate fuse were tested
experimentally to determine the fuse’s withstand performance under pulsed current working
conditions. The theoretical life-time predictions were validated against experimental results.
The samples tested were subsequently examined using microscopy and scanning electron

microscopy for evidence of fatigue deterioration.



Chapter 2.

Review of High Breaking Capacity Low Voltage
Electric Fuses

This Chapter provides a brief background to electric fuses, with special reference to
semiconductor protection fuses and, especially, thin-thick film substrate fuses (TTFSF).
A summary of previous research on failure mechanisms in thin conductive films, fatigue, crack

initiation and propagation, and fuse lifetime under cyclic-current loading is provided.

2.1. Electric Fuse Characteristics

The modern high breaking capacity (HBC) electric fuse is a small device used for short-
circuit and current overload protection of electric circuits and their components. In its simplest
form a fuse consists of a short piece of wire of cross-sectional area normally far smaller than
the cross-sectional area of conductors in the protected circuit. When current exceeds a so called
safe level the fuse wire melts, arcing is initiated and extinguished, following which the fuse is
said to have ‘blown’, or operated. Where the fuse is correctly co-ordinated with the circuit

parameters, the protected circuit is not damaged and, hence, only the fuse has to be replaced.

2.1.1. General Behaviour.

One of the main characteristics describing fuse behaviour is the time/current (I:t)
characteristic. The I:t characteristic defines the time lag between the instant when the current
increases above a certain minimum level, termed the minimum fusing current (MFC), and the

instant when the fuse operates and the current is forced down to zero, Figure 2-1.
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Figure 2-1. Comparison of typical time/current characteristics of
standard and semiconductor fuses.

2.1.2. Pre-Arcing Behaviour

The duration from the instant when current commences until the melting and vaporisation
of the clement has taken place, is known as the pre-arcing period, Figure 2-2. The time from the

instant when arcing is initiated until current is brought down to zero is called the arcing period.
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Figure 2-2. Typical short circuit performance of a high speed fuse.

Under short-circuit conditions the period required for the fuse element to reach its melting
temperature is normally very short and adiabatic Joulean heating can be assumed. This means
that heat losses from the element to the filler, end-caps and other parts of the fuse can usually
be neglected. Hence all energy dissipated during the pre-arcing period under short-circuit
conditions will be contained in the element and all the Joulean energy will contribute to its

temperature rise. The energy, per unit volume termed the specific energy, required to raise the
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element temperature from ambient to melting temperature is called the pre-arcing I’t and is

t

represented by the following integral equation [1]: [Izt]p:l = Iizdt= KmSZ, where K, —
0

Meyer’s constant, and S — cross-sectional area of conductor.

The It quantity is commonly referred to as the specific let-through energy. The means to

reduce the pre-arcing time and the pre-arcing let-through in TTFSF will be studied in further chapters.

2.1.3. Arcing Behaviour

At the instant when arcs are initiated in a fuselink there is a significant increase in the
voltage drop across it [1]. The rising arc voltage causes the current to fall and eventually reach
zero, Figure 2-2. There exist several theoretical arcing models, however given that this thesis
essentially concentrates on the pre-arcing behaviour of TTFSF, the arcing models will not be

elaborated here.

2.1.4. Fuse Co-ordination

In applications, e.g. where semiconductor devices must be protected, fuses are often used in

conjunction with circuit breakers or contactors. This combination is justified by the characteristics

of these devices, Figure 2-3, which shows

T T T T TT 1717 T T LI St 0 B

protected device

that overcurrents would normally be cleared .

111ty

by the circuit breaker, whereas short-circuit \

currents are cleared by the fuse. The use of @ \

circuit breakers and semiconductor fuses 5 \\\\\\ ‘
connected in series gives a current-clearing L circuit breaker) E ]
capability over the full-time range. This I ]
allows the design parameters of each device — 'c'ulrrl;nt.A —
to be more accurately related to the time- Figure 2-3. Typical fuse and circuit breaker

range of the design operation. characteristics.

2.2. Fuses for Semiconductor Protection

The use of power semiconductor devices expanded rapidly since they were first marketed in
the early 50s. They are relatively small devices, its terms of their power to mass ratio, and low
thermal capacities of semiconductor junctions coupled with the high resistivities of
semiconductor materials limit their ability to withstand surge overloads, because the heat
generated at the junction cannot be transferred quickly or easily away from the junction. For
safety reasons semiconductor devices frequently require individual fuse protection. However,
given that under fault conditions the device can fail in a shorter time than it takes for a standard
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fuse to clear the fault, aspecial range of very fast-acting fuses had to be developed.
Semiconductor fuses are, therefore, specially designed to provide protection for power
semiconductor devices. Over the years the ratings of power diodes, thyristors and other power
electronics devices have been improved enormously, particularly as regards their current and
voltage ratings. However, their inherent withstand weakness to overload current remains, and

individual fuse protection is therefore still widely used [18].

Semiconductor fuse elements can be operated at temperatures of 200~300°C. The high
running temperature of the fuse elements poses special problems. For example, the resulting
increased body temperature may restrict some applications, where a number of semiconductor
fuses operate in close proximity to one another. Secondly, oxidation effects are far more severe
at elevated temperatures and this necessitates the use of more expensive precious metals, and
thirdly, high operating temperatures can reduce the element life-span due to combined thermal
and mechanical fatigue and fracture effects. The above-mentioned oxidation effects can be
reduced without recourse to the use of precious metals, for example by the use of silver-plated
copper strips in which the total silver content is only about 1% [6], but as a rule, silver is the

preferred element material for these fuses.

The maximum permissible current rating of diodes and thyristors during short-circuits may
be characterised in the form of the device I’t|r, parameter. Czucha [46], for example, proposed
appropriate *tjm.max correction factors for cases where the duration of the short-circuit is less

than 10ms.

2.2.1. Requirements Placed Upon Fuses for Semiconductor Protection

Semiconductor fuses must fulfil the following requirements [7]:

e the rated RMS load must be carried indefinitely without premature fuse operation or the

fuse exceeding specified temperature;
e short duration overloads should not produce element deterioration;
e arange of cyclic loading must be endured without excessive deterioration;

e the peak current, peak voltage, energy let-through and operating temperatures during

operation must be below the corresponding withstand values of the protected device.

2.2.2. Notched Strip Fuses

Power semiconductor fuses must be designed to operate rapidly without generating high arc
voltages, which could damage semiconductor components. The rapid operation is ensured by

the use of very thin restrictions along the fuse element, the number and length of the restrictions



being chosen to ensure that the total arc voltage is sufficient to exceed the system voltage

without leading to excessive reverse overvoltages during operation [3].

A typical semiconductor fuse element is composed of a thin wide strip with several short

and narrow restrictions, Figure 2-4.

0 O R ]

Figure 2-4. GEC semiconductor fuse element design.

Many other element designs exist, some of which are illustrated in Figure 2-5. As elements
are prone to damage during handling or under harsh working conditions, it has been found
advantageous to use a smaller number of wider elements having a double-bridge arrangement of

restrictions. Such arrangements are also necessary for increased current ratings.
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Figure 2-5. Other strip element designs.

2.2.3. Thin-Thick Film Substrate Fuses

Rapid melting of semiconductor fuse elements necessitates that they possess a large ratio of
the cross-sectional area of the plain part to the cross-sectional area of the reduced section. The
cross-sectional area of the notched part is typically smaller than 0.0005 mm?® in practice [3],
and notched strip elements are consequently vulnerable to mechanical deterioration in service.
Elements of this size are prone to cracking along the restriction and, unless supported, therefore

be the cause of nuisance operation.

The continuing development of power semiconductor devices necessitated new fuse
designs, which were required to minimise the /¢ let-through whilst increasing the fuse rating. It
was found that further reductions of the reduced cross-sectional area of unsupported strip fuses
was not a feasible solution. Hence, manufacturers looked at the application of thin film
technology to fuse design. Bussmann, for example, has produced a thin-film (Z-type) fuse [12]
which, according to the manufacturer, allows for very high current density, low /*t and can be
used under the most severe working environmental conditions e.g. vibration, mechanical shock,

thermal shock, cyclic loading etc., Figure 2-6.
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Figure 2-6. BUSSMANN melting element construction.

Nec (Japan) have also produced semiconductor fuses. These fuses utilise copper film
bonded on to aceramic substrate [13]. The geometry of the restrictions is typical of

conventional unsupported elements but are much thinner in section, Figure 2-7

conductive film substrate

Yo

S
S
S
O.

Figure 2-7. NEc (Japan) substrate fuse.

Other manufacturers considered substrate fuses as possible semiconductor fuse designs.
These studies, however, have not resulted in new product designs and so far most

semiconductor fuses still contain unsupported strip elements [16].

Experimental studies on single- and multi-layer substrate fuses have been carried out at the
Electrotechnical Institute in Gdansk [3]. The Gdansk researchers have also investigated
sandwich fuse elements, wherein the conductive film is trapped between two substrates, the
advantage being that arc extinction occurring in narrow gaps is much faster and the resulting
arcing It is much reduced. Multi-layer fuse element designs shapes are reported, but no

detailed data regarding the thicknesses of the layers or materials used is currently available.

More elaborate substrate fuse designs have been patented by Laur et al. [27] and Dorman
Smith Fuses Ltd. [28]. The latter patent presents a design approach, namely where layers of
conductive material are deposited on the cylindrical surface of the substrate, using thick-film

deposition techniques, chemical deposition, dipping, spraying or electroplating.
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Conductive Film Materials

From the electro-thermal point of view, the conductive element material ought, ideally, to

be characterised by:
e good electrical properties;
e good thermal properties;
e good solderability;
e high melting point;
e Jow oxidation;
e acceptable cost.

Several materials were compared against the criteria and summarized in Table 2-1.

Table 2-1. Comparison of the electro-thermal properties of typical element materials.

: , Electrical . *| ~Thermal | Melting:| Relative

' Materia] | Tesisitivity conductivity) point | ' cost

- 10°Ohms/m | W/m°C | °C | Silver=100"
Silver 1.47 428 961 100
Copper 1.55 403 1083 3.1
Gold 2.05 319 1063 675
Aluminium 2.5 236 659 2.84
Zinc 5.6 117 420 1.35
Tin 11.5 68 232 8.1
Lead - 19.2 36 328 1.62

Given the above range of element materials, zinc, lead and tin are ruled out as suitable fuse
element material on grounds of their low melting point, low thermal conductivity and high
electrical resisitivity. Copper has good thermal and electrical properties but it oxides easily at
elevated temperatures. It could still be used if the conductive film was protected from oxidation
e.g. using inert protective coatings such as SiC [96]. Aluminium has inferior thermal and
electrical properties and it also oxides easily when exposed to air. Gold has good thermal and
electrical properties, it is also chemically stable but it has poor adhesion properties and is also
very expensive. Of all the metals silver has the best overall electro-thermal physical properties,
i.e.: low electrical resisitivity, high thermal conductivity, high melting point and high resistance
to oxidation. This choice is consistent with the general belief that silver is the most commonly
used metal in semiconductor fuse design [15], for conventional semiconductor fuses, despite its

relatively high cost.

From the mechanical point of view, the choice of element material is somewhat more
difficult because conductive film properties should be considered in connection with the

mechanical properties of the substrate.



The conductive element material ought, additionally, to be characterised by:
e good adherence to the substrate;

¢ low Young’s modulus;

o thermal expansion coefficient ideally comparable with that of the substrate;
e high yield stress;
e high creep strength.

Again, several materials were compared against the criteria and summarized in Table 2-2.

Table 2-2. Comparison of the mechanical propetties of typical element materials.

: Thermal exp. | Young’s | Yield e .Cre,bep‘ e
Material | coefficient | modulus | stress | stress |RAteofsteady-| .
ke | Eate & : e L ‘state creep | - :
[ | o | o [ | ews | G
Silver 19.1 82.7 29.4 N/A N/A N/A
Copper 17 130 69287 N/A N/A 20
Gold 14.1 78.5 29.4-39.2 N/A N/A N/A
Aluminium 23.5 70.6 35.3 49.0 N/A 20
Zinc 31.0 104.5 104 20.6 N/A 20
Tin 23.5 49.9 N/A N/A N/A N/A
Lead 29.0 16.1 49-98 | 098 1.7x10° 20

Silver, gold and copper have relatively small thermal expansion coefficients. Of these three
silver and gold exhibit very low yield stress. Zinc and lead have high thermal expansion
coefficients, moreover lead has very low yield stress. Since metals with good electrical
conductivity usually have poor adherence to substrate material, neither silver nor copper exhibit
particularly good adhesion properties to ceramic substrates. However, intermediate layers of
titanium, chromium or nichrome can be used to enhance the adherence property [96]. The

conclusion is such that only copper, and possibly silver, have favourable mechanical properties.

The general conclusion is such that silver and copper exhibit the best combined electro-thermo-

mechanical properties. These two metals are, therefore, most likely to be used in TTFSF design.

Substrate Materials

The substrate, essentially, provides a mechanical platform to support the element, which
also conducts away the heat generated in the current-carrying conductive film. It is therefore
desirable that the substrate should have good thermal properties at ambient and working
temperatures and less favourable thermal properties at elevated temperatures. This is because at
high temperatures, which occur under short circuit conditions, an increase in the thermal time

constant speeds up the fuse operation.
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The substrate material ought to be characteriéed by:
e good electrical insulation properties;

e good thermal properties;

e high melting point;

e good mechanical strength;

e good resistance to thermal shock;

¢ relatively high surface smoothness;

e Jow cost.

The range of suitable available substrate materials and their properties is presented in

Table 2-3.

Table 2-3. Comparison of suitable substrate materials.

- Melting | Thermal Thermal exp. | Youhg"s»l‘b :
- Material point | conductivity | coefficient | modulus
°C wWmec | 10°°Cc’ | GN/m®
Alumina 2540 40 5.7 340
Beryllia 2550 300 9.63 330
Magnesia 2864 53 11 303
Silica 1610 1.33 0.41 73
Pyrex 925 1.4 3.2 64

Barring pyrex, all the substrate materials presented in Table 2-3 have sufficiently high
melting points. The other thermal properties, however, differ considerably. For example,
thermal conductivity of beryllia is seven times larger than that of alumina and over two hundred
times larger than that of pyrex. Silica has very small thermal expansion coefficient hence, in
combination with a current-carrying metal film, the thermal stresses in the substrate would be
larger. It is also interesting that whilst most materials have a negative temperature coefficient,
glass and silica have positive coefficients, Figure 2-8. Low thermal conductivity combined with
positive temperature coefficient render glass and silica theoretically unsuitable for substrate
fuse applications. Beryllia has superb thermal properties (high thermal conductivity and

a negative temperature coefficient), but it poses a substantial health hazard (i.e. toxic dust).

-11 -



1000

Copper

aluminum

100

\E\ bE\ryllii
\\

— :
alumina
\\_

thermal conductivity W/mK
/

10

glassiceramic

g
glass (Pzr_ez‘)__.__._]-_-—-——-—
silica

0 100 200 300 400 500 600
temperature deg.C

Figure 2-8. Comparison of the thermal properties of different substrate materials
(metals: copper and aluminium included for comparison).

The substrate ought to exhibit high surface smoothness if the thickness of the deposited
film is intended to be small, e.g. alumina exhibits much smaller surface smoothness (~10,000A
+ ~15,000A) than glass (<250A), limiting the practical thickness of the conductive film to
a minimum of about 1.5um. Alumina can be polished and, when the grain size is small, the
resulting surface smoothness is comparable with that of glass. Small-grain alumina substrates
are difficult to obtain, however, and the polishing procedure can be expensive. Relatively high
surface roughness can, however, be advantageous in, for example, electroless plating because it

allows good mechanical bonding [97].

It can be concluded that, from the point of view of pre-arcing thermal absorption, alumina is
the best substrate material. Pyrex has inferior thermal properties, but it has superior elastic
properties. Consequently, in this study alumina and pyrex were selected for the substrate
material and their suitability for TTFSF, e.g. the magnitudes of the stresses produced by the
two substrates, was evaluated (Paragraphs 4.4.5 & 4.5.3).

Generally, the interdependence of the thermal, electrical and mechanical properties of the
conductive film and the substrate is complex and the selection of the conductive film material
should be made taking into account all the critical electro-thermo-mechanical properties of the
conductive film and the substrate at the same time. It follows that the presented choice of
materials and characteristics for the conductive film and the substrate is, inevitably, limited.
The four possible combinations of silver/copper films on alumina/pyrex substrates were
considered to have the best overall electro-thermo-mechanical properties, hence these

combinations were chosen to form the core of the study presented in this thesis.
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Surface Mount Fuses.

The fast incorporation of surface mount devices (SMDs) in many types of electronic circuit
created a demand for SMD components, including SMD fuses [19]. Most leading
manufacturers have, therefore, recognised the need for fuses to be compatible with SMD
assembly technique and now offer leadless, moulded fuses, for standard SMD assembly, e.g.

BussMANN [12] offers a range of Subminiature Surface Mount Fuses, as illustrated in Figure 2-9.

1. Glass Stripe

2. Fused Glass Cover

3. Metal Film Fusible Element
4, Silver Termination Pad

5. Silver End Termination

6. Nickel Barrier

7. Tin-Lead Plating

8. Ceramic Substrate

Figure 2-9. Bussmann Surface Mount Fuse construction.

Although the current rating of the SMD fuses available today is too small to deem them
suitable for use in semiconductor device protection applications, the inherent problem of the

interfacial stresses resulting from the film/substrate composite thermal expansion mismatch remains.

Element Manufacture Techniques.

PRINTED CIRCUIT BOARD

Thin-film fuses can be fabricated using standard copper laminated printed circuit board
(PCB) sheets, and by subsequent etching. This method of manufacture is relatively cheap, and
the purity and the quality of the copper foil (pits, scratches, depressions etc.) are ensured by the
standards, to which PCBs are manufactured (e.g. MIL-P-13949) [109].

VAPOUR DEPOSITION.

In this method the substrate is placed in a vacuumed chamber. The material to be deposited
is also placed in the chamber and heated until it melts and begins to evaporate. Gaseous atoms
then condense on the cooler substrate surfaces, producing an even film. A shaped element can
be made by using asuitable mask. Alternatively, by deposition and subsequent etching,

a required shape can be obtained.
SPUTTERING

A method similar to vapour deposition. In this method, however, the metal to be deposited
is bombarded with inert gas ions, which eject atoms from the metal giving a flux of atoms
which, as in the previous case, are deposited on surfaces within the vacuum chamber. The

disadvantage of both the vapour deposition and sputtering techniques is that the films produced
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are relatively thin (4~5 microns). This creates problems when making electrical connections to
the film, which need to carry high currents. Mechanical rigidity is also difficult to achieve with

this type of film.
SCREEN PRINTING.

This method is used on a wide scale in the electronics industry, particularly for the SMD.
Conductive paste or ink is laid on the substrate using a squeegee through a fine wire mesh
mask. The mask is then removed and the printed circuit fired in a furnace. The paste contains
glass frit which bonds well to the substrate giving excellent film adhesion properties. The

inclusion of the bonding frit, however, reduces the electrical conductivity of the film.
ELECTROPLATING.

Electroplating may be defined as the production of metal coatings on electrically
conductive media through the action of an electric current. Electroplating on electrically non-
conductive media necessitates prior deposition of a thin conductive layer, using e.g. sputtering.
This, as will be shown later, can be advantageous, since the incorporation of a thin intermetallic

resistive layer improves the adherence of the main conductive layer.

Electroless plating may be defined as the production of metal coatings on electrically non-
conductive media through the action of achemical process. In the electronics industry
electroless plating has been used in the production of printed circuit boards (PCB). The process
of producing a continuous Cu film consists of several steps and its chemical reactions are

described in [96].

2.3. Fatigue, Crack Growth and Lifetime Prediction Studies
in Literature.

One of the main reliability issues in thick-thin film fuses is the nuisance operation due to
phenomena such as ageing and fatigue. Dasgupta et al. [37] provided a comprehensive
overview of material failure mechanisms. He named large elastic deformation, yield, thermal
buckling, interfacial de-adhesion, fatigue, diffusion and creep as possible sources of element
material failure. With reference to failure mechanisms for cyclic fatigue Dasgupta [38] named
cyclic stress & strain ranges as the main damage parameters used for engineering design.
Above a certain temperature there is interaction between fatigue and creep effects, and it is
found that up to approximately half the melting temperature, fatigue is the criterion of fracture,
whereas at higher temperatures, creep becomes the cause of failure [85]. A further interesting
feature is that a material having a fatigue limit characteristic at ambient temperature will lose

this at high temperatures.
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The issue of reliability exists not only in thin film fuses, but it is one of the major problems
faced by the thin-film electronics industry. The following section provides a brief summary of

the failure mechanisms in thin films reported in literature.

2.3.1. Failure Mechanisms in Thin Films.

Various failure mechanisms in thick-thin films were reported in literature [30-34]. Cigz
[31], for example, stated that failure can have constructional, production and technological, and
exploitational factors, and pointed out that natural ageing mechanism contributes to only 5~7 %
of the total failure cases. He named physical and chemical processes, which are responsible for
the degradation effect: interdiffusion, oxidation, corrosion and electrodiffusion. With respect to
thin-film electronic packages Dasgupta et al. [37] cited buckling, interfacial de-adhesion,
fatigue and interdiffusion as possible sources of failure. He pointed out that the mechanical
strength of the interface is characterised and measured in terms of the interfacial fracture
toughness. This is a unique interfacial property between any pair of materials and can be
measured for common choices of material combinations. Bacher [32] investigated firing-
process related failure mechanisms in copper multi-layers. Thick film conductor compositions
generally contain Bi,O3; and PbO as components of the binder system. If the organic materials
arc not burnt out completely during the firing process then carbonaceous residues are trapped in
the film. Bismuth forms a continuous brittle film in the grain boundaries, which destroys the
ductility of copper. As a result, cracks can develop on thermal cycling of the bismuth embrittled
copper conductor. Perecherla et al [33] indicated that good bonding between the thick film and
the substrate is ensured by an adequate reaction between the thick film binder phase and the
substrate. However, severe reactions can result in deeper reaction zones, which in turn are
correlated with lower adhesion strength. Perecherla suggested that in evaluating the thick film
adhesion it is useful to classify the fracture into three types: metal fracture within the thick film
conductor, corresponding to the weakest fracture mode; glass fracture at the substrate/thick film
interface; and, finally, substrate fracture within the substrate, corresponding to the strongest
fracture mode. Perecherla reported that with ALO; substrates, the failures occurred at the

substrate/thick film interface.

Milgram [34] studied the adhesion strength of 20
screen printed silver films. This' reference is E 15 ///-
primarily dedicated to the investigation of metallic .% 10 // i
diffusion in soldered silver electrodes, but it § o5
reports the interesting fact: that the adhesion '
strength for thinner films is smaller, due to the lack 01 5 10 20 30

thickness um

Figure 2-10. Peel strength of silver film fired onto
N-750 ceramic [34].

of sufficient glass binder, Figure 2-10.
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Another important failure mechanism in thin metal films is electromigration. When an
electric current passes through a thin metal film, collisions between the conduction electrons
and the metal jons lead to drift of the ions. This process is known as electromigration. If there is
a divergence in the flux of ions at a point, a void or hillock forms. Voids grow and overlap until
conduction ceases and electrical failure is complete. Electromigration-induced damage in
a polycrystalline metal film is an irreversible kinetic process, since the damage cannot be

repaired simply by reversing the current [47].

Cogan [48] observed that non-linear thermal effects are responsible for premature failure in
metal film resistors when operated under pulsed conditions. He attributed this failure mode to
thermal run-away processes. Szeloch [51] attributed the experimentally observed propagation
of micro-cracks in thin-film resistors to the presence of hot-spots or other weak points in the

thin-film layer.

2.3.2. Endurance of Semiconductor Fuses under Cyclic Loading.

Premature operation of fuses subjected to pulsed-current loading has been observed and
reported in literature [13, 50, 54-56]. This paragraph gives an overview of the possible causes

of fuse failure and summarises the findings presented by other researchers.

Semiconductor fuses are often subjected to repetitive overload and pulsed-current duties.
Under such conditions the element temperature rises, which with large overloads may approach
the melting temperature of the conductive film. Repetitive currents cause mechanical stresses to
change continually in the conductive film and in the substrate, which result in the development
of fatigue cracks. In particular, the large film/substrate interfacial shear stresses and strains,

responsible for the film debonding from the substrate, also change continually.

Wilkins [50] simulated the peak-to-peak temperature excursions, and consequent
fluctuating thermal stress. The stress caused the element to deflect laterally, resulting in thermal

strain, whose magnitude depended upon the temperature rise. Wilkins established the number

AT e
of cycles to failure as N = Kl: ” } , where K = ':—B——] and is a constant for a given fuse
Y

design, and yis the thermal expansion coefficient. Wilkins established the values of the x and m

coefficients from empirical data: x=0.171 and m=0.26.

Daadler [52] investigated the ageing properties of silver-tin bimetallic systems by
microscopic and resistance measurement techniques. The Ag-Sn system is usually used in fuses
to achieve a low melting point, and is termed the M-Effect. However, at elevated temperatures,
even without current cycling, the Ag;Sn intermetallic diffusion zone develops at the Ag-Sn

interface. Daadler gave three possible consequences diffusion has on ageing: i) local increase in
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resistivity, which may cause runaway effects; ii) reduction in mechanical strength at the
M-Effect/metal boundary; iii) changes in the time/current characteristic. Arai [54] observed
bends developing in straight wires subjected to cyclic loading. He also observed fatigue crack
growth and fatigue fracture and attributed the failure to repeated expansion and contraction of
the fuse element under cyclic pulse current. One important finding of Stevenson [55] is that the
S-N curve for silver fuses is not asymptotic, i.e. silver has no fatigue limit. The importance of

stress relief bends for the lifetime of a given fuse was also presented.

Meng [56] investigated short pulsed-current induced fatigue effects in wire and notched
strip fuses. The work concentrated on the low-cycle fatigue domain, with many of the
experimental number of cycles to failure being smaller than 10. Meng detected deformation and
displacement of fuse elements subjected to a number of current pulses, and observed that
plastic deformation was situated in the notch, and that the damage increased with the number of
pulses. For notched strip fuse elements Meng estimated that the number of pulses to failure is

16 25.3
1
given by N = kolj?r(“f‘) , where k,=2.51, t is the ON time, I is the ON current and I, is

the rated current of the fuse. Meng found that the number of pulses to failure, as estimated by

the above equation, was in good agreement with experimental data.

Harrison [4] reported crystallisation and agglomeration of the conductive film material in
the notched region in substrate fuses subjected to SOHz AC loading for 200~500 hrs. The
growth of random whisker-like crystals, also reported in the work, was attributed to ion

movement in the grain boundaries.

2.3.3. Crack Growth under Cyclic Loading

Newman [58] studied crack-growth behaviour under monotonic and cyclic loading using
2D finite element modelling. The crack growth criterion was based on crack-tip strain. Crack
growth was found to be dependent upon the mesh size, and the material strain hardening had

a significant influence on the crack-growth behaviour.

2.4. Summary

In Chapter 2 the background to thin-thick film substrate fuses was presented and current
trends in semiconductor protection substrate fuse technology were identified. The electro-
thermo-mechanical properties of several substrate and element materials were evaluated.
Several techniques of conductive film deposition were presented and their suitability to fuse

element manufacture was investigated.
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The section also presented a literature review of failure mechanisms, fatigue, crack growth
and lifetime prediction studies of thin conductive films laid on non-conductive substrates, with

special reference to thin-film substrate fuses subjected to pulsed-current loading.
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Chapter 3.

Background to 3D Finite Element Electro-
Thermal, Thermal Stress and Fatigue Analyses

This Chapter presents the theoretical background to finite element electro-thermal &
thermal stress analyses and thermal fatigue. Major modes of thin-thick film substrate fuse
failure and critical stress/strain components contributing to the failure are identified.
A summary of previous research relevant to FE interfacial stress analysis is provided and basic
requirements of computer modelling and simulation techniques are explained. The assumptions
made for the study are discussed and, finally, the procedures used to ensure convergence of the

highly non-linear electro-thermal analysis are given.

3.1. Introduction

A comprehensive FE analysis of crack formation and growth in thick-film substrate fuses is
rather complex. For example, thermal conductivity affects electrical conductivity, which in turn
affects the current density distribution; both electrical and thermal properties influence the
temperature magnitude and distribution which, combined with the mechanical properties of the
film/substrate materials, affects the magnitude of physical deformation. The magnitude of the
deformation and the mechanical properties of the conductive film and the substrate affect the
stress/strain distributions, which in turn affect the electrical properties of the conductive film
and so on, to repeat the cyclic dependence. Add to this the effects of crack formation or film
de-bonding from the substrate on the current/temperature distribution and the picture becomes
very complex. It follows that fully comprehensive and legitimate modelling of crack
formation/propagation in thick-film substrate fuses would require the application of

a concurrent analysis of current/temperature/stress distribution and crack formation/growth.
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This, however, is impossible to achieve in ABAQus. Consequently, the problem was divided into

three major parts and analysed sequentially. These are:
e coupled electro-thermal analysis;
e thermal stress analysis;
o fatigue life prediction.

The coupling of the electrical & thermal analysis is essential for accurate temperature
prediction. The errors introduced by the de-coupling of the thermal-stress analysis from the
thermal-electrical analysis are small and were assumed to be negligible (Paragraph 3.7.2, p.29).
Short cracks have little effect on the temperature magnitude & distribution, hence their effect
on the thermal-electrical solution was also assumed to be negligible. Long cracks, however, can
significantly affect the electro-thermal solution. Since the problem studied in this thesis
concerns mainly high-cycle fatigue, wherein crack initiation is considered to constitute
a dominant portion of total life, the effect of time spent propagating a crack on total time to

operation was also assumed to be negligible.

3.2. Coupled Electro-Thermal Analysis

Previous studies of notched substrate fuses used transmission line matrix (TLM) [4, 21]
finite element [9] or finite difference [7, 50] modelling, and also experimental thermochromic
[4], thermocouple [24] and infrared thermal imaging [25, 26] techniques to predict the
temperature distribution and/or magnitude in the fuse element. In the study presented in this
thesis FE modelling techniques were used to predict the temperature magnitude and
distribution. The main advantage of the FE technique is such that the temperature distribution
obtained from the electro-thermal analysis can subsequently be used for the thermal stress and

thermal fatigue analyses.

The thermal-electrical equations were solved concurrently for both temperature and
electrical potential using the ABAQuUs *Coupled thermal-electrical procedure. Coupling of the
electrical and thermal equations arises from two sources: the electrical conductivity is
temperature dependent and, hence, the internal heat generated is a function of electrical current
and temperature. All electrical energy dissipated in the conductive film was assumed to be

converted to thermal energy (ABAQUS option *Joule heat fraction).

3.2.1. Prescribed Initial and Boundary Conditions

The boundary conditions applied at the external surfaces of the models studied are given by
T=T(P,t) and h =h(P,T), where P=P(x,y,z) and h is the coefficient of surface heat
transfer (film coefficient). The value of the film coefficient h will be later established by fitting
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computational results to experimental data. Electric current was applied at all nodes on the
input surface. At t=0 all nodes were assumed to be at the ambient temperature, except in cases

where the analysis commenced from a ‘hot-start’ initial condition (Paragraph 5.7, p.98).

3.3. Thermal Stress Analysis

3.3.1. Definition of the Critical Stress/Strain Components Contributing to

Fuse Failure

Two major modes of failure can occur in thin-film fuses subjected to pulsed-current
loading. The first mode is film de-bonding and lifting from the substrate, due to the interfacial
thermal shear stresses produced by the mismatch of the mechanical properties of the film and
the substrate. The second mode is fatigue crack formation and crack growth due to the
thermally induced cyclic stresses and strains, i.e. thermal fatigue. The two failure modes are

schematically illustrated in Figure 3-1.

substrate

Figure 3-1. Major modes of failure in thin-film fuses. A - part-through crack;
B - conductive film de-bonding from the substrate

Both failure modes can cause electro-thermal runaway processes: a crack developing across
the notch increases the electrical resistance of the notch. Assuming constant current, this results
in more Joulean heat being generated in the notch and, consequently, the rising temperature
increases the resistance still further. If the film is de-bonding from the substrate then the
film/substrate thermal path and cooling is impaired. Consequently, the notch temperature rises
which can result in the runaway process described above. The development of these processes
depends on the magnitude of the degradation and the overall thermal properties of the fuse and
its environment. If the extraction of the heat is sufficient, a new thermal equilibrium will be
realised. For the thermal runaway process to take place it is, therefore, necessary that the crack

length or the extent of the film de-bonding exceed specific threshold.
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At substantially elevated temperatures the notched parts of the fuse element experience
plastic deformation. Since for ductile materials, exhibiting yielding and subsequent plastic
deformation, the shear-strain-energy (VON MISES) theory correlates best with material

behaviour [85] the VoN Mises (MISES) yield criterion was used in this study. The MiSes

equivalent stress is given by 5 =— 1 J -6,)? +(0, —63)? + (o, —0,)? » Where principal stresses
01, 02, and o3 are the three roots of:

(B +8,, +5, )52 +(8,S,, +5,,5,, +5,8, S, 25,2 -8, 2 b,

(sss ssz-swszssz+2sss)

xxVyyLzz xxVyz xyQyzzx

The critical stress components contributing to film de-bonding are the planar shear stresses

Oz and O, Consequently, the maximum-shear-stress (TRESCA) was adopted as the criterion for

0; =03

film de-bonding: 7,,,, = , where o is the algebraically largest and o; is the algebraically

smallest principal stress. Cracking was presumed to initiate at the interfacial film/substrate

point where the maximum shear strain is largest (the critical point). Maximum shear strain, at

the critical point, is given by: ’Ymax=\/(€22—833 ) +v5> . The pressure equivalent stress

(PRess), defined as p =—§trace(c)=—%(cxx +0,, +0,,), was used to obtain the scalar direct

stress field. A negative value of the pressure equivalent stress indicates a tensile stress, and
a positive value indicates a compressive stress, hence giving an indication of which parts of the

fuse are subjected to compressive and tensile stresses.

3.3.2. Governing Equations

The six stress-strain relationships for a 3D body under thermal stress are [85]:

\

3 =(;* —%(cy +0,)+0(T-T,)

X

G, v
g, f—E(GJGZ)ML(T-Ta) } [Eq. 3-1]

£ =%_%(Gx +cy)+oc(T—Ta)

T T T
= s ’YZX:ZX

G

The stresses can be expressed explicitly in terms of the strains, the relations in question are:
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o, =Ae+2ue, — (30 +2p) o(T-T,)
o, =het2ue, —(3h+2p)- (T~ T,) } [Eq.32]

o, =he+2ue, — (3A+2p)- (T -T,)

Ty = 2ll'ny y Ty = 2“’,sz’ Ty =21,
where:

A= Wlf_z\’) and L= Z(IL-H!) =G are Lamé elastic constants.

These equations will be used in Chapter 4 to verify the accuracy of ABAQUS predictions.

3.3.3. Prescribed Boundary Conditions

The kinematic boundary conditions (BCs) can be divided into internal symmetry BCs and
external BCs. Internal symmetry BCs exist where systems are composed of symmetrical
elements, and only the symmetrical part of the system needs to be modelled. External BCs exist

due to external constrains imposed on the model.

external boundary plane

symmetricalpat
f the model

symmetry
plane Y.

 ‘symmetry plane X

external constraint
external constraint

-\ external boundary line

Figure 3-2. Definitions of symmetry and external boundaries.

The displacement degrees of freedom (uy, uy, u,;) were modelled. Since no large magnitudes
of rotation occur in substrate fuses, the rotational degrees of freedom (6, 6y, 6,) were assumed
to be negligible and were neglected. The external boundary constraints represent the
mechanical substrate/end-cap connection. In the problem considered the fuse element was
connected to the end-cap (electrically, thermally and mechanically) by soldering. However, it
would not be feasible to model the solder bond in detail, given that its exact geometry varies
from fuse to fuse, hence simplified modelling was adopted. This methodology assumed that
there was no solder bond, and that the fuse element and the substrate were directly attached to

the end-cap.
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There are several possible modes of constraining the fuse element. These are explained in

NS

Figure 3-3. Possible modes of constraining the fuse element (conductive film omitted for clarity).
a) fuse element completely free to expand; b) fuse element virtually free to expand; c) fuse
element can expand freely in the X-direction only; d) fuse element rigidly fixed.

Figure 3-3.

The type of the constraining mode has a significant effect on the magnitude of the
deformation, Table 3-1. The effect of the constraining mode on the magnitude of the stress was
found to be similar for modes a, b, and ¢. However, overconstraining the model resulted in
an increase in the magnitude of the stress and a reduction in the magnitude of the deformation.
Modes b and ¢ produced almost identical results, and for the purpose of this study the type of

the constraining mode presented in Figure 3-3 b) was adopted.

Table 3-1 The effect of the constraining mode on the magnitudes of solution variables.

~ Type of constraining mode | Magnitudes of solution variables -
‘asillustrated in Figure 3-3x,wherex: | uys | MISES | TRESCA
a) 6.02x10™ 279 313
b) 5.38x10™ 280 313
c) 5.40x10™* 279 313
d) | setxt0® | 291 | 820

Table 3-2 indicates the degrees of freedom which were constrained with reference to Figure 3-2.

Table 3-2. Structural boundary conditions.

' .1 Constrained degree of freedom |
Boundary ~ i L e e ——
Lk Uy camUy Uy
symmetry plane Y v
symmetry line v v
symmetry plane X v
external boundary line v v
external boundary plane v
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3.4. Thermal Fatigue, Crack Initiation and Crack
Propagation

The ageing of wire and strip fuses was previously investigated and reported in literature [4,
50+56]. Still, little information is available with regard to the ageing of substrate fuses.
Moreover, previous studies on theoretical life-time prediction used simplified methods to
determine the magnitudes and amplitudes of the stresses and strains, which have paramount
effect on fuse life-time under cyclic-current loading. These methods directly linked the magnitude
of the strain with the temperature using thermal expansion co-efficient. In this study, the
stresses and strains are accurately determined using finite element techniques. Non-linear

temperature-dependent material properties were used to refine the accuracy of the predictions.

Under normal operating conditions the temperature of the constricted regions of the fuse
element may reach several hundred °C. Consequently, parts of the notch may experience plastic
deformation, in which case the strain-life (€-N) method, taking into account both elastic and

plastic strains, gives most accurate predictions. As a result the €-N method was adopted for this study.

3.4.1. Crack Propagation

Linear elastic fracture mechanics (LEFM) methods are normally used to model crack
propagation. Modelling of crack propagation in 2D models is relatively easy and was reported
in literature [58]. Such modelling normally uses crack tip strain or critical stress or crack
opening displacement as the criterion for node de-bonding. However, although in ABAQUS v.5.6
crack propagation analysis is available, it is limited to 2D and axisymmetric cases only. Since
all the FE models used in this study were three dimensional and not axisymmetric, crack

propagation analysis was not performed.

3.5. Interfacial Stress Analysis — Literature Review

Interfacial stress arises in physical composite systems where two materials of different
mechanical properties are in contact, and either external mechanical force is applied to the
composite or the temperature of the system is raised. The problem of interfacial stress affects
many applications, including thin-film substrate fuses. For example they range from dentine
bonding systems to thin-film electronics to space shuttle coatings. The common question the
designers of all such systems have to address is: ‘Will the interfacial stresses impair the
characteristics of the system?’ and, in the extreme cases, ‘Will the interfacial stresses cause
failure of the component?’. This section provides an overview of the research into broadly

defined interfacial stress analysis, found in the literature.
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Kline [59] investigated adhesively bonded joints. He found that peak stresses developed at
the joint’s edges and that Young’s modulus had the most pronounced effect on the magnitude
of the stress, with the use of a lower modulus resulting in a large decrease in peak stress values
at the edge of the bonded joint. Li et al [60] studied the stress distribution in adhesive bonded
tee joints using elastic finite element method. The influence of the geometry of the joint on the
stress distribution was investigated. The main finding was that the geometry of the joint, in
particular the overlap length and adhesive thickness, significantly affect the stress distribution
and that the stress concentrations occur, not surprisingly, in the corner of the plate. Meera et al
[61] presented a more complex study of notch tip stresses and strains in elastic-plastic isotropic
bodies subjected to multi-axial loading. Zsary [62] emphasised the fact that for the design
engineer testing the developing stress distribution, stating the magnitude and location of the
stress peaks and determination of the direction of stresses can be more important than
determining the precise magnitude of the stress, as on the basis of this information product
design can be modified. Bacmann [63] investigated residual stresses in sputtered thin films. The
knowledge of the residual stress level is important because compressive stresses may result in
adhesion loss by buckling, while tensile stresses may lead to film failure and interfacial cracks.
Bacmann found that the residual stresses in sputtered films decreased with the thickness of the
film. Wakasa [64] investigated the distribution of the interfacial stress in dentine bonding
systems by means of finite element analysis. The study showed that the distribution of the
interfacial stress was highly non-uniform, with maximum stress at the edge of the resin
composite/bonding area interface. The analysis also showed that a non-uniform stress
developed at the interface, despite the uniform mode of the tensile load. Wakasa also found that

the higher the elastic modulus of the bonding area the higher the magnitude of the interfacial stresses.

Ozmat [65] studied thermal fatigue life of leaded ceramic chip carriers, using finite element
non-linear and rate dependent material characteristics methods. Ozmat suggested that the
results of his work on two-dimensional FE models show that when appropriate material laws
and the correct boundary conditions of the thermal fatigue problem are included in the models,
encouraging results can be obtained. Ozmat appreciated that more accurate modelling would
require further development of the FE models to include temperature dependent elastic, plastic
and creep deformation behaviour of materials used, and three-dimensional representation of the

model geometry.

Aivazzadeh [66] indicated that classical displacement or equilibrium FE interface models
do not ensure all the required continuities, for example in the displacement model the
continuity of the displacements are satisfied, whereas the equilibrium model leads to
continuous stress but discontinuous displacements. Aivazzadeh developed new rectangular

interface finite elements, with four degrees of freedom at each node on the interface (two
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displacement and two transverse components of stresses). He concluded that compared to
results obtained from classical constant stress elements, the new interface finite elements give
satisfactory values with fewer elements. However, given the assumptions Aivazzadeh has made

(2D linear elasticity), the new elements could not be used in modern FE models.

Other work on the interfacial stress analysis includes the linear elastic 2D FE analysis of
copper thin-film structure on glass/ceramic substrate (Kapur [67]), and non-linear 3D FE
thermal stress analysis of tape automated bonding packages and interconnections (Lau [68]).
Lau indicated that his models showed excellent agreement between the analytically predicted

and the experimentally observed failure mechanisms.
The main conclusions that can be drawn from the presented literature review above are:

e Simple methods, utilising 2D and/or LE techniques, are only suitable in cases where
approximate or semi-qualitative results are satisfactory. For accurate prediction of
stress distribution and stress magnitudes 3D elasto-plastic temperature-dependent
modelling is essential. The inclusion of creep and rate-dependent properties (e.g. cyclic
softening/hardening) is advantageous, but the major problem is with obtaining accurate

material properties.

e In order to ensure that the results of the analysis are independent of the FE mesh,
particular care must be taken concerning its quality. Inadequate mesh quality will result

in erroneous predictions.

e Several authors indicated that the stress is largest at the edges/corners of the interfacial
system. The location and the relative magnitude of the stress are seen as more important

than the precise magnitude of the stress.

3.6. Principles of Computer Modelling and Simulation

Simulation is a numerical technique for conducting experiments on a computer that involve
certain types of mathematical and logical models to emulate the behaviour of a system. The
purpose of systems study through modelling is to aid the analysis, understanding, design,
operation, prediction or control of systems without actually constructing and operating the real
system or thing. A model, in this context, is a virtual representation of a system (or process or
theory) intended to enhance our ability to understand, predict and possibly control the
behaviour of the system. Validation is the process of substantiating that the model is
sufficiently accurate for the intended application. Without validation, a model is of very little
practical use. Verification is aprocedure to ensure that the model is built according to
specifications and to eliminate errors in the structure, algorithm and computer implementation

of the model [98, 99].
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In this thesis, finite element modelling was used. Validation of this technique requires that
1) correct behaviour of the finite elements is ensured; ii) the geometric quality of the finite
elements is adequate; and iii) the refinement of the finite element mesh is adequate. The
Asaaus FE software was used to solve the electro-thermal equations [104]. Correct behaviour
(field distribution and accuracy) of the finite elements was initially verified by the software
developer (HKS). The geometric quality of the finite elements (e.g. angle between
isoparametric lines, edge angle, aspect ratio, warp) and the refinement of the mesh (the
proportion of the mesh density to the expected magnitudes of variable differentials) were

verified for each model by the author.

The accuracy of the ABAQuUS predictions was verified, initially, by the software developer
[104]. The accuracy of the ABAQuUS coupled electro-thermal prediction was also verified by
comparing ABAQUS results with the results produced by an independent model of current-
currying fuse wire, surrounded by a quartz-sand filler [8], and experimental data [102]

[Appendix B].

3.7. Assumptions made for the Studies

The main aim of the FE thermal fatigue study was to determine the substrate fuse lifetime
under pulsed-current loading conditions. However, to achieve this the following interrelated
fields had to be analysed first: electric current distribution, temperature distribution and
stress/strain distribution. Due to the interdisciplinary character of the study and the complexity

of the problem some simplifying assumptions were necessary. These are discussed below.

3.7.1. Restrictions Imposed by the Software/Hardware

ABAQUS ver. 5.6 can solve non-linear time-varying coupled thermal-electrical problems.
ABaQus cannot compute all three (electrical, thermal and structural) fields simultaneously.
Hence, the change in model geometry due to thermal expansion was assumed to have
a negligible effect on the electrical solution. This assumption is valid, given that the effect of
the change in the model dimensions due to thermal expansion on the resistance is very much

smaller than the increase in resistance due to the high operating temperature.

In the models developed to solve problems in this study, great care was taken to ensure that
the mesh density was adequate with regard to the expected distribution and magnitudes of the
solution variables. The largest stress differentials occur in the vicinity of the notch across the
conductive film/substrate interface, hence accurate prediction of the stress distribution requires
the use of fine mesh at the interface. However, finer mesh entwines more finite elements and
increases computer run-times and storage. These conflicts necessitate a compromise on storage,
speed and accuracy. The effect of the mesh size on the accuracy of the prediction was studied

-98.-



using small models, and the results indicated that the finite element models used in this project
give accurate predictions, and that the mesh refinement of all the FE models was more than

satisfactory to ensure sufficient accuracy of the electro-thermal prediction.

3.7.2. Restrictions Resulting from Approximate Properties of Materials

It is estimated that the greatest error in the finite element modelling was introduced by
imprecise values for the physical properties of the materials analysed. Temperature dependent
data for some materials was unknown (e.g. the temperature dependent thermal properties of
compacted quartz sand filler or the plastic properties of gold). In those cases ambient or lump

values were used.
The factors which affect the properties of thin conductive films include:
e dependence of electrical conductivity on the thickness of the conductive film;
e dependence of electrical conductivity on the frequency of the current;
e dependence of electrical conductivity on stress;
e temperature coefficient of resistance in very thin films;
o effect of oxidation;
e residual stresses in the film/substrate;
e clasto-plastic properties of thin films v. bulk material;
e the conductive film was assumed to be isotropic.
These are discussed below.

The resistivity and the temperature coefficient of resistance of pure metals are influenced
by a significant reduction in one of the dimensions of the specimen, as is the case with thin
films [95]. These effects become significant if the thickness of the film is less than ~30nm. The
minimum film thickness used in this study was 120nm, hence, the effect of the film thickness

on resistivity was assumed to be negligible.

The electrical conductivity of thin-films is known to increase significantly when the
frequency of the supply source exceeds ~10°Hz. The maximum frequency used for the pulse-

load studies was 2.07Hz, hence, the effect of frequency was assumed to be negligible.

The effect of stress on the resistance of a thin film may be divided into two: that due to the
change in dimensions and that due to the change in resistivity [97]. The main reason for
resistivity being a function of stress is that the lattice vibrations are moderated as the sample is
compressed, resulting in a lowered resistivity. A 1% change in resistance can be induced by a
strain of only 0.5% [95]. Although this change is significant on its own, it is negligible in

comparison with the change in resistivity produced by the increase in temperature
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(approximately sixfold increase between ambient and melting for copper), hence the change in

resistivity due to stress was neglected.

The temperature coefficient of resistance of very thin but moderately conductive films
rarely approaches the bulk value and, in fact, it is rarely even positive [95]. The coefficient
decreases rapidly with increasing film resistivity and, therefore, with decreasing film thickness.
Negative temperature coefficients do not occur in continuous metal films unless impurities are
present. The effect of negative temperature coefficient is significant only in very thin films

(<5um), hence it was neglected in this study.

Unless suitably protected, thin conductive films heated in air precipitate increase in
resistance due to surface oxidation. It has been found that the increase in resistance of a film
due to oxidation is considerably greater than can be accounted for on the basis of only the
reduced thickness of the conductive portion of the film [95]. Oxidation occurs along grain
boundaries, internally due to migration of trapped oxygen, as well as externally, due to
absorbed oxygen from the surface. Films that have undergone grain-boundary oxidation are not,
therefore, electrically homogenous, even though at a macroscopic level they are physically

continuous.

Intrinsic stresses are trapped in thin films during the deposition process [95]. Nearly all
films, laid down by whatever process, are found to be in some state of internal stress. In thin
film heated by current the existence of tensile residual stresses in the film is cancelled out by
the compressive Joulean thermal stress and, hence, is advantageous. In general electroplating or
evaporation processes produce tensile residual stress, while compressive residual stresses are
observed in sputtered films. In ‘impure’ films, in which oxygen and other materials are
incorporated into the structure during growth, the resultant stresses are usually sufficiently high
to overshadow any of the ‘pure film’ effects. Intrinsic stresses are largest in very thin films,
however, the stress decreases as the film thickness increases. The maximum stress occurs when
the film changes from discontinuous islands to a continuous layer. For example in a silver film
25nm thick deposited on silica the intrinsic stress was found to be close to 200 N/mm®. The
stress decreases monotonically as the film thickness increases and for a 0.1um film thickness
the intrinsic stress is only 20 N/mm? [24]. Using extrapolation the intrinsic stress, therefore, can
be assumed to be even smaller in still thicker films (the thickness of the main conductive films
in this study are in the range 10+15um). It can be concluded that owing to the difficulties with
the estimation of the sign and the precise magnitude of the residual stresses, and because the
intrinsic stresses are considered to be much smaller than the thermally induced stresses, the
effect of the residual stresses was omitted from the finite element models. All models were

consequently assumed to be stress-free prior to the thermal stress analysis.
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The elastic properties of thin films are quite different from those of the bulk material. For
example, the strengths (i.e. yield stress) exhibited by some films may be as much as 200 times
as great as for well-annealed bulk samples, and are usually several times the magnitude of the

corresponding strengths of severely worked bulk material [97]. The expression for the yield

. . . . K )
stress as a function of thickness is given by Og, = Oy [1 +E——], where K is a constant and dy
£

is the film thickness, i.e. the yield stress increases as the film thickness decreases.

In this study the conductive film was assumed to be isotropic. In a non-cubic metal lattice
this assumption may not be valid, since resistivity and mechanical properties are functions of
the crystallographic orientation, and there may be a preferred orientation of these crystallites in

the film, causing the resistivity to depend on the growth profile of the film.

At temperatures exceeding roughly half the melting temperature, creep becomes the main
cause of failure [85] and should be taken into consideration. In this study the average
temperature of the element did not exceed ~250°C, well below half the melting temperature of
copper (T=1083°C). At 204°C the creep rate for oxygen free copper (Cu 99.99+) rod loaded at
51 N/mm’ is 0.215% per 1,000 h [88]. In this particular case creep related elongation (1.08%)
constituted only about 20% of the total elongation of 4.58%, for the test duration of t=5,000h.
In this thesis the maximum testing time for the manufactured fuse was 611h, hence the ratio of
creep related strain to total strain can be assumed to be smaller than ~10%. Although creep
behaviour can be included in material definition in a static creep analysis, ABAQUS does not
provide a way to include time-varying nodal temperatures from the electro-thermal analysis in
the thermal stress analysis. Given all the above considerations creep related effects were

omitted from the computer models.

3.8. Abaqus Loading and Convergence Studies

In ABAQUS convention in a steady-state analysis, by default the loading curve varies linearly
from nought, at t=0, to maximum, at t=1.0, where t is the normalised ABAQUS ‘time’ scale. In
simple FE models this is sufficient to produce convergence for most types of analysis. The
electro-thermal response of current-carrying fuses, however, is highly non-linear, with greatest
gradients occurring towards the ‘end’ of the analysis. In this case linearly increasing loading is
unlikely to produce convergence, or it could lead to an excessive number of cutbacks and
equilibrium iterations. The loading curve, therefore, had to be modified in order to equalise the
temperature increments (the model used for this verification is described in Paragraph 5.2,

p-87).
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The results of the analysis for three models:

i) model A, with loading increasing monotonically from nought to maximum (ABAQUS
default);

ii) model B, with loading increasing monotonically from 80% of full load to full load (Load I 2);
iii) model C, with non-linear loading (Load I_1),

are presented in Figure 3-4 and Table 3-3.

1.2 , 1500

1250

-

0.8 : 5 1000

/ 750
%

normalized load

Max. element
temperature, deg. C

250

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

‘time’

—A— linear loading —O0—Load L1 —o0—Load | 2
—aA— response to linear loading —e— Response to load |_1 —e— Response to load | 2

Figure 3-4. Linear and non-linear loading curves and the computed increase in maximum element
temperature.

Model A produced several cut-backs and in the end the analysis was terminated due to very
small time increment required. Hence, the default loading could not be used to analyse the type
of problem discussed. The response of model B was much better than the response of model A,
but the temperature curve was still highly non-linear, which may sometimes result in
divergence. Barring the initial jump, temperature increments for model C were approximately
equal, and the convergence was smooth with no cut-backs. The total number of iterations for
this model was also smaller compared to model B, Table 3-3. Consequently, non-linear

increasing loading (Load I_1) was adopted for the electro-thermal studies.

Complex FE models, wherein various non-linearities interact, can initially produce irregular

convergence, Figure 3-5. By default, the convergence check (identifier: |,), i.e.

. i i-1 i-2 . . . .. . .
mm((r,gax),(r,ffax) )> (r:w‘)l where r is the residual, a is the field and i is the iteration

counter, begins at iteration No.4 (the dashed line in Figure 3-5 b).
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Table 3-3. ABAQUS electro-thermal prediction for linear and non-linear current loading.

Model A Model B (load:l :2) Model C (load1:1)
. Max. . Max. : . Max.
ts',::; temperature | - notes 2{2 : temperature |- - notes ts'tn; : temperature
deg.C deg.C : c deg. C
0 21.6 0 21.6 0 21.6
0.1 23.33 0.1 246.6 0.1 344
0.2 28.09 0.2 267.4 0.2 403
0.3 36.81 0.3 290.1 0.3 482
0.4 50.52 0.4 314.9 0.4 578
0.5 71.22 0.5 343.5 0.5 688
0.6 103.3 0.6 378.3 0.6 818
0.7 150.6 0.7 423.6 0.7 920
0.8 228.3 0.8 504 0.8 998
0.9 345.1 cut-back 0.9 620.2 cut-back 0.9 1,052
0.925 391.5 0.925 650.6 1.0 1,112
0.95 461.7 0.95 685.9 total No
0.975 600.6 cut-back | 0.975 733.7 v of iterations: 42
0.981 635.7 1.0 1,112
gggz %22 ErT—— total No of iterations: 44
0.995 755
0.997 791.7
0.998 941.9 cut-back
analysis terminated
solution not obtained
total No of iterations: 46

Hence, the use of the default value for |, (the iteration after which the check is made that

the residuals are not increasing in both of two consecutive increments) would result in an

excessive number of premature cut-backs and iterations (Note: in the problem presented in

Figure 3-5, if default settings had been used, the solver would have unnecessarily terminated

the increment at iteration No.4).
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Figure 3-5. Abaqus response to a 10% increase in current loading (time step 0.9-1.0) — verification of the
rate of convergence; a) largest increase in temperature; b) largest residuals.

-33.



Likewise, in the highly non-linear electro-thermal problem studied, the logarithmic rate of

. i i-1 . . . .
convergence, i.e. ln((r“ )1 / (r“ )1 ), may not be achieved after I, iterations (I, is the

max max
equilibrium iteration number at which logarithmic rate of convergence check begins, by default
1=8), Figure 3-6. Again, the use of the default value for I, would result in an excessive number
of premature cut-backs and iterations (Note: in the problem presented in Figure 3-6 the solver
unnecessarily terminated the increment at iteration No.8 — the solution would otherwise have

converged at iteration No.10).

a) b)

)]
Q
o
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o
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convergence
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o
o o
"
Logarithmic rate of
ro

'200 { O
-400 % . -3
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
iteration iteration
—O—largest increment of temperature —0O—logarithmic rate of convergence (heat flux)
—— largest correction to temperature ——logarithmic rate of convergence (current)

Figure 3-6. Abaqus response to a 10% increase in current loading (time step 0.9-1.0) — verification of the
logarithmic rate of convergence; a) largest increase in temperature; b) largest residuals.

It was also observed that the ABAQUS solver sometimes produced chaotic convergence (or in

some cases no convergence) even for a very small increase in current loading, Figure 3-7.

Temperature, deg.C

1 2 3 4 5 6 7 8 9 10 11 12 13
equilibrium iteration

Figure 3-7. Largest increment of temperature for a 2% increase in current loading. The solution has
converged at the equilibrium iteration No.13.

Finally, it was observed that ABAQUS behaviour can sometimes be rather unpredictable. For
example, a slight modification of the electrical properties of the conductive film material may

lead to cut-backs, excessive number of iterations or even the termination of the analysis,
Table 3-4.
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Table 3-4. The effect of slight modification of the electrical properties of the conductive film on the

efficiency of ABAQUS convergence.

Parameter/Case Case 1 Case 2. Case 3 Case 4
o1 Smm™ 25,740.3 25,739.9 25,739.5 25,739.1
N° of iterations 36 56 56 45
Increments 10 20 19 14
N° of cut-backs 0 9 9 2
Solution obtained ? yes no no yes
Analysis time, hrs 14.3 42.2 43.6 2241

The exceptional behaviour of the electro-thermal analysis for FE models comprising
various non-linearities, necessitated the modification of some of the ABAQUS solution controls.

The following controls were reset from their default values:

e since convergence may sometimes be initially irregular (Figure 3-5) to avoid premature
cut-backs of the time increment, the equilibrium iteration after which the check is made

that the residuals are not increasing (l,) was reset to 7 (default is 4);

o the equilibrium iteration number at which the logarithmic rate of convergence check

begins (I;), was reset to 12 (default is 8);

e to prevent ABAQUS from increasing the time increment after cut-back the maximum
number of equilibrium iterations in consecutive increments for the time increment to be

increased, was reset to 1 (dcfault is 4).

3.9. Summary

In Chapter 3 the methodology to predict the lifetime of TTFSF subjected to intermittent
electric currents was presented. The methodology, adopted for this study, is based on finite
element modelling of the electro-thermo-mechanical behaviour of TTFSF. The predicted
amplitudes of the electro-thermally-induced stresses are used as the basis for subsequent fatigue

analysis. The convergence of the electro-thermal procedure of the FE solver (ABAQUS) was

investigated.
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Chapter 4.

Finite Element Electro-Thermal Stress Analysis in
Single-Layer and Multi-Layer Thin-Thick Film
Substrate Fuse Elements

The electro-thermo-mechanical behaviour applied to single-layer and multi-layer thin/thick
film substrate fuse elements is analysed in this Chapter. The electrical current density
distribution, the temperature distribution due to Joulean heating of the conductive film, and the
thermally induced stresses and deformation are examined using 3D FE non-linear methodology.
The effects of the fuse element and substrate material properties and the geometry of the
element on the magnitude of the critical stress components are also investigated. The results of
the following studies form the foundation for the more comprehensive analysis of the life-time
prediction of conductive films subjected to pulsed-current loading conditions of a typical

commercially-available substrate fuse design (Chapter 5).

4.1. Model of the Substrate Fuse

4.1.1. Model Geometry

The substrate fuse geometry' investigated initially is shown in Figure 4-1.

' The dimensions of the geometry, representative of a feasible substrate fuse design, were provided by
the Electrotechnical Institute in Gdansk, Poland.
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a) substrate conductive film

v

/
J

b) ©)

3-notch

Figure 4-1. Substrate fuse models; a) substrate fuse geometry investigated; b) detailed geometry of the
notch; c¢) derived 3-notch and 5-notch substrate fuse elements; dimensions: a=8mm, b=4mm,
¢=0.6mm, d=3mm, e=0.3mm, f=6mm, r=0.2mm, a=60°.

Single-notch, three-notch and five-notch geometries (Figure 4-1) were investigated. The
length of the 3-notch fuse element was 20mm and that of the 5-notch fuse element was 32mm.
The spacing between the notches (f) was 6mm. The fuse element was assumed to be surrounded
completely by quartz sand filler (omitted in the above diagrams for clarity), typically used in
Hec fuses. The planar geometry of the fuse element was identical for all models studied. The
varying parameters were: fuse element length (number of notches), number of conductive films;
thickness(es) of the conductive film(s); thickness of the substrate; electro-thermo-elastic

properties of the conductive film(s) and, finally, the thermo-elastic properties of the substrate.

4.1.2. Finite Element Models

The FE model of the substrate fuse investigated essentially comprised the conductive film,
substrate and filler. Due to symmetry only a symmetrical quarter of the fuse needed to be
modelled. The conductive film was modelled using the DC3D8E 8-node linear coupled
thermal-electrical elements (brick element). The substrate and the filler were modelled using
the DC3D8 8-node linear heat transfer brick element. For the electro-thermal studies, FE

models comprising one FE layer per conductive film and five FE layers in the substrate were
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constructed. Such an approach is valid, because the electro-thermal solution in the conductive

film is planar® and, as aresult, the analysis computational wavefront of these FE models is

relatively small. However, for the thermal stress studies a more detailed FE model was

required. This detailed model is now described.

The comprehensive FE model, Figure 4-2, was constructed to accommodate all the

film/substrate geometric combinations previously referred to.

substrate
conductive films or filler conductive film(s) substrate or filler
~— filler
9x0.2um J i )
[ 5x0.04 pm] [3x0.4mm |!/[2x0.2mm ]
2x0.1mm I

15 layers 15 layers

total thickness: 0.01 mm | | total thickness: 0.09 mm

min thickness: 0.0495 um | | min thickness: 3.08 um

max thickness: 247 pm| | max thickness: 30.8 pm

ratio: 50 ratio: 10

Figure 4-2. Mesh distribution model.

The FE model conforms to the following requirements:

e mesh density is finer around the notched region (in the ‘x-y’ plane);

¢ mesh density increases gradually towards the film/substrate interface (from both sides

of the interface);

e the thickness of the conductive film can be varied within required limits (from 40nm to

30um);

e additional substrate bonded (and metal bonded) film(s), whose thickness(es) can be

varied within required limits, may be accommodated,

e the thickness of the substrate can vary within the required limits (from 0.4mm to

1.0mm).

The complete finite element model of the fuse element is shown in Figure 4-3 (Note that the

filler is omitted in the figure for visual clarity purposes only).

2 Some solution variables, such as the heat flux across the film thickness, exhibit significant differentials

within the conductive film, in the third (Z) dimension (normal to the surface of the conductive film).
Given that the exact profile of, for example, the heat flux within the conductive film is not the primary
objective of this study, the single-FE-layer-per-conductive-film approach was, therefore, considered to

be legitimate.
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Figure 4-3. Finite element model of the symmetrical part of the fuse element.

The finite elements constituting the conductive film are plotted in green and those constituting
the substrate are plotted in red. The mesh density increases gradually (in the ‘x-y’ plane) towards
the notch, because this is the area where the physical changes are most pronounced. In particular,
as high interfacial stress differentials occur across the film/substrate boundary, it is crucial that
the mesh density across the film/substrate interface is sufficiently fine to enable computation of
corresponding stress differentials within acceptable accuracy. Figure 4-4 shows the mesh density
in the critical area of the film/substrate interface. This figure also shows the additional FE layers
(plotted in pink and brown), which can be designated to the conductive film group(s), hence to

permit films of up to 30jum in thickness to be modelled.

Figure 4.4. Mesh distribution in the vicinity of the notch - for clarity the FE mesh is magnified 10x in the
Z’ dimension.
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The fuse element was assumed to be surrounded by an isotropic quartz sand filler. The filler
was modelled as a solid (3D) body. The mesh was made much coarser in the filler and its density
was reduced the further away from the fuse element. The complete fine-mesh FE model of the

fuse (Figure 4-5), including the surrounding filler, was represented by 34,164 nodes and 31,157

elements.

Figure 4.5. Complete finite element model of the symmetrical part of the fuse geometry. For clarity,
the mesh of the fuse element and the substrate are shown through the mesh of the filler
(plotted in red and green).

4.1.3. Verification of the Quality of the Mesh

The electrical solution was found to be very accurate even for badly distorted mesh. The
temperature prediction was also very accurate. Flowever, predicted magnitudes and distribution
for the structural variables (thermal stress analysis) were found to be dependent on mesh quality,
Figure 4-6. Consequently, greater care was taken to ensure that the quality of the mesh used for

the thermal stress analysis (i.e. mesh of the conductive film and the substrate) was adequate,

Table 4-1.

-40-



a)

NTI11 - Flawless mesh:
—< Variable magnitudes:

> — - .
Variable Flawless Distorted
mesh mesh
ECDM A/mm?2 378 378
NTI1 - Distorted mesh: JENER W/mm3  2.268 2.268
NT11 deg. C 90.3 89.7
HFLM W/mm?2 10.2 9.07
b)
MISES - Flawless mesh:
HvE n Variable magnitudes:
Variable Flawless Distorted
mesh mesh
UX=0, Uy=0, UZ=0
Mises - Distorted mesh: MISES N/mm?2 315 381
TRESCAN/mm2 358 438
Ui mm 2.06x103 2.09x103
Ux=0, Uy=0, UZ0 U2 mm 1.99x10"3 1.89x1 O3

Error
%

-0.66
-11.1

Error
%
20.9
223
1.4
-5.02

Figure 4-6. Verification of the quality of the mesh; a) temperature distribution and variable magnitudes
for flawless and distorted mesh (thermal-electrical analysis, element type: DC3DS8E);

b) MISES stress distribution and variable magnitudes for flawless and distorted

mesh (thermal stress analysis, element type: C3DS).

Table 4-1. Verification of the quality of the mesh.

Number of finite elements
which failed the test

Test
in the vicinity in the film/substrate
of the notch group
aspect ratio NA NA
edge angle 3 209
face skew 0 121
face taper 1 1
face warp 0 0
twist 0 0

4.2. Thermal-Electrical Analysis

The analysis commences by computing the electrical current density distribution in the

conductive film for steady-state current flow. As previously referred to, the computation of the

electrical field must be performed contemporaneously with the computation of the thermal field.

This was achieved using the *Coupled thermal-electrical option of Abaqus (Appendix E). The

single-notch and the three-notch fuse elements were examined on this basis.
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4.2.1. Prescribed Boundary Conditions

The boundary constraints include both sets of electrical and thermal boundary conditions
(BCs). The two electrical BCs include voltage symmetry U=0V applied to all nodes of the
conductive film co-incident with the ‘Y’ plane of symmetry at the reduced section, and the
nodal input voltage (or input current) applied to all nodes at the edge of the wide section of the
conductive film, Figure 4-7. For the single-notch fuse model the input current boundary
condition was used and the electric current was applied to all nodes at the edge of the wide
section. The magnitude of the electric current of 22.3A (11.15A due to symmetry) was chosen
to produce a maximum element temperature of 200°C under steady-state conditions. For the
3-notch fuse model the input voltage boundary condition was used and a voltage of 0.15V was

applied to all nodes at the edge of the wide section.
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Figure 4-7. Applied electrical boundary conditions (the same methodology applies to the 3notch fuse
element).

The two thermal boundary conditions which apply are therefore:

e 1o heat flow (flux) occurs across the symmetry planes;

e the external surfaces of the fuse model are fixed at the ambient temperature (20°C).

4.3. Results of the Thermal-Electrical Analysis

4.3.1. Results of the Analysis in the Electrical Domain

The results of the analysis in the electrical domain include the distribution of the:
e electrical potential;

e electrical potential gradient;

e clectric current density;

e energy dissipated per unit volume due to the flow of the electric current.

The last item is most important, as it has paramount effect on the heat generated in the

conductive film. The results for the 3-notch fuse model are given in Figures 4-8 through 4-11.
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Figure 4-8. The results of the coupled thermal-electrical analysis of the 3-notch substrate fuse in the
electrical domain - central notch.
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Figure 4-9. Electrical current density magnitude (a) and electrical potential (b) in the 3-notch fuse
element along the symmetry line of the conductive film.

The results o f this analysis indicate that:

e the electrical boundary conditions are satisfied (Figures 4-8 a, 4-8 ¢ & 4-9 b);

* the magnitude of the electrical current density vector is, naturally, largest in the notches,
(Figure 4-9 a); as a consequence the largest voltage gradients are located in the notches,

(Figure 4-9 b);
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¢ considering one notch only, current density is largest at the side of the notch,

consequently the magnitude of the generated Joulean heat is largest at the side of the

notch® (Figure 4-10 a);

e since the temperature of the middle notch is higher than the temperature of the side

notch, more Joulean heat is generated in the middle

notch (Figures 4-10 b & 4-11)

despite the magnitude of the current density being the same in all notches

(Figure 4-9 a).
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Figure 4-10. Electrical current density distribution across the notch along the ‘Y’ axis (a), and electrical
power dissipated per unit volume across the middle and side notches along the ‘Y’ axis (b).
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Figure 4-11. Electrical power dissipated per unit volume along the symmetry line of the conductive film.

® This finding is consistent with the results obtained by Rosen [6].
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4.3.2. Results of the Analysis in the Thermal Domain

The amount of the generated heat is proportional to the magnitude of the current and the
resistance of the conductive film. The resistivity of the conductive film material was allowed to
vary with temperature, and for the film material studied (silver), it increases sharply with the
temperature (Appendix G). The heat is conducted away from the notch to the element wider
section and through the substrate and the filler. For any steady current below the minimum fusing
current thermal equilibrium is established, whereupon the total heat generated equals the total
heat conducted from the element. The computed steady-state temperature distribution profile in

the 1-notch fuse element, carrying a DC current 0f22.3/11.15A, is shown in Figure 4-12.
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Figure 4-12. Steady-state temperature distribution in the fuse element carrying a DC current of 22.3/11.15A.

The magnitude and the distribution of the temperature in the vicinity of the notch have
significant effect on the magnitude of the critical stresses and strains, which precipitate de-bonding

or crack initiation at the weakest (most susceptible) section of the element geometry (Figure 4-13).

Figure 4-13. Temperature distribution in the vicinity of the notch.
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The results for the 3-notch fuse element are presented below in greater detail, because the
electro/thermal solution is more revealing in the 3-notch fuse element, compared to the 1-notch
fuse element, and the coupling of the electrical field with the thermal field is more evident. The
computed temperature distribution on the cross-section of the fuse element and the filler is shown

in Figure 4-14.
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Figure 4-14. Temperature distribution on the %Y’ symmetry plane.
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Figure 4-15. Temperature profile through the conductive film, substrate and filler, along the Z’axis of
model symmetry, for the 3-notch fuse elements.

The temperature distribution in the fuse element is plotted in Figure 4-16. The temperature

profiles along the conductive film and the substrate are shown in Figure 4-17.
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Figure 4-16. Temperature distribution in the 3-notch fuse element (filler omitted for clarity).
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Figure 4-17. Temperature profiles in the conductive film along the X’axis of the element symmetry, and
in the substrate along the X’axis of the substrate symmetry.
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Figure 4-18. Heat flux in the conductive film, substrate and the filler along the symmetry line.
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Figure 4-19. Heat flux along the symmetry line of the conductive film (a) and the average heat flux along
the X’ axis in the substrate (b).
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Figure 4-20. Heat flux components and magnitude in the vicinity of the middle notch (filler omitted for
clarity). HFLi, HFL2, HFL3- the X’, °Y’and Z components of the heat flux vector; HFLM - the
magnitude of the heat flux vector.
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Figure 4-21. Effect of the temperature on the magnitude of the Joulean heat dissipated
in the conductive film.

The results of the analysis indicate that:

o the mesh refinement is adequate for the electro-thermal problem investigated (e.g.

Figures 4-13 & 4-14);
e the thermal boundary conditions are satisfied (e.g. Figures 4-12, 4-19 & 4-20);

¢ under steady-state conditions, maximum temperature can be found in the centre of the
middle notch (Figure 4-13) despite the fact that the current density is largest at the side
of the notch (Figure 4-10);

e since the thermal conductivity of the filler is very small, the heat flux through the filler
is, consequently, very small (Figure 4-18);

e the heat flux through the substrate is much larger than the heat flux in the filler, and the
heat flux in the conductive film is again much larger than the heat flux in the substrate,

relative to the value of their respective thermal conductivities (Figures 4-19 and 4-20);

e on aggregate, however, the amount of the heat leaving the substrate across its external
surface is more than twice the amount of the heat leaving the conductive film (across its

external surface) (Figure 4-19);

e (detailed examination of the heat flux vector field in the vicinity of the middle notch,
shows that the heat flux is largest in the conductive film, where it is on average ten

times larger than that in the substrate (Figure 4-20);

e The effect of the coupling of the electrical and thermal solutions is evident in

Figure 4-21.
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4.3.3. Dependence of the Temperature Distribution on the Thermal
Properties of the Substrate

The thermal properties of the substrate affect the temperature distribution in the fuse
element. The results of studies for two substrate fuse models comprising a 10pm silver film laid
onto i) alumina and ii) pyrex substrates are now given. In both models the electric current was
chosen to produce a maximum element temperature of 200°C. The value of the current was
13.8/6.9A for the pyrex-substrate sample, and 22.3/11.15A for the alumina-substrate sample.
The temperature profiles through the conductive film and substrate thickness along the ‘Z’ axis

of model symmetry are shown in Figure 4-22.
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Figure 4-22. Temperature profiles along the ‘Z’ axis of model symmetry through the element and
substrate thickness for two identical 10um conductive films laid on alumina and pyrex
substrates.

The different temperature profiles indicate that the magnitude and distribution of the stress,
elaborated further in Paragraph 4.4.1, is affected by the elastic properties of the substrate and
by the actual temperature distributions.

4.3.4. Comparison of the Current-Carrying Capacity and Short-Circuit

Performance of Strip Fuses and Substrate Fuses

The pre-arcing thermal response to a short-circuit current in strip fuses was compared with
the response of two substrate fuses. In the first case the fuse element was entirely surrounded
by a quartz sand filler, in the other two cases the fuse element was laid respectively on to
alumina and pyrex substrates. The fuse element in all cases was 10um thick silver film. The
pre-arcing time was found to be smallest for the pyrex-substrate fuse, and only slightly larger

for the strip fuse. The pre-arcing time was largest for the alumina-substrate fuse, Figure 4-23.
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This behaviour can be attributed to the thermal properties of the surrounding media
(Appendix G). Alumina has larger thermal conductivity and thermal capacity compared to both
pyrex and quartz sand, hence more heat is absorbed by alumina substrates and, consequently,

the response is slower.
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Figure 4-23. Comparison of the response to a short-circuit condition for a single-notch strip fuse and two
substrate fuses; injected current: 1=2,000A DC at t=0, circuit time constant 1=2ms.

Table 4-2. Pre-arcing times for alumina and pyrex substrate fuses compared to strip fuses.

Type of fuse: Pre-arcing time -
, : ms
strip element 0.875
pyrex substrate 0.860
aluminasubstrate | =~ 0946

Although the pre-arcing time of alumina substrate fuses is slightly longer compared to strip
fuses of the same geometry (Table 4-2), the substrate provides a heat sink and, consequently,
under steady-state conditions more heat is conducted away from the notches through the
substrate and, hence, the nominal current of fuse elements laid on substrates can be increased.
This is demonstrated in Figure 4-24, where the maximum element temperature is shown versus

steady-state RMS current for the three fuses discussed.

If the three fuses were to be operated at the maximum temperature of 300°C then the

increase in current-carrying capacity would be such as illustrated in Table 4-3.

Table 4-3. Comparison of current-carrying capacity for alumina, pyrex and strip fuses.

o | Nominal | Increase in nominal current
- Sample | -current | compared to strip fuse element
i SR o »

strip element 15.1 0

pyrex substrate 15.8 4.6
alumina substrate 248 64.2
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Figure 4-24. Comparison of the maximum element temperature versus the RMS current for a strip fuse and
two substrate fuses.

The current-carrying capacity of alumina-based substrate fuses can be further enhanced by
the use of wide and thin notches, which in effect increases the critical area in contact with the
substrate, and improves heat transfer from the element to the substrate. The results of the

studies on this phenomenon can be found in [4].

4.3.5. Substrates with Additional Heat Sink and Sandwiched Fuse Elements

The effect of attaching an additional heat sink to the bottom side of the substrate, and the
effect of sandwiching the fuse element between two substrates on the current-carrying capacity
of substrate fuses were studied. The substrate material was alumina and the heat sink material

was copper. The silver film thickness was 11.1um. The four samples analysed are illustrated in

Figure 4-25.

Figure 4-25. Fuse samples with additional heat sink(s) and sandwiched fuses. 1—conductive film,
2-substrate, 3-heat sink; a) heat sink thickness 0.2 mm; b) heat sink thickness 0.4 mm;
c) fuse element sandwiched between two substrates; d) fuse element sandwiched
between two substrates with two heat sinks each 0.4 mm thick.

The amount of heat transferred from the conductive film to the upper substrate is smaller
compared to the amount of heat transferred from the film to the main substrate, because the
film is deposited onto the main substrate, and the upper substrate is only mechanically pressed

to the surface of the film. This property was modelled using a thin layer between the conductive
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film and the upper substrate. The thermal conductivity of this layer was arbitrarily chosen as

half that of the substrate.

The maximum steady-state element temperature versus the RMS current for the four samples

analysed is shown in Figure 4-26.

1000

o 800 P 5 .
Q
o
g
: /
g f/ r/
o i
[<3
£ / ]/D//-
8 e LTV <05 R N < D
x A
= og— —
04 : t
20 25 30 35 40 45 50 55
Irms’ A
—0— heat sink 0.2mm thick
—a— heat sink 0.4mm thick

—¢—fuse element sandw iched betw een tw o alumina substrates
—{1— 2 substrates & 2 heat sinks 0.4mm thick each

------- T=300 deg.C

~—o— single alumina substrate

Figure 4-26. Current-carrying capacity of sandwiched fuses and fuses with additional heat sink(s);
1=36/18A DC.

Temperature profiles through the filler, fuse element and substrate along the ‘Z’ axis of
model symmetry, for the four models discussed (Figure 4-25) and, for comparison, for the
single alumina substrate model, are presented in Figure 4-27. The effect of the additional heat
sink(s) and the effect of sandwiching the fuse element between two substrates on the

temperature magnitudes and temperature profiles are evident in this figure.

It is evident that the application of additional heat sink(s) and sandwiching the fuse element
provide a means to increase the pre-arcing current-carrying capacity of the fuse. The computed
pre-arcing time of t=1.34ms for the sandwich sample with two substrates and two heat sinks
(Figure 4-25 d) was only 11.1% greater than the pre-arcing time for the single substrate sample
(Figure 4-25 a). Sandwiching the fuse element between two substrates with two heat sinks,
therefore, radically increases the current capacity (by a massive 217% compared to the strip

fuse element), without a significant increase in the pre-arcing time, Table 4-4.
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Figure 4-27 Temperature profiles along the ‘Z' axis of model symmetry for sandwiched fuses and fuses
with additional heat sink(s); left-hand scale for the sandwich alumina (2 substrates) model,
right-hand scale for all other traces; injected current: alumina substrate
model: 22.3/11.15A, all other models: 36/18A

Table 4-4. Comparison of current-carrying capacity for sandwiched fuses and fuses with additional heat

sink(s).
e : ] vNom_ihal'.‘*‘l;;:y:klhckr‘éé'sevih'ﬁominal ,giui'ifent:f‘f_f::i';i
~ sample current = compared to strip fuse element |
. B |
heat sink 0.2 mm thick 36.1 139
heat sink 0.4 mm thick 37.9 151
fuse sandvyiched between 33.3 120
two alumina substrates
sandwich fuse with two
heat sinks 0.4 mm thick 41.9 217

Sandwiching the fuse element between two substrates is also advantageous from the arcing
viewpoint, as it improves the arcing characteristics of the fuse, i.e. reduces the arcing
let-through [3].
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4.4. Thermal Stress Analysis of Single-Layer Substrate
Fuse Elements

The models analysed in this section permit computation of the stress magnitude and
distribution in single layer current-carrying fuse elements and the dependence of the maximum
interfacial stresses and maximum deformation on the variation of the film thickness and the
substrate thickness. The thermal stress analysis assumes that plasticity is neglected. In order to
enable comparison of structural variables the magnitude of the electric current for all models

presented in this section was chosen to produce a maximum element temperature of 200°C.

4.4.1. Stress/Strain and Displacement Distributions in Single Layer Fuse

Elements

The combination of the elevated non-uniform temperature distribution, due to the flow of
electric current (Figure 4-12) and the effect of external constraints, as previously discussed,
generates internal thermal stresses in the fuse element. The whole of the conductive film was
found to be in compressive stress, due to the large thermal expansion coefficient of silver. The

bulk of the substrate is also in compressive stress (Figures 4-28 & 4-29).

In the 1-notch model, in the vicinity of the conductive film constriction, the substrate was
found to be in compression. This is because the geometry of the 1-notch fuse element is almost
square and both ends of the fuse element are fixed in the ‘Z’ direction. For longer fuse
elements, however, the expected transition from tensile to compressive stress, at the

film/substrate interface, is discernible (Figure 4-30).

Pt tensile stress

compressive stress

Figure 4-28. Equivalent pressure stress (PRESS) distributions showing parts of the model in compression
(dark grey) and tension (light grey).
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Figure 4-29. Direct stresses Sn and S22 and the equivalent pressure stress PRESS distributions.
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Figure 4-30. Stress Syy profiles through the element and substrate thickness for the 1-notch and 3-notch
fuse elements.

Let us consider the profiles of several components of the strain tensor along the symmetry line
(see Appendix A for definitions of critical axes), through the element and substrate thickness

(Figure 4-31).

x10

THE33 E33

El1 EE33 E22

0.0 0.1 0.2 0.3 0.4 0.5 0.6

mm along the symmetry line

Figure 4-31. Profiles of the components of direct strain En, E22 and £33, along the symmetry line,
through the conductive film and substrate thickness; Also included is component THE33 of the
thermal strain tensor; Components THEn and THE22 are exactly equal to THE33 at all points,

and are omitted or clarity; Also included is elastic strain £ £33- Elastic strains EEn and g££22
were omitted for clarity;
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The profiles of the direct strains E;;, E;, and Ej3;, and component THE;; of the thermal
strain tensor along the ‘Z’ axis of model symmetry (Figure 4-31) indicate that:

o The fuse element is subjected to a combination of thermal and elastic strains (compare
E;; with THEj; and EEj;). Elastic strain (EE) is defined as the difference between total
strain and thermal strain, EEy; = E; — THE;.

¢ Since the conductive film is rigidly fixed to the substrate, and the film cannot expand
freely on the ‘X-Y” plane, no discontinuity is allowed for the £;; and E,, functions, at
the film/substrate interface. The results of the computational prediction are therefore
valid (points A and B).

¢ Discontinuity at the film/substrate interface is allowed for the E;; function, because the

conductive film can expand freely in the ‘Z’ direction (point C).

e The results indicate that the substrate can expand almost freely in the ‘Z’ direction, i.e.

elastic strain EEj3; is small.

e Strains E;; and E;; are smaller than the Ej3; strain throughout the substrate thickness,
which indicates that the free expansion of the substrate on the ‘X-Y” plane is restricted
by the end terminations (e.g. at point E strain E; =0.69x107, which is 24% less than the
value of strain Ej; at that point, and E»;=0.78x107, which is 14% less than E;;. If the

expansion was not restrained then E;,=FE;,=E3;).

e The value of total strain Ej3; at point F is Ej; = 7.25%10°. The thermal strain accounts

for THES™® =200°C-1.99%x107° % =3.98x107 of the total strain (Point G).

]

The remaining portion of the strain is the elastic strain EE3; = 7.25x10° —3.98x10” =
3.27x107 (Point H). This strain is due to the restrictions in the free expansion of the

conductive film.

e The accuracy of the computer prediction can be quickly verified, e.g. thermal strain

THE;; at point D should be: THEE™™ =129°C-6.6x107 % =8.51x10™

o

temperature at Point D obtained from Figure 4-22, also note that a0 2°C was used,
p gur ALO,

i.e. temperature dependent material properties). The computer prediction indicates

THE;; = 8.5x10™ (point D), i.e. the error is smaller than 0.1%.
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Let us now consider the direct stress profiles along the ‘Z’ axis of symmetry, Figure 4-32:
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Figure 4-32. Direct stress profiles Su, §22 and S§33 along the symmetry line through the element and
substrate thickness.

The profiles of the direct stresses Su, S22 and S33 along the ‘Z’ axis of model symmetry

(Figure 4-32) indicate that:

e The element can practically expand freely in the ‘Z’ direction; the direct stress S33 is,
therefore, very small throughout the conductive film and substrate thickness (e.g. at Points A
and D).

e The stresses Su and S22 in the conductive film are very large, because the free expansion of
the film is restricted by the substrate and the external constraints (Points E and F). The S33
stress, however, is very small, because the conductive film is not constrained in the ‘Z’
direction (Point D).

e The accuracy of the computer prediction can be quickly verified using the stress-strain
relations (Paragraph 3.3.2, p.22), from which, for example, the Su stress at Point C is calculated
as:

Sn =Xe+2psxx - 3A +2p)- cx(T- Ta)= 125,062 ¢0.00239 +2 135,484 ¢6.9x 10 4 -
-(3 «125,062 +2+135,484)-6.56 x 10'6 129 = -60.9 N/ nim2
where:

vE 0.24-336,000

=7 v — B —— \ = 125,062,
(1+v)(1-2v) (1+0.24X1-2-0.24)

X
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and e=sx+ew +tez =0.69xI(T3+0.78x10“3+0.92x1(T3=2.39x10“3.

Using the same procedure, the S22 and S33 stresses, at Point B and Point A, are respectively:
§22=~36.5 N/mm:2 and S33= 1.4 N/mm2 The computer prediction indicates that <S/= -61
N/mm:2 (Point C), S22=-38 N/mm: (Point B), and §33= 1.4 N/mm2 (Point A). The computer

prediction is, therefore, accurate and satisfactory in these respects.

As both silver and alumina have positive thermal expansion coefficients, the whole fuse
element expands with rising temperature. Given that the thermal expansion coefficient of silver is
approximately 3 times larger than that of alumina the whole assembly, therefore, tends to buckle

upwards (in the ‘Z’ direction). The magnitude of the deformation can be quantified by the

displacement vector field U = U (x,y,z), Figure 4-34.

The Ui, U2 and U3 components of the displacement vector field (Figure 4-34), clearly indicate
that: i) the applied displacement boundary conditions are legitimate; and ii) as envisaged, the fuse
element buckles in the ‘Z’ direction. The actual displacements are very small, in the order of

several microns. The deformation is more pronounced in longer fuse element, Figure 4-33.

[T 000083

007872
007267 undeformed mesh
006661

006056

005450

004844

004239

003633

003028

002422

001817

.001211

I FRINGE PLOT LC=4.3 RES=8 1(2-COMP> MSC/PATRAN R - 1 4 ABAQUS 07- May- 96 15:12:21

Figure 4-33. Deformation (UB) of a 3-notch substrate fuse element (for clarity the magnitude of the
deformation was magnified 150x).
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Figure 4-34. Displacement components Uu U2 and U3.
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The results presented to this point summarise the physical structural behaviour of the whole
substrate fuse element carrying steady-state electric current. It is apparent also that the critical
stresses and strains affecting fuse lifetime are located in the most narrow regions of the element
notch. Moreover, for film de-bonding the film/substrate interfacial stresses are the most critical
and they are dependent on the shape of the notch. These respective critical stresses/strains are

elaborated below.

The mechanical forces trapped in the conductive film resulting from the film/substrate
thermal expansion coefficient mismatch generate planar shear stresses at the film/substrate
interface. The shear stresses (Figure 4-35) are, as expected, largest at the interfacial
film/substrate notch edge. The S3/ and S32 components are the most critical for film de-adhesion,
because they act in the ‘X-Y’ plane. The Sj2 component of the shear stress is, naturally, much

smaller. The maximum shear stress (Tresca) is shown in Figure 4-35 d).

b)

VALUE VALUE
S3.73E+01 S 1.04E+02
22 31E+01 7.62E+401
8. 94F +00
4-5.24E 400 2.02E+01
4-1.94E+01 +7 86E+00
+3.36E+01 +3 59E+01
“M.78E +01
+6.20E+01 49 20E+01
+7 FilE 401 +.20E+02
49 .03E+01 W +1 .48E +Q2
+1.05E +02 +1.76E +02
+1.19E+02 +2 04E+02
+1.33E+02 T2 .32X4-02
+1.47 E+02
*1.61E+02 +2 . 88E+02

c) d)
2 . 65E+01
ul  91E+01
4-1 .05E +01
+3 .2 6E+01
+6.2 1E+01

Figure 4-35. Shear stress components S73, $23, S12 and maximum shear stress (TRESCA) distributions
at the conductive film/substrate interface (conductive film omitted for clarity).

The Tresca, S33 and S32 shear stresses are most pronounced along the interfacial
film/substrate notch edge, the actual stress profiles along that line are shown in Figure 4-36. The
652 and the Tresca stresses are maximum at the point of the minimum cross-section of the notch
- the critical point (Points A & D in Figure 4-36). The S3i shear stress is zero at the critical point

(Point B), and is maximum at Point C. The precise location of the maximum depends on the
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temperature distribution and on the geometrical shape of the conductive film. As the

temperature falls away from the notch all shear stresses decrease in magnitude.
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Figure 4-36. Maximum shear stress (TRESCA) and shear Sy3 and Szs stress profiles in the conductive film
along the film/substrate notch edge.

The shear stresses are also very small within the conductive film and the substrate the

further away they are measured from the film/substrate interface (Figure 4-37).
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Figure 4-37. Shear stress Sy along the critical line.

It is postulated that film de-bonding will commence at the point of the maximum shear stress
acting along the film/substrate interface (the critical point). Theoretically, when the value of the

shear stress exceeds the adhesion bonding strength the film will de-bond from the substrate.
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In an idealised case the point of the maximum shear stress will, subsequently, commute to the

next node on the interfacial film/substrate line, Figure 4-38.
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Figure 4-38. Stress profiles at the film/substrate interface along the Y’ axis.

The distribution of the direct strains £// and E22 in the vicinity of the notch (Figure 4-39
& 4-41), indicates that the conductive film cannot expand freely on the ‘X-Y’ plane. It is only

along the conductive film edge that the film can expand freely, hence the direct strains are largest

along this edge.

Figure 4-39. Direct strains En and E22 in the vicinity of the notch.

The expanded view of the magnitude of the deformation/strain in the conductive film clarifies

this finding (Figure 4-40).
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original mesh

Figure 4-40. Magnitude of the deformation in the conductive film in the vicinity of the notch, deformation
magnified 100x (substrate mesh omitted for clarity).

The shear strains E;; and E»; are largest along the interfacial film/substrate notch edge, and

the direct strains E;; and E»;, are largest along the film notch edge (Figure 4-41).
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Figure 4-41. Direct strains E;s and Ezz along the notch edge; shear strains Es3 and Ez3 along the
interfacial film/substrate notch edge.

The direct and shear strains cannot be overlooked because, at substantially elevated
temperatures, parts of the notch experience plastic deformation and the magnitude of the stress

alone no longer reflects the exact elastic/plastic behaviour of the specimen.

4.4.2. Dependence of the Magnitude of the Deformation on the Length of the
Fuse Element
Single-notch, 3-notch and 5-notch fuse elements (see Figure 4-1 c) were analysed to verify
the effect of the length of the fuse element on the magnitude of the deformation. The results of

the computational study indicate that the magnitude of the deformation increases with the

length of the fuse element (Figure 4-42).
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Figure 4-42. Dependence of the magnitude of the deformation on the length of the fuse element.

4.4.3. Dependence of the Magnitude of Stress and Deformation on the
Thickness of the Conductive Film

Three fuse elements were analysed. The geometry and dimensions of the fuse elements

were identical for all cases, except for the thicknesses of the single conductive film layers

studied: these being 11um, 21pm and 31pum. The results of the computer simulation are
presented in Table 4-5 and graphically in Figures 4-43 & 4-44.

Table 4-5. Resuilts of the variable film thickness analysis.

- Max. - Max. Max. Maximum Mes
. Film interfacial | interfacial | interfacial shear dispiacement
‘Sample | thickness MISES stress shear shear stress 'p'U
" "No e ST ‘stress Szx | stress Szy TRESCA: i
Copm- N/mm?  Nimm? N/mm? ~ N/mm* mmx10?
1 11 494 133 245 544 1.21
2 21 582 188 317 657 1.65
3 31 638 217 358 727 2.03
900 /,l
700
E X////o//dt —o—MISES
Z 5004 —o0—Szx
§ i /l —a—Szy
5 300 R —o— TRESCA
100 I:: ' .

1"

21

Film thickness (um)

31

Figure 4-43. Dependence of the maximum MISES, TRESCA, Sz and Sz stresses on the film thickness.
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Figure 4-44. Dependence of the maximum displacement Us on the film thickness.

Figures 4-43 and 4-44 indicate that increasing the film thickness produces greater trapped
stress in the film and increased deformation and that the trapped stress produces greater
interfacial shear stresses when the film thickness is increased. Thin conductive films are,
therefore, superior to thick films in this respect, i.e. thinner films produce smaller deformation

and also all significant stress components are smaller in thinner film fuse elements.

4.4.4. Dependence of the Magnitude of Stress and Deformation on the
Thickness of the Substrate

Three fuse elements of different substrate thickness were analysed. The silver film
thickness (11um) was unchanged. The geometry and dimensions of the alumina substrate

(except for its thickness) were also unchanged for all cases analysed.

The results of the analysis are summarised in Table 4-6 and in Figures 4-45 & 4-46.
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Figure 4-45. Dependence of the maximum interfacial MISES, TRESCA and Sx and S, stresses on the
substrate thickness.
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Figure 4-46. Dependence of the maximum displacement U; on the substrate thickness.

Table 4-6. Results for the variable substrate thickness analysis.

b i'ii-"'Maxi‘rhum - MaX|mum _ Ma)_(imum Maxnmum Ma)&mum :
S ~Substrate: | interfacial. .| interfacial | interfacial |  shear ' dis Iacemenf .
~Sample | hickness | MISES | shear | shear | stress | P;U i
No |  stress | stressSx | stressSzy | TRESCA vz
- mm | Nmm® N/mm’ Nmm® | Nmm® mm x10°
1 0.4 491 128 242 540 1.73
2 0.6 494 128 245 544 1.21
3 1.0 505 129 251 556 1.14

From Figures 4-45 & 4-46 it is observed that, in general, varying the substrate thickness has
no significant effect on the maximum interfacial shear stresses S, and S, and that thin
substrates are more flexible which results in increased deformation. As the maximum
interfacial MISES stress and maximum interfacial shear stresses TRESCA, S, and S;, all decrease
when the thickness of the substrate is decreased, thin substrates are recommended to minimise

stress. However, thin substrates are vulnerable to increased deformation. As the reduction in

A
stress in thinner substrates is not significant, and the increase in maximum displacement U, is

evident, the thickness of the substrate should not be smaller than approx. 0.4mm, if exaggerated

deformation is to be avoided.

4.4.5. Dependence of the Magnitude and Profile of the Stresses on the Elastic
Properties of the Substrate

The results of varying the properties of the substrate material on the stress distribution for
two single-layer fuse elements were examined. The geometry and dimensions of the fuse
element and the substrate were identical for both cases. The main thermal and mechanical
properties of the substrate materials studied are given in Table 4-7. The results of this analysis

are presented in Table 4-8 and Figure 4-47.
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Table 4-7. Main properties of the substrate materials studied.

Thermal Thermal | Young's
Substrate | conductivity | exp. coefficient | modulus
material e :

W/mm°C 10°°c? | N/mm®
Alumina* 0.025 6.0 339,000
Pyrex® 0.0011 3.3 64,000

Table 4-8. Results of the analysis of the effect of varying the thermo-elastic properties of the substrate
on the magnitude of the interfacial stresses.

s kg . Interfacial . | Interfacial S ook Maximum
‘Substrate | Interfacial | oo T 00 | ShearStress | . tT
material | MISES Stress | Shearstress | ShearStress | ~qppqn, | Displacement Uz
ST e Sax - E Szy o it » = :
| Nmm* | Nmm’ |  Nmm’® | Nmm® |  mmxi0®
Alumina 494 133 245 544 1.21
Pyrex 517 135 240 539 2.89

As previously referred to (Paragraph 4.3.3, p.50) the temperature distributions (Figure 4-22)
in the two samples are different due to different thermal properties of the substrate materials.
Consequently, the stress distribution and stress magnitudes are affected by both the elastic

properties of alumina and pyrex, and by the actual temperature distributions.

0.20[%

_0‘18.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6

Distance along the critical line (mm) i
TRESCA g ( TRESCA Distance along the critical line (mm)

»—x MISES *—xX MISES
©o—0 S,y Substrate material: ALUMINA ©—9 Szy Substrate material: PYREX

Figure 4-47. MISES, TRESCA, and S;y stress profiles along the critical line
for alumina (a) and pyrex (b).

The main findings are:

o The MISES stress along the critical line through the substrate thickness (Figure 4-47) is

significantly smaller for pyrex, because its Young’s modulus is more than five times

4 Group A6 alumina, nominal Al2O3 content 96.5 ~ 99 %
5 Pyrex borosilicate glass, SiO2— 81%, B20s — 13%, NazO — 4%, Al.O3z — 2%
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smaller than that of alumina. This result indicates that, neglecting the large interfacial

stresses, the life-span of a pyrex fuse element would be longer.

e The different modulus of elasticity (Table 4-7) is the reason for increased deformation,

given that a smaller value of Young’s modulus indicates a more flexible material.

e The maximum values of the critical stress components (Table 4-8) are not significantly
different for the two samples studied. However, this may be different for other metal

film/geometry combinations and for longer fuse elements.

Results of the studies on the dependence of the maximum values of the critical stress components

on the substrate material properties for multi-layer fuse elements can be found in Paragraph 4.5.3,

p.76.

4.5. Thermal Stress Analysis of Multi-Layer Substrate Fuse
Elements

Multi-layer films are commonly used in thin film technology to reduce the substrate-film
interfacial stress and improve the adhesion strength of the composite [97], because: i) resistive
films have better adhesion properties with ceramic substrates; ii) the magnitude of the
interfacial shear stresses can be transferred from the metal film/substrate interface to the
interfacial metal film/metal film interface®; iii) due to alloying at the metal/metal interface the
adhesive strength of that interface is much larger than the adhesive strength of the metal
film/substrate interface. From the mechanical viewpoint it would also be advantageous to have
the resistive substrate bonded film (SBF) deposited over the whole of the substrate, because the
temperature at the edge of the weak SBF/ceramic interface would be much smaller than the
maximum temperature in the notch. This type of fuse would, however, have poor arcing
characteristics and, consequently, was not analysed. To summarise, with proper selection of

materials, multi-layer films offer greater adhesion strength and a reduction in peel-off.

Thirty three different combinations of multi-layer films were analysed. For all samples
analysed silver was chosen as the main conductive layer for its thermal/electrical properties.
The choice of the metals for the additional layers was based mainly on their mechanical
properties. The results of the study presented in subsequent sections are restricted to the
dependence of the interfacial stress in two-layer and three-layer fuse elements on the thickness

and mechanical properties of the additional film(s) and the properties of the substrate.

® This characteristic is limited to cases where the area of the SBF is larger than that of the MBF.
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The principal aims of the study were to:

e investigate the means to achieve a reduction in the magnitudes of the critical stress

components in two-layer and three-layer metal combinations;

e analyse the dependence of the interfacial stresses on the thickness of the substrate

bonded film;

e analyse the dependence of the interfacial stress on the mechanical properties of the

substrate bonded film and the (lower/upper) metal bonded film(s);

e cvaluate materials so that a reduction in the maximum value of all significant stress

components can be achieved.

4.5.1. Dependence of the Interfacial Stress on the Thickness of the Substrate

Bonded Film

Three Au-Ag film samples were analysed initially. The Au-Ag combination was used
purely as an example of two noble metals and a benchmark verification of the FE solution. The
principal metal film properties and thicknesses are those given in Table 4-9. In all samples the

thicknesses of the SBF and the MBF were chosen to produce a total film thickness of 11um.

Table 4-9. Properties of the samples used in the analysis of the dependence of the interfacial stress on
the thickness of the substrate bonded film.

Sample | qust'ra_ié Bonded Film | Metal Bonded Film
NG thickness and material | thickness and material
1 0.1 Gold 10.9 Silver

0.5 Gold 10.5 Silver
3 0.9 Gold 10.1 Silver

The results of the computational analysis for the above samples are given in Table 4-10 and

Figure 4-48.

Table 4-10. Results of the analysis for varying substrate-bonded film thickness.

R Maximum: - Maximum | oo s el e
No | MISESstress | Snefgetiess | shearstess | “yppsca Uz
T mm? N/mm? N/mm’ N/mm?. mm x10°
1 484 138 245 531 1.27
2 463 136 241 506 1.27
3 446 134 238 500 1.26
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Figure 4-48 Dependence of the maximum interfacial MISES, Szx, Szv and TRESCA stresses on the
thickness of the substrate bonded film.

From Table 4-10 it is observed that as the substrate bonded film thickness is increased
a small reduction in all stresses is observed. For example the reduction in MISES and TRESCA
stresses is 7.8% and 5.8% respectively, and the reduction for both shear S, and S, stresses
is 2.8%. From the same table it is clear that the two-layer sample (No 3, Table 4-9) is superior
to the single-layer sample of the same geometry (Table 4-8). The maximum MISES stress is
reduced by 9.7%, the maximum TRESCA stress is reduced by 8.1%, the shear stress S is
practically the same and the shear stress S;, is reduced by 2.8%. The declination (Figure 4-48)
indicates that a further reduction in stress would be possible if the thickness of the substrate

bonded film was increased.

4.5.2. Dependence of the Interfacial Stresses on the Elastic Properties of the
Substrate Bonded Film

Six different metals were used for the substrate bonded film and analysed to evaluate the
effect of their mechanical properties on the computed interfacial stresses. The metal bonded
film was silver throughout and its thickness was 10um for all samples. The thickness of the
substrate bonded film was also fixed at 0.5um for all samples, hence the total thickness of all
the two-layer films was 10.5um. The main properties of the metals analysed are given in
Table 4-11 and the results of the analyses are given in Table 4-12 and Figure 4-50. Silver was
also used as a substrate bonded film to enable comparison of the results obtained with the
single layer film and two-layer film models and as a benchmark for accuracy of the FE model

and methodology.
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Table 4-11. Main properties of the metal films analysed. v

Sample Substrate Electric_:a.l . Mel!ing»_ Therm.al.exp. Young’s

No Bonded'Film conductivity - point. .| coefficient .modulus

material smmx10® | ° | 10%°°%ct' | Nmm?

1 Gold 45.4 1,064 14.1 78,500

2 Aluminium 37.4 660 - 23.5 70,600

3 Magnesium 23.8 649 26 44,700

4 Titanium 1.8 1,667 8.9 120,200

5 Copper 59.0 1,084 17 130,000

6 Molybdenum 17.5 2,615 5:1 324,800

7 Tungsten 18.5 3,387 45 411,000
8 | silver | 613 | 91 | 191 | 82700

Table 4-12. Results of the analysis of the dependence of the interfacial stress on the elastic properties of

the SBF.
o ~ Maximum | Maximum | Maximum | Maximum | Maximum
- Sample | interfacial | interfacial shear | interfacial shear | shear stress - |displacement
~ No = | MISESstress:| stressSzx | stressSzy ~ TRESCA | Uz
. |N/mm®| % |Nmm®| +% |Nmm’ +% |[Nmm’| +% | mmxi0®

1 434 -9.2 125 -1.6 230 -17 485 -74 1.17

2 519 | +8.6 128 +0.8 236 +0.8 560 +6.9 1.18

3 432 -9.6 124 -2.4 225 -3.8 484 -76 1.17

40 413 | -13.6 125 -1.6 230 -1.7 461 -12.0 1.16

50 550 | +15.1 | 131 +3.1 243 +3.8 584 | +11.4 1.18

6 436 -8.8 129 +1.6 239 +2.1 494 -5.7 1.16

7 518 | +84 131 +3.1 244 +4.3 597 | +13.9 1.15

8 478 |'100.0 | 127 | 100.0 | 234 | 100.0 | 524 | 100.0 | ~ 118

The main conclusions to be drawn from the results presented in Table 4-12 are:

e Two-layer films produce smaller maximum MISES and TRESCA stresses with some
materials (titanium, magnesium, gold, molybdenum), but with other materials (tungsten,

copper, aluminium) the maximum interfacial MISES and TRESCA stresses increase;

e The maximum displacement is primarily affected by the elastic properties of the metal
bonded film and the substrate, and not greatly affected by the properties of the substrate

bonded film (because it is much thinner);

e Of the seven metals studied titanium produced the smallest substrate/film interfacial
stresses. This finding is consistent with the general application of resistive pastes to
improve adhesion (electrical conductivity of titanium is approximately 30 times smaller

than that of silver) [96].

The effect of varying the elastic properties of the SBF on the overall stress magnitude was
also examined. The overall stress magnitude, in this case, is defined as the normalised scalar
sum of the critical stress components: TRESCA, MISES, S,,, and S,,. No relationship was found

between neither the magnitude of the overall stress and the thermal expansion coefficient, nor
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between the magnitude of the overall stress and the Young’s modulus. However, the overall
stress is a function of the product of the thermal expansion coefficient and the Young’s

modulus (Figure 4-49). This behaviour can be explained as follows:

e The larger the thermal expansion coefficient the larger the build-up of the elastic strain
(defined as the difference between the thermal strain and total strain) and,

consequently, the stress;

o The larger the Young’s modulus the larger the magnitude of the stress (for a given
magnitude of strain which, as was shown above, is linked to the elastic properties of the

substrate and the metal bonded film).

1.6

A X Thermal Expansion
Coefficient

A Young's modulus

® Th. Exp. Coeff. x Young's
modulus

Normalized stress

[»3

0 1 2 3 4 5
Hastic properties

Figure 4-49. The effect of varying the elastic properties of the SBF on the overall magnitude of the stress.

The presented relationship indicates that to achieve a reduction in stress magnitude both the

thermal expansion coefficient and the Young’s modulus have to be considered concurrently.

The stress profiles along the symmetry and critical lines for two two-layer samples (Ag-Cu
and Ag-Ti) were compared with the stress profiles obtained for a single layer (Ag) sample. The
above mentioned metal combinations were chosen from the selection of the two-layer samples
analysed (Table 4-12), because they clearly demonstrate the greatest positive and greatest
negative effect the additional SBF has on the magnitude of the critical stress components
(Figure 4-50).

From Figure 4-50 it is clear that the interfacial shear stresses in the Ag-Cu sample are much
larger than the stresses in a single layer silver sample of the same geometry. However, the
Ag-Ti combination produced smaller interfacial stresses. Moreover, the MISES stress
differential along the symmetry line between the substrate and the substrate bonded film in the
Ag-Cu sample (Figure 4-50 d) is larger than the equivalent stress differential between the
substrate and the silver film in a single-layer sample (Figure 4-50b). In the Ag-Ti sample

practically the whole of the MISES stress differential is contained between the substrate bonded
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film and the metal bonded film (Figure 4-50 f). This, therefore, is advantageous, because the

adhesion strength of the metal/metal combination is much stronger than the adhesion strength

of the metal/ceramic combination.
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Figure 4-50. MISES and shear stress Sy, along the critical (left) and symmetry (right) lines; a & b) single
layer silver film; ¢ & d) substrate bonded film: copper; e & f) substrate bonded film: titanium.
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4.5.3. Dependence of the Interfacial Stresses in Three-Layer Fuse Elements
on the Elastic Properties of the Substrate, Substrate Bonded Film and

Lower Metal Bonded Film

Twenty three-layer fuse element samples were analysed of which half were different
combinations of metals for the substrate bonded film and the lower metal bonded film (LMBF).
These metal combinations were analysed using alumina and pyrex material for the substrate.

The metal combinations and the results of the analyses are presented in Tables 4-13 and 4-14

Table 4-13. Results of the analysis of the dependence of the interfacial stresses in 3-layer fuse elements

on the elastic properties of the substrate, SBF and LMBF. Substrate material: Alumina.

| Maximum | Maximum | Maximum | oo g
daeo o Metal v finterfaciali | interfacial interfacial: ; Sl s
~Sample | combination | MISES | shear stress | shear stress | S62r Stress displacement
- No: | stress | Sz Sz THESCA 1 U
| SBF |LMBF| N/mm* | N/mm’ Nmm® | Nmm® | mmx10®

1 Cu | Mo 547 139 247 580 1.26

2 Mo | Cu 557 146 261 593 1.27

3 Ti | Mg 458 136 239 497 1.27

4 T | W 535 141 251 617 1.25

5 W | Au 536 144 256 619 1.26

6 Mg | Ti 467 134 236 509 1.26

7 Mo | W 533 141 251 615 1.25

8 W | Mo 530 141 251 612 1.25

9 Au | Ti 470 135 239 512 1.26

10 Ti | Au 465 137 243 507 1.27

Table 4-14. Results of the analysis of the dependence of the interfacial stresses in 3-layer fuse elements

on the elastic properties of the substrate, SBF and LMBF. Substrate material: Pyrex.

e | Maximum | Maximum | Maximum il
| Metal | interfacial | interfacial | interfacial Sl’:";’;";’,;:;g dlg"‘l’:(:‘s;"e‘m
_Sample | combination | MISES | shear stress | shear stress TRESCA | PU s

% N° o | stress. | Sx 0 Sy T el

, | SBF |LMBF| N/mm* | Nmm®> | Nmm® | Nmm’ | mmx10°

11 Cu Mo 598 148 263 631 2.53

12 Mo Cu 609 154 275 643 2.57

13 Ti Mg 483 134 239 495 2.53

14 Ti W 693 157 280 718 2.48

15 W Au 698 159 283 722 2.52

16 Mg Ti 491 132 235 506 2.52

17 Mo w 690 157 281 714 2.48

18 W Mo 686 156 278 710 2.50

19 Au Ti 493 132 236 508 2.51

20 Ti | Au | 488 135 241 502 253

Main findings:

e The three-layer samples studied did not produce better results (smaller stresses)

compared to the best two-layer sample (Sample No.3, Table 4-10) of the same

geometry. Only the Mg-Ti SBF/LMBF combination produced comparable stresses. Due
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to the increased manufacturing costs the application of three-layer fuse elements could,

therefore, hardly be justified.

The magnitudes of the critical stress components indicate that there is no general rule as

to whether or not pyrex should be considered superior to alumina as the substrate

platform material, because the maximum stresses depend on both the properties of the

substrate and on the properties of the materials used for the substrate bonded film and

the lower metal bonded film. With some metal combinations the results for the two

substrate materials studied are quite similar (e.g. samples 3&13, 9&19, 10&20),

whereas with other metal combinations they are not (e.g. samples 1&11, 8&18, 4&14).

The MISES stress profiles along the symmetry line indicate that most SBF/LMBF metal

combinations produce a chaotic stress distribution, the worst one for the metal

combinations studied is shown in Figure 4-51 a). However, if the materials for the SBF

and the LMBF are carefully selected a satisfactory stress distribution can be achieved,

Figure 4-51 b).
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Figure 4-51. MISES stress profiles along the line of symmetry; a) worst case: SBF/LMBF metal
combination CuMo, b) best case: SBF/LMBF metal combination TiAu.
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4.6. Summary and Evaluation of Study

In Chapter 4 the electro-thermally-induced stresses and strains in TTFSF carrying steady-

state currents were studied. The study showed that the FE techniques can be successfully

utilised to analyse this class of problem. The critical stresses contributing to fuse failure were

identified, their magnitude and location was computed for various film/substrate geometries

and two-layer and three-layer metal combinations. These metal combinations were also

examined with aview to achieving areduction in the magnitude of the critical stress

components in multi-layer substrate fuses. The effect of varying the substrate/heat sink(s)

geometry on the pre-arcing current-carrying capacity of TTFSF was also examined.
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The main conclusion to be drawn from the study presented in this Chapter is such that the
computer predicted stresses & strains can be used for the next <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>