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Summary 

This paper presents some experimental results of 
current limiting and short circuit interruption be- 
haviour of metal film fuses on alumina in compari- 
son with a conventional fuse for semiconductor pro- 
tection. Breaking tests were carried out in a 250 V- 
circuit with di/dt-values of 12 A/fis and 36 A//xs. 

The fuse model shows very good interruption prop- 
erties and in comparison with the conventional fuse 
the rated current is higher by a factor of nearly 
three at the same i2t. 

Additionally, numerical simulations of the melting 
characteristics are made. They show that the heat 
resistance between the alumina substrate and its 
cooled reverse side has to be taken into account. 

1 Introduction 

A metal film fuse is a new application of thick 
film technology to fuses. In comparison with con- 
ventional sand filled fuses, metal film fuses show 
some advantages with respect to the gap between 
the rated current and the short circuit let-through 
current. The heat dissipated from the constric- 
tions and thus the rated current for a certain cross- 
section can be substantially increased by applying 
a metal layer on a thermally well-conducting sub- 
strate, such as AI2O3 and additionally cooling the 
bottom of the substrate. Thus a quick-acting de- 
vice can be realized, which can be used for fast 
power semiconductor protection. 

Under steady state conditions some experimental 
investigations with fast-acting miniature fuses were 
made by [1], where the fuselinks were manufactured 
by evaporating silver onto clear quartz disks. In [2] 

the time/current characteristics of different fuse de- 
signs were determined. In this case the conductor 
was formed by a burnt-in conducting paste on an 
alumina substrate as it is known from thick film 
technology of hybrid circuits [3]. The influence 
of the insulating substrate on the melting perfor- 
mance was investigated in [4] using a numerical sim- 
ulation method. It was shown that silver thin film 
fuses on alumina are very sensitive to overloads. 

Looking at the short circuit range it is known from 
conventional fuses that under adiabatic conditions 
the fusing performance depends only on the ma- 
terial and the minimum cross-section of the fuse 
conductor [5]. As in all types of fuses, the main 
factor influencing the voltage drop is the number 
of constrictions in series that is necessary for a 
safe interruption of short circuit currents [6]. Ad- 
ditionally, it is necessary to apply an arc extinction 
medium to assure satisfactory current breaking be- 
haviour. Quartz sand has proved to show optimum 
behaviour in many respects. It is understood that 
the large surface area of the sand, together with 
the microscopic channels between the grains that 
allow the plasma to flow outward from the hottest 
zones, are responsible for this performance [5]. The 
difference with a fuse conductor on a ceramic sub- 
strate compared to conventional fuses is that the 
fuse conductor is only surrounded at one side by 
the sand. 

The following studies were made to establish 
whether the experiences with conventional fuses 
can be transferred to meted film fuses in the short 
circuit range, because there is little information yet 
about their performance under these conditions. 
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2 Principal Structure of Metal Film 

Fuses 

The principal structure of the investigated fuse 
models is illustrated in fig. 1. First the conduc- 

tor is formed by a screen-printed and fired silver 

paste (4) on an AI2O3 substrate (5). The thickness 

of the substrate is 0.635 mm throughout, and its 

area is 1 x 2 inches. The typical thickness of the 

burnt-in layer is 8 /im, its specific electrical conduc- 

tivity is KP = 3.0-10
4 l/(flmm). For carrying higher 

currents, the thickness of the layer is increased by 

electroplating up to 70 jim. The specific electrical 

conductivity of the electroplated silver layer (3) is 

typically KAg = 5.4 ... 5.8 • 104 l/(fimm). 
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1 plastic case 
2 sand filler 

3 silver layer (20 ... 60 /tm) 

4 silver paste (8 /mi) 

5 AI2O3 substrate 

6 heat-conducting adhesive 

7 copper plate for cooling 

Fig. 1: Principal structure of a metal film fuse 

(all dimensions in mm) 

In order to provide a heat sink and to improve the 

mechanical strength, the substrate is connected to a 

copper plate (7) by a heat-conducting adhesive (6). 

The sand filler (2), which is necessary for optimum 

arc extinction, is contained in a plastic case (1) 

mounted on the substrate/conductor combination. 

To study the influence of the number of constric- 

tions, the experiments were carried out with two 
different fuse designs, shown in fig. 2. They consist 

of 5 or 7 notches in series and two parallel current 

paths. The width and length of each constriction 

is 0.5 mm. The geometries were chosen in an it- 

erative process, taking into account the results of 

nominal current, voltage drop and a large number 

of interruption tests. 
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Fig. 2: Investigated fuse designs (all dimensions 

in mm) 

a) 5 constrictions in series (type 5) 

b) 7 constrictions in series (type 7) 

3 Test Circuit and Experimental 

Arrangement 

For first experiments under permanent current load 
in a low voltage DC circuit, the sand was omitted 

to allow temperature measurements in the metal 

film constrictions with an infrared thermometer [7]. 

Under these conditions the role of the quartz sand 

is negligible because of the main heat dissipation 

through the substrate. 

By water-cooling the bottom of the fuses of fig. 1, 

the DC current was determined that the fuses are 

able to withstand for a long time (t —+ 00). It was 

found that 200 °C are not exceeded in the constric- 

tions then. Though there is no precise coincidence 

with the definition in fuse standards, this current 

is referred to as rated current of the fuses. 
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Fig. 3: Test circuit for breaking tests 
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The short circuit interruption experiments were 
carried out in the synthetic test circuit of fig. 3. The 
energy is supplied by a capacitor bank C charged 
to 250 V. Together with the load inductance L, it 
constitutes a resonant circuit of 330 Hz and 580 Hz 
respectively, for the chosen load conditions. The 
di/dt-values after closure of Ql were set by L to 12 
and 36 A/fis respectively, equivalent to peak short 
circuit currents of 38 and 115 kA under 50 Hz condi- 
tions. Provided the total interruption time is short 
in comparison with the resonant frequency, after 
interruption nearly the full capacitor charge volt- 
age appears and remains across the fuse terminals. 
Under these conditions the tests are an approxima- 
tion of a 250 V DC circuit and of the first critical 
stress in an AC circuit with 250 V momentary line 
voltage after clearing, respectively. In any case the 
circuit allows, to study the fusing and interruption 
behaviour and to compare the influence of different 
fuse parameters. The current and voltage of the 
fuse are measured by a 20 MHz transient recorder 
(Nicolet Explorer 2019). 

For the interruption tests the fuse model was mod- 
ified to a demountable test chamber, illustrated in 
fig. 4. The fuse conductor (2) is contacted with sol- 
dered copper strips. The quartz sand (6) is filled 
into the case (3) and fixed by a top plate (4) under 
a constant force of 140 N. The inner volume of the 
chamber is 18 cm3 and leads to a sand thickness 
above the conductor of about 12 mm. 

4 Experimental Results 

The object of the breaking tests was to get some 
knowledge about the influence of the conductor 
thickness and the number of constrictions on the 
fusing performance as well as the interruption ca- 
pability. The fusing integral, depending on the to- 
tal thickness of the conductor for the two fuse types 
at 12 and 36 A//zs, are shown in fig. 5 where every 
data point represents one interruption test. 

contact terminal 
substrate with fuse 
conductor 
plastic case 
bakelized paper top 

Fig. 4: Chamber for breaking tests 
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Fig. 5: Fusing and calculated melting integral for 
different thickness of the fuse conductors 
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The experimentally determined values are com- 
pared with the adiabatic melting integral calculated 
from [5] 

f‘"' i2dt = q2 •A K (1) 

where 

i : 

tm • 
q : 
A K: 

current 
time when melting point is reached 
minimum cross-section 
material constant (“melting impulse”[5]) 
(6.7 • 104 A2s/mm4 for Ag) 

As a simplification, the conducting sandwich con- 
sisting of 8 fim conducting paste plus electroplated 
silver is treated as a uniform metal with the AK 
value of solid silver. 

It can be seen from fig. 5 that especially for larger 
thicknesses the calculated melting integral is less 
than the fusing integral. Taking into consideration 
that the paste has a resistivity of about double the 
value of Ag and the electroplated silver of about 10 
to 15 % higher than solid silver would yield fusing 
integrals of roughly 25 to 15 % lower, depending on 
the total thickness of the sandwich. According to 
[5] the / i2dt necessary to establish the arc is nearly 
identical with the value to heat the notches up to 
the melting point. The results from fig. 5 show that 
some additional energy, though definitely smaller 
than the value for complete melting and boiling, is 
necessary. 

In fig. 6 the breaking integrals for the same experi- 
ments are summarized. There is no dependence on 
di/dt in the investigated range. Both types with 5 
and 7 constrictions interrupt the current properly 
in the investigated range, where type 7 acts faster 
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Fig. 6: Breaking integral for different thickness 
of the fuse conductors 

due to its higher total arc voltage. At a thickness of 
more than 50 /im type 5 shows an increase of break- 
ing times (= time until the residual current tail has 
disappeared) up to 28 ms, while the breaking times 
of type 7 are still below 1 ms. Failures could, how- 
ever, not be observed with these fuse types. On 
the other hand breaking tests with fuses of only 4 
notches in series have shown that they are not able 
to break the current under these conditions. 

A typical oszillogram of a breaking test of a metal 
film fuse (type 7) is shown in fig. 7. The determined 
rated current for this fuse pattern is 100 A when 
the bottom is cooled. For a current rise of 36 A//is 
the let-through current is 2.7 kA and the breaking 
time is 320 /is. The fusing integral of this metal film 
pattern is 185 A2s, the breaking integral is 313 A2s, 
respectively. 
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Fig. 7: Breaking test of a metal film fuse (type 7, 
d = 45 /im, di/dt = 36 A//is) 
a) current distribution 
b) voltage distribution 
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To compare the short circuit behaviour of metal 
film fuses, breaking tests were carried out with con- 
ventional semiconductor fuses. Fig. 8 shows results 
in the same time range and under the same condi- 
tions as in fig. 7 for a conventional semiconductor 
fuse (35 A/500 V) of approximately the same break- 
ing Ji2dt. It consists of a silver strip 70 ^m thick 
with a pattern of two parallel paths of 7 constric- 
tions in series. The let-through current is some- 
what less than for the metal film fuse (2.3 kA), but 
current zero is only reached after 3.5 ms. The fus- 
ing and breaking integrals are 102 A2s and 274 A2s. 
Comparing the arc voltage of the different fuses, it 
can be seen that the metal film fuse has a higher 
peak voltage, resulting in a faster current decay. 
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Fig. 8: Breaking test of a conventional semicon- 
ductor fuse (Ir = 35 A, di/dt = 36 A./ps) 
a) current distribution 
b) voltage distribution 

The results show that in comparison with the con- 
ventional fuse the rated current of the described 
metal film fuse sample is higher by a factor of nearly 
three, while the breaking i2t-values hardly differ. 
The time of the cessation of the current tail is even 
shorter, indicating in tendency a faster recovery of 
the gap. 

5 Calculated melting characteristic 

The melting characteristic of the metal film fuses 
was studied using the general purpose FEM pro- 
gram ANSYS [8]. The feature of this program is 
to solve the steady state and transient thermal- 
electrical coupled field problem with temperature 
dependent material properties. 

The governing differential equation for the heat flow 
in a conducting solid is given by 

QT 
div(X ■ gradT) - p • c— = -tj (2) 

while the Laplace equation of the electrical current 
flow is described by 

divj = div(n ■ gradip) = 0 (3) 

where 

A: thermal conductivity 
T: temperature 
t: time 
p: density 
c: specific heat 
7?: power density 
K: electrical conductivity 
J: current density vector 
<p: electrical potential 

The coupling of equation (2) and (3) is given by the 
expression for Joule heating described as 

T] = — • J2 (4) 
K 

where 77 is defined as generated heat per volume. 
The iterative solution procedure of the ANSYS pro- 
gram for equations (2) and (3) is treated in [9]. 

The generated finite element fuse model for the cal- 
culations under steady state conditions is shown in 
fig. 9. Because of symmetry it represents only an 
eighth section of type 7 (fig. 2b). The model con- 
sists of the ceramic substrate (thickness 0.635 mm) 
and the applied fuse conductor with a thickness of 
50 pm. The current load (DC only) is applied at the 
nodes of the constriction on the left side, while the 
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Fig. 9: Steady state FEM fuse model (all dimen- 
sions in mm) 

electrical potential on the right side of the conduc- 
tor is fixed to zero. The cooled reverse side of the 
substrate, as well as the right side of the fuse (fuse 
terminal), is kept at a temperature of 20 °C. The 
heat dissipation by convection and radiation can be 
neglected because thermal conductivity plays the 
major role in this case. It was assumed first that 
there is no additional heat resistivity between the 
conductor and the substrate and between the sub- 
strate and the copper plate (fig. 1) of the real fuse. 

The melting performance in the overcurrent and 
short circuit range was computed by increasing the 
applied current and calculating the time to reach 
the silver melting point (960 °C). As the calcula- 
tions proved that the heat conduction between ad- 
jacent constricted sections is negligible, the FEM 
model of fig. 9 was modified into a one constriction 
fuse model with a finely subdivided ceramic sub- 
strate in z-direction. The geometry is indicated by 
a dashed line in fig. 9. 

The temperature dependent material properties 
(electrical resistivity g, thermal coductivity A, spe- 
cific heat c) of the AI2O3 substrate and the conduc- 
tor are linearisized by 

X{T) = X0[l + - To)) (5) 

where 

X: g,X ,c 
ax'- temperature coefficients of g, A, c 
T: temperature 

and the index 0 is used for the properties at 20 °C. 

The properties and coefficients for the materials 
taken from the literature [10, 11, 12, 13] are shown 
in table 1. The electrical resistivity of the fuse con- 
ductor results from the parallel layers of the paste 
and the plated silver shown in fig. 1. It is higher 
than the pure silver value (gAg % 1.5 • 10-5 Omm). 

property conductor 

1.995 • 10-5fimm 

4.08 • 10-' 1/K 

A120J substrate 

eo 
electrical resistivity 

24-ltH W/mmK 

-1.0-10-' 1/K 
thermal conductivity 

ax 

0.428 W/mmK 

-1.4-IQ-4 1/K 
c0 

specific heat 
0.233 J/gK 

4.29 • IQ-4 1/K 

1.01 J/gK 

4.59-IQ'4 1/K 

density 10.5 • 10"J g/mm1 3.75 • IQ-' g/mm3 

Table 1: Material properties of the alumina sub- 
strate and the fuse conductor 

The rated current of the fuse model shown in fig. 9 
was determined as described before as 55 A, which 
is equivalent to 220 A for the whole fuse. This 
current leads to calculated maximum temperatures 
of about 180 °C in the center of each constriction. 
The results show that the hottest temperatures of 
each constriction hardly differ [9], 

Looking at the calculated time/current character- 
istics of fig. 10, it can be seen that the consider- 
able difference between the measured (100 A) and 
the computed rated current is due to the simplified 
fuse model without any heat resistance between the 
conductor and the substrate as well as between the 
substrate and the copper coolant (fig. 1). If an ad- 
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additional heat resistance 
10° 

adiabatic 
E ,n-1 

to2 

current 

Fig. 10: Calculated time/current characteristics 
for one eighth section 
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ditional heat resistance is taken into consideration, 
the curve shifts to lower nominal current values. 
First estimations were carried out with the heat re- 
sistance of a 0.1 mm thick layer of heat-conducting 
adhesive (dashed line). The results are in much 
better agreement. It can be concluded that this re- 
sistance plays the major role in this case, and that 
its reduction will further improve heat dissipation 
from the notches. 

6 Conclusion 

The investigated metal film fuses have a quick- 
acting fusing performance. They additionally 
showed an excellent short circuit breaking be- 
haviour in the investigated range of current rises 
up to 36 A/ps. 

In comparison with conventional semiconductor 
fuses the rated current can be nearly three times 
higher for the same short circuit i2t-value. This 
effect is due to the good heat dissipation through 
the AI2O3 substrate cooled at the reverse side. 

The results of the numerical calculations show that 
the heat resistance of the intermediate layers must 
be taken into consideration to simulate the com- 
plete melting characteristic of metal film fuses. 
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