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FOREWORD

This report was prepared by Patrick A. Harkins,
Physics Technology Laboratories, Inc., La Mesa, California,
under Contract DAAF03-71-C-0299.

The contract was part of a project for the develop-
ment of a 4.32rmm barrel. This program was authorized and
funded by the U. S. Army Small Arms System Agency.

The work was conducted under the technical supervision
of the Research Directorate, Weapons Laboratory at Rock Island,
U. S. Army Weapons Command, with Russell H. Wolff acting as
project engineer.
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ABSTRACT

As part of a task to develop an erosion resistant
4.32mm (.17 Caliber) gun barrel delegated to the Research
Directorate, Weapons Laboratory, Rock Island, a feasibility
study was conducted to determine whether a technique could
be established for sputtering a coating in the bore. A
movable electrode technique was developed which appeared
to be practical. In this technique the target was placed
inside the bore and was moved along the length of the barrel
while the sputtering action was occurring. Under controlled
sputtering parameters (gas pressure, target potential, tar-
get current and target movement), this technique has a pro-
jected capability of the deposition of a uniform thickness
of coating.

Several other sputtering techniques were investigated
and were generally unsuccessful in the accomplishment of a
working procedure.
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OBJECTIVE

The usable life of small arms could be extended, and
the reliability of these weapons improved if barrels were
fabricated of materials more resistant to erosion and
corrosion than of materials presently used. An alternate
and more economical approach would be to develop a method
for coating bores of small arms with a layer of material
for equivalent protection. Therefore, the objective of
this program was to investigate a number of sputtering
techniques proposed as applicable for coating the 4,32mm
bore.

INTRODUCTION

In spite of all the advancements in small arms, bore
erosion as well as heat-checking is a persistent problem.
The advent of higher performance (muzzle velocity) weapons,
caseless ammunition, and operations in swampy, tropical
environments has accentuated this problem. Consequently,
a definite need exists to develop a means by which ex-
cessive maintenance requirements can be reduced by barrel
linings having increaspd resistance to high-temperature
propellant gases, oxidation, and thermal shock.

Many processes exist, such as electroplating, evapor-
ation, chemical or vapor transport-processes,
but all these methods have one or more inherent deficiencies.
For example, some techniques require elevated temperatures
for the deposition of the materials. This almost completely
eliminates some of the best materials whose prime advantage
is a high boiling-point, such as refractory metals or
silica, alumina and beryllia. Further, because of varia-
tions in boiling point, stoichiometry cannot be maintained
when alloys are being deposited. Another problem is en-
countered with the geometry of the gun bore. The relatively
long bore in proportion to the small diameter creates diffi-
culties with the migration of depositing atoms, Even if
all internal surfaces can be reached, film uniformity and
thickness cannot be controlled with any of the conventional
processes. Finally, a problem common to all these techniques
is that of the attainment of appropriate bond strength, which
must be the highest possible for this application.

Sputter deposition offers advantages as a method for
coating bores of small arms. In sputtering, three steps
enerally occuiý: (1) Ions are produced in a gas discharge,-
2) Ions are accelerated to and bombard the surface of a

target material to be deposited. (3) Neutral atoms are
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removed from this target surface and are deposited on the
bore One interesting advantage of the sputtering method
is that unique alloys or composites can be formed by
sputtering of several different target materials simul-
taneously onto a substrate. The quantity of each material
in the alloy can be controlled accurately by alteration
of target potential or target size. Because the deposited
surfaces are built up atom-layer-by-atom-layer, not any one
material is required to be soluble in another material to
form unique alloys.

Sputtering is extremely flexible, not only in the
variety of materials compatible with the process, but also
with the variation in techniques that can be used. For
example, the substrate is often sputtered off before de-
position so that the coating is applied to atomically clean
surfaces. In addition, low rate sputtering of the substrate
can be continued throughout the deposition process (bias
sputtering), activating the surface (without elevating sub-
strate temperature) and causing epitaxial growth. The
basic sputtering process, with its atom-layer-by-atom-layer
deposition, accounts for extremely high bond-strengths to
parent materials. The additional features of atomically
clean substrates and the activated surfaces (all in the
same production step) provide bond strengths far greater
than those which are possible with conventional coating
processes. Finally, because material is sputtered off the
target (atom-layer-by-atom-layer) and deposited upon the
substrate in the same manner, stoichiometry is easily main-
tainedf

METHOD OF APPROACH

Several techniques for sputter deposition of metal
films in small gun-bores were investigated. The primary
advantage of the sputter technique results from the rela-
tively high energy of the sputtered atoms (10 - 100 times
the energy of thermal atoms)o Films formed by the higher
energy atoms have improved adhesion and density.

The sputtered atoms are ejected from surfaces that are
bombarded by ions (energy ,50 to several thousand electron
volts). The number of atoms ejected for each impinging
ion is a function of the ion specie, material bombarded,
angle of incidence of the ions, and ion energy; and, in the
case of single crystals, the crystal orientation is im-
portant. The temperature of the surface being bombarded
is not a critical parameter at temperatures normally en-
countered when films are being deposited.
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Sputtering techniques differ in the manner in which
ions are produced and accelerated to the target or surface
to be sputtered. Several techniques have been evaluated
to determine their suitability for forming protective
coatings in small bores. The sputtering techniques were
evaluated experimentally and analytically. Each approach
required an experimental buildup of equipment and circuits.
The major part of this work was carried out on a 2-inch-
diameter oil diffusion pump vacuum system with a capacity
to reach 5 x 10'- Torr. The test chamber was evacuated
and then backfilled with argon to pressure from 0.01 to
0.5 Torr. Several rare gases were considered for use in
these tests. The heavier rare gases offer the advantage
of larger electron-atom cross sections and a higher prob-
ability of ionization at the pressures being considered.
Argon was selected. Although this is not so heavy as
krypton, it is more readily available and less expensive,
Copper, chromium and tungsten were selected for electrode
materials. Copper has a high sputtering yield and there-
fore would form a deposit early in the experiment that is
readily identified by the copper color. Chromium was
selected because it is presently used as a bore coating,
and tungsten was chosen as an example of a refractory metal
with desirable properties.

In each configuration considered for coating small
bores, except for the ion beam approach, an ionized gas
must be produced in the vicinity of the target electrode.
The gas discharge region must be self-maintaining and con-
tinue to exist when the target electrode is withdrawn into
the bore. Initiation of the discharge occurs as a function
of applied voltage, pressure, and electrode separation
according to the Paschen curve.' At higher Pd products
(P is the pressure and d the electrode gap), the curve
follows Paschen's Law, V = kdP. For lower pressures, the
voltage reaches a minimum and then increases. The Paschen
curve applies particularly to spark breakdown between large
plane parallel electrodes. The curve was taken during this
study with the use of a surface representing the bore sur-
face and a probe similar to the target electrode. The
curve shape remained the same for comparable Pd products.

Gaseous Conductors, J, D. Cobine, pp 164, Dover Publi-
cations, New York.

3



A self-maintalning discharge is established only when
the conditions of field, pressure, and gap are such that
each e&ectron leaving the cathode establishes secondary
processes by which it is replaced by a new electron leaving
the cathode EPectons for maintaining the discharge are
produced at the negative electrode as secondary electrons
resulting from :on bombardment, The mean free path for an
electron must be less than the electrode separation if
sufficient gas atoms are to be ionized to maintain the dis-
charge and provide a high density of ion current for
sputtering. The mean free path for electrons is more than
five t'mes that of the background gas atoms. If the pres-
sure is increased to a value calculated to increase the
electron-atom probability of ionization the sputtered atom-
gas atom colisions will result in a loss of energy by the
sputtered atoms and they will be scattered, The scatter-
formed deposit will be porous and of low density. The
bo-e-f1lm interface will be further complicated by the
constant flux of gas atoms that arrive at the surface. For
exampl, the flux of background atoms will form one atom
layer ' n 10- seconds (the assumption being accommodation
coefficient of unity) if the pressure is lO"- Torr. Thus
the amount of occluded gas in a deposited film increases
with the system p-essure From these considerations, the
conclusion was that the two initial criteria for proceed-
ing with any of the techniques were: (1) the capacity to
p-oduce a self-maintaining discharge at the electrode
within a 4 32mm bore, and (2) the resulting sputtered film
be p-oduced at a background pressure low enough to result
in a dense meta~llc film

An extens've 'nvestigation of film properties and
mate-,als was beyond the scope of this program. Metallo-
graphic examinations were made of films after 4,32mm steel
tub'ng and 4-mm and 6,mm pyrex tubing was sectioned

RESULTS AND DISCUSSION

A Movable Electode Technqu~ e

11) Descept-on of Movable Electrode Technique (MET)

The geometry of the MET is illustrated in Figure 1
'n the first configuration one electrode is movable and the
othe- is stationary Both electrodes need not be movable.
A gas discharge can be produced in the 4.32mm bore over
lengths of 24 "nches when one electrode is located in the
Dore and one in the vacuum chamber. The discharge operates
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Figure 1. Movable Electrode Technique
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at all distances between the entrance end of the barrel
and the opposite end The applied voltage can be either
alternating current or direct current. Alternating current
provides a more stable discharge and a lower starting
voltage. Both electrodes are shown in the barrel in
Figure 2. In this arrangement, an alternating current dis-
charge results in sputter deposition from each electrode
on alternate half cycles.

The moveable electrode technique was tried orig-
inally because it offered a way to remedy the limitations
imposed by the small dimensions of the bores to be coated.
Other techniques, such as a wire positioned on the barrel
axis and made negative with respect to the barrel, limit
the electrode gap to a maximum value of the bore radius.
The electrode gap is the controlling parameter because
the voltage and the gas pressure than can be used are de-
termined by this parameter.

If a potential difference of a few hundred volts
is applied between the target rod and an external electrode,
a range of gas pressure will exist so that a discharge can
be initiated and maintained between the two. Because one
electrode is external, a degree of freedom is allowed that
is not present if the discharge is confined to the target-
barrel gap, The longer path provides a higher probability
of ionizing collisions for each electron traversing the
gap and, therefore, the technique is usable at lower pres-
sures [c probability of ionization by collision and
a - exp (-Pd/V) where P is the pressure, d is the gap be-
tween electrodes, and V is the potential across the gap].
The operating pressure is important because, if too high,
the deposit will be black and, if too low, no deposit will
occur. The first condition indicates that the deposit is
of low density and results in a surface topography so that
light is almost completely trapped in its voids, The
second condition exists when fewer ionizing collisions
occur than are necessary to sustain the gas discharge.
Metallic, durable coatings result when the pressure and
the applied voltage are maintained in the proper ranges.
The discharge gap, in this configuration, is between two
electrodes that can be arbitrarily positioned rather than
restricted to the maximum separation of an axial source
and the bore surface. The electrode (source), positioned
on the bore axis, is mate negative with reference to the
external electrode, and the subsequent ion bombardment of
the source will result in a sputter deposit being formed on
the bore.
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A more easily maintained alternating current dis-
charge can be used. The disadvantage of AC operation is a
reduced deposition rate because the source electrode is
only sputtered for half of each cycle. If both electrodes
are positioned in the barrel (Figure 2), the rate will not
be reduced. Each electrode will act as the source during
half of the cycle.

The electrode (or electrodes) is moved down the
barrel during deposition to coat the entire barrel length.
The coating thickness can be precisely controlled because
of the reproducible sputtering-rate of target materials as
a function of applied voltage and current density. The
sputtering yield (number of atoms sputtered for incident
ion) varies as a function of ion energy (i.e., applied
voltage). The yield is unaffected by current density. The
deposition rate is proportional to current density.

(2) Films Deposited

Films of chromium, tungsten, and copper were de-
posited onto steel and glass tubing of .17-inch and .16-inch
diameter. Tungsten, copper, and chromium are shown in
Figures 3, 4, and 5, respectively. The photomicrographs
were taken at 1040X and 520X, and film thicknesses are ap-
proximately 0.0005 inch.

Initial deposits were made onto glass tubing to
allow the discharge to be observed, and the sputter deposit
detected. This approach allowed the discharge conditions
to be determined. With argon as the discharge gas at a
background pressure of .2 Torr, sputtering occurred at an
applied AC voltage of 1200 volts and current of 15 mAo

The discharge conditions were also evaluated in a
,17-inch-diameter metal tube constructed with a glass view-
ing window. The narrow window made viewing of the elec-
trode possible as pressure and voltage were varied. The
window space was approximately one-sixth of the tube cir-
cumference; therefore, the electric field was not signifi-
cantly affected. The window was longer than the exposed
electrode, and the glow discharge was viewed along several
inches of the barrel length. At pressure of approximately
.1 Torr, the discharge could be initiated and maintained.
The indications, external to the tube, were that a dis-
charge was present at the electrode within the bore. With
the viewing window, however, the glow discharge was seen
to terminate about one-half Inch from the electrode, and
no sputtering was seen to occur. When the pressure was
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Figure 3. Sputter-deposited tungsten film, 1040X.
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Figure 4. Sputter-deposited copper film, 1040X.
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Figure 5. Sputter-deposited chromium film, 520X.
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increased from .2 to .3 Torr, the discharge was present
at the electrode and a sputter deposit formed on the window.
By use of the glass w~ndow, a positive occurrence of
sputtering was observed, and sputtering rate was indicated
by the time necessary fo, coating to become opaque, A
metal film becomes opaque at thicknesses of nearly 700
angstroms, Metallic, highly reflective films formed at
lower pressures (,2 - 3 Torr) under the conditions that
the glow-discharge enveloped the end of the electrode and
a thin dark-region (sheath) surrounded the electrode.

The operating conditions noted above were repro-
duced with the electrode inserted into windowless steel
tubing, Deposits were made within the tubing under these
conditions as determined by the sectioning of tubing

(3) Moveable Mechanism

A capstan arrangement was fabricated and used to
move one electrode along the barrel as the deposit was con-
tinued, The capstan was driven manually and coupled through
the vacuum wall with a rotary feed-through. The wire,
attached to the capstan and electrode, also provided the
electrical contact to the electrode. The wire was covered
by ceramic beads to prevent contact to the barrel (Figure
I ) .

(4) Electrode Shape

The sputtering electrode was covered, except for
the exposed end, with glass and ceramic tubing. The elec-
trode was reduced in diameter where the cover glass-tubing
began This action prevented a sputter deposit from fo-ming
an electrical short from the electrooe, across the glass
tubing, to the bore surface. The copper electrodes were
made from 125-inch-diameter copper tubing The glow dis-
charge terminated at a bright glow in the end of the copper
tubing and resembled a hollow cathode discharge The de-
position rate was highest for this configuration.

(5) External Circuit

The external circuit values, including the power
supply used, have a direct effect on the current drawn at
the target electrode. The material deposited varies di-
rectly as the target current. The voltage between elec-
trodes is detemined by the gas pressure and the electrode
geometry, and (to a lesser extent) by the electrode ma-
terials. Under normal conditions, once the gas discha-ge

Ii
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has formed and is self-maintained, the voltage between
electrodes will remain nearly constant over a wide range
of current The amount of current drawn under these con-
ditions is determined by the external circuit and the
power supply impedance, The maximum deposit rate will
occur if a power supply, capable of delivering more than
1000 volts at an output impedance of a few hundred ohms,
is used Exact values depend upon the ion density achieved
for a particular electrode geometry, Higher deposition
rates could have been achieved with the use of this tech-
nique if power supplies of the proper output impedance had
been available.

B- Other Techn-gues

(1) - a smia Sputtering

In plasma sputtering, a wire was positioned on the
center axis of the gun bore, The barrel was evacuated, and
backfilled w'th argon- During the test, the argon pressure
"was varied between 0 01 and 0,5 Torr, while several hundred
volts were applied between the wire and the gun barrel,
Although the pressure and the voltage were varied over the
wide range, current flow was not evident between wire and
barrel, which wou!d demonstrate that a discharge had started.
A Tesla coil was positioned near the wire in an attempt,
w-thout success, to initiate the discharge, Higher voltage
caused a discharge to -n-tiate between one end of the wire
and the system baseplate. This problem remained in other
attempts, even though tarious shielding techniques were
used. The affinity fo- the discharge to occur from the
wwe to the surfaces other than the gun bore can be ex-
plained by a consideration of the Paschen curve for mini-
mum spark breakdown 7The pressure limitation for the pro-
duction of smooth metalihc films requires that the pressure
be less than 0 5 Tor The region of the curve for minimum
spark b-eakdown extends from Pd products of approximately
I to 10 mm Tor_ If the P is equal to 0C5 Torr, the con-
dit ons favoe a discharge occurring at gaps greater than
the bore ,adus At lower pressure, even longer paths are
favored This is i 1lustrated by the curves in Figure 6,
The 2mm sparing repeesents the gap available if the po-
tential is appl ed between wire and barrel, T e 150 mm
spacing ,epresents a typ)cal gap between the wire or
barrel and the chambe, baseplate or other f i xtures, A
discharge w'l 1tart more easily over lengths greater than
the elect.,ode gap if the pressure is below 025 Torr (2 5 01),
approximately TI-e actual values of pressure and voltage
;o, the poduct'on o' a discharge, under experimental con-
dtions, should not be expected to conform exactly to the
values on the rur~e; Surface irregularities such as a
shavp po-nt can significantly alter the sparking potential.
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for Two Electrode Spacings.
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(2) Capillary and Arc Discharge

The capillary and the arc discharge offered the
possibility that a high density plasma could be formed
through the length of the barrel, Furthermore, the be-
lief was that a wire placed on the barrel axis and biased
negative with respect to the plasma would draw sufficient
ion current to sputter a coating on the bore surface. The
arrangement and circuitry used are illustrated in Figure 7.

The major mechanical problem associated with this
techn'que was that of the alignment of the wire on the bar-
rel axis This alignment was accomplished by the construc-
tion of rigid, but adjustable, supports at each end of the
barrel, The wire was maintained straight by tension.

TWO characteristics of this technique prevented
a depos't from being made (1) Electrically isolating
feedthroughs and leads was impossible to sufficiently pre-
vent a glow discharge eKternal to the barrel. (2) In-
creasing the cathode to anode voltage resulted in an arc
d~scha-ge termlnating a few inches within the barrel, The
arc occured between the anode and the wire. The arc dis-
charge, characterized by high current and low voltage be-
tween the wire and ba~rel, caused severe heating of the
ba-el

(3_) Reactve Sputtering and Multicomponent Materials

Reactive sputtering consists, in this application,
of sputtering w'th a reactive gas such as oxygen rather than
inert gas, i e , a-gon The sputtering technique used can
be any of those techniques discussed in this report that
will result ýn a deposited film, Reactive sputtering is an
attractive method for production of coatings of nitrides,
carbides, oxides, and suijlfdes, No significant change is
p-esent "n the physical system necessary for reactive
sputtering: An effect occurs on the sputtering rate if a
rearft¾e gas is used because of the chemical combination
at the ta'get surface and because of the formation of an
oxide o' reduced sputteeing rate. Reactive sputtering is
a logical extens~on of the sputtering-deposition approach
and should be pursued if a material selection program in-
d'cates that metal oxides or other compounds are sultable.

Multicomponent materials can be sputtered using
the MET configuration The governing factors are those of
the cho'ce of material as determined by the properties
desired and the avallab:lity of material in rod form.
Several materials such as carbides are available in diam-
eters as small as 0,05 inch that would be suitable for
sputter'ng

14
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(4) Assisted (Triode) Sputtering

This technique involves a wire (on the barrel axis)
used as the negative electrode and the barrel used as the
anode. In addition, a heated filament was used as.an
electron source, and electrons were accelerated to one end
of the barrel. The Injection of electrons into the barrel
should provide increased ionization and initiation of a
discharge at lower applied voltage.

This approach did not produce a discharge when used
with a wire on the barrel axis; however, it did increase
the sputtering current when used with the MET. In the MET
configuration with one electrode external and alternating
current applied to the electrodes, the current was increased
by production of a discharge in the connecting chamber. An
RF power supply, self-excited at approximately 20 MHz, was
used to partially ionize argon gas in a chamber at one end
of the barrel, With 1500 V (60 Hz) applied between an
electrode in the barrel and an electrode in the chamber,
the sputtering current to the barrel electrode was increased
by 10 per cent

(5) Ion Beam

The ion beam approach involves, basically, three
regons" a region for production of a plasma-ionized gas;
a second region, the target electrode; and a third region,
the bore surface, Ions produced in region one are extracted
through an aperture negative with respect to the plasma
column Beam-shaping electrodes can also be used to focus
and co! 1 ,mate the beam. The ion beam and the gun barrel
would be ai"gned to Insure that the beam could travel the
barrel length with minimum losses to the walls. A target
electrode -the material to be deposited) would be positioned
in the barel and moved at a rate determined by the de-
posit'on -ate and the thickness desired.

In the analysis of this technique the first con-
sideration was that of the beam density that could be achieved,
The current that can be extracted through an aperture depends
directly on the current density in the ionized region near
the aperture For a dense plasma, the ions are shielded
f-om the potential applied to the aperture, and their mobility
w''l not be affected by the field. Ions that drift to the
sheath that forms a negatively biased aperture plate will
encounter a force because of the field and will be accel-
erated through the opening The flux of ions drifting to

16



nV
the sheath edge can be shown to be j (amps/cm 2 ) = T'

n(ion/cm3 ), V the average velocity. Under the assumption
that a well-designed ion source and vacuum-chamber com-
bination will allow a large pressure differential between
the ion source and the chamber in which the barrel is
located, the belief is that the ion source pressure would
not be greater than 1 x 10-3 Torr. This would provide a
background of approximately 3 x 1013 atom/cm 3 . Ionization
of the background atoms would be approximately 2 •er cent
and yield an ion concentration of 6 x 1011 ion/cm . The
ion flux to an extraction grid would be j (ion/cm2 sec)nV :lO ion/cm'sec. The entrance to the bore is

approximately 0.13 cmý and the resulting beam current would
be nearly 4 x lO5 ion/sec. If the material used as a
target electrode had a sputterin? yield of 2 atom/ion, the
ejected atoms would equal 8 x 101 atom/sec. For a deposit
area of 1 cm2 , the thickness would increase by approximately

0
8 A (8 x 108 cm) per sec. This rate would represent an
impractical buildup of material.

While the estimate presented here is based on a
simple model of very complex processes and does not include
effects such as the decrease in delivered current due to
space charge, this estimate does agree with values of ion
current achieved under laboratory conditions.

CONCLUSIONS AND RECOMMENDATIONS

Of the sputtering techniques considered during this
program, one (MET) produced films in 4.32mm tubing. Of the
films produced, copper gave the highest rate of deposition
followed by chromium, then tungsten. The deposition rates
varied as the sputtering rate of the material.

The time required to deposit a film (0.001 inch thick)
the length of a 24-inch barrel has been estimated from
results obtained in this study. In addition, the deposition
time required with the use of more suitable power supplies
and also the use of xenon gas is given in Table I. The
times are given per barrel and for single electrode oper-
ation. The time can be reduced by one-half when the double
electrode configuration is used. Furthermore, the process
is ideally suited to multiple-barrel deposits. One vacuum
chamber with a single gas pressure control and power supply
can accommodate a number of barrels simultaneously. The
yield of coated barrels is obviously increased by this
approach A vacuum chamber of 30-inch diameter could
readily accommodate 100 barrels per run.
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TABLE I

Metal T0 Tp TP9

Cu 11,5 4 4.4

W 52 17 8.5

Cr 23 7.5 5.4

T -- Time (hrs) to deposit a coating (0.001-inch thick)
in a 24-inch barrel.

T-- Time (hrs) required if voltage and current is
P optimized.

T-- Time (hrs) required if the gas used is selected
Pg to optimize sputtering of tungsten.

One difficulty encountered in this study was that of
gas-pressure control. The gas pressure is critical, as
described previously, and should be maintained within ± .05
To-r or less Control systems are commercially available
by which gas pressure can be measured; and with a servo-
controlled leak valve, the pressure at a predetermined
value well within the tolerances required for this appli-
cation can be maintained,

The MET is a straightforward method for deposition of
films 4ns'de cylinders. The controls and the power supplies
for optimum operation are available commercially. With
gas pressure control, the results are reproducible.

Other approaches considered were more complex and in-
corporated additional variables. MET, because it is
physically and electrically less complex, allows electrode
designs that are not limited by the gap breakdown character-
istic; and all electrodes can be isolated to prevent un-
desirab'e discharges to chamber walls, the baseplate, or
to other components

18



Additional effort should be expended to demonstrate
optimum rates and materials. A technique has been defined
and tested. A prototype system remains to be constructed
based on the information gained, and the properties of
films deposited by this method remain to be investigated.
The choice of material also indicates, to some extent, the
choice of gas used for sputtering. Sufficient information
is available to make such choices.
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