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A significant increase in the efficiency of modern
pulse capacitors is due to special metallized (alumi�
num�coated) plates, which are capable of so�called
self�healing (SH). In cases of breakdown at the sites of
reduced electric strength, a high�density breakdown
current produces the heating and subsequent fracture
in a local region of plate around the breakdown site,
thus insulating the breakdown channel from the
remaining part of the electrode. It should be noted that
the existing theoretical notions and reported experi�
mental results did not lead to the development of a
commonly accepted model of the SH process [1–3],
which is related to complexity of the fracture of a thin
metal film under the conditions of an intense Joule
heating and the subsequent development of micro�arc
processes in the course of demetallization. 

The breakage of thin (nanometer thick) metal films
bearing high current densities has been extensively
studied. Investigations [4–7] of the fracture processes
lasting from tens to hundreds microseconds showed
evidence for a partial breakage of metallization, which
takes place in the form of cracks and stray traces
(polarized structures). The latter manifestations are
probably related to the migration of cathode spots
leaving fractured channels. It should be noted that the
pattern of fracture retains its character irrespective of
the substrate type (glasses, polymers). A specific fea�
ture of the SH process is the initial stage of dielectric
breakdown, which develops within several units or
tens of microseconds, during which the current den�
sity in the breakdown zone can reach up to 1012 A/m2

and above. 

The electric explosion of conductors with charac�
teristic thicknesses within 5–50 µm has been studied
in much detail [8–10]. However, the properties of

nanometer�thick metal films differ from those of
“massive” samples. Indeed, the thicknesses of such
films are comparable with the mean free path of elec�
trons in metals (100–300 Å) and the electric conduc�
tivities of films are several times smaller than those of
the commonly accepted values for bulk metals. In
addition, we can also expect a decrease in the thermal
conductivity and some other physical characteristics.
For these reasons, it would be incorrect to describe the
electric explosion of thin films by extrapolating the
laws of electric explosion (dependence of the explo�
sion duration on the supplied energy, values of the
action integral, etc.) established for relatively thick
samples. 

This Letter presents the results of experimental
investigation of the electric explosion of nanometer�
thick aluminum films, which develops on a nanosec�
ond time scale that corresponds to the duration of
breakdown in solid dielectrics. 

The samples were cut from a metallized polymer
film representing a 20�nm�thick layer of aluminum
thermally deposited onto a 10�µm�thick polypropy�
lene substrate. The had a working area of (5–10) ×
20 mm and an electric resistance of about 6–10 Ω.
The electric explosion was induced by the discharge of
a capacitor via a spark gap. Special measures were
taken to reduce the inductance of a discharge circuit.
The low�inductance capacitor used as the energy stor�
age had a capacitance of C0 = 0.023 µF. The charging
voltage was U0 < 10 kV and the maximum current
amplitude was I < 1 kA. Short�circuit tests showed that
the discharge circuit has an inductance of Lc = 200 nH
and a resistance of Rc = 15 Ω. In view of a short dura�
tion (within tens of nanoseconds) of the electric
explosion process, the current and voltage pulses in
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the exploding sample were measured using a LeCroy
two�channel digital oscilloscope at a sweep rate of
2 G/s. A capacitive voltage divider and the laboratory�
made current shunt had a characteristic response time
not exceeding 2 ns, which ensured the current and
voltage measurements at a sufficiently high accuracy.
The supplied energy was evaluated with allowance for
the inductive peak of voltage drop on the sample [8]. 

Figure 1 shows the typical experimental waveforms
of current and voltage in the sample, which reveal
three stages including the explosion, current dwell,
and subsequent arc discharge development. Calcula�
tions of the supplied energy and the current action
integral were performed for the first stage, which cor�
responded to the electric explosion of the metal film. 

Figure 2a shows waveforms of the voltage and the
current reduced to voltage using the coefficient R0 rep�
resenting the initial resistance of the sample. The
moment of time denoted by τmelt corresponds to the
onset of deviation of the two waveforms, which is evi�
dence of a nonohmic behavior and the onset of sample
melting under the action of electric current. Figure 2b
presents the temporal variation of the energy density
evolved in the course of explosion and the sample
resistance normalized to R0. The jump and trough
observed on the R(t)/R0 curve at 60–90 ns can be
related to a phase transition of the metal from the liq�
uid to vapor state. During these experiments, the level
of supplied energy reached 6.7 kJ/g, which corre�
sponded to the maximum current buildup rate of
dI/dt ~ 7.5 A/ns and the temperature growth rate of
dT/dt ~ 5 × 1010 K/s. 

Using the results of measurements, we have calcu�
lated the action integral to melting (hmelt) and to explo�
sion (hex). It was established that, as the current density
grows within (1.13–3.12) × 1012 A/m2, these integrals
monotonically increase within hmelt = (0.18–0.32) ×

1017 A s/m2 and hex = (0.79–1.08) × 1017 A s/m2. These
values differ from the available published data, accord�
ing to which hmelt = (0.38–0.46) × 1017 A s/m2 and
hex = (1.29–1.40) × 1017 A s/m2 [8–11]. One possible
reason for the discrepancy is the increased resistivity of
thin films, ρ/ρ0 = 2.24, where ρ0 = 0.027 × 10–6 Ω m
is the tabulated value for aluminum. 

Figure 3a shows a plot of the explosion duration
versus supplied energy. Microscopic examination of
the samples upon explosion, which revealed the char�
acter of metal fracture, allowed the plot in Fig. 3a to be
separated into three regions: CLEAR, STRATA, and
ARCING. Figure 3b presents characteristic micro�
graphs showing the typical patterns of fracture in each
of these regions. The region of W > 4.3 kJ/g (CLEAR)
is characterized by the complete evaporation of alumi�
num from the substrate surface. It should be noted
that, as the supplied energy is increased, the explosion
duration τex attains a certain constant level. For W <
3.5 kJ/g (ARCING), the loss of conductivity proceeds
by a different (nonexplosive) mechanism. Here, the
number of current pulses through the sample can vary
from several units to several dozen. Examination of the
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Fig. 1. Typical waveforms of current and voltage in the
sample, which reveal three stages: explosion of the con�
ductor (τex), current dwell (τdwell), and arc discharge
(τarc). 
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Fig. 2. Temporal variation of (a) the voltage U and the cur�
rent I reduced to voltage using the coefficient R0 (initial
resistance) and (b) the normalized resistance of a sample
and the energy density evolved during the explosion.
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demetallization zones shows that the boundaries of the
fracture zones exhibit different morphology: the side
that is closer to the cathode is more involved than the
opposite side (adjacent to the anode). This character
of fracture is related to the motion of cathode spots
during the arc action on the metal. For the intermedi�
ate values of the supplied energy, 3.5 kJ/g < W <
4.3 kJ/g, the fracture is accompanied by the formation
of striations, whereby the metal film degradation con�
sists in the loss of continuity and the appearance of
alternating bands in which the metal is retained and
lost. Detailed investigation showed the absence of any
difference between boundaries of the demetallized
zones in this case. 

Evaluation of the characteristic time of the devel�
opment of a magnetohydrodynamic instability in the

range of loads studied yields 20–46 ns. At the same
time, the formation of striations can be related to the
development of an overheating instability, a threshold
for which amounts to j > 8.3 × 1011 A/m2 [11]. How�
ever, estimation of the characteristic modes of insta�
bility and the size of striations in both cases does not
correspond to experimental data. A detailed analysis
of factors responsible for the development of striations
and the subsequent arc stage is a subject for separate
consideration. 
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