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SPECIFIC FEATURES OF SHORT CIRCUIT
IN AUTOMOBILE ELECTRICAL SYSTEM

It is shown that fires on vehicles refer to particularly severe accidents, so the problem of increasing
their fire safety is extremely important. It is experimentally illustrated that in a number of cases, when
a short circuit happens in an electrical circuit containing 51AH/280A and 60AH /330A batteries, a spher-
ical fusion is not formed in a copper conductor with a cross-section of 0.75 mm?, but there is a burn-
out of separate conductor wires, their adhesion to the steel surface and destruction in the immediate
vicinity of the contact point. The results of a study with JSM-6390LV scanning electron microscope of
copper multiwire conductors samples and steel band exposed to short circuits at a voltage of 12 and
24V are given. There are shown photographs of the copper multiwire conductors’ fused surfaces, as
well as of the steel band exposed to short circuits. Characteristic diagnostic factors are found out that
allow to identify the cause of the damage in the event of a fire (high-temperature exposure, short
circuit, current overload) of a copper conductor in an electrical circuit with a voltage of 12 V using
the method of scanning microscopy. It is found out that the detected factors are stable and are not
prone to changes in the natural storage conditions of a vehicle, which was damaged as a result of
thermal exposure.

Keywords: fire; scanning electron microscopy; diagnostic feature; ultratrace; forensic fire and tech-
nical expertise; primary short circuit; secondary short circuit; current overload; copper conductor.

DOI: 10.18322/PVB.2018.27.05.34-49

Introduction

Fires cause significant material damage, in particular,
destroy or damage property, as well they cause deaths
and injuries. The damage from fires exceeds 1 % of
the national income in industrialized countries and tends
to constant growth [1-3]. Motor vehicle fires are among
the most severe accidents.

It was shown in a number of works [4—8] that the ve-
hicle electrical system fire hazard is determined by
the factthatits individual elements can serve as an igni-
tion source in the event of an emergency operation
in any functional circuit. It should be noted that accord-
ing to Fire Safety Research Institute in the Russian
Federation, there has been a trend of increasing
the number of fires in vehicles due to technical malfunc-
tion. In particular, the number of car fires due to tech-
nical malfunction increased from 15.7 % in 2001 to
34.0 % in 2010. And in 2012, the total number of fires
resulting from malfunctioning of systems, mechanisms
and components of the vehicle and the failure of the ve-
hicle wiring, amounted to 7,718 (40.0 %) in the Russian
Federation. It is noted in the work [8] that the propor-
tion of car fire examinations reaches 40—-50 % of'the total
number of received materials in some Forensic Expert
Institutions of the Federal Fire Service (FEI FFS) of
the Ministry of Emergencies of Russia. It should be re-
called that a program for automating vehicles has been
launched on a worldwide scale since 2013, and it is cur-

rently being implemented. For example, a Mercedes-
Benz S 500 of 2016 production year has only about
80 various electrical devices control units. According
to this program, vehicles automation should reach a high
level by 2020, and there is no driver’s control of the ve-
hicle in these conditions and he/she only occasionally
takes over the control. By 2025, vehicles should become
fully automated and in conditions a driver does not need
to drive the vehicle. Nevertheless, practice shows that
fires happen even in cars with a high level of automation,
in particular, we know that there was an accident when
Tesla Model S burst into flames.

Thus, the development of measures aimed at pre-
venting fires in motor vehicles is important [4-9]. One
of the types of preventive measures is a fire investiga-
tion.

It is the author’s opinion that [10] fire investigation
is based on a complex of special knowledge being nec-
essary for the investigation of a fire site, individual struc-
tures, materials, products and their scorched residues in
order to obtain information, which is necessary for es-
tablishing initial fire, its cause, scorched residues, as well
as to solve some other problems arising in the analysis of
the causes of the fire.

It should be noted that the overwhelming number of
forensic experts’ conclusions on the technical causes of
fires in motor vehicles has a presumptive (probabilistic)
nature that does not allow the development and imple-
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mentation of specific engineering solutions [11]. This
can be explained by many reasons, including the lack of
modern scientifically grounded techniques that make it
possible to unequivocally determine, for example, the pri-
mary or secondary nature of a short circuit. This fact is
confirmed indirectly by I. D. Cheshko and G. I. Smelkov
in the framework of the work [9], pointing out to the need
to improve the existing methods.

As shown by the authors [9, 10, 12], if the charac-
teristic features of the destruction of current-carrying
wires are found in the fire zone, the question of the mech-
anism of damage (arc or thermal one) and, in particular,
of'the primary or secondary nature of the short-circuit is
inevitably raised. According to many authors, this issue
is far from being a simple one. Attempts to solve it with
the help of instrumental methods were made by crimi-
nologists in the fifties of the last century [9, 10, 12]. Un-
fortunately, an approved and scientifically based univer-
sal technique is not available at the moment, despite
the existence of a number of solved particular problems
[4-22].

So, for example, the authors of the work [22] came
to the conclusion on the basis of numerous experimen-
tal data that round copper globules with distinct delin-
eation lines, which are traditionally defined as “over-
laps”, were formed on the wires not only under voltage,
but also with no voltage as well. An arc appeared on
some wires under voltage leading to the formation of
such globules. At the same time, some wires with no
voltage did not have an arc, but these characteristic over-
laps were observed [22]. The overlaps of some wires
under voltage had a porous structure under the micro-
scope and contained a large number of internal pore vol-
umes, while there were no pore volumes in other over-
laps. The authors [22] note that the same tendency was
characteristic for wires with no voltage.

It is clearly shown in the work [22] that it was deter-
mined when studying samples under a scanning electron
microscope, the samples have no tendency to change
the grain structure or chemical compositions. The inter-
nal grain structures of the overlaps were studied with
respect to the dimensions of the micro structure ele-
ments, porosity and major changes. None of the studied
physical aspects of the overlaps revealed any distinc-
tive features for the samples of wires under voltage and
with no voltage [22]. This opinion is supported by such
researchers as V. Babrauskas, Kuan-Heng Liu, Yung-Hui
Shih, Guo-Ju Chen and others, who point to the inabil-
ity of the scientific community to differentiate the pri-
mary and secondary fusion of copper conductors at
the present stage [16, 18]. In particular, V. Babrauskas,
using the coordinates of the fire, critically analyzes
the results obtained by N. J. Carey [21] in relation to
the primary or secondary short circuit in work [16].

At the same time, it should be noted that the work
[6] contains actual data that allows one to differentiate
the cause of failure caused by the electric arc or thermal
process by the nature of the fracture in the copper con-
ductor in the fusion zone. The present work is also con-
cerned with the establishment of features that allow one
to identify the cause of the destruction of a copper con-
ductor.

The aim of the work is the development of a scientif-
ically grounded method for studying copper conductors
of'an automobile electrical system destroyed as a result
of a short circuit, in order to establish the cause of their
damage during the fire investigation.

Based on this goal, the following research objec-
tives are set:

e toconduct experimental studies on the electrical arc
destruction of copper conductors at a voltage of 12
and 24 V;

e to confirm the conditions for the occurrence of
a primary short circuit in the automobile electrical
system experimentally;

e to prove that there may be traces that allow to iden-
tify the electric arc process on the destroyed surface
of the copper conductor, which has been short-
circuited;

e toestablish that the traces revealed on the destroyed
surface the of copper conductors that have been
short-circuited are stable and are not prone to changes
in the natural storage conditions (unless the traces
are destroyed deliberately);

e to show that scanning microscopy can be applied
in the study of fusible elements of vehicle fuses as
the main method.

Actual examples of the research of copper conduc-
tors’ fusion exposed to short-circuiting at a voltage of
12 and 24 V are considered in this article.

Materials and methods

The researches were carried out at the Regional
University Engineering Laboratory “IRGETAS” of
Serikbaev East Kazakhstan State Technical University
with the application of JSM-6390LV scanning electron
microscope with energy-dispersive microanalysis attach-
ment. The destroyed surfaces of copper conductors
were analyzed without preliminary sample preparation.
The testing chart is shown in Fig. 1.

By analogy with the work [7], a multiconductor
copper wire with 0.75 mm? cross-section was used
to imitate the short-circuit state, as being the most com-
mon in automobile electrical systems. The direct cur-
rent source at a voltage of 12 V was 51AH/280A and
60AH/330A rechargeable batteries, which are the most
popular for modern passenger cars, 6ST190 recharge-
able batteries were used at a voltage of 24 V. The start-
ing current of 51AH/280A and 60AH/330A recharge-
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Fig. 1. Testing chart: « — fundamental chart (a— negative conclusion of storage battery; b — positive conclusion of storage battery;
Y —size of electromotive force of storage battery; /— strength of current; »— internal resistance of storage battery; A — difference of
potentials; E— tension of electric-field into a storage battery; E; — electric force; _;, — strange force); b — a copper wire is arranged
along the tangent to the surface of the steel band; ¢ — a copper wire is arranged perpendicular to the surface of the steel band

a

Fig. 2. General view of fragments of the copper conductor and steel band which has been exposed to a short circuit: ¢ — fusion of
the conductor with a voltage of 24 V; b— the destruction of the conductor with a voltage of 12 V; ¢ — the damage to the steel band with
the perpendicular location of the conductor to its surface; d — the damage to the steel band with the tangent location of the conductor

to its surface

able batteries is 280 and 330 A, respectively, as well as
the starting current of 6ST190 rechargeable battery is
1150 A. A steel band with the dimension of 52x20x0.8 mm
imitated the car body part. A steel band was connected
by means of the multiconductor copper wire to the neg-
ative terminal of the battery, and an electric bulb as
a load was connected to the positive terminal. To imitate
a short circuit, the conductor was arranged along the tan-
gent to the surface of the band (See Fig. 1b) and perpen-
dicular to it (See Fig. 1c).

Results and discussion

The results of the short circuit imitation are shown
in Fig. 2. Classical spherical fusion was obtained only in
the case of the arrangement of a copper wire perpendic-
ular to the steel band at a voltage of 24 V received from
6ST190 battery (See Fig. 2a). When using 51AH/280A
and 60AH/330A batteries and the voltage of 12 V,
the copper conductors destruction occurred without
forming spherical fusion (See Fig. 26 and 2d). When
applying perpendicular arrangement of the multifil-
ament wire relative to the surface of the band, the wires
were fused with complete burn-out of their fragments
(See Fig. 2b).

When applying tangential arrangement of the mul-
tifilament conductor relative to the surface of the band,

the separate wires were fused to each other and to a steel
plate. This effect was described in the work [7] and is
called sticking. At the same time, the copper conductor
wires were destroyed with characteristic signs of current
overload in the immediate vicinity of the place of stick-
ing. The craters and drops of molten metal on the surface
of the steel band occur both in the case of a perpendic-
ular and tangential arrangement of the conductor (See
Fig. 2c and 2d). It should also be noted that at the mo-
ment of a short circuit, the filament of the electric lamp,
which acted as a load, ceased to emit light. This fact in-

Fig. 3. Air gap that is equal to the thickness of the wire insulation
and prevents the occurrence of a short circuit in the automobile
electrical system
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dicates that the consumer does not have enough power
for functioning at the moment of short circuit.

It should also be noted that the air gap between
the bare copper conductor and the steel band that is equal
to the thickness of the conductor insulation (in this case
its thickness is about 0.4 mm), prevents short-circuit,
in spite of the fact that according to the scheme in
Fig. 1a, the voltage is maintained in the circuit by means
of 51AH/280A battery and the filament of the electric
bulb emits light (Fig. 3).

It was found out with the help of ISM-6390LV scan-
ning microscope in the course of the morphological

500 pm

Fig. 4. The surface of a copper conductor destroyed in the pro-
cess of a short circuit at a voltage of 24 V (See Fig. 2a), at the in-
crease of 35 (@) and 200™ (b)

Table 1. Results of microanalysis of the section shown in Fig. 4b

Measure- Content of chemical element, % by mass
ment point

number (0] Mg | Al | Mn Fe Cu Zn
Range 1 2422 | — |1.14]0.64|58.26 | 4.48 | 8.62
Range2 [29.64|1.17/1.92| — | 6.66 |21.18 | 37.10
Range3 1834 — [196| — | 7.16 |59.65 | 10.00
Range 4 196 | — |2.88) - - [95.16| -

study of a fused fragment of copper conductor exposed
to the short circuit with the voltage of 24 V received
from 6ST190 battery (See Fig. 2a) that, in addition to
the microporosity, there are chemical elements relating
to the composition of the steel band on the surface of
the spherical fusion (Fig. 4, Table 1).

As can be seen from Table 1, there are chemical ele-
ments such as Fe, Zn, Mn, inherent in steel band on
the surface of spherical fusion. And iron on the surface

10 pm ¥

Fig. 5. The surface of a copper conductor destroyed in the pro-
cess of a short circuit at a voltage of 12 V (See Fig. 2b), at in-
crease of 37 (@), 200 (b) and 1300™ (c)
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Fig. 6. The surface of a steel strip with a copper conductor after
a short circuitat 12 V (See Fig. 2¢ and 2d) at the increase of 60 (@)
and 220 (b)

of copper is present fragmentarily, in the form of parti-
cles of a spherical shape. It should also be noted that
the temperature of the electric arc process is higher than
the peak firing temperature of a car, which is about
950 °C. Thus, the presence of chemical elements on
the surface of the fused copper conductor, which pre-
viously was not in its composition, can be only explain-
ed by the electric arc process.

It was established in the process of the study of
the copper conductor destroyed by short-circuiting at
a voltage of 12 V (See Fig. 2b, Fig. 5) that separate con-
ductors are fused together, micropores are observed on
the fused surface (See Fig. 5b), as well as micro craters
(See Fig. 5¢).

Fig. 6 shows the results of the study of the destroyed
surface of the steel band after a short circuit at a voltage
of 12 V (See Table 2).

As can be seen from Fig. 6a and Table 2, there are
observed spherical and drop-shaped particles of copper,
as well as a fragment of irregular shape with craters,
consisting of copper in the short-circuit area. There is
a “crater” with flat floor on the surface of steel band
(See Fig. 6b). The floor of the “crater” consists of iron

Table 2. Results of microanalysis of the section shown in Fig. 6a

Measur@- Content of chemical element, % by mass
m;lrllrtn%zlrnt (0] Mg | Al | Mn Fe Cu Ca
Range 1 13.37 | - - — | 3891 |46.65 -
Range2 |28.90 6 — — - |51.70 | 17.26 | —
Range 3 10.13 | - - - | 11.82|78.04 -
Range4 |19.20| — = — [69.59| 991 | —
Range 5 1191 - - — 4780|4029 -
Range 6 |27.73 1 0.69 | 0.80 | 0.36 | 59.35 | 7.50 | 0.38

Table 3. Results of microanalysis of the section shown in Fig. 6b

N Content of chemical element, % by mass
point number 0 cl Mn e Cu
Range 1 27.10 1.47 - 48.84 | 22.59
Range 2 15.96 1.96 = 72.17 9.92
Range 3 28.38 - - 50.42 | 21.20
Range 4 23.37 | 2.18 0.52 | 48.27 | 25.66

by 50-72 % (Table 3), and there are spherical and drop-
shaped particles of copper along its edges.

In the terminology of microtracology, the factors
listed above are microscopic traces that clearly demon-
strate that the cause of the damage to both the steel band
and the copper multifilament conductor was the electric
arc process in the form of a short circuit.

In Fig. 2d it is shown the destruction of the copper
conductor adhered to the steel band. If one side of
the conductor is damaged as a result of a short circuit,
the other side has been destroyed by current overload.

A stream pattern can be seen on the surface of
the copper conductor, as the result of the current over-
load. According to RD 50-672—88 “Guidelines. Strength
Calculations and Tests. Classification of Types of
Metals Fractures”, the stream pattern is an element of
the structure of the cleavage facets surface, which is
a system of convergent steps formed in the cleavage
face as aresult of the destruction of the bridges between
fragile microcracks propagating along parallel, closely
located crystallographic planes. The direction of merg-
ing of the cleavage steps in the stream pattern corre-
sponds to the crack propagation direction. A particular
case of a stream pattern is a fan-shaped pattern that
occurs if the cleavage steps converge within the facet.
It should be emphasized that the stream pattern is a sign
of a fragile fracture.

The studied samples of copper multifilament con-
ductors, as well the steel band were stored for 3 months
(which exceeds the average time for investigating fires),
in different conditions (indoors in the open air, indoors
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Fig. 7. The nature of the fracture in the wire of a copper conductor
with current overload at the increase of 160 (@) and 600™ (b)

in a sealed package, in street conditions without water
access in a liquid aggregate state (without immersion in
water)). When comparing the samples, it is established
that the identified traces are stable and are not prone
to changes in the natural storage conditions (unless
the traces are destroyed deliberately).

Thus, as a result of study by means of scanning
microscopy method of fragments of the multifilament
copper conductor and steel band exposed to a short
circuit, the characteristic features are established that
allow one to identify the process that led to their dest-
ruction.

In conclusion, it should be noted that, in I. D. Cheshko’s
opinion [10] the use of the results of instrumental re-
search as an “intermediate product” in an expert fire in-
vestigation does not reduce their value as the most
important source of objective information without which
the conclusions about the cause of the fire will be un-
convincing.

Conclusion

It has been proved that some features can be fixed
on the fracture surfaces, including mass transfer that
allow to identify the electric arc mechanism of damages

formation in an electrical circuit with a voltage of 12 or

24 V in the case of a short circuit between a multifila-

ment copper conductor and a steel band imitating a car

body part.

In particular, such traces as a “crater” with a flat
floor and spherical and drop-shaped copper particles
located on its edges on the surface of the steel body part
are micro-traces of the electric arc process.

On the other hand, such features as microporosity,
micro craters, spherical iron particles on the destruction
surface of the destruction of a multifilament copper
conductor are also traces of short circuit.

Thus, unlike the current overload in case of a short
circuit in the automobile electrical system, the micro-
scopic traces are paired and are displayed both on
the copper conductor and on the car body part. This fact
makes it possible to quite easily differentiate the copper
conductor destruction mechanism. A short circuit is
identified by mass transfer, i. e., by the presence of iron
droplets on the fused surface of the copper conductor.
The external high-temperature exposure is determined
by the viscous nature of the fracture. In this case, the sur-
face of the fracture in the wires of the copper conductor
near the fusion has a cellular structure. Current over-
load is characterized by such features as the lack of mass
transfer and the fragile nature of the fracture. At the same
time, a stream pattern is observed on the surface of
the fracture in the wires of the copper conductor near
the fusion area.

It is shown that scanning microscopy can be used
in studying fusions of copper conductors not only as
an auxiliary method, but also as the main one in some
cases.

Examples are given that a short circuit in an auto-
mobile electrical system with 51AH/280A and 60AH/330A
rechargeable batteries often causes a sticking, fusing
and burning out of separate wires of a copper multifil-
ament conductor instead of a classical spherical fusion.

The following facts are clearly illustrated:

e there is not enough capacity for work continuation
for any consumer (including an electric bulb) at
the moment of a short circuit in an automobile
electric circuit;

o the air gap between the bare copper conductor and
the car body part without a paint coating equal to
the thickness of the insulation coating is sufficient
for preventing a short circuit in the automobile
electric system.

The present study found that the traces revealed on
the destroyed surfaces of copper multifilament conduc-
tors exposed to short circuit at a voltage of 12 or 24 V in
the electrical system, are stable and are not prone to
changes in natural storage conditions (unless the traces
are destroyed deliberately).

MOXXAPOB3PbIBOBE3OMACHOCTb / FIRE AND EXPLOSION SAFETY 2018 TOM 27 Ne 5 m



B oncxrpotextuka

The obtained results can be used for expert exami-  fire. In its turn, the knowledge of the technical cause
nation of multifilament copper conductors taken from  of the fire will make it possible to develop preventive
fire sites, as well as for establishing the mechanism of =~ measures and technical solutions aimed at its elimina-
their damage and, ultimately, the causes of the vehicle’s  tion.
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