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Abstract — UV lamps with UV-reflecting aluminum coatings over 
half of their perimeters have twice the intensity of emitted UV-
light in a given direction than UV-lamps without such coatings. 
PVD or CVD gives coatings with a weak adhesion. Although 
coatings prepared by cold spraying have a high adhesion, they 
can only be applied to the outside of UV-lamp glass tubes. The 
explosion of Al-wires inside the glass tubes may lead to high-
adhesion coatings on the inner wall. 

The paper gives results of simple experiments where 0.7-mm 
Al-wires are exploded in evacuated glass tubes with an inner di-
ameter of 2 cm and a length of 40 cm. At sound energy input, the 
tubes stay intact. From the outside, an inhomogeneous structure 
of the coating with partially reflecting zones can be seen. After 
sawing the tubes open, macro photographs and Scanning Elec-
tron micrographs of the inner surface of the tubes reveal that the 
coating consists of aligned splatters, droplets in the order of 0.1 to 
1 mm, and micro- and nanostructures. The morphology of the 
latter suggests that they are created by the coalescence of “pri-
mary” nanoparticles with a size between 50 and 200 nm. 

Keywords – wire explosion, vacuum, aluminum, coating, 
nanomaterial, discharge. 

I.  INTRODUCTION 

UV lamps with UV-reflecting aluminum coatings over half 
of their perimeters have twice the intensity of emitted UV-light 
in a given direction than UV-lamps without such coatings. 
PVD or CVD gives coatings with a weak adhesion. Although 
coatings prepared by cold spraying have a high adhesion, they 
can only be applied to the outside of UV-lamp glass tubes. Ex-
ploding Al-wires inside the glass tubes promises high-adhesion 
coatings on the inner wall, in principle. 

Wire explosions generate high pressures e.g. to blast rocks 
[1]. Such applications use the direct contact of the wire explo-
sion with the material. The wire ignites an electric arc evapo-
rating the surrounding material at high temperatures (103-

104 K) generating destructive pressures (102-103 MPa). Under 
vacuum a wire explosion is not destructive due to the lack of a 
pressure transporting medium like atmospheric air. 

II. EXPERIMENT 

A. Experimental set-up 

The set-up of the glass tube1) is shown in Fig. 1, top. A 
700-µm Al-wire, length 350 mm, is spanned between two elec-
trodes in a 20-mm glass tube, length 400 mm. The electrodes 
are inserted via insulating plugs. The hollow electrode on the 
right hand side is connected to a vacuum pump (2 kPa). Fig. 2 
shows the equivalent circuit diagram. The resistivity of the cold 
wire is 24 mΩ. It is fed by a 26-µF/15-kV/2.9-kJ capacitor 

*Research conducted in the scope of the European Pulsed Power Laboratories 
known as the EPPL 

1) Glass tubes sponsored by Heraeus Noblelight GmbH, Hanau, Germany. 

FIG. 1: SET-UP OF GLASS TUBE WITH AL-WIRE (TOP). 
TYPICAL EXPERIMENTAL RESULT (BOTTOM). 

FIG. 2: EQUIVALENT CIRCUIT DIAGRAM. 



bank. By short-circuit experiments an inductivity of ~4 µH and 
a resistivity of ~20 mΩ are identified. The experiment is initi-
ated by spark gap SG with pneumatically moved electrode. 
Current is measured with a Rogowski coil. 

B. Characterization of the aluminum layer 

To gain access to the layer on the inside of the quartz tubes, 
they are sawed open longitudinally with a diamond saw. The 
layer is inspected visually using macro photographs made in a 
photographic reproduction setup. Scanning Electron Micro-
graphs are recorded on a Zeiss Gemini DSM 982 using an ac-
celeration voltage of 10 kV. X-ray diffraction (on pieces of the 
coated tube) is carried out on a Bruker D8 instrument using 
Cu Kα1 radiation (λ = 0.15406 nm). The mean crystallite size D 
was determined from the diffractogram using the procedure 
outlined in Ref. [2], applying the Scherrer formula 

 
Here, the shape factor K was chosen as 0.9, β is the peak 
broadening at half maximum after removing the natural peak 
width of the instrument, and θ is the Bragg angle corresponding 
to the diffraction plane. 

III. RESULTS AND DISCUSSION 

A. First impression after a typical experiment 

Five experiments with reproducible results are conducted. 
Fig. 1, bottom, gives a first impression after a typical experi-
ment: The intact glass tube is covered with a non-homogeneous 
coating. A few parts of the coating are reflecting, other parts 
look dark with irregular striationlike structure. The current has 
an amplitude of 32 kA at a frequency of 15 kHz, see Fig. 3. 

 

 

 

 

 

 

 

 

 

FIG. 3: TYPICAL CURRENT WAVE FORM. 

B. Current wave form 

Comparing real and theoretical current gives information 
about the wire explosion. 

1) Simulation model 
Fig. 4 shows the relation between specific resistivity ρ and 

specific heat w deposited in aluminum. Region I denotes the 
classical low-temperature increase of ρ. Region II describes the 
increase of ρ in the vicinity of the melting point [3]. Region III 

is speculative: Information [3] is linearly extrapolated for mol-
ten Al. At evaporation temperature ρ is defined as constant. 

 

 

 

 

 

 

 

 
 

FIG. 4: SPECIFIC RESISTIVITY OF ALUMINUM 
AS FUNCTION OF SPECIFIC HEAT. 

It is presumed that during evaporation the overall length of 
the wire decreases linearly with increasing energy input. The 
molten material transfers into an arc with overall length propor-
tional to the energy input. Moreover an arc in parallel to the 
wire is expected: According to [4] at 2 kPa at an electrode gap 
of 35 cm the arc ignition voltage is ~20 kV. Gases from the 
surface of the heated wire [5] provoke a lower ignition voltage.  

Arc conductivity G at current iarc is approximated with [6] 

 
(1) 

u is the average voltage of the arc. For freely decaying arcs 
at currents up to 400 A the electrical conductance time constant 
θ is typically 10-100 µs [7]. For the arc parallel to the wire an 
essentially smaller θ is expected due to trigger effects nearby 
the surface of the wire. Further equations used for the calcula-
tions are given in the appendix. 

2) Theory vs. experiment 

Fig. 5 shows the real current together with the currents cal-
culated for wire explosion with and without parallel arc. Theo-
retical and real current only coincide satisfactorily assuming a 
parallel arc hypothetically predicted above.  

 

 

 

 

 

 

 

 

 
FIG. 5: THEORETICAL CURRENT WAVE FORMS VS.  

MEASURED CURRENT WAVE FORM. 



This is underlined by the voltage wave form, Fig. 6: At the 
end of the melting of the wire at time t2 the voltage increases 
drastically to 8 kV and ignites the parallel arc. 

 

 

 

 

 

 

 

 

 

 
FIG. 6: THEORETICAL VOLTAGE AND MEASURED CURRENT 

AT THE WIRE/PLASMA. 

Fig. 7 shows the calculated energy input into the wire. At 
time t1 and energy W1 the wire is heated to its melting tempera-
ture, at t2 and W2 the wire is completely molten, at t3 and W3 the 
wire melt starts to evaporate. W0 is the energy originally stored 
in the capacitor; at W4 the wire would be completely evapo-
rated. Due to parallel arcing the wire is fed with half the ca-
pacitive energy only. 

 

 

 

 

 

 

FIG. 7: THEORETICAL ENERGY INPUT INTO WIRE. 

C. Coating of the glass tube 

The aspect of the aluminum layer produced by the wire ex-
plosion, as seen on the macro photographs (Fig. 8), is irregular 
along the length of the tube and asymmetrical along its circum-
ference. The absence of cylindrical symmetry supports the hy-
pothesis of arc formation, which would disturb the radial ex-
pansion of the products.  

The optical observation clearly indicates that the aluminum 
coating has been formed by two distinct processes. First, there 
are macroscopic droplets (100–1000 µm in diameter) that 
formed by the solidification of molten aluminum metal. Radial 
splash patterns, such as the one visible on the left in Fig. 8, are 
the product of high-velocity impacts of large droplets on the 
quartz surface. Secondly, some areas consist of a relatively flat, 
uniform layer of metal. The slight variations in color are due to 

a varying thickness of the layer and/or a varying degree of oxi-
dation. This part of the aluminum coating has been deposited 
from the vapor phase during the wire explosion. 

 

 

 

 

 

 

 

FIG. 8: MACRO PHOTOGRAPHS OF TWO DIFFERENT AREAS OF 
THE AL LAYER ON THE INSIDE OF THE TUBES. THE SCALE BARS 

CORRESPOND TO 5 MM. 

To further elucidate the structure of the “flat” zones, two 
pieces of the tube are observed by Scanning Electron Micro-
scopy (Fig. 9).  

 

 

 

 

 

 

 

 

 

 

FIG. 9: SCANNING ELECTRON MICROGRAPHS OF TWO ZONES OF 
THE ALUMINUM LAYER (A, B); PARTICLE SIZE STATISTICS FOR 

THE AGGLOMERATE VISIBLE IN B (C). 

The micrographs show that they have an open, porous 
structure that has been formed by the coalescence of “elemen-
tary” aluminum nanoparticles of a relatively uniform size. In 
certain regions (such as Fig. 9b), these nanoparticles form 
strongly agglomerated superstructures, giving micron-sized 
spheres or elongated entities; in other regions, the agglomera-
tion is much weaker. In a given region of the sample, analyzing 
the size of the “elementary” nanoparticles leads to an approxi-
mately normal distribution. For example, the particles forming 
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the agglomerate in Fig. 10b have a size of d =120 nm with a 
standard deviation of σ = 20 nm, as shown in Fig. 9c. The typi-
cal sizes of the nanoparticles found in the aluminum coating 
are 40–160 nm. 

The results of X-ray diffraction analysis of a section of the 
opened quartz tube are shown in Fig. 10.  

 

 

 

 

 

 
FIG. 10: X-RAY DIFFRACTOGRAM OF THE ALUMINUM LAYER 

(BLACK) WITH THEORETICAL PEAK POSITIONS AND INTENSITIES 
FOR ALUMINUM (JCPDS FILE 4-787). 

The only crystalline phase visible in the diffractogram is 
metallic aluminum, corresponding to JCPDS file 4-787; the 
theoretical peak positions and intensities are shown in grey. 
The peak broadening allows to calculate the mean crystallite 
size as 80 nm and 90 nm for the (111) peak (2θ = 38.4°) and 
the (311) peak (2θ = 78.2°) respectively. These sizes are in line 
with the particle sizes determined from SEM. This means that 
the visible nanoparticles consist essentially of metallic alumi-
num. Any aluminum oxide present on the particles is likely to 
be in the form of an amorphous shell on the particle surface. 
The aluminum oxide content can be estimated to be about 
20 wt% according to Ref. [8]. To determine this percentage 
experimentally, thermogravimetric analysis (TGA) could be 
used [9]. However, given the excellent adhesion of the alumi-
num coating on the quartz tube surface, quantitatively remov-
ing part of the layer to measure it by TGA is quite difficult. 

IV. CONCLUSION 

We successfully coated the inside of a quartz tube with me-
tallic aluminum by the explosion of an Al wire. The method is 
inexpensive and fast and leads to coatings with a good adhe-
sion to the substrate. The experimental results show that such 
wire explosions are in evacuated quartz tubes without damag-
ing the tubes themselves. Theoretical investigations indicate 
that an arc parallel to the wire forms before the start of the wire 
explosion.  

The energy input into the aluminum wire is not sufficient to 
fully evaporate the metal, particularly because part of the elec-
tric energy is dissipated in the arc instead. Simply increasing 
the current will only lead to an increased dissipation by the 
electric arc. Due to the partial explosion of the wire, the struc-
ture of the coating inside the glass tube consists of two distinct 
morphologies: splashes and droplets from molten Al, nanopar-
ticles from the evaporated parts of the wire.  

V. APPENDIX: EQUATIONS 
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with current i, cap. voltage uC, wire current iwire, parallel arc 
current iplasma, wire resistivity Rwire, arc resistivity Rplasma, resis-
tivity Rtube of wire and parallel arc, temperature increase ΔT, 
energy Wwire, serial arc conductivity G1 at max. arc length, par-
allel arc conductivity G2. G1,2(0), θ1,2, 2,1u are chosen randomly. 
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