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FOREWORD

This volume consists of the technical papers presented at
the Tri-Service Gun Tube Wear and Erosion Symposiums .I.-d at the
Picatinny Arsenal, Dover, New Jersey, .i March 28-31 lWAv7>It

was the first Tri-Service Symposium hosted at the newly formed
Army Armament Research and Development Command (AR.RADCOM).

ý>The objective of this symposium was to review the work done
under the sponsorship of the three services on the understanding
and control of gun tube erosion since the previous one on this
subject, which was held at the Watervliet Arsenal, Watervliet, N.Y.
in February 1970. Another objective was to bring to the attention
of the scientific community, some new problems which have arisen
as a result of the requirements of increased range, muzzle velocity
and firing rates in some of the advanced high performance barrels.

Following the welcoming remarks by Col. P. B. Kenyon, Director
LCWSL and Maj. Gen. B. L. Lewis, Commanding General of ARRADCOM,
forty papers authored by workers from the three services, industry
and academia were presented in five sessions, namelyt (1) Overview
of the Problems and the Current Programs, (II) Identification,
Measurement and Condemnation Criteria, (III) Mechanisms of Erosion,
(IV) Propellants and Additives, and (V) Materials, Rotating Bands
and Design. This was followed by the summary session, in which the
Chairman of each session summarized the salient advancements re-
ported in his session, followed by discussion on the topic of the
session with a view to identifying the critical areas in which
future R&D efforts were required.
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FOREWORD (contd)

From the response of the attendees, it was obvious that all
the three services shared concerns about the detrimental effects
of erosion on the useful life of barrels and were anxious to ex-
change ideas and work together to understand and control this com-
plex phenomenon. A lot of information was indeed freely exchanged
and a number of concrete suggestions to a'.vance the state-of-the-
art were made. The salient points are covered in the Summary (page
vii - xiii). One of the points of general agreement was, that in
view of the increasing interest and R&D effort in this subject,
a similar meeting should be held in not too distant a future,
maybe in 1980.

The program committee is grateful to ADPA for making general
arrangements for the symposium through Col. P. Skordas, which in-
cluded a banquet on the 29th March. The guest speaker was
Brig. Gen. F. Brown who in his very interesting speech stressed the
importance of recognizing the users limitations and requirements,
during the development of advanced weapons, by the RDT&E elements
of DOD.

Jean-Paul Picard

Iqbal Abmad
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SUMMABY

Since the 1970 symposium on the gun tube erosion held at
Watervliet, there has been increased concern about this problem
in all the three services. For exampler a number of new R&D projects
were initiated in various DOD laboratories, and a number of Army
personnel have been involved in preparing an Army wide R&D plan to
understand and control erosion in advanced gun tubes. The present
symposium was a sequel to such efforts, becaase the necessity of
sharing the results of the work done during the last seven years
and identifying high priority areas for further investigations was
strongly felt in all quarters. The following is a briuf summary

iof the work reported at the symposium.

It was obvious from the review session, that only a minor effortSon the control of erosion existed outside the United States. In
general the shorter erosion limited life as compared with the fatigue
life of barrels, is accepted by most of the countries as a fact of
life, except in a few cases where severity of erosion makes it im-
possible to develop a successfully high performance barrel. As
stressed in the keynote paper, the fact remains that erosion is im-
posing very heavy penalties in terms of the cost of replacements
(including loristics) of prematurely condemned tubes and is a road
block to the realization of advanced concepts such as high muzzle
velocity, rapid fire, and extended range barrels.

More than 50% of the guns in U.S. are used by the Army, and
therefore Army is more heavily involved in studies of the mechanism
and the control of erosion. Next comes Air Force which uses guns
with requirements of very rapid Zire and high velocity, and hence
have erosion limited performance. Navy, currently has very little
R&D effort in erosion control because most of the Naval guns use
the low temperature, low force propellants.

The necessity of understanding the mechanisms involved in
erosion has been generally recognized, but most of the work reported
in this symposiun related to the control measures. The. reason is

vii.
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SUMMARY (contd)

not bard to understand. Erosion is a highly complex phenomenon,
in which a number of thermal, chemical and mechanical interactions
with the bore surface take place in a very short time, and they
vary in significance and intensity along the length of the bore.
This makes it very difficult to quantitatively relate these pro-
cesses with the erosion rates for a specified ammunition and firing
schedule. Therefore, as yet all of the approaches adopted to
predict a barrel life (which is an inportant objective of these
studies) involve semiempirical, although sometimes sophisticated
modern computerized techniques. Progress in the improvement of
experimental temperatures in the vicinity of the bore surface,
measurement of bore enlargement of the eroded guns (including
those with secondary and muzzle wear), simulation of firing con-
ditions in the labs, identification of erosion products on the
bore surface, etc. was discussed, which only made one to realize
that much more effort is required in this area.

The Lajor developments in the control of erosion were reported
to include, use of ablatives, identification of the effects of the
positioning and design of the additive jacket on the heat transfer
in large caliber guns, low flame temperature high impetus nitramine
propellants, substitution of gilding metal bands with Nylon band

and modified rifling design to reduce engraving stresses and pos-
sible damage to the chromium plating on the bore in small caliber
guns, azd use of refractory alloy liners and/or coatings.

Use of dimethyl silicon + 5% fine silica powder as ablative
was reported by Calspan to have increased the life of M39 barrel
by about 300%. Also it increased the "cook off" life of the barrel.
One undesirable effect was the formation of silica residue on the
bore surface which enchanced coppering. Additives (polyurethane,Li Ti2 + Wax, Talc + Wax etc.) continue to be the most important
erosion control measure. Work reported by the BRL group clearly
demonstrated the fact that in order to achieve optimum perform-Fnce, it was necessary to carefully design the additive jacket alnud
its positioning with respect to the charge, compatible with the
internal geometry of the barrel systems. In addition it was also
necessary to use an ignition system, appropriately mclified to
achieve stable cooler boundary layer. For examnle, it was shown
that Ti02 + wax containing XM201E2 charge which L3 base-ignited
and has an ignition delay of 200 msec, did not exert any beneficial

viii.
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SUMMARY (contd)

effect on the wear life of 155 mm barrel. By shortening the igni-
tion delay it was possible to make the additive work effectively.
Use of talc, MoO3 and CaCO in admixture with the propellant in
20 mu and 7.62 mm ammunition, was described by the Frankford group
to have improved barrel life. However, in each case fouling of the
tube was observed. Apparently the formation of a residual in-
organic coating helps to reduce the heat transfer to the bore sur-
face. But very little i3 known about the nature of these residues,
and how they mduce erosion. The criteria for the selection of these
inorganic additives has not been worked out.

Some interesting propellant formulation work is being sponsored
by all the three services, to develop high force-low flame tempera-
ture compositions. One of them, reported by the Picatinny group
consists of RDX, TAGN and polyurethane which has a flame temperature
of 3000 0 K and an impetus of 400,b0o ft-lb/lb. It also does not
have the problem of the anamolous pressure exponents shown by a
number of other nitromine compositions under an investigation by the
Air Force. Presently it is being evaluated by the BRPL for use in
105 mm guns. Apprehension of its relatively high erosiveness, was
somewhat mellowed by a statement from BRL inve.qtigators, that it
compared well with conventional propellants with the same flame
temperature.

Considerable work has been done and is being supported by the
Air Force Armament Labs on the development of plastic rotating bands
for 20 mum and 30 mm Gatling guns. Some of this work reported at the
symposium highlighted the advantages of these bands, in terms of
reduced engraving stresses and consequently increase in erosion
life. Most of these guns in which plastic bands have been tested
were chrome plated. Apparently because of the easy deformability
of the band material, chrome remained on the bore surface longer,
providing protection to the bore fbr extended periods. Another

explanation given was that the plastic material filled in the
cracks in the chrome plate preventing combustion gases from reach-
ing the bore surface. However, no actual observation of the pres-

ence of the plastic material in the cracks was mentioned. Contrary
to the Air Force's results, Navy found no improvement of erosion
life of 5"/54 gun as a result of substitution of copper with plastic
band, Again this emphasized the need of proper designing of the

ix.
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SUMMARY (contd)

band and selection of the material with appropriate mechanical

properties for each gun system. In one of the papers, it was shown
that the optimum design for rifling (maximum torque with minimum
engraving stresses at the bore) for a plastic rotating band, was

with a modified sawtooth geometry. Similar studies are required
to be made for other guns in which plastic rotating bands are ex-
pected to be used.

Advances in the application of high temperature materials in
the form of coatings and liners in steel barrel were summarized in
the keynote paper, in which more than half a dozen of materials were
identified as having demonstrated erosion resistance. It was
shown that for successful application of such materials, it was I
necessary to take into account the thermal and mechanical compati-
bility of the jacket and liner/coating. For example, the nwitjor
reason given for cracking of chrome and tungsten coatings and
molybdenum alloy liners was, that they had hiqher elastic modulus 4
and lower thermal expanion coefficient than the gun steel. To
make them perform satisfactorily, they should be placed under a
compressive stess. Tantalum and columbium alloy, because of their
low elastic modulus, were considered to be more promising. Import-
ance of other properties such as hot hardness and impact strength
was also pointed out.

An interesting development described by the Benet Labs related
to the improvement of the life of 105 mmt M68 (fired with HEAT rounds
without additives), from 100 rounds to 430 rounds, by plating only
the 36 inch length with 10 mil thick chrome, from the origin of
rifling. This also reduced the down bore erosion, because there was
no chrome plating to chip off.

An important observation made in connection with the use of
refractory metal alloy liners/coatings, was that the development of
high impetus propellant was essentially limited by the properties of
the gun steel - m.p., high temperature mechanical properties and

V reactivity with the propellant gases. With the use of liners on

x .
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SUMMARY (contd"

coatings of materials with very high m.p. such as those of tantalum
or columbium alloys, it would be possible to break the so called
"steel barrier", and give freedom to the propellant chemist and
ballistician to design propellant charges with flame temperature
a few hundred degrees higher, to achieve the force necessary for
high velocity and high kinetic energy rounds.

It was suggested that the current technology of the fabrication
of refractory alloy liners/coatings was fairly advanced and could
be exploited to achieve acceptable wear life in advanced barrels.

From the discussion of papers, summary session and general
comments of the attendees, the following appeared to be the overall
consensus:

1. Since the 1970 symposium considerable progress has been
made in developing the state-of-the-art of erosion control.

2. Use of additives is still the most important method of the
control of erosion. However, its effectiveness varies from system
to system, and depends on the additive jacket design and its place-
ment with respect to the propellant charge and the ignition para-
meters. It is necessary that both theoretical and experimental

work be performed to optimize these factors for each gun-ammunition
system with a view to achieving a stable cool boundary layer along
the maximum possible length of the bore. To understand the mech-
anisms of erosion reduction, it is necessary to identify the inter-
action of wax and the inorganic particles with the propellant gases Iand the bore surface including identifying the residues on the bore
surface, both in the large and small caliber guns.

3. Definitive studies should be made on the erosiveness of
1aropelllants, especially nitramine propellants and improve their
compositions to obtain minimum erosion of the bore.

4. Plastic bands are quite effective in reducing the engraving
pressures on the bore surface, especially in small caliber guns

II xi.

~l. I



SUMMARY (contd)

and perhaps the plastic material provides lubrication and filling
of the cracks on the bore surface. In order to achieve maximum
effectiveness in both small and large caliber guns, the band de-
sign and material properties of the band and the rifling design
for each anmmunition gun system should be carefully studied and
optimized. Basic data on the intbraction of these bands with
advanced refractory alloys should be developed.

S. There is a considerable promise in the use of ablatives
and this approach should be further investigated.

6. Although steel is still the best material for guns with
conventional ballistics (especially in combination with additives),
it is unsuitable for guns with high performance requirements.
Therefore the technology of providing liners, cladding or coating
of refractory alloys must be developed on high priority basis.

7. A number of semi-empirical techniques to predict the bore
surface temperature and erosion life of barrels arc available.
They should be thorOughly reviewed and a tentative and generally
agreeable procedure be developed to predict wear life of barrel.
This procedure can contiauously be modified in the light of new
knowledge of the mechanisms that must be developed.

8. Selected experimental techniques to det.ermine the erosi-
veness of propellants, erodibility of materials, measurements of
temperature of bore surface, bore enlargement in eroded barrels,
identification of piopellant combustion products and the product
residues on the bore surface, be continuously improved.

9. A uniform system of reporting the erosion of barrels be
developed and its use encouraged.

10. A coordinated DOD wide R&D plan be formulated and actively
pursued under a directing committee having responsibility of execut-
ing this plan, and having strong influence with the system managers
in initiating high payoff projects and curtailing low priority or
low yield projects. Most of this work must be performed on care-
fully selected one or two gun systems so that the variety of data
obtained could be easily correlated and analyzed.

0xii.



SUMMARY (oontd)

11. An active means of communication between workers in the
three services, about the work performed under various programs,
(e.g. through the Joint Technical Coordination Group--Munition
Development) in the form of occasional meetings, a quarterly or
six-month summary report and exchange of technical memoranda or
reports be established.

Iqbal Abmad

Jean-Paul Picard

xiii.
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SESSION I

SYMPOSIUM OVERVIEW

chairman: Dr. Jean-Paul Picard

U.S. Army Armament
Research and Development Command
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THE PROBLEM OF GUN BARREL EROSION - AN OVERVIEW

I. Ahmad
Benet Weapons Laboratory

Watervliet Arsenal
Watervliet, NY 12189

1. INTRODUCTION
Erosion as illustrated in Figure 1 can be defined as the progressivedamage of the bore surface and enlargement of the bore of a gun barrelby normal firing, ultimately resulting in loss in the muzzle velocity,

range and accuracy and therefore the effectiveness of the weapon.
Normally when the loss in muzzle velocity exceeds 200 ft/sec or when
the bullets show excessive keyholing, the barrel is condemned. This
could happen, depending upon the severity of erosion, much earlier than
the established fatigue life of the tube. The purpose of this paper
is to review briefly the salient processes involved in Psion, and
the progress made during the last thirty years towards control.

2. HISTORICAL

Since their advent as engines of war, in about the first quarter j
of the fourteenth century, there have been continuous efforts to
improve the performance of guns in terms of throwing heavier projectiles
to longer distances with higher accuracy. Early guns were made in the
form of a vasi or vaze from cast bronze. They could throw a stone to
perhaps a few hundred yards. Later, to increase the range they were
made in a tubular form by arranging one or more layers of hand-wrought
iron bars or rods side by side in a circle (1), then welding the
abutted surfaces together like the staves of a barrel (from where the
name 'gun barrel' was derived). The interstices were filled with lead,
and then wrought iron hoops were driven over the barrel to give it
strength and solidity (Figure 2). By the last quarter of the 15th
century barrels were made from cast iron. Also the art of producing
gun powder in the form of dense grains was mastered by that tUme. This
led to the fabrication of some huge pieces of artillery. For example
Edinburg's "Mon Meg" weighed five tons and could throw 19.5 inch ironballs to nearly a mile. The biggest of all the "Czar Cannon ofMoscow" had a 36 inch bore and weighed 40 tons. The "Dull Griete", a

giant 13 ton bombard of Ghent, had 25 inch caliber and used stone
projectiles as heavy as 700 pounds each. Revolutionary progress was
made in the 19th century when because of the advances in chemistry,
mechanics, metallurgy and associated disciplines really workable
rifled gun, elongated streamlined projectiles (instead of iron balls)
through Captain Thomas J. Rodman (USA) a progressive burning gun powder,
and through Alfred Krupp the process for fabricating the barrel from
cast steel were introduced. This wade possible the development of guns

*Keynote paper
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with increased chamber pressure, muzzle velocity and consequently the
range of fire which naturally increased the rate of erosion to a point
that it was recognized as a serious problem. In 1886 Fredrik Abel (2)
wrote, "The great increase which has been taking place during the last
twenty five yoars in the power of artillery has brought the subject of
erosion of gun barrels into prominance, and it is not too much to say
that it now forms one of the chief difficulties to be encountered by
the makers of a heavy gun. As far as can be seen at present its
sufficient mitigation is the one great difficulty which seems likely to
impose a limit on the size and power of ordnance in future".

This statement made about a century ago was true then, and inspite
of the introduction, during the first half of this century of smokeless
powders, improvements in the gun steel and gun design, various types of
coatings and liners was as much true at the end of the second world war,
and inspite of the introduction of wear reducing additives in the
sixties, was restated with the same urgency in the Triservice Symposium
on barrel erosion held at the Watervliet Arsenal in 1970 and it is still
true today.

The reason also remains the same, as was in the nineteenth century,
i.e., a continuous demand for increased range, rate of firing, accuracy
and payload. To give an idea, Figure 3 shows the trend in the increase
of the muzzle velocity (MV) during the past six hundred years. Presently
some of the in-service barrels are designed for MV exceeding 4000 ft/sec,
some advanced concepts of barrel development include evaluations of MV
as high as 8000 ft/sec (3). Rate of fire in some small caliber machine
guns are as high as 1200 rounds/min. Even some large caliber guns are
being designed for sustained, relatively rapid fire rates. Historically
mortars and howitzers are known to have little erosion, and therefore
to fail by mechanical fatigue, and guns to have usually a shorter
erosion life.* But currently, some howitzers such as 155mm XM199 and
8" M201 are being modified for longer range, and therefore have real
erosion problems. In isolated cases, the problem of erosion has been
observed even in mortars (81mm M29A1). In reeoilless rifles the vent
bushings are so severely eroded that they have to be replaced after
500 rounds.

Although systematic studies of this problem date back as far as
tho middle of the 19th century, the most authentic work was done during
World War II (1940-45) under the sponsorship of National Defense
Research Committee (NDRC) of the Office of the Scientific Research and
Development. The results were summarized in an excellent treatise
entitled, "Hypervelocity Guns and Control of Gun Erosion" (4). After
the war the interest in the subject waned as is evident from the
proceedings of 1950 (5) and 1952 (6) symposia. During the Vietnam War,
the problem again came to the surface and the subject was reviewed in
an interservice symposium held in 1970 at the Watervliet Arsenal (7).
Since then there has been a general awareness of this problem, and

*Had it not been for the additives the majority of the large caliber
guns would be erosion limited. 3-2
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while the Army initiated efforts (59)to draw out a well coordinated

R&D plan a number of projects on understanding and control of
erosion were started by the concerned labs. At present a comprehensive
plan prepared by a committee of ARAADCOM personnel is under consideration
of DARCOM. Dr. Ward will review its status today.

3. MAGNITUDE OF THE PROBLEM OF EROSION IN THE CURRENTLY USED GUNS

Table I, lists some of the current large caliber weapons which are
wear limited (8). It also lists guns which are condemned on the basis
of both wear and fatigue. The small caliber, especially rapid fire
machine guns, are in general erosion limited. For example 20mm M61,
has, depending on the firing schedule, a fatigue life between 3000-12000
rds, but their erosion life is not more than 500-2000 rdso Some of the
advanced systems such as 60mm high velocity MCAAAC or 75mm ARES gun
cannot be brought to fruition unless satisfactory methods of the control
of their erosion can be found.

Erosion is therefore costing the DOD heavily in the prematurely
condemned tubes and is a road block in the development of advanced
barrels especially those 4ith the requirement of long range, rapid fire
rate and high muzzle velocity.

4. PHENOMELOGICAL DESCRIPTION OF EROSION PROCESSES

Figure 4 illustrates the three major elements which take part in
the erosion of a gun barrel.

1. The barrel, made of gunsteal (composition and properties
shown) with rifled bore surface.

2. The round, which includes the propellant, primer and ignitor.
Representative compositions of propellants used in large and small
caliber guns are summarized in Table Il(a) and If(b) respectively.

3. The projectile with its rotating band which is usually made
of copper or gilding metal. The rotating band not only provides spin
to the projectile, but also obturates the gases, to achieve maximum
pressure in the barrel behind the projectile.

When the gun is fired, the propellant burns and develops high
temperature (2500-3800 0 K) and high pressure (20-80,000 psi) due to the
formation of large volume of gases which propel the projectile and

give it the required muzzle velocity. CO, CO2 , H20, H2 and N2 are the
major constituents of the powder gases. Also present are NH3, CH4 , NO
and H2S (from the primer), and a number of other minor species
including free radicals, ions and metastable molecules. The amounts
of CO, C02 , H20 and P12 are controlled by the water gas reaction

CO2 + H2 CO + H20. The CO/CO2 ratio for single base powders is
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higher (2-3) than that for the double base powders (approximately 1).
In other words, single base powders are more reducing than the double
base ones. Figure 5 is a typical ballistic curve, showing the
variation (9) of temperature, pressure, muzzle velocity and the
fraction of propellant burnt as a function of time. In large caliber
guns such as 175mm, this time may be 20 milliseconds and in the small
caliber rifles, it may be a fraction of a millisecond. During this
time, under the pressure of the gases the projectile moves forwards.
The rotating band engages with the rifling creating a contact pressure
as high as 50 Ksi, with the accompanying increase in temperature at
the interface, which can melt the band surface, providing almost hydro-
dynamic lubrication to the projectile which is accelerating towards the
muzzle end. Heat is transferred from the hot gases to the bore surface
by forced convection, further raising the bore surface temperature,
which not only reduces its mechanical strength, but also promotes
chemical interaction. Theoretical calculations and extrapolation of
experimental measurements made in the vicinity of the bore surface with
various kinds of high response thermocouples, indicate that the first
few mils of the bore surface experiences a rapid temperature excursion
(Pigure 6). In high muzzle velocity rapid fire barrels, it can cause
partial melting of the surface.

Some of the important processes involved in the alteration of the
bore surface are summarized in Figure 7(a). The reacting parameters
include high temperature, high pressure, chemically reactive gases,
and rotating band stresses and material. Heat and pressure cycling
accompanied by some C and N diffusion, soften the bore surface
and induce a . y and martensite ' austenite transformations. The
affected area, called the thermally altered layer (7a4), has a finer
grain structure than the original steel, and approximately the same
composition. The phase transformations are accompanied by volume
changes, inducing stresses in the bore surface causing it to crack.
This condition is called "heat checking" (7al). If the propellant
used is a double base, which in general has a high flame temperature
and CO/CO2 ratio of about 1, the surface products are low melting
point PeO and austenite. There is a partial melting of the surface,
resulting in "pebbling" (7a2). Low flame temperature single-base
propellant gases normally react to form the so called "white layer" (7a3)
which consists of FeýC (cementite), Fe2Nx(epsilon), Fe4N (y prime),
minor amounts of FesU4 , retained austenite and some martensite phase
formed on rapid cooling. Another layer between the thermally altered
layer and white layer, called inner white layer is sometimes observed.
It is generally austenite stabilized by the dissolution of C and N and
is occasionally partially melted. Apparently the formation of inner
white layer precedes the outer white layer. The sequence of these
layers is schematically shown in Figure 7a4. The melting point of
these products is as low as 1100-1150%C, which is 250-300*C lower than
the m.p. of steel. Therefore it is conceivable that high velocity
gases following the projectile can sweep away some of these molten or
loose products.
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Frequently incomplete obturation of gases past the projectile, due
to faulty band, or after a certain amount of erosion at the origin of
rifling has taken place, can score the bore surface, as well as melt
the rotating band surface contributing to coppering. Entrapment of
copper in the surface cracks may accelerate their propagation into the
body of the barrel. Further the accelerating projectile can swage
the lands, and contribute to the muzzle wear. The unburnt propellant
particles provide mechanical abrasion of the surface. All these
factors, which are summarized in Figure 7(b) contribute to the removal
of the material from the bore surface, ultimately resulting in the
enlargement of the bore.

The severest conditions occur near the origin of rifling and
therefore it is the most affected area in the tube. The rate of

erosion, in general, increases with the increase in energy imparted
to the projectile and the temperature of the propellant. In other
words it increases with increase in the weight of the propellant
charge, chamber pressure, muzzle velocity, rate of fire and isochoric
flame temperature.

Normally, muzzle wear, which is essentially mechanical in nature,
is very small, but in some of the advanced barrels with requiroment of
longer range, or those with bad O.R. wear, it can become critical enough
(Figure 8) to limit the effectiveness of the weapon by causing lnaccept-

P able loss in range and increase in azimuth dispersion (10).

'Murs in a very short time the bore surface is exposed to 1) high
temperatures, 2) high pressure stresses, 3) severe chemical interaction
of combustion gases, 4) engraving stress of the rotating band, frictional
forces and bore surface band material interpction, 5) transient thermal
and mechanical effects such as scoring due i poor obturation of gases,
6) sweeping action of the high velocity gases and 7) abrasion due to
unburnt particles. Further complexity is added by the fact that these
conditions vary along the length of the tube during the ballistic cycle.

The net result is 1) enlargement of the bore and damage of the
bore surface, 2) loss of muzzle velocity, 3) loss of range and 4) loss
of accuracy. Also the presence of reactive environments and high
temperatures can reduce the normal fatigue life of the barrel.

It may be pointed out here, that in view of the short time for
which the projectile remains in a barrelthe useful life of a barrel in
real time is extremely short. For example, assuming the projectile travel
time in a 105mm gun to be 10 milliseconds, and it is condemned after
1000 rounds, due to fatigue, its total useful life is only 10 seconds.
Usually large caliber barrels fail earlier because of erosion, unless
some control measures such as use of additives, ablatives or liners are
used. Small caliber rapid fire barrels also have similar short useful
lives. This testifies the severity of conditions to which the bore
surface is exposed during firing.
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5. SOME MECHANISMS OF EROSION

It is evident from the above discussion that erosion is a result
of the combined action of thermal, mechanical and chemical processes.
Efforts have been made since 1940, to relate these phenomena quanti-
tatively with the rate of erosion. Two major mechanisms are proposed:

Thermo-mechanical: A number of approaches have been taken first
to accurately predict and measure the surface temperatures along the
bore, and in the radial direction in the tube. Such calculations and
measurements near the bore surface show that the bore surface near the
commencement of rifling attains the highest temperatures. Because the
slowness of the thermal conduction process, only a very thin surface
layer suddenly experiences a transient temperature excursion (Figure 6).
Using some simplifying assumptions, such as that the rate of erosion
is directly proportional to the depth of penetration of one of a
number of critical isotherms, Thornhill (11) was able to correlate
the average rate of wear at 1 inch from O.R. and the estimated maximum
bore surface temperatures at this point. He showed that below 660*C,
erosion was negligibly small, when the temperature was between 660-[ 10000C, the rate of erosion divided by the square root of the caliber
increased steadily with temperature. Apparently 660 0 C isotherm is
associated with the Ac temperature of the phase change of the steel.
When the temperature is higher than 1000%C the rate of wear increases
more rapidly probably due to the ablation of the relatively low melting
erosion products (melting point of Fe3 C is 1150 0C). In the case of
high performance barrels, where high bore surface temperatures are
reached, Jones (12) assumed that even though the overall bore surface
temperatures did not reach the m.p. of steel, the projected areas on
a surface caused by heat checking, form hot spots as a result of hot
turbulent gases and frictional forces. These hot spots melt and arewashed away by the hot gases. Jones developed a semiempi-rical
expression which predicted wear rates for 18 Army and 11 Navy guns
quite reasonably (Figure 9).

Thermo-chemical-mechanical: Thornhill and Jone's treatments are
based on only thermal effects. According to another school. of thought,
in addition to thermal and mechanical, chemical processes also play
an important role. As has been described earlier, the products in the
form of white layer are formed by the chemical interaction of powder
gases, and their composition depends on the CO/CO 2 ratio and the
temperature. The reacted surface melts at a temperature much lower
than that of steel, and, is easily sheared away by the high velocity
gases. If the bore surface is of a material which did not form these
low melting products (e.g. Stellite 21), the erosion is considerably
less.
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In recent years Richardson and Belton (13) have reported the
enhancement of vaporization rates of metals in presence of reactive
atmospheres. Formation of gaseous Fe(OH) 2 in presence of water vapor
was found to be the reason of enhanced vaporization of iron. Contri-
bution of chemical processes is further supported by the fact that
propellants with the same ballistic characteristics (isochoric flame
temperature, impetus, etc) can have different erosivity. For example,
it has been reported that (14) picrite rich propellants are less
erosive than non-picrite equivalent propellants. Recent propellant
compositions containing nitramines have been found to be more erosive
than the equivalent nitrocellulose base propellants. Hence erosion
is a product of not only thermo-mechanical, but also of thermo-

* chemical-mechanical factors.

A critical evaluation shows that although chemical reactions are
bound to contribute to erosion, whatever the firing schedule used, it
is the relative importance of the chemical effects which vary. With
low temperature propellants, the chemical contribution to erosion is
more significant. While the high temperature propellants, surface

; I melting becomes a predominant factor. Temperature is of course, the
main regulator of all the processes of erosion.

Mechanical swaging of the lands and dissolution of bore surface in
liquidified surface of copper rotating bands, are common to both the
above mechanism. Other contributing factors include mechanical
abrasion by the unburnt propellants and constitutional liquation of,
grain boundaries due to high heating rates involved (52).

The rates and influence of all the above thermal, mechanical and
chemical processes vary along the bore length during firing and also
with the history of firing. This makes gun barrel erosion phenomenon
to be highly complex. In order to construct a realistic model to
predict the barrel life, all these variables have to be taken into
account, which is a very formidable task.

6. PROGRESS IN THE CONTROL OF EROSION

From the preceding discussion it will be apparent that the major
causes of the erosion in a barrel are:

1 . High temperature and high pressure.
2. Chemical interaction of the propellant gases with the

bore surface.
3. Rotating band-bore surface interactions: engraving stresses,

melting of band surface and interaction with steel, poor gas
obturation.

Therefore, the obvious approaches to minimizing erosion include:
1) reduction of the bore surface temperature, 2) developing low flame
temperature and less erosive propellants, 3) reducing engraving stresses
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by proper designing of the rotating band and rifling and use a band
material which is inert, provides necessary spin to the projectile
with minimum engraving stress and effectively obturates the gases.
On the otherhand, 4) use of a gun barrel material, or provide coatings
or liners in the gun steel barrels, which are resistant to all the
three main causes of erosion.

Reduction of the Bore Surface Temperature

The following four major methods have been investigated:
1) external cooling of the barrel, 2) FISA protectors, 3) smears and
propellant additives to provide laminar cooling at the bore surface.
The first three methods have been evaluated since World War II, with
varying degrees of success. External cooling of barrels is perhaps
practical for aircraft barrels. For ground artillery, it may be
possible to use water cooling but it presents problems of additional
weight and logistics. FISA protector consists of a thin, slightly
tapered sleeve of soft steel slid over a complete round of ammunition
so that one end surrounds the cartridge case and the remainder covers
the projectile up to the bourrelet. On firing the gun, the mouth of
the cartridge expands and locks the sleeve, which protects the O.R.
from erosion. Limited success in reducing erosion in 0.5, 0.6 inch and
37mm barrels was reported to have been achieved, but it is not widely
adopted. Use of smears has been evaluated both in England and U.S.
It essentially involves smearing the bore surface with some inert oil
or grease ahead of the propellant gases to provide a temporary thermal
barrier between them and the bore surface. According to a British
report (14), in a 3 inch Mark N.gun, use of 110 gm of silicone oil
(viscosity 60,000 centistokes) contained in a PVC capsule situated at
the base of the projectile, reduced the heat input to the bore by about
30% and even after 2200 rds (at 120 round per minute, burst length
60 rd), there was no erosion, as compared with 0.12 in bore enlarge-
ment, when standard ammunition was used. Serious difficulty arose when
the capsule got damaged in handling the ammunition and the oil got
mixed with the propellant. Similar work done by Brown (15) et al with
the instrumented M39 and M61 barrels showed that use of MSS A2 20mm
ammunition containing 5cc of gelled dimethyl silicone (60,000 CS)
compound mixed with 5.5% fine silica powder, as shown in Figure 10a,
reduced the bore surface temperature by about 150"F at the O.R. and
increased the erosion life of the M39 barrel by about 300%. The erosion
profiles of the barrels without ard with the smear or the 'ablative'
as is termed by the authors are shown in Figure 10b. Also use of
ablative ammunition increased the safe 'cook off' life of the barrel
(almost double). One undesirable side effect was the formation of a
silica film on the bore surface, which induced enhanced coppering.
Another objection against ablatives is that its use increases the
loading density of the powder.

In the mid fifties recognizing the presence of a laminar layer of
gas along the inside of gun tubes during firing, Dickenson and
McLennon (16) proposed to use polyurethane foam to generate cool
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boundary layer by its tnermal degradation. It was shown that thin
slices of the foam cemented inside the front half of the cartridge
cans reduced the erosion of 17 pr, 20 pr, 3"/50 and 90mm barrels
considerably. In a 20 pr gun, erosion was reduced by a factor of
four (17). Tests made in U.S. (18) on 90mm, 105mm, and 120mm tank
guns showed similar (Table III) increase in erosion life.

Although in 105mm M68 the wear life did improve, unaccepted
dispersion was recorded. Observation of secondary wear has been
suggested by Alkidas (19) et al as the possible reason of this
dispersion. Navy also reported (49) dramatic improvement of the life
of 6"/47 and 16"/55 Naval guns. However, in a Canadian (3) evaluation
at very high muzzle velocities (8820 ft/sec) and chamber pressure of
75,000 psi polyurehtane foam proved to be of no use. In all these
tests, the bulk density of the foam and its position relative to the
propellant was found to be critical to its successful performance.
The denser foams were found to be more effective.

Another major contribution to the wear reduction through keeping
the bore surface temperature down, by boundary layer cooling, was made
in the sixties by Swedish inventors Ek and Jacobson (20). They
proposed the use of liners of rayon coated with a mixture of TiO2 46%,
Wax 53.5%, dacron staple 0.5% and stearyl alcohol 1.0%. These liners
were placed at the forward end of the case with flaps folded on the
propellant charge (Figure 11). They also suggested the use of W03 /wax
as additive. Firing tests showed that TiO2/wax liner performed better
(erosion 0.003 in/50 rounds). Results of a few other calibers are
given in Table IV. Unfortunately, the use of this additive is not
successful universally. In the long range howitzers (22) (105mm XM204,
155mm XMI8S and 8" XM201), the additive did not give satisfactory
results. This cculd be due to the fact that in these guns bag loaded
ammunition is used (Figure 12). The additive as it is positioned could
be as much as 40cm away from the charge, making it less effective (19).
Results such as those obtained with 105mm M68 tank guns and the
extended range howitzers, strongly suggest the need of systematic work
on the mechanisms involved in the wear reducing action of additives and
gain information about gas dynamics in the guns, and develop design
of the additive jackets suited to the interior geometry of each qun
system.

Work in this direction i.e., understanding the mechanism is
continuing at Picatinny Arsenal and BRL for a number of years. Lenchitz
and coworkers (23) by using a specially designed erosion gauge, showedthat in these additives, wax was the major constituent responsible for
the reduction of wear, however, a mixture of TiO2 + wax was decidedly
more effective. It was shown that, of the various oxides, those with
higher heat content were more effective. Picard et al (24) evaluated
a number of oxides and silicates and found that hydrated magnesium
silicate (3M O.4SiO2 .H20) with a heat content of about 300 cal/gm as
compared with 193 cal/gm for Ti02, was more effective than TiO2 + wax.
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The superiority of talc + wax over TiO2 + wax additives has been
demonstrated in a number of Army and Navy gums. Recently Brosseau and
Ward (25) measured the reduction in temperature in the vicinity of the
bore surface, with both polyurethane liners znd TiO2/wax additive. They
found that the heat transfer to the bore surface by both the additives
was about thb. same as long as they were configured and positioned alike,
One impoT.'tant observation was that TiO2/wax leaves a residue which -
insulates the bore surfacc in the subsequent firing, Similar obser-
vations have been reported by Navy for talc additives.

It is rather difficult to provide additive liners in the small
caliber mmiunition. Therefore attempts have been made to mix 1-2% of
the additive such as talc and Ti02 with some success (26).

Alkidas, et al (19) have reviewed the mechanisms involved in the
wear reducing action of these additives. No single mechanism can
account for the effectiveness of an additive. A number of mechanisms
appear to work in combination. Some of the most plausible ones
include: the organic constituents of the additive, vaporize and
reduce the propellant gas temperature along the bore surface, providingthe cool boundary layer; the inorganic particles reduce the eddy turbulance
in the vicinity of the wall, act as wax dispersents, and absorb energy
in heating up and in some cases undergoing endothermic reactions
(dehydration of talc); the inorganic constituents leave thermally
insulating residues on the bore surface; the organic constituents by
reacting with the propellant can increase the CO/CO2 ratio in the
laminar boundary layer, thereby making the gas less chemically erosive.
From these considerations, other inorganic compounds with higher heat
content than Ti02 and talc, capable of endothermically decomposing or
reacting with propellants, can be and should be selected for investigation.

Low Flame Temperature Propellants

Use oi additives has been a successful expedient method of the
control of erosion. However, it will be very desirable if the propel-
lants, with instrinsically low flame temperature and high force could
be developed. There is a continuing effort in this direction by all
the three Seivices. M30 propellant, is a product of such an effort.
In this propellant by substituting some of the nitroglycerine with
nitroguai.:,idine, high force values with low flamne temperature (30400K)
and reduced barrel erosion have beciL achieved (see Table II). However,
this propullant has relatively low mechanical strength, and in high

V.pressure ya-,s (a.i.. 120=a delta gun', with chamber pressure 80,000 psi)

tends to jive inot.;.bilities. Propellant compositions with thermochemicalcharacteri~tics ,4mu1ar or better than M30, but with better mechanical
strength have been obtained at Picatinny Arsenal (27) by substituting
nitroguanidinc with ntrrate esters such as trimethyloethane nitrate
(TMETN), t, icby3ynea gvycol nitrate (TEGN) and diethyleneglycol nitrate
(DTGN) (Tabik V).
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Similar results were achieved in a composition designated PPL-A-
2923, which had same impetus as M8 propellant (390,000 ft ib/ib) but
the flame temperature was 300 0K lower and had also superior mechanical
strength and has been suggested as a substitute for M8. Navy has
consistently preferred using their NACO propellant which in composition
is similar to M10, but has a flame temperature considerably lower than
that of M10.

An important recent development is the introduction of a new series
of propellants which contain nitramines (either cyclic or linear) with
hydrocarbon binders. Because of the low average molecular weight of
the combustion products these propellants have high impetus, low flame
temperature (< 2600*K) and relatively high cook off temperature. For
example, under an Air Force contract (28), a composition containing 9%
NC, 64% DMED (1,6 dimethoxy-2,5 dinitraza-hexane) and 16% HMX, was
found to have isochoric flame temperature of 2188'K and an impetus of
330,000 ft-lb/lb with an average molecular weight (MW) of 18.3.
Numerous other compositions giving high impetus (e.g. 440,000 ft lb/lb)
have been formulated. However, these compositions had anamolous
pressure exponent. While below 4000 psi, it was 0.49-0.68, it rose to
1.00-1.74 at higher pressures. By controlling the particle size of the
oxidizer and the other process parameter, the Picatinny Arsenal group
have overcome the problem of pressure exponent in a composition
containing triaminoguanidine nitrate (TAGN), RDX (15 p) and polyurethane
(binder). This propellant has a pressure exponent of 0.8. Strauss and
Costa (29) reported to have developed a propellant composition incor-
porating 20% tetraethylene pentamine nitrate (TEPAN), 10% Hycar binder
and 70% HMX which has an impetus of 379,000 ft-lb/lb and an isochoric
flame temperature of 27840 K, as compared with 364,000 ft-lb/lb and
3040 0K for M30. The pressure exponent over the pressure range 3000-30,000 psi was 1.15. However, a study of the erosivity, made of a

number of propellants by Picard and Trask (30) have shown that compo-
sitions containing nitramine-Hycar-nitrocellulose were far more erosive
than the nitrocellulose base compositions of comparable flame temperature.
This means that it may not be possible to use them without additives to
protect the bore surface. It is therefore necessary that further
studies be made to modify these compositions in a way that they become
less erosive.

In the small arms ammunition, as mentioned earlier, deterrents like
ethyl centratite and additives such as Tie2 and Talc (1-2%) have been
found to reduce erosion (31). These propellants also contain CaCO3
(Table IIb). It has been reported by Devine and Brodman (32) that
CaCO3 in M16AI rifle is a major contributor to barrel fouling at the
O.R. At the same time it was noticed that ball propellants with high
CaCO3 content gave essentially no erosion at the origin of rifling.
Formation of a thin tlermally insulating CaCO3 film in the area was
suggested as the possible cause. Levy and Stiefel (33) also reported
dramatic reduction in erosion when MoO5 was added to a standard double
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base propellant. The formation of a thin film of molybdenum at bore
surface is a possible reason. It appears that all the inorganic
additives whether used in large or small caliber guns, leave a residual
film on the bore surface which at least to some extent reduces the heat
transferred to the bore surface and therefore erosion.

Reduction of Engraving Pressures on the Bore Surface and Band Material P
Bore Surface Interaction

The contributions of the rotating band of the projectile, to the
erosion of the barrels, in terms of its swaging action on the lands
(thereby flattening of the lands or cracking of the chrome plating),
and forming low melting and removable alloy with the steels are well
documented. Consequently efforts have been made to find ways to reduce

the engraving pressure, by optimizing the band design, and evaluating
substitute band materials to eliminate the bore-band material inter-
action. The noteworthy outcome in 1940-45 period has been the develop-
ment of pre-engraved (PB) projectiles, or a projectile with a pre-engraved
band, in which the projectile or the band is provided with teeth to
match the grooves of the rifling. In this configuration it is also
possible to apply a solid lubricant coating to reduce friction. Test
made with 0.5 cal. test guns showed steel banded lubricated PE project-
iles, gave a two fold increase (4) in velocity life of the gun. The
application of this concept is particularly beneficial for chrome
plated tubes. With the combination of chrome plating of the bore and
use of lubricized PE steel banded projectile, a twenty fold increase in
velocity and 8-10 fold increase in the accuracy life of 0.5 cal gun was
reported. The main, but not unsermountable disadvantage in its adoption
is the necessity of aligning of the teeth on the projectile or the band
with that of the rifling at each round of fire.

In the search for better rotating band materials with minimum
interaction and coefficient of friction with the bore surface, since
WWII, a number of materials have been evaluated. One of them was the
sintered iron bands introduced by Germans due to the shortage of
copper. Sintered iron bands have been also evaluated in UK, Canada
and USA and have been found advantageous in reducing erosion at O.R.
but down the bore, because of the abrasive wear, the erosion was found
to increase.

Use of organic polymers, such as the thermo-setting plastics was
suggested as early as WWI. In 1954 Navy (NWL, Dahlgren) developed the
first nylon band for 20mm barrel, which was found to effectively
obturate gases, and remain in tact at velocities as high as 3420 ft/sec
(34). Accelerated aging tests indicated that although there was some
dimensional change, no difficulty arose in chambering of the round (35).
However, during the last ten years, a more significant progress has been
made in this area under the sponsorship of the Air Force Armament Labs.
A number of band materials, designs and techniques of the bonding to the
projectiles were evaluated. These are covered in a series of reports
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"written by Philco Ford in 1972, and DeBell and Richardson Inc. (36).
Philco Ford developed the 6/12 nylon bands which were specified to have
8800 psi tensile strength and 8600 shear strength (m.p. 406-420*F,
coeff. therm. expansion 5 x 10-5 in/in/aF). Rotating band made by DeBell
and Richardson Inc. from Nylon 11 and Nylon 12 were injection molded
onto the primed (253-P primer) surface of the grooved projectiles and
bonded by induction heating. Fired in a 30mm GAU-9/20 barrel, the Nylon
band performed fully at 4000 ft/sec MV, while the gilded metal bands
were lost at 3900 ft/sec MV. However, in a series of firing tests in
20mm gun system, the projectiles with Nylon 12 bands were found to have
short start pressure (11 Ksi) as compared with 14 Ksi with copper bands,
with accompanying lowering of peak pressures, muzzle velocity, and
accuracy. To compensate for this, use of either a thin web propellant
or slightly increased charge has been found necessary. Occasional loss
of band during firing is still encountered. Currently, efforts are
directed to improve bonding technology of the band with the projectiles
and quality control of the product. A three fold improvement in erosion
life has been occasionally mentioned, but as yet not documented.

Such plastic bands have also been evaluated in 105mm and 5"/54 (Fig. 13)
Naval guns (37). However, as shown in Figure 13, very little improvement
in erosion life has been observed. For the plastic band to perform
effectively in large caliber guns, the material and design of the band
may have to be modified to withstand the stress and temperature at their
respective band-bore interface.

Montgomery (38), from the results obtained by the pin-on-disc
method has suggested that wear rate of band materials is proportional
to the reciprocal of their melting point Tm(in"K), according to theexpression!

Const = A exp (B/Tin)

when A and B are constants. Nylon with its low melting point can there-
fore wear much faster than copper or steel, which may be the reason of
its poor performance in 5"/54 guns. Probably the increase of the bearing
area by increasing the width of the band or using tapered bore may solve
this problem.

All the above results on the plastic rotating bands have been
obtained using conventional rifling geometry, which has been developed
essentially for copper rotating bands. What is the best rifling geometry
for plastic rotating bands? To answer this question James T. Healy and
Donald P. Haas (39), by analytical studies including finite element
computer analysis of barrels, plastic rotating bands and projectiles and
lab testing have shown that a saw tooth rifling (Figure 14) will perform
best (provide max. torque with minimum stress on the band and the bore
surface) in a barrel using 20mm M-56 HEl projectile with plastic band.
Test firing data indicated good high temperature capability and higher
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muzzle velocity for the same propellant charge. A choked modified
conventional configuration was recommended as a strong second choice.
More work is necessary to clearly demonstrate the superiority of the
sawtooth rifling over the conventional rifling with the same number of
grooves.

Erosion Resistant Materials

Since the successful casting of steel barrels by Krupps in the
19th century, steel has been reigning as the best material, for all
types of guns. It has been modified in composition and by thermo-
mechanical treatments, but never replaced. In fact all the develop-
ments in propellant formulations has been tailored to the properties
of steel - such as the melting point, oxidisability and mechanical
properties. However, early in W1II, it was recognized that it only
worked well with barrels with conventional ballistic requirements.
With barrel designed for high muzzle velocity, extended range or rapid
fire with extended bursts, in which large charge to mass ratio or high
temperature propellants arc required, becuase of its low m.p. and low
mechanical properties at high temperatures steel could only be used if
the bore surface was protected by liners or coatings of materials with
higher m.p. than steel. In 1940-45 systematic and exhaustive work was
done to develop materials suitable for high performance barrels (4).
Scores of available alloys were screened and new ones were formulated
and evaluated using ingeneous experimental devices including firing
the powders of potential metals and alloys in admixture with the
propellant, and variety of erosion vent plug apparatus and test barrels.
The requirements of a desirable material for high performance barrels
liners and coatings were identified. They are still valid and are
summarized in the following:

Barrel Liners Coatings

Melting Point High > 1500aC High > 1500 0 C High > 15000 C

Yield Strength at
High Temp High High High

Elastic Modulus High Compatible with Compatible with
Jacket the substrate
Same or lower Same or lower
preferred preferred

Fracture Toughness High High High
and Iqpact Strength

Hot Hardness High High High
(Appropriate) (Appropriate) (Appropriate)
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Barrel Liners Coatings

Chemical Inertness High High unless High
to Powder Gases used as sub-

strate for a
coating

Coeff. of Thermal Low Compatible Compatible with
Expansion with Jacket the substrate

Thermal
Conductivity High Low Low

Sp. Heat High Low Low

Reaction with
rotating band
material Inert Inert unless Inert

protected with
a coating

Phase
Transition None None None

Other factors common to all the three classes are the easy fabricability
and availability at low cost.

For monobloc barrels, it is desirable to have high thermal
conductivity and specific heat to keep the bore surface temperature
low, and low coefficient of thermal expansion and high elastic modulus, so
that enlargement of the bore diameter due to heat and pressure is
minimum for optimum engraving of the rotating band and gas obturation.
However, for the liners and coatings, these parameters have to be
compatible with those of the jacket or substrate material.

One of the major outcomes of 1940-45 work was the development of
Stellite 21, which is a cobalt base alloy, as a liner material. It was
found to have excellent erosion resistance, optimum hot hardness and
ductility and fabricability. So it was adopted and is still being usedas a li••er material in machine gun barrels. However, its major draw-back is its low m.p. (1280 0C). When a double base propellant was

used it failed by surface melting.

Chromium is another excellent erosion resistant material. It also
has a high melting point, but unfortunately it is very brittle. Up
until now efforts to ductilize it have proved futile. In 1940-45, a
number of chromium base alloys were formulated and evaluated. One of
the best was Cr-25 Fe-15 Mo. It had excellent erosion resistance. II
Liners of this alloy inserted by shrink fitting (shrink fit pressure
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90,000-100,000 psi) in 0.5 cal steel barrels showed less erosion than
Stellite even after 3800 rds. The work was stopped because of the
termination of the contract at the end of WWII.

Another material found to be excellent was molybdenum, hardened
with 0.1% Co. A 0.5 cal barrel fitted with liners of this material
(made in the form of twisted staves) was test fired. The liner with-
stood more than 2000 rounds without much erosion. However, spalling
and cracking of liner and opening of the joints were some of the
problems encountered. Most of these problems are connected with lack
of suitable fabrication technology. With the current state-of-the-art
e.g. advanced powder metallurgy, probably these problems will not arise.

Considerable work was done on optimizing the processes of coating
of the bore surface with a number of erosion resistance materials. Most
notable is chromium. It can be applied by the cheap electroplating
process, and it bonds well with steel. However, it is brittle and
develops cracks as a result of firing and engraving stress. Hot
propellant gases penetrate these cracks and attack the underlying steel
(Figure 15) and finally making the barrel susceptible to bore damage.
In fact, frequently the rate of damage is more than in the unplated
barrels. Another problem one encounters is that if the coating is not
thick enough to thermally insulate the substrate the latter under the
engraving stress of the rotating band deforms thereby resulting in
cracking of the poorly supported coating. Hardening of the steel
surface by nitriding, and using a thicker (5-10 mil) coating (to
insulate the substrate from excessive heat) were found advantageous.
This will be discussed in details in the session on Materials and
Design. In the final stages of these efforts, using a combination of
short stellite liner, and chromium coating ahead of the liner, with
choked muzzle were successfully used in 0.5 cal machine gun barrels.
These barrels show a ten fold increase in life, over the unplated
barrels.

Since WWII, nothing extraordinary has happened in the area of
barrel material development, firstly due to lack of any urgency (or
major conflict) and secondly because of the introduction of Tie 2 + wax
additive which many believedto have solved the problem of erosion.
However, during the sixties and the current decade, a number of high
strength steels, cobalt and Ni base and refractory metal alloys have
been evaluated for their erosion resistance. For example erosion
studies made at llTRl (40) by using an erosion gage apparatus on W, Ta,
Mo, Cb, Hf and Zr alloys showed molybdenum alloy to be the best, and
Ta-10W was the second best. Liu and Kennedy (41) of G.E. Burlington
screened a number of refractory alloys by measuring their physical and
mechanical properties and erodibility by vent plugs and concluded that
'ra-12W-l.ORe-0.025 C designated an ASTAR 1211, had the best combination
of properties for erosion resistance in barrels. Vassallo (42) of
Calspan investigated fourteen materials for 75mm high velocity cannon
(60 Ksi chamber pressure). Of these materials Ta-10W and Columbium-l%

1-16

.. .. ... . -



Zr were found to provide substantial improvement over the vascomex
alloy, which is the present barrel material. 0.22 Swift barrels made
of A-286 steel were fitted with coextruded liners of TZM, Mo-0.5 Ti,
and Ta-10W by Battelle West (43). Ta alloy T-222 could not be coextruded,
Similarly 25mm barrels were made with coextruded L605 alloy liner. Of
these barrels, the Ta-10W lined barrels gave the best performance (43,
44). The TZM lined barrel did not perform as well. Similar work was
sponsored by Rock Island Arsenal and 7.62mm barrels made of Cr-Mo-V
steel were provided by coextrusion, liners of a number of high temper-
ature alloys including refractory metal alloys. These barrels were
test fired. The data (45) are summarized in Figure 16. (USAWECOM
Annular Report S-WE-EX-2-72 FY72 p. 26.) It shows that chrome plated
medium alloy steel Hll, HS25 and the tantalum alloy liners gave the
best results. Table VI lists materials with demonstrated erosion resistance.

Since the 1970 symposium considerable work on the application of
chromium, cobalt, Co-Re and cobalt-A1203 alloy coatings in small and
large caliber guns has been done at Watervliet Arsenal. Also Guplex
coatings of Cr-(Co-A1203 ) were evaluated. It has been shown that in
105mm M68, 10 mil Cr is better than 5 mil-(Co-A1203) duplex coating,
and that partial plating up to about 36 inches from the O.R. can
eliminate the down bore wear usually shown by full chrome plated tubes
(49). Limited work has also been done on coating barrels with W, Ta
and Ta-10W, both under Air Force and Army contracts. Chemical vapor
deposition processes were used. Although W coatings crack during
firing (46), they did perform better than chromium in 0.22 swift
barrels. Tantalum alloy (47) coated barrels were not test fired,
because the quality of the coating was not satisfactory. Further work
to develop the CVD processes of coating Ta-10W alloys is needed.

A critical assessment of some of the material evaluated as liners
or coatings in steel barrels, and their performance, shows that dis-
counting all the materials with a m.p. lower than 15000 C, the potential
erosion resistant refractory metals and their alloys can be divided
into two classes: 1) with elastic modulus higher than that of steel
e.g., chromium, molybdenum and tungsten, 2) with elastic modulus lower
than that of gun steel, e.g. tantalum and columbium. In the first
class, all of the metals behaved very well in the erosion gage tests,
but when applied as liners or coatings, they did not do as well and
failed usually by cracking. In the second class columbium alloys did
not do as well in erosion plugs as tantalum alloys. However, barrels
made both with Ta and columbium alloys gave improved life. This can
be explained by referring to Figure 17, which shows that at the strains
developed during firing the class 1 materials due to high elastic
modulus, depending on the coating/liner thickness, experience a much
higher stress than steel which is normally used as a jacket and do not
effectively transfer the load to the substrate (jacket). Therefore if
the material is brittle (e.g. Cr or W), it will crack. Molybdenum
liners were made by forging and due to anisotropy had poor transverse
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strength and therefore under firing and engraving stresses they would
crack. Thermal mismatch further aggravates this problem. The only
way these coatings or liners could be made successful is by putting
them under a compressive stress. The reason why chrome plate has been
partially successful as a coating is that its modulus is relatively
closer to that of steel. At the bore surface temperature, it may be
even closer. In any case, the coating if placed under compressive
stress, could resist cracking induced by pressure stresses. Some of
the refractory ceramics like oxides or carbides have gcid erosion
resistance, but they are also known to crack. Hopefully by applying
requisite compressive stress these refractories, which are much cheaper
than refractory metal alloys, can also be effectively used. The extreme
sensitivity of the ceramics to stress concentration and flaws is, how-
ever, a serious problem, which must first be overcome. Some progress
in the use of a ceramic liner has been reported by Fishman and Palmer
(48). The lower elastic modulus of Ta and Cb alloys in class 2 assures
that their coatings and liners would effectively transfer stresses to
the jacket. Besides they are relatively more ductile, and therefore
are not prone to cracking. These factors contributed to their reported
successful performance, and make them outstanding candidate liner materials.

Another aspect of this problem, is that in order for the coating
or the liner to effectively resist the swaging action of the rotating
band, it should have an optimum hardness at the temperatures developed
in the barrel. The reason of the success of Stellite 21 as compared
with the gun steel which has a higher melting point, and other refractory
alloys is illustrated in Figure 18, which summarizes the data we have
obtained in the Benet Labs on the hot hardness of these materials.
Stellite 21, maintained its hardness at least up to 250 0 C higher
temperature than the gun steel. Similarly the refractory alloys like
Ta-10W, and TZM maintain hot hardness at temperatures even higher than
1000*C. Hence these are the alloys which have the potential for fighting
erosion in hypervelocity and rapid fire barrels such as MCAAAC and
75mm high velocity ARES guns. However, considerable work is required
to optimize the technology of their fabrication as liners or application
as coatings in order to develop in them the requisite physical and
mechanical properties.

Because of their high cost as compared with steel, they will be
of necessity used as liners or coatings. For example, Ta-iOW is
almost $100.00 a lb. Therefore, especially in large caliber guns, it
has to be applied as coatings for which processes such as chemical
vapor deposition or molten salt electrolysis will have to be developed.
For coatings, it will also be necessary to carefully select thesubstrate liner material with high temperature hot hardness (so that
due to thermal effects it does not deform under the coating) and
minimum interaction with the coating during fabrication or in service.

Successful use of refractory alloys, brings out a very important
point in connection with the future advancements in the technology of
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high performance propellants. The impetus of a propellant is given by

the expression:

p Tf

where F = impetus of the propellant, Mw = average molecular weight of
the products of combustion, Tf = flame temperature and R = gas constant.
In order to develop propellants of high impetus, the propellant chemist
can use two approaches: 1) decrease Mw, or 2) increase Tf. Consider-
able work is being done in formula-,ing compositions to obtain products
with low Mw. However, on the who!-- it appears that as long as C, Hi, N,
and 0 compounds are the source of energy in propellants, it will take
radically a new concept to approach Mw of 17 or lower. On the other
hand Tf is essentially limited by the melting point and high temperature
mechanical properties of steel. If high melting point materials such as
Cr, Ta-10W, Mo, Tungsten and columbium alloys can be successfully T•
depioyed in the form oR coatings or linors, the "fsteel barrier" Tan be
broken and it should be possible to use prope wT~-i-is WiM a Tf a few
hundrea agrs higher. This can give a sxgnifican- increase 1n fp
and tne-acom6pany-in-dvantages of high MV, range and accuracy. However,
it will then also become necessary to develop propellants with high
"cook off" temperatures.

CONCLUSIONS

Barrel erosion is a highly complex phenomenon, which involves the
interaction of a number of severe thermal, mechanical and chemical
factors with the bore surface, all acting at the same time and varying
in intensity along the length of the barrel and with the variation of
the firing condition. Although over simplified thermo-mechanical and
thermo-chemico-mechanical models have been suggested and some semi-empirical
expression relating to the firing parameters and the rate of erosion
have been reported, as yet no reliable comprehensive model capable of
predicting the erosion life of a barrel has been developed.

A number of control measures have been developed, of which use of
boundary layer coolents like polyurethane foam, Ti0 2 + wax and talc +
wax additives, ablatives such as dimethly silicone, low flame temper-
ature-high impetus propellants and plastic rotating bands have shown
significant improvement in erosion life. But lack of adequate under-
standing of the mechanisms involved in these methods is a delaying
factor in achieving their maximum effectiveness in every gun barrel
system. Their poor performance in some systems suggest different
requirements of material properties and design for gun systems with
different interior geometry and ballistics. Attempts to arrive at
propellant composition with low flame temperature and high impetus are
also showing promising results. However, some of these are quite
erosive, and need further modification, before they can be used with
advantage. Gun steel has been and still is one of the most desirable
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materials for gun barrels, and with the use of the above control measures,
and improved fracture toughness and high temperature mechanical properties,
the effective life of some of the conventional barrels can be considerably
increased. However, to meet the requirements of high MV, increased rate
of fire and range of advanced systems, it is necessary to break the steel
barrier by using liners or coatings of materials with melting point higher
than steel. This will enable the propellant chemist and ballistician to
design high impetus propellants at relatively higher flame temperatures.
During the last thirty years except for the identification of Ta-10W
as a good erosion resistant liner material, no new material has been

developed. In ý;pite of the well known excellent properties of chromimn,
as yet the technology of its application as a coating has not been
advanced enough to use it as a reliable erosion protection measure.
The technology of the fabrication of liners or coatings of other
potential materials like molybdenum, tantalum, columbium, chromium,
and tungsten alloys is now considerably advanced and must be exploited.

At the end of five years study in 1945, NDRC planned to construct
a high performance barrel called A-Z gun which would embody the best
features of erosion control developed at that time. The goal was a
90mm cannon having a muzzle velocity of 4200 ft/sec and max powder
pressure of 60 Ksi. The first version included the use of preengraved
projectile and chrome plated tubes. Also a future hypervelocity gun
was envisioned as a steel tube with a full length seamless hardened
molybdenum liner. At that time the technology for the fabrication of
the Mo liner was not developed, and therefore A-Z gun remained a dream.
But now in view of the advances made in the material fabrication tech-
nology, propellants and rotating bands, this dream appears to be within
the realm of being realized in more than one way. For example a feasible
concept could be, as illustrated in Figure 19, a partial hardened moly-
bdenum alloy linermade by powder metallurgical technique, with a chrome
plating ahead of the liner, both placed under a compressive stress in a
high strength steel jacket, or possible in a filament reinforced steel (Fig. 20)
jacket. The technology of fabrication of such a composite tube has been
demonstrated at Benet Labs (50). The other concept cc.n involve the use
of low modulus Ta-lOW or columbium alloy liners. In that case the use
of high compressive stress is not necessary. However, since these
materials are expensive, it will be preferable to use them as relatively
thin claddings or coatings.

To exploit these technologies to achieve improved performance and
increased relatively erosion free life of small and large caliber gun
barrels, what is most urgently needed is a well coordinated and adequately
funded program with clearly defined commitments and priorities.
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TABLE II.b. COMPOSITION AND CALCULATED THERMOCHEMICAL VALUES FOR
STANDARD PROPELLANTS USED IN SMALL CALIBER GUNS

Specification MIL - P - 3984

Propellant WC846 IMR8138M WC860 WC870 CR8325

Nitrocellulose Remainder Remainder Remainder Remainder Remainder

% Nitration 13.15 13.15 13.15 i3.15 13.15

Nitroglycerin 10.0 - 10.0 10.0 -

Potassium Nitrate 0.60 0.60

Dinitrrotoluene 1.0 Max - 1.0 Max 1.0 Max -

Dibutylphthalate 4.90 - 7.60 5.20 -

Potassium Sulfate - 0.70 - - 0.75
Diphenglamine 0.90 0.70 0.90 0.90 0.60

Graphite 0.4 Max 0.20 0.4 Max 0.4 Max 0.4 Max

Methyl Centralite - - - - 3.50

Ethylene
Dimethacrylate - 3.25 - - -

Tin Dioxide - - - 0.80 -

Calcium Carbonate 0.1% - 0.1% 0.1% -

Moisture &
Volatiles 1.00 0.80 1.00 1.00 1.00

Density gm/cc 0.980 0.900 0.950 0.950 0.970

Isochoric Flame
Temp. 0 K 2860 2900 2600 2800 2800

Force 1,ft-lbs/
lb x 10-5 334 330 318 327 319
Unoxidized carbon 0 0 0 0 0
Combustibles % 0.59 0.57 0.59 0.59 -
Heat of exp.,Cal/gm 883 - 802 872 -
Gas Vol.Moles/gm 0.042 0.041 0.044 0.042 0.041
Ratio of specific
Heats 1.24 1.24 1.25 1.24 1.24

NOTE: Values for propellants are general averages; numbers for individual
lots vary.
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TABLE III. EFFECT OF POLYURETHANE FOAM LINERS ON THE EROSION LIFE OF
SOME ARMY GUNS

Erosion Life

Pressure MV Standard Polyurethan
Round Type PSI (ft/sec) Amm. Foam

90mm M318 APT 52,000 3000 700 1900

105mm M392 APDS 55,000 4850 200 400

1200U M358 APT 54,000 3500 300 700

Im

TABLE IV. EFFECTIVENESS OF TiO + WAX LINERS IN INCREASING THE WEAR
LIFE OF SOME ARMY GURS

Pressure MV Additive Without With

90mm M431 HEAT-T 53,000 3950 4.0 240 2100

901am M3553 PT 5,0 300 G070 20

10rmM456 HFAT-T 58,000 3850 4.5 125 1000

10RMM392 APDS-T 55,000 4850 8.0 10 100

10 M469 HEAT-T 41,000 3750 17.0 350 1750

175m= M65 3000 375 1200

155mm How XM119 M30 13.0 700 2100

*Extrapolated 1
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TABLE VI. SOME MATERIALS WITH DEMONSTRATED EROSION RESISTANCE

Steels - For Barrels with Low Temp -

Low Pressure Rds.

L-605

Stellite 21

Chromium. Cr 60, Fe 25, M 15

Mo + 0.1% Co

W , Tungsten Alloys

Ta - lOW, T1ll, T222

Cb - 1% Zr, Columbium Alloys

L3

7m

~ i

_I,-
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FIGURES

Fig. 1. Progressive damage oZ the bore surface of 105 M68 barrel in
the O.R. area as a result of firing - a,b - after 2 rounds,
c,d - after 702 rounds, and e - after 1744 rounds.

Fig. 2. Patrera, an early (1461 - 1463) barrel forged from wrought
iron bars, hooped together with iron rings.

Fig. 3. Trend of the increase in muzzle velocity of guns since 1400
A.D.

Fig. 4 Elements involved in the process of erosion of a gun.

Fig. 5. A typical set of ballistic curves, showing variation of
pressure (P), muzzle velocity (V), fraction of the propellant
burnt (N/C) and a function of time, for a 3 in. gun.

Fig. 6. Temperature profile of bore surface of a 7.62mm gun as a
result of a single shot, and repeated firing.

Fig.. 7a. Processes involved in the altercation of the bore surface
during firing.

Fig. 7b. Processes involved in the loss of material from the altered
bore surface.

Fig. 8. Erosion profile of one of the experimental lSSmm XMI99 barrel
(ref. 10).

Fig. Calculated wear rates of 13 Army and 11 Navy guns as compared
with the observed values.

Fig. 10a. Showing the positioning of the ablative in the cartridge.

Fig. 10b. Wear reducing effect of the ablative ammunition in M39 gun.

1. Showing Ti02 + wax liner with flaps in a cartridge.

Fig. 12. Additive jacket placement on a bagged ammunition.

Fig. 13. Comparison of the performance of the plastic bands vs gilded
band in a 5"/54 gun (courtesy Mr. M. Shamblin).

Fig. 14. Sawtooth rifling in a 20mm M-61 barrel.

Fig. 15. Micrographs showing the progressive cracking of chrome coating
in a 7.62mm gun after 900, 1500, and 3000 rounds (Ebihara,
Ref. 7, 1.4-17).
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FIGURES (CONT'D)
Fig. 16. Comparative performance of a number of liner materials in a

7.62mm M134 gun.

Fig. 17. Stress-strain curves for a number of refractory metals.

Fig. 18. Hot hardness data for a number of materials obtained with a
modified Rockwell hardness tester.

Fig. 19. A concept for "A-Z gun".

Fig. 20. Section of a 30mm XM140 barrel, with a T7% wire - 316 stainless
steel jacket reinforcement, applied by plasma spray - Hot
isostatre pressing process.

''I

t

TTI7~~TI~7 -- 1-36 -_

ii...i Imi io" I --



a C

I

~ .~b d

Fig. 1.Proruyssive damnage ofthe br
surface of 105 M68 barrel in the 0.R.
area as a result of firing -a~b -
after 2 rounds, c,d - after 702 rounds,
and e - after 1744 rounds.
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Fig. 2, Patrera, an early (1461-1463)
barrel forged from wrought iron
bars, hooped together with iron'
rings.
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Fig. 3. Trend of the increase in muzzle
"velocity of guns since 1400 A.D.
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Fig. 8. Erosion profile of one of the
experimental 155mm XM199 barrel
(ref. 10).

3*JM~ M3
45 - 40 I

. 57 NI-AP MUS57 " W-ItE Mrl.
40 w 75 T22 -

3 76 TN . . .
""5 " 9 1113

j,*90" T19
30- b90 T54

O25-0 2 MIZ

M2 - NAVY WS "-

15/ , 5751 M

a 12750 8

S, I / I • '/4 "4Y I II

5 IC//45 I1

CAMCULATED R"DiAL R PER N, CS X 10

.9 Calculated wear rates of 13 Army
and 11 Navy guns as compared with
compared with the observed values

1-43

1'4



40 4

=M 4

U.U

crJ0 o 0 1Ug
us CC -

wo
azu t

z zo
4A d)O U 0ItV ' S~sJ.SUCC

.4,

001 &

.4.



t

I

I~ 'a

Q

.,)

,h- W U'

c.. N-I(*v

o3

* I 

4.

'-45

i;~



S o.3mo0 - 7 Om250 0 PSIG

aI .0025-

-A(I) UNCOOLED PROPELLANT-4 .0020-
O o 0 GILDING METAL BAND

2 6 NYLON BAND
Id .05x (2) TALC-WAX LINER

@GILDING METAL BAND

Id .0010 -•'

O .0005 -

4 o 2000 NA3O -6 3000 M.-2$
ADIABATIC FLAME TEMPERATURE (6K)

Fig. 13. Comparison of the performance
of the plastic bands vs gilded
band in a 5"/54 gun

tJ

Fig. 14. Sawtooth-Rifling in a 2Onm
M-61 barrel.
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5___ Micrographs showing the progres-
siecracking of chronme coating
ina7.62=ui gun after 900, 1500
and 060rounds (Ebihara, Ref.

7, 1.4-17).
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TOO LE/*CO. 27 JACKET 2710 FAILUR E.
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Fig. 16. Comparative performance of a
number of liner materials in a
7.62min M'134 gun.
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Ii -HIGH STRENGTH STEEL OR A COMPOSITE JACKET WITH

k COMPATIBLE THERMAL & MECHANICAL PROPERTIES

-HARDENED Mo LINER

Ký CHROMIUM COATING UNDER
COMSPRESSIVE STRESS

PROJECTILE: PRE-ENBRAVEDIWITH PLASTIC BAND FOR OBTRIJATION

PROPELLANT- HIGH IMPETUS
MODERATELY HIGH Tjr

t ADDITIVE JACKET
+ DIMETHYL SILICO&5E ABLATIVE

RIFLING' MAY BE SAW TOOTH OR CONVENTIONAL WITH TAPERED BORE

fig. 19. A concept for "A -Z Gun"

II

Fig. 20. Section of a 30mm XM140 barrel,
with a TZM wire - 316 stainless
steel jacket reinforcement,
applied by plasma spray - Hot
isostatic pressing process.

1-49



A NEW INITIATIVE IN GUN BARREL WEAR AND EROSION

Dr. J. R. Ward
Ballistic Research Laboratory

ARRADCOM
Aberdeen Proving Ground, Md.

ABSTRACT

The Army recently fielded two wear-limited howitzers, the
155 mm M198 stowed howitzer and the 8-inch Ml0Al self-propelled
howitzer. During proceedings leading to type-classification of
each system, concern was expressed by DA that future gun develop-
ments will be plagued by unpredictably high wear rates. Accord-
"ingly, DDR&E and DA requested a review of the gun barrel wear
and erosion techiiology program. These briefings failed to satisfy
DA and DDR&E staff that the technology program was properly dir-
ected. DARCOM was directed bo task the ARRADCOM associate director
for research and technology to provide a program that addresses
both short-term solutions to fielded wear-limited weapons and
also extends the technology base in order to forecast and alleviate
wear and erosion problems in future weapon developments. The
program and the plan was constructed by a group representing
ARRADCOM, AMMRC, ARI, AMSAA, and the Navy and Air Force. The plan
includes: an assessment of wear and erosion problems in fielded
and future Army weapons; a forecast of what the Army development
community can do to increase the wear life of fielded howitzers;
a summary of the proposed program; and the relationship between
the Army program and on-going work in the Navy and the Air Force.
The plan was presented by J. R. Ward to HQ, DAPCOM on 11 January
1977.

Ii
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TI

Vu-graph number one is the plan of presentation. This ralk is
divided into four parts. In the first part we're going to describe
gun barrel wear and erosion. In the second part, we will attempt to
demonstrate why we think the problem has become of such importance to
the Army. We'll then make a technology assessment and forecast what
we in the wear and erosion community think we can do in the near term
to solve immediate problems. And finally, there will be a detailed
analysis of the program. Vu-graph number three lists the people who
contributed to the development of the program. I'd like to draw
attention to the fact that people were represented not only from
ARRADCOM, but also from AMMRC, ARO, AMSAA, as well as representatives
from the Navy and the AMr Force.

The following vu-graph shows why wQ feel a new initiative in this
problem area is needed. The main thing we want to do Is Increase the
wear life of fielded guns which are now wear limited. Secondly, we
want to develop technology to anticipate future wear and erosion pro-blems and then to extend the state-of-the-art gun barrel wear and
erosion technology to meet these future requirements.

The next vu-graph defines terms. The point I want to make is
that the wear life of a gun barrel is not a function only of the en-
largement of the bore; rather, the wear life of the gun barrel is a
function of unacceptable ammunition performance, and the unacceptable
performance arises because of the In-bore motion of the projectile as
it travels through the worn gun tube. Our attention, however, is
focused primarily on the thermal, mechanical, and chemical processes
that lead to the enlargement and deformation of the gun barrel.

The next vu-graph is an attempt to show how the enlargement of
the bore Is related to the wear life of the gun *.tube. Because the
erosion is normally most severe at the origin of rifling, the wear
life of the gun tube is related to the bore enlargement at the origin.

4 In practice, a gun tube is fired until one of the criteria for un-
acceptable ammunition of performance occur. At that point, the bore
enlargement at the origin is measured and that measurement then be-
comes the condemnation limit for the gun tube. Also this vu-graph

T, demonstrates the wear Is linear with number of rounds fired up to a
certain point and then the wear rate decreases. The causes of wear
and erosion are summarized In the next vu-graph. They are heat,
mechanical forces, and chemical reactions. The major cause of wear
and erosion is the heat input to the gun barrel surface. Therefore,
our short-term program is designed to either reduce the heat input
to the gun barrel surface or to increase the thermal resistance of
the gun barrel surface.

1-51
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The next vu-graph summarizes previous Information and serves as

the framework of the Anry's gun barrel wear and erosion program. At
the left is our goal - optimized wear life. As was pointed out earlier,
optimized wear life is a function not only of the gun barrel wear and
erosion, but also the In-bore projectile motion. Our program, as
stated before, Is concerned with wear and erosion. In the 6.1 area we're
concerned with understanding the mechanisms. In the 6.2 area we're
concerned with reducing or controlling gun barrel wear- and erosion
such that we have fatigue limited gun systems. The mechanisms we need
to determine a-e the Interactions between the propellant and rthe barrel
"and the Interaction between the projectile and the barrel. For eachof these categories we find there is thermal, mechanical, and chemical

aspects which must be unraveled. The goal is an a priori model of gun
barrel wear and erosion such that we will be able to predict the wear

life of gun tubes and suggest ways to Increase the wear life. In the
6.2 area, the first category constitutes techniques which increase the
thermal resistance of the gun barrel. The other techniques, namely
wear reducing addit!ves, ablative coolants, non-metallic bands, and
less erosive propellants, are designed to reduce the heat Input to the

gun barrel.

This concludes the first section of the presentation.

The next section Is an attempt to describe the nature of the pro-
blem or why is gun barrel wear and erosion so topical within the DOD
community? The Army elected to develop gun/howitzers. That meant that
In addition to firing the long range top zones, the gun had to also
firo the shorter range, lower zone charges. This restricted the chamber
volume. In order to reach the longer ranges, high-force, high-flame
temperature M30 propellant was used. As seen in the vu-yraph, it was
presumod that the wear life was so much greater than In the fatigue
life in the old howitzer systems, that the introduction of the M30
propellant and the use of wear reducing additives would result in a
wear life comparable to fatigue life. What happened was that not only
were the wear life estimates, optimistic, but the wear life was not
measured until wear tests were conducted late in 6.4 development. In
addition to the problem with the new extended range howitzers, a pro-
blem surfaced in the M68 tank cannon. The secondary wear results from
the introduction of wear reducing additives In the HEAT rounds. The
wear reducing additives are effective at the origin of rifling, but
their effectlwv sss diminishes down the barrel. This new wear profile
altered the in-bore characteristics of the armor-piercing discarding-
sabot ammunition. If we were to fire only 392A2 projectiles with
TiO2 /wax liners, the wear life of the gun tube and the fatigue life
would be the same - 1000 rounds. There's an excellent possibility
that the condemnation limit for firing of M392A2 projectiles will have
to be dropped to 56mli enlargement at the origin of rifling due to
the secondary wear. This would mcan that one would only be able to
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fire 750 training rounds through the M68 tank cannon. So in effect,
the M68 tank cannon will also be wear limited in the future if the
condemnation I lmit is dropped from 75 to 56mils.

The next vu-graph shows cost for replacing current wear limited
tubes. This vu-graph is Intended to show In dollars what we've tried
to demonstrate in the earlier figures. The cannon for which we con-
sider to be the cannon requiring immediate attention are shown In the
left column, The cost per tube and the number of these cannons
ordered to be produced in the next four years is also shown.

The next vu-graph shows future systems and where wear problems
may exist. This vu-graph is divided Into anti-armor, air defense air-
craft and small arms systems. Under anti-armor, we expect by the
early 1980's to be fielding a 120mm gun for the next XMI tank. At
present, the wear life requirement is undetermined. The only available
data we have for such a gun Is the Federal Republic of Germany's 120mm
gun on their LEOPARD II with a quoted wear life of 400 rounds. In the
future, we expect to field a medium caliber automatic anti-armor
cannon (MC-AAAC) within the 60-90nmm caliber range. Wear life require-
ments are also undetermined. At present, in single shot mode, we ex-
perience a wear of 1/2 to I mil per round. Such a gun will be un-
acceptable because of this wear rate. In air defense we expect to see
the 25mm BUSHMASTER be placed on the new MICV. The wear life require-
ment is 4000 rounds. A wear test is scheduled for 1977. It is anti-
cipated that the required wear life will be met. Another air defense
gun will be the 30-40mm division air- defense gun (DIVAD). It Is in-
tended to replace the MIG6 in the VULCAN air defense system. Re-
quests for proposals will go to Industry for, the DIVAD during 1977.
The wear life requirement Is 5,000-10,000 rounds desired, less will be
acceptable. One of the candidate guns, The Oerlikon KDA-35 has a wear
life oi: 2500 rounds. In aircraft guns, the 30mm XM230 or XMI88 will
be placed on the new advance attack helicopter. This weapon is to be
fielded In 1983. The requirement for 15,000 rounds is easily met by
either gun. In the area of small arms, the only potential wear pro-
blem that we can see would be in a small caliber weapon, such as a
4.32mm rifle. Future rifles or machine guns in such small calibers
will experience erosion problems, thus one of the targets of the erosion
technology program will be to understand the model erosion in such
small caliber guns. in the far future, the kind of weapons we are
looking at are air defense or anti-armor systems whose muzzle veloci-
ties approach 10,000ft/s. Examples of guns In the concept stage that
will launch projectiles with such velocities are indicated in this
vu-graph. The purpose of the technology program is to be able to
predict what the erosion will be for each of these concepts, and If
necessary, to come up with techniques to reduce the erosion in such
"guns.
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This concludes the second part of the briefing.

The third part of the briefing is an assessment of the current
technology In order to show what we feel we can do in tile short term.
The next vu-graph is the plot of the efficacy of wear reducing additives
in rounds fired with M30 propellant. The following points need to be
made: first, the T102/wax liner is more effective in cased ammunition
than in bagged charges. Secondly, the down tube effectiveness of the
TlO 2 /wax liner is Increased by the use of flaps. The T1O2/wax liner is
more effective than polyurethane foam. Our approach is to increase the
effectiveness of fin-stabilized, cased rounds and bagged, separately-
loaded charges by mimicking the TiO2 /wax liner with flaps that is used
In the M392 round which increased wear life of the M68 tube by a factor
of 100. The next vu-graph shows some data which we've already outalned
which shows that by mimicking the liner in the 392 round in a bagged
charge, we can Increase the wear life. The left side of the vu-graph
lists charges in four categories. The categories represent similar heat
inputs. The charges with the lines highlight charges for which we already
knew what the wear life was from previous wear tests. I'd like to draw
your attention to the XM203E2 charge. We see that the Introduction of
the standard TiO 2 /wax liner reduces the heat input from 793 joules to 702
joules. This corresponds to an increase in wear life from less than
1000 rounds to 2500 rounds according to our categories. The actual wear
life of the XM203E2 charge is about 2000 rounds. By mimicking the liner
in the M392, the heat Input for the XM203E2 charge was reduced from 702
joules to 650 joules. This trans!ates to doubling the wear life. The
actual increase in wear thai will be obtained by this technique must be
determined by a wear test. This data merely indicates that we do have
some basis for feeling that we can increase the wear life of bagged
charges by modifying the wear reducing liner. The next vu-graph com-
pares the wear, vs distance from the rear face of the tube of the M68
tank cannon firi-ig no additive to that firIng the TiO2 /wax additive.
We see in curve C that after firing 6,000 rounds, the wear 32 inches
-from the rear face of the tube is still only 20mil; much less than the
wear associated with the HEAT t-aining round. Thus, we feel that by
mimicking the TiO 2 /wax liner In the HEAT and HEAT training round, we
will be able to reduce the secondary wear in those projectiles.

Another technique we intend to employ to increase the wear life of
these tubes Is to take advantage of chrome plating. A key point that
has been learned in the technology program is that the thickness of the
chrome plating placed on the steel is important. This vu-graph is a
plot of the number of rounds that must be fired to remove chrome plating
as a function of the flame temperature of the propellant. We see the
following points made: First of all, the lower the flame temperature,
the more rounds needed to remove the chrome plating. We also see the
larger, the caliber of the gun, the fewer rounds needed to remove the
chrome plating. Most of this data is for Naval guns. Data for the
Army guns is listed for the 105mm M456 round where we see that 150
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rounds must be fired in order to remove the chrome plating. When this
plating is doubled to lOmll thick chrome, 400 rounds need be fired be-
fore the chrome Is removed. This graph also shows that If we use a
wear reducing additive to reduce the heat input to the barrel, It gives
us hope that we will be able to Increase the number of rounds that can
be fired before the chrome plate Is removed. The next vu-graph Is a
plot of the wear vs distance from the origin of rifling for 12mil thick
chrome plate. In one gun we have a fully plated tube; the broken line
is the wear profile for a partially plated gun tube. The point we like
to make here is that for distances well down the tube from the origin
of rifling, the steel is more resistant to wear than is the chrome plate.
So our future tube will not only be chrome plated, but we intend to
plate only the region where the chrome is more wear- resistant than the
steel Is. Another possible technique which we could exploit to reduce
the heat input to the barrel to increase the wear resistance of the
steel is the use of non-metallic rotating bands. The Air, Force has al-
ready demonstrated that non-metallic rotating bands in the rapid fire
aircraft cannon increased the wear by at least a factor of two. The Navy
has demonstrated that In a rapid-fire 3 Inch/54 gun, the use of non-
metallic bands Increases the wear life of thetube. Unfortunately, we
also have data that suggests that the wear of the gun tube firing non-
metallic bands In a single shot mode may not be as advantageous for
wear at the origin of rifling. The vu-graph for the 20mm barrel and
also the vu-graph for the Navy gun that follow, show that in a singlo
shot mode, the non-metallic band offers no advantage over metallic band
in a single shot. However, we are also going to test whether the non-
metallic band offers any advantage in reducing the wear at the origin of

rifling In the M119 and M201 guns. In the technical forecast to follow,
we're going to make the assumption that the non-metallic bands offer no
improvement.

The next vu-graph is a forecast of what we feel we can do in the
M185 cannon. We feel that the modification to the wear-reducing liner
will raise the wear life to 4000 rounds. In the M185 cannon or for the
zone 7 M199 cannon, the chamber is not filled with propellant, so in
addition to using a wear-reducing additive, another technique to In-
crease the wear life Is to use a base-ignited cool propellant. Such
propellant was used in the centerrcore Ignited MuI 9 charge which we
know has a wear lufe of 500t rounds. By using a wear-reducing addwtive
with the base ignited cool propellant, we feel we should be able to ex-
ceed the fatigue life. By using a properly designed wear reducing
liner, we feel we can approach a 15,000 round wear life for either the
M185 or the zone 7 M199 cannon. A gap of two years Is shown on the
chart to allow the charge design community to develop the base ignited
cool propellant charge.

In the zone 8 M199 cannon, we feel that by improving the T1O 2 /wax
liner to mimick the M392 liner we can approach a wear life of 4000
rounds. We further feel that by chrome-plating the tube, we'll be able
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to increase the wear life to 5000 rounds. We feel that either the use
of ablatives, or possibly a novel wear reducing additive coming from
our technology work will result in a further increase in the wear life
to 6000 rounds. in the future, further development of new propellants
such as the high force low flame temperature nitramines will give us
an even further increase in wear life such that we will have a gun
that is fatigue limited rather than wear limited.

The M201 cannon is already chrome plated. We feel that by the use
of an improved TiO2 /wax additive, we'll be able to increase the wear
life by a factor of two. Then we forecast either the ablative coolant,
the novel additive, or a novel propellant, coupled with the chrome
plating we'll be able to increase the wear life approximately to 6000
rounds. The next vu-graph summarizes this technology forecast. We
would anticipate that redesigning the TiO2 iwax liner and the use of
partial chrome plating would be low risk and give us the wear life esti-
mates indicated. The ablative coolant, a novel wear reducing liner, or
a novel propellant would be considered to be high risk. However, if
such techniques become feasible we feel that each of these howitzers can
be made fatigue limited.

The remainder of the briefing is an outline of the program which
we intend to follow in order to address the issues raised. This vu-
graph lists the objectives of the 6.1 program. The next vu-graph
summarizes the pay-offs which we expect if we could understand the
mechanisms by which barrels erode. In the next vu-graph we wish to dis-
tinguish between the program being pursued through the In-house army
laboratories as opposed to the type of work sponsored by the ARO. The
next vu-graph lists the 6.2 objectives. The following vu-graphs summarize
work going on in other services. In the Navy there is no formal wear
and erosion program, since the Navy does not consider erosion io be a
critical problem. The work that Is on-going is in support of the Marine
Corps. The erosion effort in progress is being performed at Dahlgren
and the kinds of work pursued are indicated. Basically, the work Is
parallel to what the Army is doing and we seek to fund Navy work in FY
78, particularly in the area of ceramic liners. From previous Air Force
work which demonstrated that the non-metallic bands increase the wear
life of automatic fire aircraft cannon, the Air Force has committed It-
self to placing non-metallic bands on ammunition fired from all future
systems. The Air Force is starting a formal program in FY 77 of approxi-mately $300,000 to understan,' the interaction between the rotating band

and the rifling with the assuitiption that if they can find ways to keep
the rotating band intact, the wear life that results will be accepted.
The program that the Army has put together will draw heavily on this
Air Force work. This is one of the reasons that the non-metallic ro-
tating band portion of the Army program will look lower In comparison
to other techniques. Another agency sponsoring erosion related work Is
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DARPA who sponsored a 75mm solid propellant candidate for the AAAC. In
this gun both ablative coolant and removable liners are being examined
as techniques to bring the wear life of the 75mm cannon to an acceptable
limit. DARPA also sponsored work in liquid propellant guns.

The 6.2 program is summarized next: First we have techniques to
reduce the heat input. We're looking at niltramines, consolidated pro-
pellants, and liquid propellants. The erosion program is not intended
to develop the propellant to the point where It could be fielded, but
rather, to examine the erosion characteristics of such propellants. In
wear reducing additives, as Indicated, we will be mimicking the additive
In the M392 round and we'll also be looking at talc as a substitute for
T10 2. In order to devise a new wear reducing additIve, we're using
boundary layer codes developed under NASA sponsorship to model the ab-
lation of nose cones during re-entry. Non-metallic rotating bands are
being Investigated for large caliber use; for the automatic cannon call-
ber, we're relying heavily on the Air Force for results. Ablative
coolants have been shown to be superior In reducing heat input than
wear reducing additives, but packaging the ablatlv6 Is a problem. We
think they would be most effective if the ablative is packed with the
projectile. For increase in temperature resistance to the bore surface,
we are examining either platings or liners.

The following vu-graph summarizes the fiscal requirements for our
program. The funds listed in FY 77 are committed. In FY 78 the numbers
in parentheses represent guidance figures as of Dec 76. The remaining
numbers represent total requested for the fiscal year indicated. The
ARO related work is summarized in a separate vu-graph. I wish to make
clear that these numbers represent the funds that have been committed
to date. ARO expects to spend up to $600,000 this year and the next in
support of gun barrel wear and erosion.

The next vu-graph is the cost in millions of dollars that will have
to be spent over the next 20 years In replace 8" M201 tubes. The broken
lines represent costs if we can improve the wear life of such tubes.
This vu-graph Is Intended to show why a new initiative in wear and
erosion Is being pursued. Another important cost will come In the area
of wear testing. The next vu-graph lists the number of rounds that
would have been required to be fired In the XM2OIE2 program to learn
that the additive was ineffective with the clean-burning igniter. In
the future we expect either this technique or a radioactive measurement
technique will be a standard procedure to design an optimum wear-re-
ducing additive before we proceed into a full scale wear test in 6.4.

The final vu-graph contains the conclusions. By pursuing the wear-
and erosion program just outlined, we feel the wear life of fielded
howitzers may be doubled. We feel that the M68 tank cannon can be made
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fatigue limited without resorting to chrome plating by altering the
location of the liner In the HEAT rounds. We feel that the wear life
of rapid fire automatic aircraft and air defense systems may be doubled
with non-metallic rotating bands as shown by the Air Force work. We
also feel that the medium caliber AAAC and future hypervelocity anti-
armor and anti-aircraft weapons will require new coatings or liners,
since it appears we're reaching the erosion limits of gun steel even
when used with wear-reducing liners. In future hypervelocity systems
with muzzle velocity in excess of 5000ft/s it will likely require a
combination of novel propellant charges coupled with new materials.

d
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REVIEW OF THE AIR FORCE
PROGRAM IN GUN BARREL LIFE

Dale M. Davis
Technical Director

Guns, Rockets & Explosives Division
Air Force Armament Laboratory

INTRODUCTION

The purpose of this paper is to summarize the work done by and
for the Air Force in gun barrel erosion and related fields during
the past twenty five years - the approximate time the Air Force has
had its own RýD capability. It is not the intent to present a lot
of technical detail, tables, or numbers, but rather a qualitative
discussion of what we have done, why it was done, what the general
result or end use of the work was, and what we are doing now, plan
to do in the future, and why.

EARLY WORK

When the Air Force began to aggressively pursue its own muni-
tions R4D programs (about 1951) we had two aircraft guns in large
numbers, the Cal. 50 and the 20mm M24. Since by that time it had
already been determined that the days of the Cal. 50 were numbered
no further barrel work was done on it. The M24 (an Hispano Suiza
design) was a different matter, however. At that time we had them
in all of our first line bombers and many of our fighters. We also
had a few percussion fired M3's and the Navy had large quantities of
both M3's and M24's under their identification of MKl4 and MKI6.
The driving installation, however, was the B36. It had sixteen guns
in twin gun turrets. The nose guns carried 450 rounds each, the
tail gun 960 rounds each and the remaining twelve guns 600 rounds
each. The barrels were of steel, unplated and unlined. Life of the
barrels was short and unpredicatable. Since the replacement of a
barrel in this gun required complete disassembly of every component,
the "simple" matter of changing a barrel amounted to a complete re-
build of the gun. As a matter of fact the threads sometimes seized
into the receiver so firmly that the receiver was destroyed during
a barrel change and a barrel change sometimes occurred in as little
as 600 rounds. The gun life was supposed to be S000 rounds. It was
desired, of course, to extend barrel life, to 5000 rounds if possi-
ble. At least we needed extended life, predictable life, and some
measure by which to replace barrels. An extensive program wasI undertaken which covered several years and well over a million
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rounds of erosian testing. This is probably the most extensive
barrel erosion program ever undertaken anywhere and any serious
student of the subject would be well advised to research this data.
The firing was done at Aberdeen under project TS3-3014 and the re-
ports are probably available only at Aberdeen.

This erosion testing was initially carried out on several fir-
ing schedules and various types of failure occurred - some barrels
failed by excessive gas erosion near the breech, some by flattening
of the lands further towards the muzzle. If anything was consistent
in this early work it was that barrel life was inconsistent. We
later standardized on what was considered a severe but realistic
schedule to simulate an air battle; 40 rounds every thirty secondswith complete cooling after 600 rounds. As the program progressed

several decisions were made that we are still living with -
fortunately they were good decisions. First the barrel alloy was
standardized as the Chrome Moly Vanadium alloy still in use.
Second, nitriding, as used in many foreign weapons, was of absolute-
ly-no value in this gun. Third, chrome plating is effective.
Fourth, chrome plating process is important. Fifth, if a plated
bore is faulty, chemical stripping of the chrome can cause catas-
trophic hydrogen embrittlement. Finally, we were able to devise
a simple type of erosion gage (M1O) to reject barrels at or near
their wear out point regardless of firing schedule, barrel alloy, or
type of erosion.

M39 GUN, M50 SERIES .MMUNITION

When we first started with the M39 gur and the MSO series ammu-
nition we had more problems. The rate of fire was 1500 shots per
minute, double that of the M24 and the muzzle velocity was 500 fps
higher. We had an additional problem - the M39 is a revolver and
failure of the drum-to-barrel seal caused breech face erosion of the
barrel before the bore wore out - often in less than 100 rounds.
We used M39 barrels for fence posts all over the base. The only re-
deeming feature of this gun (as far as barrel life was concerned)
was that the cook off problem limited the number of rounds carried
to less than 200. Of course we used the now standard chrome moly
vanadium barrel alloy and chrome plated the barrel. The seal leak-
age problem was solved by redesign of the seals. What really saved
the day, however, was the advent of ball powder. Ball powder in-
creased barrel life to the point where barrels are replaced at
1200 rounds in combat. In training use, the barrels are gaged with
the M10 gage, and last over 1200 rounds. This is considered
acceptable life for a gun in this type -f service.
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BALL POWDER

As stated earlier ball powder, or ball propellant as it is now

called, was a significant factor in increasing barrel life. Let's
briefly examine why this is so. In automatic aircraft cannon the
primary mode of barrel failure is hot gas erosion near the breech.
It is logical to assume that the majority of this erosion occurs
when the pressure is highest, consequently the temperature highest
and the heat flow highest. The actual gas temperature at any time

is somewhere between the isobaric and isochoric flame temperatures,
depending on the pressure. Both the isobaric and isochoric flame
temperature of the base grain of ball propellant is higher (due to
high nitroglycerin content) than the IMR type propellant previously
used. Ball propellant, however, is geometrically regressive burn-
ing. Large amounts of deterrent are infused into the spherical
grain to reduce the initial linear burning rate to counteract this

geometrical regressivity. Fortunately this deterrent lowers both
the isobaric and isochoric flame temperatures so that at the time of

maximum pressure, consequently maximum heat transfer, the actual gas
temperature is lower for ball propellant than for IMR, although the

mean flame temperature and impetus are as high or higher. Figure 1
is a plot of flanme temperatures vs % deterrent for this propellant.
Although the average concentration is 7% the concentration near the

surface is believed to be 18 - 20%. Figure 2 illustrates actual
flame temperature and % propellant burned vs projectile travel for

a 20mm round. Note that the actual flame temperature is approxi-
mately 500 0 F lower at the point of maximum erosion and peaks at

about 3000 F lower than conventional propellant. These factors,
together with its high loading density make ball propellant the best
of all currently available types for aircraft guns. A word of

caution on the versatility of ball propellant is in order. Because
of the nature of the deterrent process, it can only be infused into
the grain a few thousandths of an inch. This is adequate to

counteract the geometric regressivity in samll grains. It will
obviously not work for 8" gun propellant. There is some practical
limit to the size in which ball propellant will function. This may
be between 20 and 30mm, since we have not seen satisfactory per-

formance in the GAU-8 gun.

THE M61

The M61 followed shortly after the M39 in the development
cycle of aircraft guns. It also used chrome moly vanadium barrels,

chrome plated, and M50 series ammunition with ball propellant. Al-
though its muzzle velocity was 100 fps higher than the M39 its

firing rate was "only" 1000 shots per minute per barrel. During
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development it was determined that its barrel life was adequate and
no large effort was ever made to increase its life. The barrel work
done on the M24 and the development of ball propellant are still
paying dividends twenty to twenty-five years later. M61 barrels
are routinely replaced at 25,000 rounds/set (4,166 rounds per
barrel).

NEW PROBLEMS

After fiscal year 1956 there was no significant exploratory or
advanced development work done on guns and ammunition for a full ten
years. In the late 1960's, as a result of the Southeast Asia con-
flict, new requirements were generated for both air-to-air and air-
to-surface gun systems. Significant in these new requirements were
desires for increased range and shorter time of flight. The best
route to these two goals is higher muzzle velocity.

During our attempts to raise velocity from our operational
values of 3200-3400 fps to the neighborhood of 4000 fps, we en-
countered severe bore coppering problems. Depending on variables
such as copper alloy, bore material and condition, barrel length,
and propellant composition, this problem becomes intolerable at some
velocity between 3600 and 40V0 fps. This problem was not without
precedent and a corollary existed in the leading of barrels that
occurred during the final years of the last century when velocities
exceeded 2000 fps. The solution to the leading problem was, of
course, to convert from lead to copper with its higher melting
temperatuie. The obvious solution to the coppering problem, and
one applied throughout Europe was to convert from copper to iron.
Although this solves the coppering problem, it worsens erosion -
and erosion was expected to again be a problem as we increased
velocity and maintained high firing rates. In summary then our
new developments faced a coppering problem and the expectation of
increased erosion.

NEW APPROACHES

Realizing that barrel life had always been a limiting factor

in both muzzle velocity and rate of fire, the Air Force took a
multiple approach route to solve our potential problems. General
areas identified for emphasis were plastic rotating bands, low
flame temperature propellants, chemical vapor deposited (CVD)
tungsten plating, retractory lined barrels, composite barrels, and
ablative cooling. It was not expected that any one of these efforts
would solve the erosion problem; however, it was hoped that a com--
bination of two or more would get us through the next generation of
guns. Of the several programs started, several were carried
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to logical conclusions, some were abandoned for various reasons, and
others are still being pursued. It is not the intent of this paper
to cover these programs in detail since they are all documented in
formal reports, but to summarize their results, status, and potential
payoff.

PLASTIC BANDS

The problem of bore coppering appeared early in our renewed
program, first in 10mm, then in 25mm, as we approached 4000 fps. Of
course we expected the problem, being familiar with _arlier high
velocity work and current problems in Cal. 17 by 2overnment, in-

, Fdustry, and private individuals. Rather than trying iron bands with
their known problems we elected to stay with copper until other tech-
nology evolved. The most promising concept appeared to be plastic
bands. Various plastics had been used for sabot launching of pro-
jectiles and models from light gas guns at velocities in excess of
30,000 fps, and performed much better than other materials. Plastic
sabots had been fired through rifled barrels at velocities approach-
ing 10,000 fps and had engraved and spun up perfectly. No bore in-
compatibilities had occurred. We decided to concentrate on plastic
bands for our new requirements. The idea of using plastic for ro-
tating bands was new, the Navy had done some outstanding work on the
subject in the early 1950's. Figure 3 illustrates these early Navy
bands in both 20 and 30mm. As a matter of fact, we were able to ob-
tain some plastic banded 20mm MK100 series projectiles fabricated in
1954. We fired some of these projectiles at velocities up to 3800
fps (the maximum capability of our 20mm test fixture) and they func-
tioned perfectly. This also tended to relieve some of our concern
regarding shelf life. These nylon banded projectiles were twenty
years old!

Review of Navy reports of the era showed that plastic bands
increased barrel life by a factor of three over copper bands. If
these bands were so good why didn't the Navy use them then? The
principal reason was probably because both Navy guns firing MKIOO
anmunuition (MKII & MK12) fired from the closed bolt, and the hot
chamber will melt plastic bands. As a matter of fact, this is the
major plastic band fault discovered to date, but since Air Force
guns (excepting M39) presunt and future will be open bolt this poses
no problem.

There are several advantages to plastic bands, and many differ-
ent materials, designs, and retention methods; however, since we
are concerned here today only with bore wear (and coppering) dis-
cussion will be limited to these areas. The results of our various
plastic band programs have shown that they do in fact increase bore
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life by a factor of at least three as the Navy earlier reported. As
a matter of fact, in the GAU-8 system, conventional gas erosion is
virtually zero (Figure 4). A surprising side effect is that velo-
city doesn't change during a long burst (Figure 5). A net result of
these two facts is that no fire control compensation need be made as
a function of rounds fired or barrel temperature. Figure 6 shows
GAU-8 projectiles manufactured by Aerojet (double band) and Honey-
well (single band).

Since plastic bands virtually eliminate erosion, at least in
our existing guns, the question of why and how naturally arises.
Since the substitution of plastic for copper reduces erosion by a
factor of three, one might conclude that two thirds of barrel ero-
sion is caused by copper bands. We know this is not true, the ma-

I jority of erosion is gas erosion. We therefore must assume that
there are some mechanisms whereby plastic bands reduce gas erosion.
One can easily postulate three such mechanisms all of which probably

contribute: (1) The plastic bands do a better job of sealing the
high pressure gases, reducing turbulent blow by over the bore sur-
Sface; (2) The plastic smears onto the bore surface and cools or
reduces heat input through ablation; and (3) Me plastic infusesinto the microcracks on the bore surface preventing crack growth
and propogation. The first mechanism is probably not dominant since
copper bands are dimensioned until they completely seal a new
barrel; besides this would only account for groove erosion, not
land erosion. The second probably is important, but not dominant.
Although we have no detailed data there does not appear to be any
great difference in total barrel heating with plastic bands. The
third is probably the dominant mechanism. Anyone who has seen
sections if gun bores during the various stages of erosion can en-
vision huw this mechanism works; especially for chrome plated
barrels. On the plated barrel the first rounds fired generate a
maze of microcracks, which under magnification look like a dried
mud flat. Gas from subsequent rounds, hot and containing ionized
monotomic gases, enter these cracks and erode the substrate steel.
As firing progresses cavities grow under the chrome until it fails
and spalls off, exposing more substrate which rapidly erodes. It
is easy to envision plastic being forced into these cracks, pre-
venting the cavitation and preserving the chrome plate. All we
know for sure is that plastic bands do provide great reduction in
erosion. We can postulate as to how and why but have had neither
the money nor the manpower to prove or disapprove our theories.
We are at present simply accepting the fact and specifying plastic
bands on all new ammunition.

PROPELLANTS

Since we know that the primary cause of' barrel wear in air.-
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craft cannon is hot gas erosion, it appeared logical to spend con-
siderable effort on those gases and their source - the propellant.
During the combustion process, theore are many intermediate com-
pounds and elements existing including free monatomic oxygen.
Steel melts at arounj 1700'k and will burn in the presence of 02
somewhere above 1100 K. The isochoric flame temperature of conven-
tional NC - NG propellants ranges from about 2400*K to 3600'K.
Since a few hundred degrees makes a significant difference in
erosion rates, Air Force specifications have been not to exceed
28000K isochoric. This results in actual gas temperatures always
less than 2400*K. The actual temperature of the walls and the
amount of heat transferred is a function of many things including
surface roughness, which of course accounts for the exponeTktial
function in erosion rate in older barrels.

Since muzzle velocity, cartridge volume and barrel life are

all very important in aircraft systems, our propellant 4evclopments
have been aimed at those with isochoric flame temperatutes of less
than 28000 K and specific energies greater than 330,000 ft lbs/lb.
Figure 7 illustrates the relationship between flame temperature,
specific energy, and molecular weight of combustion products for
several existing and developmental propellants. Our present
efforts are centered on the tripple base and cyclic nitramines
shown. We are now initiating a program on linear nitramines which
fall to the left of the MW=I8 line.

BARREL MATERIALS

An historical method of increasing barrel life has been to de-
velop barrel materials, plating, liners, or treatments which were
less subject to gas erosion and/or rotating band wear. The
standardization of Chrome Moly Vanadium for AF guns in the early
5o's was mentioned earlier. This was the best of the "standard"
alloys then available. More recently, new tool steels and "super-
alloys" have become available which show promise of making better
barrels. We did some development in this area but did not carry
it to conclusion because of higher priority work and the success
of plastic bands. This work should be carried to completion.

Chrome plating of bores became standard in Germany during World i

War IT. and in this country some ten years later. This is relative-
Sly 5irq..le and very cost effective method of increasing barrel life.
In an a.tempt to find an even better plating material, we conducted
a pxrogr-r. for several years on chemical vapor deposited (CVD)
ttungsten. Because of its high melting point, it seemed like an[iii idoa•l bc re surface material and the CVD process was inexpensive.

¶inbrItrAtuato'y, it did not work. The crystaline structure and
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rphysical properties were such that it cracked easily and flaked off
much as did chrome. We did this work with copper jacketed bullets,
perhaps if it were repeated with plastic bands or jackets, it would
be successful. This should be tried, but we have no funds or plans
to pursue it at this time.

The use of high temperature or refractory metals for liners looked
promising. There are about six metallic elements which are available
in reasonable quantities at reasonable cost and have melting points
significantly above that of steel. Sorting through these with a simple
hot gas erosion test orifice, we came upon a promising alloy of tanta-
lum + 10'a tungsten. Two problems immediately surfaced - how do you
rifle the stuff and how do you install the liner. The installation
was solved by resorting to coextrusion methods developed by the nu-
clear industry. The rifling problem was solved by the development of
a unique, practical, and inexpensive electrochemical machining pro-
Cess. We built some barrels by this method, but the effort was sus-
pended before all test work was completed, again because of the suc-
cess of plastic bands and the press of higher priority work. This
work also should be continued but we have no plans to do so at this
time.

During the late 1960's we conducted a study to determine if it
was feasible to build an equilibriumu temperature gun - that is one
that could fire indefinitely at a militarily useful ratc and velocity
with only normal radiation and convection cooling. It appeared that
this was almost possible. The key, of course, was the barrel - one
that would operate with a bore surface temperature near the actual
propellant flame temperature yet would still have sufficient strength
to withstand firing stresses. The solution appeared to be a composite
barrel of three layers, a refractory liner, a ceramic insulator, and
a steel jacket. Figure 8 shows computed temperature profiles across
such a barrel compared to a standard type barrel and an actively
cooled barrel. Note that the temperatures appear to be within
reasonable working limits for available materials. We decided to
build such barrels and test them. Figure 9 shows a cross section of
such a barrel which was again fabricated by the coextrusion processand rifled by the electrochemical method. Again we did not complete
this program for reasons stated above,

ABLATIVE COOLING

Another idea which looked promising was that of ablative or
"smear" cooling. The concept was to place a material between the
propellant charge and the projectile, which, when the round was
fired, would coat the barrel with a material which would protect it
from the hot propellant gases during the early part of the ballistic

-cycle. This was done using the 20mm MW0 series ammunition. The
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ablative selected was a rather thick silicone fluid. Although simple
*in theory some problems arose. First, since the available chamber
volume of the 20mm is already full, it was necessary to find a more
energetic, consequently hotter, propellant to compensate for the
volume occupied by the ablative. After developing a suitable pro-
pellant change and determining an appropriate quantity and quality
of fluid, we began a firing program and found the heating and barrel
wear had moved down bore towards the muzzle. Figure 10 illustrates
an M61 after alternately firing 200 rounds each ablative ammunition,
standard ammunition and cycling dummy rounds. The original is in
color and clearly shows a cool breech and a hot mid barrel region for
the ablative ammunition. A redistribution of the barrel mass from
the breech region to the hot spot would probably compensate for this
and reduce the down bore wear (which appeared to be from heat softening
of the lands) but since the weapon was in the inventory in large
numbers, we decided it was not worth it and the program was terminated.
It does work and should be considered in future high velocity systems
where breech area erosion is expected to be a problem.

ON GOING AND FUTURE EFFORT

Of the barrel wear programs, we have undertaken in the pastseveral years, two are continuing: Plastic bands and high energy low
flame-temperature propellants.

Plastic bands have been so successful we consider them to be one
of the greatest advancements in ammunition since smokeless powder and
feel that all ammunition should use plastic bands (or jackets). One
thing for certain is that we don't understand everything we know about
them. The question of why they work was discussed earlier. We have
so far used them in barrels designed for copper bands and built them
to the approximate configuration of copper bands. We are now studying
rifling configurations and band configurations to take full advantage
of the plastic material. We are investigating alternate retention
methods. We are looking at various materials and glass contents. In
short, we are trying to understand them better.

We will continue our work on high energy low temperature propel-

lants. The effect of a few hundred degrees reduction in flame temper-
ature on barrel wear is well known. Although our present systems have
acceptable barrel life future systems may need a few hundred degrees.

Our anticipated next generation of guns will have muzzle veloci-
ties at least in the 4000 fps range. We are working on ammunition
intended to have 5000 fps muzzle velocity. We expect to again face
the erosion limit. We are counting on plastic bands and high energy
low temperature propellants. We may also have to resurrect some of
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our earlier uncompleted projects such as refractory liners and com-
posite barrels. One thing has always been certain in the gun
business - no matter how good a gun is someone always wants it to
weigh less, have a higher muzzle velocity, and a higher rate of fire;
and this means barrel problems. ,.

jJ
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- OVERVIEW OF EROSION IN U. S. NAVAL GUNS

• M. C. Shamblen
SNaval Surface Weapons Center

ABSTRACT

The mno-'rn history of erosion in U. S. Naval Guns will be
reviewed. ThN Navy's use of low and high flame temperature pro-
pellants and chrome plating, the importance of rotating band barrel inter-
face on i :bnd jf life" criteria and its experiences with plastic
rotating bands on 3 and 5 inch projectiles will be reviewed. The
effects of fatigue and erosion lives on the operational effective-
ness of the fleet will be discussed.
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I NTRODUCT ION

The Navy has no formal or informal program addressing wear and
erosion in Naval Guns. However, a great amount of work has been
conducted under individual projects directed toward specific appli-
cations for various gun systems which has significant impact on gun
tube wear and erosion technology. No attempt will be made to pre-
sent the detailed supporting data from each program to support the
various observations and conclusions.

To maximum extent possible, an attempt will be made to reference
the latest or summary reports, papers, etc., in order for one to
obtain the data in a particular area of interest.

This paper will attempt to present an "overview" of wear and
erosion in major Naval gun barrels (tubes). The effects of wear and
fatigue lives of guns on the operational effectiveness of the fleet are given

along with the Navy's experiences with low and high flame temperature
propellants, chronic plating and rotating band design including plastic
rotating bands.

HISTORY OF EROSION IN NAVY

The apparent Navy philosophy on the selection of propulsion
packages is shown in Figure 1. From about 1900 until the 40s, the
Navy essentially had one composition of propellant, called PYRO.
Us-entially, this was an M-6 or medium flame temperature propellant.
A variety of weapon systems existed, ranging Irom 3" to 16". The
Navy has always had a very strong emphas:'se on having smokeless pro-
pellants. The erosion lives of Naval guns range from approximately
4000 rounds to 300 rounds for the 3" to 16", respectively. The
targets were primarily other ships and aircraft. The Navy only
relied upon bag charges where necessary, i.e., in the much larger
guns. Cased ammunition was employed for obvious advantages on rateof fire and mechanical handling systems. Barrel life, was extended
by the band-barrel interface design features. Even historically,
the logistic problem of regunning ships was very costly. The main
change in philosophy occurring during World W~ar II was that flash
suppression became very important. Th.e enemy at sea employed gun
flash to aim torpedoes to sink ships.

Since World War II the Navy has introduced NACO propellant, a
low flame temperature propellant,which resulted in longer barrel wear
life. Also the Navy is attempting to introduce a high performance
charge for the 5"/54 gun system using M26, a high flame temperature
propellant, with a talc wax liner. The missions have changed
"slightly, in that shore bombardment and anti-aircraft are the major
roles.
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The prime difference between Army and Navy guns is that the
Navy guns have accompanying handling systems and nearby ammunition
storage, thus permitting high rates of fire for sustained periods;
whereas the Army guns do not. The high rates of fire and sustained
periods introduced two unique problems: that of hot gun cookoff of
the projectiles (which can occur in a very short time) and very high
wear rates. The erosion and fatigue lives of Naval gun barrels are
presented in Table 1.

PROPELLANTS AND COOIANTS

After World War II, the U. S. Navy developed P"/50
and 3"/70 gun systems. In developing these guns,various wear reducing techniques were eval-

uated because of extreme rapid fire ability (i.e., sustained firing of 90
-120 rounds per minute per barrel for 3"/70). CORDITE N, a mcdium
cool burning propellant was developed for use in these guns. Other
features, such as gain twist rifling, Probert rifling, plastic and
metal bands were also tried, references (a), (b) and (c). During
the early 1960s, NACO (Navy cool) propellant (flame temperature about
2200'K) was introduced in the Navy gun systems. Use of this pro-
pellant greatly extended the wear lives of the gun. The extended
wear life introduced a fatigue problem in 5"/54 gun systems because
of loose liner design gun barrel. The fatigue problem has been
eliminated by a return to the monoblock, autofrottaged gun barrel:
design using modern gun steels. Additional details concerning pro-
pellants being employed by the Navy may be found in reference (d).

The use of cool propellants to reduce wear in Naval guns .
had no significant disadvantages because the gun chambers were largeenough to permit the small additional volume of cool propellant re-
quired over medium or hot propellants to obtain the same levels of
ballistic performance. Additional advantages, to that of reduced
wear, were obtained: low probability of flash (cooler gases) and
low amounts of smoke. The differencein erosion rates for the hot,
medium and cool propellant aroshown in Figures 2 and 3 as measured in
the 5"t/ 54 gun system). Figure 2 presents the metal removal rate vs
maximum bore surface temperature as measured by bore surface thermo-
couples, reference (e). A su~mmary of wear test results in 5"/54 guns
is shown in Figure 3. The advantages of cool propellants aieobvious.
The effects of rapid, continuous fire or wear are shown in
Figure 4.

In an attempt to increase ballistic performance of the 5 "/ 5 4
system, a hot propellant (M26) with a talc-wax liner has been em-
ployed along with a new plastic banded projectile. The limited
wear and temperature data has been obtained, reference (e) and (f),
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which indicates that the added coolant reduces wear to about the same
level as a medium flame temperature propellant.

A silicon oil coolant has been investigated primarily as a means
of reducing gun barrel heating for safety reasons, reference (g), (to
reduced gun barrels heating in order to prevent or lengthen the
time required to cookoff gun ammunition). Bore surface temperature
data indicate a significant wear reduction effect from the silicon
oil. However,limited testing to date has been primarily conducted
with NACO propellant which produces no measureable wear of the gun
bore under the test condition with or without the silicon oil
coolant.

Analytic methods for predicting erosion of various propellants
as well as the effects (both heating and erosion) of the coolants
have been developed as published by refererces (e) through (h).

RIFLING, CHROME PLATING AND BAND DESIGN

As a result of various testing, the Navy has accepted standard
uniform twist rifling with 0.1-2 mm (0.005") chromium plating, ref-
erences (i) and (j). Gain and uniform twist with disappearing rifling
at the muzzle to smooth the rotating band on the projectile body was
investigated in the 3V/70 gun systems. A slight advantage in range
was obtained. Gain twist rifling was shown to have no significant
advantage over uniform twist rifling relative to gun tube erosion,
Figure 5.

The use of chromium plating on Navy gun tubes has proven to
have significant advantages. The primary advantage is the protection
of the bore surface from the salt-sea environment. Chromium plating
does provide a significant erosion reduction as shown in Figure 6.
As much as 500 to 1000 rounds of cold gun firing may be required to
remove the chromium plating. However, it must be noted that high
flame temperature propellants remove the chromium plating much quicker.
Also high rates of firing and sustained firing remove the
chromium plating in a small number of round (see Figure 3). Manu-
facturing and 3"/50 firing experiences indicated that the 0.12 mm
(0.005") thickness chromium plating was near optimum thickness for
bore protection and retaining the plating during firing.

4 The effect that rotating band design has on gun erosion is
discussed in detail in references (h) and (k). Band
design can significantly increase the amount of allowable erosion
before it is necessary to condemn a gun tube as shown in Figures 7
and 8. Band design and material can effect the frictional heating
of the bore surface, thereby effecting the erosion. Experiments with
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plastic rotating bands in the Navy has given mixed results which can
"be explained. In 5"/54 system firings, plastic banded projectiles
gave similar results to that of metal rotating banded projectiles
as shown in Figures 9..and10 and discussed in references (h) and (1).
However, for 3"/50 gun systems less wear was observed as shown in
Figure 11 and can somewhat be explained by the substantial difference
in frictional heating caused by band pressure.

FLEET OPERATIONAL IMPACT OF EROSION

The high cost of gun barrel replace-
ments, logistics and ship gun-line availability associated with short
erosion and fatigue life gun barrels became a severe problem in
Southeast Asia. Table 2 shows the effects of a 1500 and 6000 round
wear or fatigue life gun barrels on ship availability. In fact,
the Navy had the exact problem depicted, not from a wear problem
(because of the use of NACO) but from a fatigue problem (loose liner
gun barrel design). Gun barrels of monoblock design were air lifted
to sea to obtain additional gun line availability. The effects ofpropellant selection (erosion life prediction) on the ship available

for the 8"/55 gun system is shown in Appendix A..

SUNtwAY

The U. S. Navy has found that the use of co91 propellant (NACO)
gives very long gun barrel erosion lives without loss of ballistic
performance even under the extremes of rapid sustained firing pro-
grams. Coolants, both talc-wax and silicon oil, are effective in
reducing the heat input to the gun barrel,thereby reducing erosion effects
and safety hazards. Prediction models have been developed which
enable the weapons designer to evaluate propellant charge alternatives
and their effects on erosion and gun barrel heating.

Chromium plating is desirable both to protect the bore from the
salt water environment and as a means to extend the wear life (by
500 to 1000 rounds). The cooler the propellant the longer the
chromium plating remains on the bhre surface. Additional wear life
can be obtained by the design of the rotating band. Concerning
erosion reduction with plastic bands, in the Navy's 5" system where
the band pressures are fairly low, plastic band suems to perform
exactly the same as our metal band. Previous work, however, in 3"!/
50 has shown that the plastic bands do significantly reduce wear.

For the Army's sticker problem, plastic bands may be desirable
because of their low friction.

In overall conclusions, the Navy has obtained from our various
programs an awareness that cool propellants are an effective means
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of controlling erosion and are acceptable provided the gun system is
designed for their use.

Attention to rotating band design and use of chromium plating

can effectively double or triple the useful life of a gun barrel.
Long fatigue and erosion lives of Naval gun barrels are required
for operational effectiveness.
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APPENDIX A

ADVANCED 8" AMMUNITION; PRELIMINARY EROSION LIFE ESTIMATE*

1. BACKGROUND

A gun erosion model was developed under the 203mm Marine Corps
Gun Hiowitzer program. This model provides an estimate of new gun
erosion rate accurate to t15% under both cold gun and rapid fire
conditions for any propellant, and pressure level. The model is most
accurige for erosion rates between 0.002-0.03 mm/round (1.0 and 15.0
x 10 in/round). At lower erosion rate values the model predicts
more erosion than actually occurs. The gun erosion model has been
validated by using available data from 15 U. S. Army weapons and 13
U. S. Navy wleapons of between 3" and 16" caliber operating between
275-86 - 517.24 MPa (40,000 - 75,000 psig) breech pressure and using
propellants with flame temperatures ranging between 2000 Lo 5150'K.

The problem of estimating the erosion life of a gun under a given
firing schedule somewhat more difficult. As a gun erodes the pro-
juctile seats further down bore. The geometric change produces two
effects. First the chamber volume is increased reducing the peak
pressure and, thus, reducing the heat input. Second the rotating
band length which must pass over the origin of bore position is re-
duced thereby reducing friction heat input generated by the rotating
band. The net effect of these two influences is to reduce the erosion
rate. Based on historical data, the relationship N = 2AD0 max/W
seems to give an accurate representation of the weapon erosion rate
where

(ADoO) x = the maximum bore enlargement, i.e., the minimlum
projectile rotating band diameter

W = the new gun erosion rate

2. OBJUCTIVE

The objective of this task is to make preliminary estimates of
the erosion lives of the 8"/55 UX 32 gun barrel when fired under a
variety of firing schedules with three different propellant selections.
The effect of using a silicon-oil coolant in the Weap)on is also to
be estimated.

*Memo from DG-22 (Jim O'Brasky) to DG-50 (Doug Payne) dtd 10 Feb 77
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3. INPUT DATA

NOS/Ili supplied the following data:

Propellant Chag._ Weight (Kg-lb) Flame Temperatures (°K)

MIAI 39.46 (87) 2230
Ml 38.10 (84) 2420
M6 36.74 (81) 2550

The weapon mean maximum breech pressure was given as 357.24MPa(51,800 psig).Ir and thc muzzle velocity for a 117.93 Kg (260 ib) projectile was given
as 899.11 m/s (2950 ft/sec) for all solutions.

4. APPROACII

The erosion model was applied to calculate the new gun erosion
rate for four different firing schedules using three propellants
with and without coolant. The gun barrel erosion life was calculated.
An estimate was then made of the effect of the gun barrel life on
ship availability times using a Southeast Asia(and South Atlantic)
and a Mediterranian (and North Asia) senario in a two week, four
week and a 52 week engagement.

5. IF'R1NG SCHIEDULES

Four firing schedules designated SI, 82, S3 and S4 were defined.
These schedules represent best, worst and average case conditions.

The Sl schedule represents cold gun firings (say o.1 rd per min).
This condition is a best case.

The S2 schedule represents a sustained shore bombardment schedule.
The firing rate is 1 round/miiiute and the number of rounds fired is
the ship magazine capacity of 300 rounds.

The S3 schedule represents a surge short bombardment schedule.
The firing rate is 6 rounds/minute. The number of rounds fired is
75. The S2 and S3 schedules should be considered average short bom-
bardment schedules.

The S4 schedules represents a worst case schedule. The number
of rounds fired is 75 at the rate of 12 rounds/minute. Seventy-five
rounds are the ready service capability of the 8" MK 71 gun mount.

6. SCUNARIOS

The two senarios considered each assumed an expenditure of 300
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rounds/day and a 300 ship magazine capacity. It was assumed that one
day is required for re-arming. Guiline refers to the number
of ship days available on the gun line during the period being con-
sidered. Since a multi-mission capable ship can perform other combat
missions while transiting to and from the rearming station. The sum
of Gunline and Re-Arm is the number of days in the combat zone
the ship is available for missions other than gun fire. The term in-
transit refers to the time required to steam back to port, regun and
return.

The Southeast Asia (South Atlantic) senario assumes 4.5 dayssteaming to port, one day in port and 4.5 days steaming to return to
the operational area.

The Mcditeranian (and North Asia) sonario assume two days steaming
to port, one day in port and two days steaming to return to the
operational area.

7. RESULTS

rThe erosion life estimates (rounds) fox the several propellants
are given below. The cooled data is designated with a "C".

Propellant Schedules

Sl 82 S3 S4

MIAl 2318 1540 1496 1254
Ml 1411 907 882 725
M6 1053 663 644 524

MiAI"C" 11129 8377 8237 7284
M1"C" 6589 4794 4693 4071
M61OC'' 4784 3410 3332 2865

Note: The accuracy of these estimates is about +30%, -5% the four
significant figures are retained to allow future inethod tracability.

The effect of gun barrel erosion life on ship availability days
is given below.

"Southeast Asia Senario
Life, Erosion (rd) Days Campaign

Gun-Line Re-Arm Transit Length
600 3 1 10 Two Weeks

1200 4 3 7 "
1800 6 5 3
2400 7 6 1

I 3000 • greater- 8 6 0 " -
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SOUTHEAST ASIA SENARIO
Life, Erosi~on (rd) Days Campaign

Gun-Line Re-Arm Transit Length

600 4 3 20 Four Weeks

1200 8 7 13
1800 9 9 10 "
2400 10 8 10
3000 10 9 9
3600 12 11 5
4200 14 13 "
4800 4 greater 15 13 0 "

600 56 28 281 365
1200 85 64 216 it

1800 104 87 174
2400 116 102 146
3000 125 113 127
3600 133 121 111
4200 138 128 99
4800 142 133 90
5400 140 132 93 "
6000 149 142 74

MEDITERRANIAN SENARIO
600 4 2 8 Two Weeks

1200 5 4 5
1800 6 53
2400 • greater 7 7 0

600 7 4 17 Four Weeks
1200 9 7 12
1800 11 9 8 "
2400 11 10 7 "
3000 t greater 12 11 5 "

600 91 46 228 365
1200 122 91 152
1800 136 114 115 "
2400 146 128 91"

3000 152 137 76
3600 156 144 65"

4200 160 148 57
4800 162 152 51
5400 164 155 46
6000 166 158 41 "
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8. CONCLUSIONS

a Thne conditions specified using uncooled propellant gives
average erosion lives ranging from 650 tu 1520 rounds. The impact
of these life levels on ship availability is such that at best 37%'
of the ship time will be spent on the gun line. The cooled propellant
solutions range between 3350 and 8500 rounds or 42-45% of the ship

time on the gun line. It is thus concluded that a cooled solution
should be used.

b. In hot gun conditions M6"C" propellant gives a much shorter
erosion life than MlAl"C" and Ml"C" and a much higher probability of
cookoff also exists. Thus, MIA1"C" and MI"C" are the only reasonable
solutions. If MlAl"C" can get the performance it is a much preferable
solution from flash and blast, cookoff and b--rel life consideration.

c. The gun barrel for the MK 71 gun mount should be changed from

a 3000 round safe fatigue life loose liner to a 7000 safe fatigue
life monobloc.
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GUN BARREL EROSION CONTROL IN FOREIGN COUNTRIES

F. K. Sautter
Benet Weapons Laboratory

Watervliet Arsenal
Watervliet, NY 12189

Erosion of Gun Barrels in Foreign Countries is a much older
problem that it is in the U.S. At least that is what one can infer
from this picture (1) of a tribarrel cannon f• 't .nry VIII of
England. Going back to the 20th century, we ,&d, as J. Warmsley
already pointed out, that basically the same problems persist there
as they do here and that similar solutions are being sought. Overall
however, one can observe that erosion does not quite take such an
important place abroad as it does here, simply, I think, because
firing during the training of troops is not that extensive. It
appears that the French for instance would accept a wear life of
200 rds for a tank cannon; something we probably would not find
acceptable, even so the 105mm M68 once had a life of only 100 rds.

lot A limited review of some of the efforts ongoing abroad shall be
presented here and is best grouped into Small and Large Caliber
Weapons.

Among the Small Caliber Weapons, the two main systems which have
a severe wear problem are the New Assault Rifle for Caseless Ammo
and the 27mm Automatic Cannon for the MRCA.

The British claim a life of 3000-4000 rds for their 4.85mm
caliber weapon without a bore coating. Wear is observed at both
breech and muzzle, leading to increased dispersion. Cr-plating is
being considered to increase barrel life. We also hear, that a
tungsten coating by CVD is being considered. It is expected that
they will experience similar problems we have encountered in coating
the interiors of such small caliber barrels reliably.

The German approach seems to differ from this. The Germans were
quite successful in increasing the barrel life of their 7.62mm weapon
by changing the rifling contour from the standard land and groove
cunfigurarior to a so called polygonal profile. We suspect that a I
similar approach for the 4.32mm weapon was not successful. They also
will try Cr-plating, are interested in our Cobalt-Iron coating but
will definitely keep on trying to improve the geometry of the rifling
and the wear characteristics of the steel by improved manufacturing
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practices such as button rifling, where a subcaliber bore will be
swaged over a mandrel and simultaneously autofrettaged. The Germans
consider 6000 rds for an Assault Rifle a realistic life. The life
as of 1 1/2 years ago was only 2000 rds.

The weapon which was shown to us had some other advantages
bowever, one of which was, what seemed to be, a very successful
caseless ammo, as shown in this picture (2).

The 27mm MRCA Automatic Cannon, for which Mauser is the main
contractor, has indeed a very serious erosion problem. The barrel
life is quoted as 1200 rds, however some barrels last 2000 rds, some
300. Ion-nitriding has been tried, but was found to be worse than
the untreated barrel. This is most likely due to the lower melting
point of Iron Nitride. A.
Niobium alloy liner has been tried.

Often it is
cheaper to design for a quick change with a cheap material than to
go to an exotic material which necessitates also exotic pzocessing
and machining. Measurements have shown, that the heat penetrated
zone in this barjel reaches to a depth of 0.3mm. This is just about
the land height in a barrel of this caliber and this might be the
reason why Cr-plating has not been tried or if tried, was unsuccessful.
It is difficult to maintain an accurate rifling profile by chrome
plating to the same thickneob as the rifling depth. It is said that
Cr-plating is not being considered because of fear of hydrogen
embrittlement. This is difficult to understand.

In this connection it should be mentioned that the Germans seem
to actively pursue the idea of using an austenitic steel as a liner
and substrate for Cr-plating. An austenitic steel of course would
not undergo the phase changes on heating and cooling, often considered
to be the cause for the failure of Cr.

Of the large caliber weapons, to our knowledge only the 90mm tank
cannons and the new 120nm smooth bore gun are Cr-plated. Erosion in
other weapons does not seem to be so serious that it cannot be taken
care of by changes in propellant formulations, granulations or with
additives.

Even so, for the 120mm, in order to achieve acceptable wear
lives, both Cr-plating, as well as charge changes, were used.

The contractor for chrome plating stresses the importance of
electropolishing before plating in order to remove any distorted
layer from the machining process. This is considered to be important
for the durability of the Cr-layer.
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The German specifications for Cr plating prescribe the steel
removal to be half the thickness of the final Cr-plate.

In their development programs, the FRG has an applied technology
program to exploit existing technologies from other fields of industry
for the application of erosion resistant liners for gun barrels. The
processes which are under consideration are:

1. Explosion bonding
2. Roll bonding
3. Co-forging
4. Centrifugal Casting

It seems that all these processes have been tried at some time or
other in the U.S. Nevertheless technology does progress, and it
seems that the centrifugal casting process has met some success. The
materials under consideration are alloys of the stellite family with
various W-additions to raise the melting point. A careful selection
of liner and jacket has to take place to match coefficients of
expansion, otherwise cracking will occur on cooling.

A longer range program is also envisioned and considers Welding,
Plasma Spraying, Vapor Deposition both Physical and Chemical, again
for bonding liners to jackets or for creating the liner in situ
(coatings). Other ideas which are being "kicked around" are Ion
plating, Sputtering, and Vacuum coating with MoZrO2. This sounds
very ambitious. How much of this is or will materialize, only time
can tell.
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METALLOGRAPHIC CHARACTERIZATION OF ERODED GUN BARRELS

K. R. Iyer and W. T. Ebihara
Materials and Manufacturing Technology Division

Small Caliber Weapon System Laboratory
U.S. Army Aimament Research and Development Command

Dover, New Jersey, 07801

ABSTRACT

Under rapid-fire conditions, a gun barrel experiences repetitive
high rate loading, thermal shock and chemical attack. An adequate
characterization of the damage to the barrel material necessitates
the definition of service conditions in terms of stresses, tempera-
tures and the chemically active species. However, because of the
complexity of the various factors involved during firing, only in-
direct methods of assessing such parameters have been found to be use-
ful. Considerable information was obtained by metallographic exam-
ination of test-fired gun barrels and controlled laboratory tests.
Transverse sections of test-fired 7.62mm barrels were examined.
Microstructures at several locations in the radial direction were
compared with microstructures of test samples which were annealed
isothermally at elevated temperatures for various time intervals.
Radial microhardness profiles were taken to corroborate the micro-
structural study. Results are presented to show how the temperature
distribution in the bore surface region can be estimated. Also, com-
parisons of the crack patterns in the bore region of two different
alloys, test-fired under identical schedules, were made to determine
the temperature distribution. Similar analysis was made on barrels
after testing at different firing schedules.

INTRODUCTION:

Erosion in gun barrels refers in general terms to the deteriora-
tion and enlargement of the bore which eventually cause loss of ac-
curacy, yaw, and loss of velocity of the projectile. High tempera-
ture caused by the burning of the propellant makes the barrel mater-
ial at the bore surface vulnerable to intense chemical attack by the
burnt gases, repetitive mechanical and thermal stresses, structural
changes, and phase transformations of the materials. Although pres-
sure and chemical reactivity are the forces which cause barrel de-
terioration, the rate at which erosion takes place is decided by tem-
perature. If the product of erosion (the material removed from the
bore by erosion) could be obtained in the state in which erosion oc-
curred and could be examined for metallurgical changes, specific
statements about service conditions could be made. However, this is
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not possible. Also, instrumentation to measure directly the bore

surface temperature during firing has not so far produced reliable
data. A critical assessment of the factors which cause erosion and
the damage (type and intensity) to the barrel material in service is
important for continued efforts to combat erosion.

A logical approach for the understanding of erosion phenomena in
small arms rapid-fire gun barrels has been to test fire barrels made
of different materials under specific firing schedules, obtain as
much data as possible during test firing by instrumentation, and to
metallurgically examine the fired barrel by sectioning and metallog-raphy. Intelligent piecing together of measured data, metallographic
observations and deductions therefrom coupled with the results of
controlled tests on materials in the laboratory will present a pic-
ture of erosion that will set guidelines for the choice of barrel
material, selection of type and amount of surface protection, and
design of barrel configuration for specific use in the field.

During the past few years, 7.62mm M60 barrels were made of a
variety of materials and were test fired according to several sched-
ules as part of programs on barrel materials and fabrication tech-
niques. Some of the barrels were instrumented to record the outside H
surface temperatures during test firing. Analytical studies were
performed to estimate the bore surface temperature by solving heat
transfer equations. Extensive metallographic examination of the sec-

tions of test-fired barrels was performed. Only brief references
will be made to the thermal analyses study since it has been reported
earlier.' The results of the metallographic examination will be de-
tailed in this paper and generalized conclusions will be drawn at the
end.

PROCEDURE:

7.62rra M60 barrels were fabricated from heat treated low alloy
steels and superalloys. Table 1 shows the alloys and their heat
treatment prior to fabrication. They were test fired in the unplated
condition according to several firing schedules. Unless otherwise
stated, the information in this paper will focus the attention on a
firing schedule to be described as six 125 rds bursts with 10 sec
intermediate cooling followed by complete cooling,. The barrels were
test fired until retirement. The barrels were sectioned transversely
and longitudinally and the seLtions were prepared for metallographic
study. Microhardness surveys were taken on the transverse sections.
The metallography of test fired Cr-Mo-V steel barrel was coupled with
controlled heat treatment study of Cr-Mo-V Steel specimens and com-
parison nf mincrostructures.
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TABLE I

MATERIAL HEAT TREATMENT

1. Cr-Mo-V Steel Heat at 1700°F for 2 1/2 hrs, Air Cool
" " 15750F " " Oil Quench
" " 1210 0F " " Air Cool

2. Pyromet X-15 Heat at 1700°F for 1/2 hr, Water Quench
" " 1025"F " 4 hrs, Air Cool

3. CG-27 Heat at 1875eF for 2 hrs, Oil Quench
1450OF " 16 hrs, Air Cool" " 1200'F " 16 hrs,

4. Aynico 22-4-9 Heat at 2150"F for 1 hr, Water Quench
" " 14001F " 14 hrs, Air Cool

5. A-286 Heat at 1800°F for 1 hr, Oil Quench
" " 1325'F " 16 hrs, Air Cool

6. Inconel 718 Heat at 1875 0 F for I hr, Air Cool
Hold at 1325°F for 8 hrs, " "
Furnace Cool to ll50F @ 100*F/hr
Hold at 1150OF for 8 hrs, Air Cool

7. Udimet 700 Heat at 2150'F for 4 hrs, Air Cool
"1975OF " " "
"1550'F " 25 hrs, "
1440'F " 16 hrs, "

1 -iII
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Controlled heat treatment study was performed on small specimens
of Cr-Mo-V steel heat treated the same way as the gun barrels were.
The heating of the specimens was carried out in a tube furnace with
air as ambient. The temperature of the specimen was monitored by a
thermocouple welded to the specimert. The temperature measurement was
correct to within *5°F. The temperature of the specimens rose to
1300*F in about 2 1/2 minutes and to the specified temperature in a-
bout 2 more minutes. After the specimens were held at temperature
for desired lengths of time, they were oil quenched, aircooled or
furnace cooled. The specimen.;surface was then ground to remove the
decarburized layer and was prepared for metallography.

Temperature measurements were made on the outside surface of
special M60, 7.62mm, rapid-fire gun barrels (one piece construction)
during test firing under different schedules. The barrels were made
of Cr-Mo-V steel and were in the unplated condition. Chromel-Alurnel
thermocouples were welded to the surface at various locations along
the length of the barrel and the emf's (which were later converted
to temperatures) were measured by a high-speed recorder. From these
values, the temperatures at various radial locations were calculated
by the implicit finite-difference method.

RESULTS AND DISCUSSION:

The recorded outside surface temperatures of a Cr-Mo-V steel
barrel on a schedule of six bursts of 125 rounds with la-second in-
termediate pauses are shown in Figure I. The barrel wall is thickest
in the breech end and thinnest at the muzzle end. Figure 2 shows the
time-temperature graph at 2" from the 'Origin of Rifling' (OR) for
four different schedules. The effect of firing schedule is obvious
from the figure. Figure 3 shows the measured outside surface temper-
ature profile at 2" from the OR along with the calculated tempera-..
tures of the "bore surface."

Some explanation is necessary about the phrase "calculated bore
surface temperature." The temperatures at various radial locations
after four bursts of 125 rounds with an intermediate cooling for 10
seconds are shown in Figure 4. Curves like this were generated for
several points along the time-temperature profile for the firing
schedule. The implicit finite-difference method is applicable to re-
gions very close to the bore surface. A small region still exists
where accurate calculations are possible only if the nature of the
slope can be defined. The bore surface temperatures quoted in this
report do not refer to the "skin" of material at the bore surface.
Also, each time a shot is fired, the bore surface temperature reaches
a peak and quickly drops to a stable value. Attempts have been made
to measure this temperature by carefully designed thermocouples
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positioned at the bore surface.' A record of *the measurements is
$ shown in Figure 5. These peak temperatures are probably of value to

study the chemical reactions occurring in the bore; but, for mechan-
ics considerations, only the lower end of the envelope is relevant
because of the very short decay times.

The following general comments are given with respect to heat
transfer characteristics in the barrel: The temperature gradient
across the barrel section becomes insignificant at the end of each
cooling interval. The fact that the outside surface gradually be-
comes heated as the firing continues and thus the temperature gradi-
ent is gradually decreased is considered important because of the
following reasoning: The thermal stresses and the pressure stresses
operate in opposite directions. When the outside surface is cold,
the thermal stresses partially nullify the pressure stresses. But,

I when the outside surface is hot, the nullifying effect is decreased.
Furthermore, this action occurs at a time when the barrel is mechan-
ically weak. During service, the barrel is heated and cooled between
the ambient temperature and temperatures as high as 1400°F. From
this observation, the importance of the study of thermal fatigue in
gun barrels is evident.

Inasmuch as microhardness is an indication of the microstructure
of the material, changes in microstructure can be detected by micro-
hardness measurements. Since severe erosion is experienced in the
breech end of the barrel, transverse sections 1/2" apart at 0-4"
from OR were prepared from a test fired Cr-Mo-V barrel and radial
microhardness profiles were recorded. Measurements as close (0.010")
to the bore surface as physically possible without violating rules of
microhardness measurements were made. Figure 6 shows the radial pro-
files of microhardness at various distances from OR. The greatest
change is recorded aL 2" from OR. The inserts in this figure show
the microstructure of the material at specified locations. Figure 7
is actually a heat transfer analyst's delight. It is an etched Ion-
gitudinal section of a Cr-Mo-V steel barrel which wa's fired for 4500
rds in Schedule I. The macroetch reveals the heat affected region,
the boundary of which is to be treated as having experienced tempera-
tures in excess of 1210'F for long enough times to cause structural
changes. Figure 8 is a microhardness profile graph for sections of
barrels made of Pyromet X-15, A-286, and Cr-Mo-V Steel at a distance
of 2" from OR. The same sections of barrels made of other alloys
(Table 1) did not show any change in microhardness. Quenched and

* tempered low alloy steels when reheated to temperatures lower than
their tempering temperatures and cooled,do not lower in hardness or ,
change in microstructure. Some of them are likely to get harder due
to the formation of secondary carbides. A similar behavior occurs
in superalloys when they are reheated to temperatures lower than the
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first ageing temperature. These facts, when viewed alongside the
temperatures in the heat treatments of the alloys in Table 1, will
put the temperature near the bore surface of the M60 barrel for the
particular schedule at 1325-1425°F.

A close examination of the microstructure in the heat affected
zone of the test-fired Cr-Mo-V steel barrel along with the knowledge
of this microhardness (Figure 6) leads one to believe that subcrit-
ical isothermal transformation has taken place to varying degrees,
depending on the longitudinal and radial distance along and away from
the bore. The microstructure is characterized by spherodization of
the tempered martensite. The microhardness readings corroborate with
the spheroidized structure. An attempt was made to duplicate the
microstructure in the laboratory by controlled reheat treatment of
specimens of quenched and tempered Cr-Mo-V steel. Figure 9 is a
collection of a few of the resultant microstructures out of several
attempted heat treatments. Out of the many, the one that came close
to duplicating the microstructure along with hardness in the heat
affected zone near the bore surface was a spherodize anneal at 1375°F.
Decarburization which would cause lowering the hardness in quenched
and tempered low alloy steels, is a remote hypothetical possibility.
Although both oxidizing and carburizing conditions seem to exist near
the bore surface, the overall effect actually appears to be carbu-
rizing on the surface. Knoop hardness measurement taken close tobore surface (0.005"), however suspect, indicates a slight increment
in hardness of the material. 3 This is further corroborated by the
microstructure (Figure 10) near the bore surface.

Microstructural changes during reheating of heat treated alloys
are functions of time as well as temperature. The real life time of
a barrel during 4500 rds in the specific schedule is only a few min-
utes. In addition, the effect of temperature is felt in the environ-
ment of pressure. The rates of heating and cooling are far from
equilibrium rates. In backtracking from available evidence to the
causes, e.g., temperature, one must clearly distinguish between, say,
the actual bore surface temperature and the temperature to which the
material behaves as if it has been exposed. The distinction is im-
portant enough that 1L deserves scrutiny. The ultimate goal in un-
derstanding the erosion phenomenon is to incorporate protection tech-
niques to minimize erosion damage. in practical teriiis, assessment of
what happens to the material and what causes it will help in the pre-
vention of such a thing's happening. Due to the short duration and
the nonequilibrium conditions involved, the hardness change and the
microstructural change indicate that the material near the bore sur-
face in the breech end of barrel behaves as if it is exposed to a
temperature of 1325-1425'F. The macroetched profile in Figure 7
shows that different locations either along the length or away from
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the bore surface have experienced the effects of subcritical tempera-
tures to different lengths of time. Two facts are worthy of mention.
A chrome plated Cr-Mo-V steel M60 barrel under the same firing sched-
ule can be fired for 9000 rounds before its heat affected zone will
appear similar to that of an unplated barrel. An H-11 chrome-plated
7.62mm M134 barrel has twice as long a useful life as a chrome-plated
Cr-Mo-V steel barrel. H-11 material under dynamic loading conditions
has an edge of about 50'F over Cr-Mo-V steel in the sense it retains
its yield strength at high rates of loading up to a higher tempera-
ture than does Cr-Mo-V steel. 4

This examination of the pattern of cracks emanating from the bore
surface of barrels made of different materials and test fired under
different schedules has resulted in some interesting observations con-
cerning the state of stress and the temperature. Of necessity, the
observations are qualitative nevertheless valuable. Two prominent
cases will be discussed in detail. The first is the case of a barrel
made of A286 alloy test fired at two different schedules: I.six 125
rds bursts with 10-second pauses followed by complete cooling and II,
twenty 20 rds bursts with 4 second pauses followed by complete cool-
ing. Figure 2 shows the time-temperature graphs for the outside sur-
face temperature of barrel at 2" from OR for these two schedules. A
transverse section of a barrel tested according to schedule I taken
at 2" from OR shows (Figure 11) intergranular cracking around the
bore surface and not extending very deep radially. The fine slip
lines near the grain boundaries in the cracked region coupled with
the lowering of the hardness in that region would suggest localized
deformation. The succeptibility of iron-nickel and nickel-base al-
loys to intergranular cracking in corrosive environment at elevated
temperatures is well known. Because of intense intergranular crack-
ing and pulling away of grains from the bore surface the material did
not show any radial cracks. Another material, Armco 22-4-9, which is
more resistant to intergranular cracking shows (Figure 12) radial
cracks in a section taken at 2" from OR. It would have been interest-
ing to test fire a barrel made of this material at a slower schedule.
But, brittleness of this material caused catastrophic failures which
ruled out further testing of this material. An identical section of
a barrel tested according to schedule II shows (Figure 13) transgran-
ular cracks travelling at 450 to the bore surface (hoop stress ax-

is). Figures 14 and 15 show the microstructures near the bore sur-
face of transverse sections at 2" from OR taken from barrels made of
Inconel 718 and Udimet 700 respectively. Both barrels were test fired
according schedule I for about 9000 and 11,200 rounds. The Inconel
718 alloy shows radial intergranular cracks and the Udimet 700 alloy
shows transgranular cracks at 450 to the hoop stress axis. Figure 16
is a micrograph of a transgranular 450 crack in Udimet 700 barrel at
a higher magnification.

11-156

[ 1. .. • ° • •....•• ; ,.. .



Figure 17 is a schematic representation c4 fatigue crack propa-
gation in polycrystals. Crack propagation by fatigue takes place by
two stages under a wide range of stressing and environmental condi-
tions. Stage I, typically at low strains, propagates on a plane
oriented at about 45 degrees to the stress axis and changes direction
slightly at grain boundaries. Stage II, typically at high strains,
propagates at 90 degrees to the stress axis. Stage I propagation
rate is extremely slow and can be absent if the strain level is high
enough. Laird (5) discusses in detail the features of these two
stages in his excellent paper. The strain level near the crack tip
is a function of applied stress and the strength of the material.
The latter is a function of temperature: the higher the temperature
the lower is the strength, etc., Figure 18 shows the variation of
yield strength with temperature for A286, Inconel 718 and Udimet 700.
The dashed horizontal line is general hoop stress level in an M60

barrel. The stress state is not as simple as is stated. However, a
stress level is indicated for qualitative considerations only.

Based on the above mentioned facts the hypothesis concerning the
temperature to which the material near the bore surface at 2" from OR
in an M60 barrel reacts is as follows: In the case A286, for sched-
ule II the strain level is well below the level corresponding to a
temperature of about 13007F whereas, for schedule I it hovers around
general yield levels which would correspond to a temperature around
1400F. This projection corroborates well with temperature calcula-
tions near the bore surface (Figure 3) and hardness measurements
(Figure 7). A similar argument about the crack patterns in Inconel
718 and Udimet 700 barrels test fired at the same schedule would lead
to an estimate temperature of about 1450°F for the bore surface for
schedule I. The strain level in Inconel 718 is "high" and for Udimet
700 is low. The difference is caused by the fact that at the same
stress level at about 14507F the Inconel 718 alloy is near general
yield and Udimet 700 alloy remains well below yield.

From the forgoing discussion, it would be presumptuous to state
that a complete analysis taking into consideration all the factors
has been made. The tendency of the materials to microstructural
changes, microhardness changes, stage I and II and fatigue cracks
have been viewed alongside the measured and calculated temperatures,
yield strength values and available knowledge about fatigue crack
growth phenomenon. The study, by no means, is exhaustive or accu-
rately quantitative. The available facts point to the general vicin-
ity of about 1350-1450°F for the temperature of near-bore surface re-
gion in an '160 barrel for schedule I
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CONCLUSIONS:

1. Microhardness measurements, microstructure observations and
analysis of fatigue cracks near the bore surface were performed on
sections of test-fired 7.62mm rapid fire gun barrels made of a vari-
ety if materials. Results indicate that the material in the bore
surface near the breech end behaves during schedule I as if it had
been exposed to temperatures not higher than about 14001F.

2. Precise determination of radial profiles of carbon content
4n a test fired Cr-Mo-V steel barrel would assist in the establish-
met of chemicel conditions existing in the barrel during service.

3. Microstructuw'al stability and mechanical strength under high
rates of' loading are important criteria for selection of materials

'i r for gun barrels.
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SECONDARY WEAR CHARACTERISTICS
AND EFFECTS ON BALLISTIC PERFORMANCE

OF THE 105MM M68 GUN

Allan A. Albright
Glenn S. Friar

Steven L. Morris

US Army Armament Research and Development Command
Large Caliber Weapon Systems Laboratory

Benet Weapons Laboratory
Watervliet, New York 12189

In the spring of 1974, several incidents of erratic performance of
M392A2 APDS (Armor Piercing Discarding Sabot) ammunition were reported.
This erratic performance was in the form of grossly excessive target
-impact dispersion and extreme in-flight projectile yawing. At the di-
rection of the US Army Material Command, an investigation to isolate
the causes of this erratic flight performance was undertaken by
various ARMCOM activities. This paper describes the study conducted
by Benet Weapons Laboratory to evaluate tube wear conditions and their
influence on ballistic performance of the APDS projectile in the 105MM
M68 Gun.

When the M68 Gun was first fielded, tube wear advanced at the rate
of approximately 0.001 inch for each round fired. Figure 1 shows land
wear as a function of distance from the rear face of the gun tube for
an M68 Gun in early test firing. Note that wear at the origin of
rifling after 60 rounds is approximately 0.050 inch. Introduction of
wear reducing propellant additives dramatically decreased tube wear
rates. Figure 2 shows gun tube wear of 0.050 inch after 802 rounds
of additive-equipped M456E1 HEAT (High Explosive Anti-Tank) ammunition.
During these test firings, a variation in gun tube wear profile was
noted with the evolution of a second land wear maxima This maxima
occurred in the region from 4 to 15 inches from the origin of rifling
and was, generally, approximately 15 percent lower in amplitude than
the wear at the origin. No effect on gun tube accuracy was noted
during test firings.

The life of the M68 Gun Tube was established as 0.075 inch diam-
etral land wear at the origin of rifling, this being the accuracy
limit for the APDS projectile and corresponding to an accumulative
firing history well within the fatigue limits of the gun tube. With
the proliferation of propellant additive-equipped ammunition, it has
been necessary to address fatigue criticality with the current dual
tube condemnation criteria of 0.075 inch wear or 1,000 rounds.
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In describing tube wear, the amplitude of land wear at the origin
of rifling and the second wear maxima are referred to as primary and
secondary land wear, respectively. There is no assigned groove wear
criteria; for consistency, groove wear at the origin is referred to
as primary groove wear and at the second maxima as secondary groove
wear.

With evidence that secondary land wear exceeded primary land wear
in several of the tubes reported to have fired APDS ammunition er-
ratically, a field sample was taken to determine the wear condition
of gun tubes in the US tank fleet. This sample consisted of over 2%
of the total tube population and was taken from tubes in service in
the Continental United States (CONUS) and US Army Europe (USAEUR).
Conditions where secondary wear exceeded primary wear were found in
the majority of gun tubes sampled and in the last quarter of wear
life, this condition was predominant. Models of tube wear were de-
veloped from the survey data. Figures 3 and 4 show mean and 90%
tolerance (90% confidence) intervals for land and groove wear in the
fourth quarter of tube life.

It is important to note that high secondary wear conditions re-
sult from the erosive characteristics of HEAT-type ammunition and are
dependent on the combinations of ammunition fired and rates of fire.
Once high levels of secondary wear have been initiated, they are com-
pounded by any type of ammunition. The APDS round is sensitive to
bore wear conditions created by HEAT ammunition. Figure 5 shows ad-
vanced secondary wear in a fourth wear quarter M68 Gun tube.

The tube wear models developed from the field survey data were
used to specify one gun tube typical of each wear quarter. Test
firings showed a 10% erratic flight rate with the fourth wear quarter
tube and no erratic flights in the remaining tubes. It was con-
cluded that typical fourth quarter secondary wear conditions influence
APDS flight performance. Concurrent testing, conducted by the Army
Material Systems Analysis Activity (AMSAA), which eventually assessed
the entire stockpile of M392A2 ammunition, indicated that inherent
ammunition anomalies resulted in erratic projectile flights inde-
pendent of tube wear conditions.

With stockpile surveillance testing in progress, personnel from
Picatinny Arsenal pursued testing to identify and correct conditions
in the APDS projectile which caused erratic flights. Benet Weapons
Laboratory conducted a series of tests to evaluate wear resistant
plating and to isolate tube wear conditions which induced erratic
projectile flights and develop criteria for removing tubes with ad-
verse wear conditions from field service.
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The wear resistant plating evaluation consisted of a test to com-
pare the performance of full and partial bore length chrome plated
tubes with a standard production tube. While a 0.010 inch thick layer
of chrome plate had been shown to confine primary and secondary tube
wear to very low levels, the possibility of degraded accuracy per-
formance with APDS ammunition had not been addressed. In the com-
parison test,a tendency towards greater dispersion and higher muzzle
velocities with both chrome plated tubes was noted. It was decided
that bore wear coatings should not be considered until the interaction
between platings and the APDS projectile was established in an ex-
ploratory development progran.

Gun tube wear testing consisted of a designed factorial screening
experiment, examining wear condition3 in fourth quarter tubes, and
verification testing. In the screening experiment, four wear charac-
teristics (primary and secondary land and groove wear) were examined.
These characteristics were treated as qualitative (high/low) viriables
and fourth wear quarter gun tubes representing the sixteen possible
combinations of these variables were selected from field service. Two
ten round replicates were fired using APDS ammunition which had shown
sensitivity to fourth quarter tube wear in AMSAA testing and was con-
sidered typical of serviceable ammunition in the US stockpile.
Figure 6 shows the outcome of the two test replicates as erratic
flights in each ten round group for each of the tubes tested.

Regression analysis of the results of the screening experiment
indicated that primary and secondary land wear and secondary groove
wear influenced projectile flight stability. Primary groove wear and
interactive effects were found to have no significant influence on
flight stability. Pairwise comparison of the three parameters under
consideration indicated that they influenced the outcome equally. With
this information at hand, and drawing from other available firing data,
primary and secondary land wear of 0.072 and 0.100 inch, respectively,
and secondary groove wear of 0.120 inch were hypothesized as wear
limits beyond which a gun tube would induce erratic projectile flight.

Two subsequent test firing phases were conducted to verify the re-
sults of the screening experiment and to evaluate the influence of a
projectile modification which had been found to reduce the incidence
of erratic flights in ammunition testing. The projectile modification
consists of a press-fitted aluminum plug installed in the sabot base
as shown in Figure 7.

In the first of these two phases, US production ammunition which
had demonstrated a low failure rate in AMSAA testing and UK produced
L36 APDS ammunition were fired. The L36 is essentially identical to
the M392A2 with the exception that it is loaded without propellant
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wear additive. The L36 has shown a significantly lower incidence of

erratic flight when fired in tubes with wear conditions which induce
erratic flight of the M392A2 projectile. The following table summa-
rizes the outcome of this phase:

AMMUNITION FAILURE RATES

TUBE WEAR US US + PLUG UK UK + PLUG

69/95/113 0.10 0.20 0.33 0.80
71/107/155 0 0 0 0.50
60/77/178 .30 0 0.1 0.40

The tube wear shown for each of the three tubes represents primary

land/secondary land/secondary groove wear in thousandths inch. Smear
camera photographs showed fragmented sabots in fifteen of the
twenty-six rounds of plugged UK ammunition. This test phase was the
first time plugged UK ammunition had been fired.

The high incidence of sabot failure in UK ammunition was examined
in the second verification phase by firing the tube from the first
phase in which all plugged UK rounds had failed with unplugged UK
ammunition and a second less severely worn tube with plugged UK ammu-
nition. The following table summarizes results of this firing:

TUBE WEAR UK AMMO FAILURES

76/89/214 w/o Plug 10%
68/68/87 w/Plug 0

These results are taken to indicate that the base plug induces sabot
failure of UK (L36) ammunition when fired in tubes with high secondary
wear levels.

To relate secondary wear conditions to characteristics which can
be determined by field measurement using pullover gages, an expanded
sample consisting of wear measurements from 231 third and fourth
quarter gun tubes was used to project secondary wear levels as functions
of primary land wear. Figures 8 and 9 show data and maximum likelihood
estimates for secondary land and groove wear. Included on these figures
are the 0.100 inch secondary land wear and 0.120 inch secondary groove
wear constraints discussed previously.

It is apparent that reductions in allowed levels of primary land
wear to exclude undersirable levels of secondary wear must be con-
sidered under several conditions. Total elimination of undesirable
wear conditions, using primary land wear as the only criteria, would
require elimination of the third and fourth quarters of tube wear life
treme reduction in allowed primary land wear below the 0.072 inch
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constraint, will clearly condemn tubes with wear conditions within
the secondary wear constraints and retain tubes with wear in excess
of these constraints.

The distribution of primary land wear measurements was estimated
from a data base which includes the service history of each M68 Gun
tube fielded since type classification of the weapon. A continuous
record of firings, and other life cycle information related to cannon
tubes, is maintained by using units on DA Form 2408-4, the Weapon
Record Data card. This form is submitted semiannually by active units
and is retained by the Product Assurance Directorate at WatervlietArsenal. In 1974, a program was initiated by Benet Weapons Laboratory

to develop a computerized data retrieval system for 105mm M68 Gun tube
firing records. These records are reviewed, information is converted
to a coded format, and data is sorted and stored on magnetic tape for
computer anaysis and retrieval. This data base provides a continuous,
complete record of the service history of each gun tube, limited only
by the accuracy of the firing records as submitted. Currently, the
data includes nearly 500,000 line entries. Work is now in progress
to refine the existing data base, include additional information as
new records are received, prepare supplemental information from manu-
facturing records, and develop software for use in a wide variety of
analyses.

To estimate the wear life distribution of the fielded gun tube
population, an auxillary data file, ordered on reported vehicle (tank)
serial numbers, was examined. The vehicle serial number is usually
reported with the tube serial number on the weapon record data card.
Vehicle serial numbers were chosen as the basis for estimation to avoid
introducing certain procedural errors during the data development.
Figure 10 shows the cumulative wear life distribution of 3,183 tubes,

nearly one-half of the total population. Note that approximately 83%
of these tubes are below the midpoint of tube wear life (0.0375 inch).

Using the estimates of secondary land and groove wear and the
primary land wear distribution, estimates of combinations of primary
and secondary land wear and secondary groove wear can be developed.For a level of primary land wear (Ll) between 0 and 0.075 inch, a new

coneimnation puint (t) is selected. The question is how many tubes
with secondary wear beyond the assigned limits (0.100 inch land and
0.120 inch groove) will be condemnation at new condemnation point (t)
and how many tubes with wear within the limits will be retained? If
PKG represents the probability of keeping an acceptable ("good') tube,
PCB represents the probability of condemning an unacceptable ("bad")
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tube, L2 represents secondary land wear, and G2 represents secondary
groove wear, the conditions to be considered are:

P (t) Pr EL < t, L < 0.100, G < 0.120]
KG 1 2 2

PCB(t) Pr [L > t, (L2 >0.100 U G 0.120)

The estimates of Ll, L2, and G2 described above were used to
generate estimates of PKB and P for values of t between 0 and
0.075 inch (corresponding to a Rnge of 0 to 100% of the current
tube wear life). These estimates were computed using Monte Carlo
simulation on 10,000 samples. Selected numerical results are shown
in the following table:

WEAR LIFE TUBES RETAINED (%) TUBES CONDEMNED(%
REDUCTION (%) GOOD BAD GOOD BAD

20 9 92 6 1 1
25 91 5 2 2
30 90 4 3 3
35 88 j 3 4 s "
40 87 2 6 545 86 2 7 5
so 82 I_1

Based on these results, a revised tube life criteria. consisting

of wear condemnation at 0.056 inch primary land wear for combat
service, 0.075 inch (with a warning of the possiblility of erratic dis-
carding sabot ammunition performance) for training, and an Equivalent
Full Charge (EFC) limit of 1,000 rounds, has been formulated. Bore-
scope condemning criteria, to condemn tubes with excessive secondary
wear and primary land wear below the 0.056 inch limit, has been
prepared.

To this point, the existing population of gun tubes has been dis-
cussed. In addressing the long term influence of a tube wear life
reduction, the fatigue life of the gun tube and anticipated charges
in the types and combinations of ammunition fired in the tube warrant
consideration. The recently fielded M724A' TPDS (Training Project'.le
Discarding Sabot), which will be used extensively in training, has
shown a very low wear rate in early testing. This wear rate is lowenough that tubes firing this round, and a reduced proportion of
HEAT-type ammunition, will reach their fatigue limit within the reduced
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: i f 1-191
I

I• ".. - f".77 . - --. " -- " "- , . .- - ,



wear limit and exhibit less extreme secondary wear conditions. The

following table shows estimated ammunition consumption ratios:

HEAT HEP & WP APDS & TPDS

Before 1975 73% 26% <1%
1975 75 I 19 6
Future 40 24 36

Tube wear for the future training mix of aniunition is estimated as:

409 Rounds TPDS 0.005" Wear
454 Rounds HEAT-TP .034"
274 Rounds HEP-TP .002"

TT• Rounds Total .-04•1"
(1,000 EFC Rounds)

As mentioned earlier, it has been found that once high levels of
secondary wear have been initiated the condition is compounded by
any type ammunition. While a single test in which equal quantiti
of M724Al and HEAT-TP ammunition produced unexpectedly low levels '__

secondary wear, the influence of the M724AI will be fully realized
only after the current population of gun tubes has been displaced by
tubes with a firing history including a lower proportion of HEAT-type
ammunition.

There is no evidence that, given normal projectile flight,
secondary wear conditions influence target impact dispersion. Good
lots of ammunition have shown consistent dispersion characteristics
in typically worn gun tubes through 0.056 inch primary land wear.
The following histograms show the results of AMSAA stockpile relia-
bility testing in mid-life (35-60%) and worn (65-100%) gun tubes:

14-114 4-N N

0.2 0.4 0.6 0.19 1.O 0.2 0.4 0.6 0,a f ,o0
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Miss rates for bad lots sampled and lots exhibiting satisfactory
(non-erratic) flight characteristics are shown in Figure 11.lO-

,. -,Ji ' •

to-

20]

• o0 .O O .O; 0.040 O.0 o0.ao8

This information indicates that, while the rate of erratic flight in
anomalous M392A2 ammunition will increase with increasing levels of
tube wear, tube wear will have little influence on the dispersion
characteristics of normally functioning ammunition.

In summary:

-High secondary bore wear conditions are prevalent in the field popu-
lation of 105mm M68 Gun tubes.

-Secondary wear conditions are the result of the erosive characteristics
of HEAT-type ammunition and influence the flight behavior of APDS
ammunition.

-While a deterrent to tube wear, the interaction of chrome plating with
the APDS projectile may influence flight behavior and should be in-

vestigated before production plating of M68 Gun tubes is considered.

-A tube wear life reduction, in conjunction with additional borescope
condemnation criteria, will improve the combat effectiveness of the
US tank fleet.

-Proportionally increased use of M724AI TPDS ammunition will alleviate
high secondary wear conditions.

-Dispersion characteristics of APDS ammunition do not appear to be in-
fluenced by secondary wear conditions.
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-With ammunition stockpile renovation and reduced tube condemning
limits for combat service, the erratic APDS flight problem is under
control.

le
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ANNULAR GROOVE VENT EROSION IN 81MM MORTAR TUBES

(Evaluation of erosion resistant coatings using
a newly designed erosion tester)

V. Peter Greco
Benet Weapons Laboratory

Watervliet Arsenal
Watervliet, NY 12189

HISTORICAL BACKGROUND

A. Erosion in General

The literature has shown that studies on gun bore erosion date as
far back as the 19th century. Through the years advances in modern
tecnnology have brought forth new materials of high performance for the
development of improved military systems. However, in spite of these
notable achievements - erosion is still existent in modern day weaponry.
While the surface characteristics of bore damage vary cnnsiderably from
one system to another, the net result from the occurrence of bore
erosion is a loss of service life in all weapon system. Unfortunately,
erosion problems are not always anticipated during the early develop-
ment of new weapons. And it seems that when researchers do tend to
alleviate the problem of erosion in one weapon system9 a new system
comes into existence with another erosion problem. Although quite
remote from the general problem of gas wash or scorip., type of erosion
in rifled gun systems, the present investigation is &aother story on
an experimental effort to combat erosion of bores due to design changes
in a weapon system.

B. Annular Groove Erosion in 81MM Mortar Tubes

Until recent years, erosion of cylinder- bores had only been
encountered in gun systems and recoilless rifles. Erosion of bores in
Mortar systems would not normally be expected in view of the relatively
low chamber pressures and low projectile velocities associated with the
weapon. However, due to changes in the design of the tail fin assembly
in the 81W4 M29Al Mortar System, excessive damage to the tube bore
surface has been found during its early firing life which has rendered
the tube unserviceable after approximately 7000 rds as compared to the
normal service life of 20,000 rds before condemnation.*

*As a rasuMt of the annular groove erosion, a maximum wear limit of
.020" on the diameter of the bore has been established before
condemnation of the Mortar Tube.
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C. Nature and General Cause of Erosion

The surface damage due to erosion occurs in the form of 3 annular
grooves presumably due to the jet impingement of hot gases and
associated burning propellant particles flowing from the vent holes of
the tail fin assembly of the mortar round. The major change in the
system which created the erosion problem was that the size of the vent
holes decreased from .196 inch to .125 inch diameter which obviously
increased the velocity of the eroding gaseous atmosphere at the point
of contact on the bore surface.

Figure 1 shows a mortar tube with a section cut to reveal the 3
annular grooves of erosion. Figure 2 shows an illustration of the 8
rows of 3 jets of igniting gases impinging on the bore surface as one
looks through the bore. Figure 3 attempts to illustrate the flow
pattern of the eroding gaseous atmosphere emanating from the 24 holesof the tail fin assembly (apart from its projectile) upon a sectional

view of the bore surface.

From a single round of firing a very slight degree of damage is
caused by the jet of hot gases and propellant particles streaming from
each of the 1/8" holes of the tail fir, assembly. The bore damage
caused from a single jet of hot gas only covers a circular area of
approximately 1/2 inch diameter. However, with the firing of several
thousand of rounds which are loaded in the mortar tube in a random
position (circumferentially) the resulting accumulated surface damage
is formed in a pattern of 3 circumferential annular grooves spaced
opposite to the 3 rows of holes on the tail fin assembly.

The 81MM Mortar System is d'esigned to fire rounds using various
increments of propellant (i.e. f~om 0 to 9). Increments from 1-9 require
a corresponding number of propellant bags which are physically placed
around the tail fin assembly (inset in Figure 1). The chamber pressures
increase with increasing increment (i.e. 900 psi with increment 0 and
8400 psi with increment 9). Along with burning time and flame
temperature, the amount of bore erosion in rifled gun systems is also
increased with increasing chamber pressures. Suprisingly, however, in
the case of the 81MM Mortar System damage to the bore surface is most
severe when a "0" increment round is fired (i.e. low pressure) because
no bags are placed around the tail fin assembly to obstruct the jet
stream of gases from directly impinging on the bore surface. The low P
pressure referred to, of course, is misleading since its the peak chamber
pressure. The pressure value of importance is that which is pinpointed
on the bore surface from the gas jets.
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D. Erosion Characteristics in the 81MM M29Al Mortar System

A severely eroded 81MM Mortar Tube (which was fired in the field)
was metallographically studied in an attempt to determine the signif-
icant factors leading to the annular groove erosion which form the 3
rings. Figure 4a shows a sectional surface view of the 3 annular
grooves. Figure 4b shows the longitudinal cross-sectional profile of
the forward eroded groove. While visual examination of the eroded
surface shows a severe pitted condition which appears to be caused by
purely mechanical forces, microscopic cross-sectional examination
(see Figures 4c and 4d) has revealed patches of the typical white
layer (presumably due to thermal cycling) normally found in large
caliber rifled gun tubes.

OBJECTIVE

The primary purpose of this investigation was to search for a
surface coating which could be economically applied to the mortar bore
which would resist such erosion and increase the service life up to its
original performance. In order to achieve such an objective, a number
of coatings had to be tested and evaluated.

THEORETICAL CONSIDERATIONS IN THE FORMATION OF PITTING EROSION

Unfortunately, a mechanism for such erosion was not easily obtain-
able, since we were dealing with a jet stream of hot gases and associated
propellant particles with various degrees of burning and trajectories
at point of impact. Furthermore, an exact analytical solution appeared
impossible, even if treated as a simple mechanism of erosion.

However, since it appeared that the particular pitted surface
damage encountered in the 81MM Mortar System was primarily formed by
abrasive or cutting forces, it was considered appropriate to review the
open literature as a guide in approaching a solution to the problem.
A review of the literature on gun bore erosion offered no help, even
though the grooved erosion was somewhat similar to the erosion sometimes
formed at the end of cartridge cases. By the same token, none of the
investigations reported in the open literature could be matched with
the combined factors existing in the Mortar System, but it was hopedthat some of the erosion studies could be of some help to us. As one

might expect, the studies reported in the literature on impact erosion
varied considerably.

For example, some investigators have studied the impingement of
abrasive particles on a metal surface, some looked at the effects of
steel or glass spheres striking a surface and some studied the collapse
of water droplets which causes cavitation erosion. Still others have
looked at striking abrasive particles in a fluid stream, while some
have studied the effects of hot turbine gases on a metal surface.
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Suprisingly, some of these study areas did reveal some similarities in
the behavior and damage characteristics of metal surfaces and warrant
some discussion.

Finnie1-5 et al appeared to be the first to analytically study the
manner in which abrasive particles erode the surface of a ductile metal
and was quick to point out that a general disadvantage of erosion data
in the literature is that particle velocities as distinct from fluid
velocities, had not previously been measured. He points out alsu that
ductile surfaces should be given separate attention from brittle
surfaces since their erosion behavior is significantly different.

In solving the equations of motion of a single abrasive particle
striking a ductile surface, it was shown that the volume Q removed by
a given mass of abrasive grains with velocity V and angle a is estimated
to be

C W2 1Q=c --- (•)
4 p

where p is the flow stress (relative to the surface). Finnie reported
good correlation of wear with experiments showing the greatest wear to
be at angles 170-20° (see Figure 5). However, the equation does not
hold very well for angles nearer 900 which is what we are dealing with
in our present case. The three possible effects which invalidate the
simple theory for ductile surfaces at angle 90* is:

a) Not all particles will strike the surface at the same angle.

b) The analysis considers a smooth surface and after the surface
is roughened (the particle-surface interaction is changed.

c) The surface )ecomes cold worked and embrittled and no longer
behaves in a predictable manner.I

One pcint of inlerest in the case of brittle surfaces (Figure 5),is that 900 angle of,;impingement produces the greater amount of wear.

It will be shown later that some of our own results have shown similar
behavior.

Enge6-7 reported that the developuaent of a pit-depth vs velocity
equation for collision of rigid spheres on a surface does not hold in
every case where cold working of the surface occurs. This has also
been pointed out by Moore, et a18 in their studies of worn metal
surfaces using a blunted tool.

As previously mentioned, the above studies cited from the literature
involve process conditions which are quite remote from the environmental
factors which exist in the Mortar System. To begin with the particles
are neither jagged abrasives, metal spheres or water droplets but
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propellant platelets or discs which are at an indeterminate rate of
burning at the point of contact with the surface. Also, the propellant
particles are traveling in their associated hot gaseous atmosphere
when impinging on the surface. Thirdly, the time cycles involved are
in milliseconds and the particle velocities (although unknown) are
undoubtedly far greater than any of those cited in the literature.
Early attempts to measure the velocity of propellant particles in the
erosion gage by high speed photography techniques were unsuccessful.

In spite of these differences pointed out in the Mortar system
compared to the particle-surface actions cited in the literature, our
results will show that the behavior of Mortar steel surfaces and some
of the wear characteristics exhibit surprising similarities.

FIELD TESTING

Early efforts in searching for a suitable coating to protect the
bore of the 81MMi Mortar Tube from such erosion consisted of electro-
depositing various tube bores with candidate coatings which were then
scheduled for field testing using primarily "0'1 increment rounds
(i.e. the most damaging rounds). Since electrodeposited chromium was
presently being used as the acceptable erosion resistant coating in
high velocity production weapon systems, it was naturally selected as
a first choice for test in the Mortar System. Other selected coatings
were cobalt-alumina (A1203 ) and also a proprietary chromium coating
called "Armoloy".

These preliminary efforts to apply wear resistant bore coatings
and test firing mortar tubes in the field have been extremely costly
and time consuming because of the large number of rounds required and
difficulties encount red with field firing schedules. In view of the
latter it was decided to devise a laboratory method of testing so that
a variety of coatings could be evaluated concurrently prior to field
testing.

EXPERIMENTAL DETAILS

Erosion gage - An erosion tester or gage was designed and
dovoloped which utsilizes the actual tCaiil fin a~szcrblly inside a chamber
holding eight test specimens at the same time to correspond to the 8
rows of holes. (See cut away illustration in Figure 6.) The actual
details of construction of the erosion gage will be reported under a
separate cover and will not be discussed here. The primary change
made in the firing action, is that the projectile has been removed from
the tail assembly which is secured to remain stationary during the
firing cycle.

The erosion rate of the test material can be increased so that less
rounds are required, by merely reducing the distance of the j.'t stream
by moving the specimens closer to the tail fin assembly. Upon firing
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the ignitor charge, the mixture of hot gases and associated burning
particles are radially discharged upon the specimen surface.

Fin Assembl. - The M170 fin assembly consists of tho M285 ignition
cartrTige conta-ning M9 propellant and having a charge weight of 108
grains (1 grain = .0648 gram).

Physical Properties of M9 Propellant - The propellant is in the
form of platelets measuring .059 in. in diameter and .010 in, thick.
Tho bulk density is 46 lbs/cu-ft.

Calculated Thermochemical Values for M9 Propellants (as per Spec
MIL-P-20306)

Isochoric flame temp, OK ............ .. 3799Force, ft-lbs/ib x 10-3 . . . . . . . . . . . . . 382

Unoxidized carbon, % ........ .............. 0
Combustibles, % ....... ................. 32.8
Heat of explosion, cal/gm ..... ........... 1295
Gas volume, moles/gm. ...... ............... 0.03618
Ratio of specific heats ... .............. 1.2102
Isobaric flame temp, OK ..... ........... 3139
Covolume, in. 3/lb ....... ................ 25.97

Plating Conditions - The bath formulas and plating conditions
employed for preparing the surface coatings selected for evaluations
are given in Table I and II respectively.

Post Heat Treatment - All coatings with the exception of Co-Fe
were thermal treated in an atmosphere furnace for hydrogen relief after
plating at 450OF (232 0 C) for 4 hrs to insure against embrittlement
The Co-Fe coatings were thermally treated at 675*F (357'C) for 4 hrs
for the purpose oc attempting to impart some ductility to the relatively
brittle coatings in the as plated condition.

Nitride Surfaces - The 76-hour nitriding cycle for the 81umm
Mortar specimens consisted of treatment at 975OF for 15 hours at 24 to
28% dissociation and 1020*F for 61 hours at 80-84% dissociation.

Coating Thiclness anto Wear Measuremonts - The deposit thickness of
iron group metals Tr--T-s test were Z-8 ail-s. In the case of chromium
deposits, two thic-nesses w-ere tested, which were 9.2 mils and 2.0 mils.
The thickness of d.-posits were measured with micrometers and in some
cases later verifi(:d by mcai 'rements of the coatings using the micro-
scopic camera. Wear reasuremNnts of all specimens were taken every
125 rds and conduc-.(,4 ivith i, b.-ll micrometer and coordinate measuring
instrument (Sheffit. d Cirdelx 3(; Coordinate Measuring Machine) which
had a 1/8" ball tip. .ho proce.,:uire was to slide the test specimen back
and forth across the woin depre .k,!on of the surface until the tip
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reached the lowest point which measured the greatest point of wear
due to firing.

Weight Measurements - Weight loss determinations due to erosion
during firing, were conducted on a Mettler analytical balance.

Micro Hardness Measurements - Were made on cross-sections of the
specimens with a Wilson Tukon microhardness tester using a 100 g load
and are reported on the Knoop scale. Measurements on the soft steels
were taken with a 25g load. Hardness measurements given are those
taken before firing unless otherwise stated.

Photomicrographs - Cross sections of specimens were mounted and
polished using diamond abrasives. The polished specimens were etched
with a solution of 60 parts lactic acid, 30 parts FN03 + 5 parts HF,
by swabbing 10-15 see. The photomicrographs were made with a Polaroid
camera using a Leitz MM45 Research Metallograph.

Test Specimens - Consisted of both SAE 4340 steel strips (1/8 in.
thicki and cut sections of mortar tubes which both measured 3/4 in.
wide and 5 in. in length.

Lab. Firing Tests - The firing tests were limited to 1500 rds which
produced over 10 mils of wear on the raOius of unprotected mortar steel.
Mortar tubes in the field are condemned when any portion of the boreshows a wear of 20 mils on the dia, (i.e. 10 mils on the side). How-

ever, the 1500 rd test was selected to permit a suitable range of wear
values for evaluating the various condidate erosion resistant coatings.
Since the erosion tester hold 8 specimens during a firing test, one of
the specimens was always unplated mortar steel which acted as the
control specimen.

RESULTS AND DISCUSSION

In reviewing the literature, one will find that considerable
doubt and controversary exists on the validity of data from erosion
vent studies when comparing results with actual field behavior of
eroded surfaces and it is agreed that some of the doubts have consid-
erable merit. However, as previously mentioned, in this present lab
study our erosion gage consists of the actual field system with the
absence of the mortar projectile. In spite of two primary changes made
in the use of the erosion gage for the purpose of accelerating the
erosion process, microscopic examination shows a close similarity in
the erosion characteristics produced by the two systems. One of these
changes included a decrease in the jet distance from the vent holes to
the specimen surface which increases the velocity at point of impact.

* The second change effectively focuses the surface damage on the same
circular location rather than dispersing the surface damage when the
rounds are circumferentially loaded at random which results in the
formation of annular grooves which have been shown previously.
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The data compiled from firing tests using the above described

erosion tester is presented as follows:

A. Chamber Pressure

Since the test specimens were placed closer to the tail fin
assembly and no serious attempt was made to match the chamber volume
of the erosion tester with that of the field Mortar System it was
desirable to measure the peak chamber pressure in the tester to
determine how close it was to the field system. This pressure was
measured at a point away from the jet blast in order to compare the
pressure value with that measured in the actual mortar. Suprisingly,
the peak pressure value was approximately the same as the 900 psi
measured in the field weapon for a "0" increment charge.

B. Measure of Erosion (wt loss vs dimensional change)

While weight loss of a given specimen may be considered a more
exact method of determining the extent of erosion in most cases, it
has turned out to be completely unsatisfactory in our present study.
Weight loss measurements were found to be inadequate because the
surface damage not only included material loss but surface displacement.
This surface displacement or distortion is associated with the cold
working which was encountered. This continual distortion from
additional firing, eventually became part of the material loss as
fracturing occurred.

Thickness change was a more accurate method of measuring wear.
On a macroscopic scale, the regression of surface pits eventually
leads to a profile which is somewhat dished with new pits reforming
as firing continues. The deepest point that the 1/8" dia. ball tip
(of the coordinate measuring instrument) rested at, represented the
most meaningful wear value. Figure 7 shows the ball tip bridging
across the series of pits which range in size from approximately
1-5 mils in depth.

C. Comparison of Field Mortar with Erosion Gage

The erosion of a mortar section which has been fired approximately
7500 field rds using "0" increment charges has been compared with that
of an average mortar steel test piece fired 1500 rds in the erosion
gage. The results are shown in Table III, whereby the field data on
the left side of the table is compared with lab data on the right.
The results show that the erosion gage increased the erosion rate on
mortar steel by a factor of approximately 4.6 to 1 simply by decreasing
the jet distance by 4/10 inches and loading the rounds in a fixed
circumferential position so that the gas jets line up on the same spot
of each specimen. However, if we compare the distance of the top and
bottom jets of either system, the difference is only .140 in. (rather
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than 0.40 in.) and the erosion rate is still a factor of about 4.5 to 1.
In view of this observation, it was decided to combine the data and
plot wear rate vs jet distance which is shown in Figure 8. The bottom
or rear vent distance of the erosion gage is 0.260 in. closer than the
top vent of the field mortar system in addition to the fixed circum-
ferential loading of the rounds - but still the wear rate is the same
for the 2 systems (connected by the dashed line). This indicates that
length of bore travel through the vent hole is more effective than
the jet distance in increasing the impact velocity and subsequent
erosion rate. However, the longer bore length is still considered
relatively short to significantly increase the particle velocity.
Another possibility is that more solid particles pass through the
forward vents compared to the rear vents due to incomplete ignition
which is discussed below. Dealing with ingition systems is more
complicated than dealing with propellants in chamber systems. However,
based on the observation in Figure 8, and the collection of additional
data, it appears that some empirical equation can be developed to
calculate erosion in the present system.

D. Pit Formation

It was previously stated that erosion of mortars was due to the
impingement of hot gases and associated propellant particles. Obser-
vations in our laboratory indicated that the mechanical force contribution
to the surface damage was due to unburned as well as partially burned
propellant particles striking the surface. After certain intervals of
firing, some of these unburned propellant discs were found embedded in
the pitted surfaces of the specimens. Some other unburned discs were
scattered about the surrounding area of the erosion gage set-up. The
surface damage duo to solid particles is also confirmed by the grain
refinement and subsequent iicrohardness increase observed along the
periphery of the pits during metallographic examination (see Figure 9).
It is obvious that severe plastic deformation takes place during the
impingement of these unburned and partially ignited propellant particles
apparently driven through vent holes by the expanding gases of the inner
propellant particles which are first ignited in the cartridge housing.

It is strongly suspected (on the basis of the similarity in surface
damage) that this behavior of unburned propellant particles impinging
on the surface also occurs in field mortars with "0" increment charges,

E. Relationship of Hardness to Erosion or Wear

Since it was found that mechanical forces played a major role in
the present wear problem, the effect of hardness of a steel surface
vs erosion was examined. Figure 10 shows the behavior of 3 types of
steels in which hardness is shown to be a significant factor with
nitrided surfaces providing the best wear resistance.

11-204



The effectiveness of hardness is apparently also demonstrated by
the "S" shape of the curves which shows the wear rate to decrease for
a period and then increase again. This is attributed to the cold
working of the surface which occurs as the degree of pitting becomes
extensive. As firing continues, it is speculated that the distortion
and plastic deformation of the surface peaks or crests approach a
severity whereby fracturing occurs resulting in a sudden increase in
the rate of wear as shown by the curves.

The indication that hardness of a surface effectively increases
the erosion resistance would lead us to prematurely conclude that a
quick solution to the problem is to nitride the bore surface of mortar
tubes. Other considerations and findings, however, have ruled out
such a decision. These are as follows:

1. The process of nitriding was found to be expensive and time
consuming.

2. Surface cracks initiated at the surface, during firing, which
propagated through the substrate (i.e. non-nitrided portion
of the steel).

3. At the early stage of firing, the nitrided surface is very
resistant to wear, however, as firing continues, the brittle
casing quickly spalls and fragments leading to a rapid rate
of wear and surface regression.

F. Evaluation of Surface Coatings

In view of the beneficial effects of hardness which had been
demonstrated earlier, serious considerations were given to this
property in our search for a suitable electrodeposited coating.

The erosive behavior of 8 candidate coatings have been studied
in this present investigation. The coatings for this study were
selected on the basis of cost, ease of application and resistance
against surface damage. The comparative performance of 6 of the most
promising coatings evaluated during the 1500 rd test, using the lab
erosion gage, is presen ed in Figure 11. The curves represent the
average wear vs rds fur all of the specimens tested. A minumum of 3
samples were tested fur each average presented (with the exception of
the Armoloy and Cr on Co coatings).

1. Chromium - Based on the observation of the harder surface
providing the 17i-hest resistance to wear, electrodeposited chromium
should have proved to be the leading candidate coating since it was
the hardest coating. A review of the curves in Figure 11, however,
shows that chromium (0.2 mils thick) showed approximately 2S%
improvement in protecting steel. Previous tests with chromium deposits
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which were 2 mils or greater in thickness failed prematurely by
excessive spalling and were withdrawn early during the 1500 rd test.
Field tests also showed chromium coatings (2-5 mils thick) to perform
poorly in a similar manner. An sxplanation for this behavior can be
offered if we look at the wear plot from Finnie et al in Figure 5,
which shows a brittle surface to result in greatest wear at a 900 angle
of impingement. In reality, electrodeposited chromium can be
classified as a brittle surface and therefore explains such a behavior.
Figure 12 shows a cross-section of chromium on mortar steel with
initial "V" notch segments of chromium progressively sheared away.

Figure 13 shows a surface view of a pitted mortar section. The
white patches represent the chromium still remaining.

2. Armoloy Chromium - Coatings of armoloy chromium (which were

deposited in a proprietary electrolyte) 1 mil thick were shown to be
very promising. However, only one specimen was available for test
firing above 1200 rds which is indicated by the dashed line. Other
specimens flaked prematurely, and it could not be determined whether
the failure was due to the material property or plating defects. In
view of the electrolyte being of a proprietary nature and inconsistencies
were encountered in the deposition process, the study of these deposits
were temporarily suspended.

3. Cobalt ystem of Coatings - We have already discussed the
evaluation of nitrided steel, and conventional and armoloy chromium
deposits as candidate materials. The remaining materials for discussion
are referred to as the cobalt system and can be classified as ductile
coatings in contrast to chromium. The wear plots for these coatings
are shown separately with mortar steel (which includes their hardness)
in Figure 14 in order to simplify the discussion of their evaluation.

In studying the performance of these coatings, it was observed
that the erosion resistance generally increased with increasing
microhardness but the hardness was not the sole factor in controlling
their overall performance. Coatings had to be sound (i.e. free from
voids, stress, cracks, and be crystalline), possess high shear and
tensile properties and be highly adherent to their substrates in order
to be highly resistant to erosion.

a. Co-Fe - The process controls and mechanical properties of
Co-Fe alloys have been reported previously from this lab by Sadak and
Sautter 9. In view of some of these properties it was decided to
include Co-Fe as one of the candidate coatings. However, a comparison
of the wear curves shows cobalt-iron to be the most inferior among the
cobalt system. However, this behavior has been attributed to plating
problems in which difficulties were encountered in achieving homogeneous
and sound deposits of the alloy. Recent improvements in the plating
process controls have indicated that Co-Fe (5-12 wt %) should prove to
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be a strong candidate as an erosion retardant coating in 81mm mortars.

b. Cobalt - The preformance of pure cobalt was comparable
to nitrided steel and eroded approximately 1/2 the amount as mortar
steel. The influence of adhesion and soundness of the deposit on its
resistance to erosion was clearly evident by the testing of an earlier
group of cobalt whereby the erosion resistance was only approximately
2S% better than mortar steel. In this case the surface regressed by
the flaking of large chips of the deposit.

c. Cobalt-Alumina - (Co-A1 2 03 ) - Dispersion strengthened
cobalt alloy was selected as a candidate coating on the basis of its
temperatures. The concept of preparing dispersion strengthened alloys
by electrodeposition techniques was first reported by Sautter10 using
nickel, and later by Greco and Baldauf. The properties of electro-
deposited Co-A120 3 alloys were reported by Sadak and Sautter 12 and
more recently by Chen and SautterlS.

Dispersion hardened cobalt deposits for the present test
consisted of approximately 2 v/o of finely dispersed alumina (having
a particle size of .05 microns) in a cobalt matrix. This alloy was
found to be one of the best erosion resistant materials for this test.
Co-A1 203 alloys would be expected to perform better than pure cobalt,
since their hardness is higher both at room and high temperature and
their shear and yield strength are superior. The importance of
obtaining sound and homogeneous deposits cannot be overstressed,
however, since a large variation in the erosion rate results when the
process controls are not under close observation. Non-homogeneity
frequently leads to spalling of large fragmentation rather than the
fine microscopic surface regression normally observed.

d. Chromium on Cobalt - We have shown previously that
chromium deposits on steel (2-5 mils thick) showed poor performance in
mortars due to its inherent brittleness resulting in progressive and
spalling of the coating. Thinner deposits (i.e. 0.2 mils) directly on
steel offered better protection but the decrease in wsar was only
approximately 25%. Furthermore cobalt deposits by themselves were
classified as fair among the other coatings (i.e. the wear rate was
50% compared to mortar steel). Nevertheless, Figure 14 shows Cr on
cobalt to offer the highest resistance against erosion when compared
with all other coatings. This infers that by combining the 2 coatings
we have capitalized on their erosion r.sistance beyond their protective
quality as individual coatings. This means that some combined effect
must exist at the interface of Cr and Co. In addition, the chromium
deposit was only 2-5 tenths of a mil thick over 6 mils of cobalt.
Thin deposits of Cr are relatively strong compared to thick deposits
and do not shear or spall readily. However, thin deposits directly
on steel did not perform as well, probably because when the thin Cr
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flaked away, the underlying steel pitted and the surface regressed at

a relatively high rate but thin Cr on cobalt appeared to shear away in
a gradual manner with the underlying cobalt still being very resistant
to the impinging gases. It must be pointed out that the sampling of
Cr on Co is limited and efforts in this area must be continued to
explain the combined effect of Cr on Co as on erosion resistant
material.

CONCLUSIONS

It should be apparent from the above study that the evaluation of
and a selection of a coating for the protection of mortar bores against
annular groove erosion, is incomplete. However, based on the present
data which has been evaluated, two coatings can be recommended for
further study. These are:

i a) Co-AI20 3 (5-7 mils thick)

b) Chromium (0.2-0.5 mils) on Cobalt (5 mils)

Continued firing in the erosion gage with these coatings should
provide sufficient data to determine the best coatings to be
recommended for field testing.

One can conclude from the present data, however, that:

a) the erosion gage has shown to be a useful tool for evaluating
erosion resistant coatings for mortar bores.

b) the comparison of the sur'face damage characteristics produced
by the gage and field mortar are very similar.

c) the gage accelerates the erosion rate compared to field the
system by a factor of approximately 4.5 to 1.

d) the cobalt system of coatings will significantly reduce the
annular groove erosion in mortar bores.
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TABLE I - PLATING BATH FORMULATIONS

Compound

Bath No Coating Bath Formula Conc. g/l

I Cobalt (Co) Cobalt Sulfate (CoSO4*7H2 0) 300

Cobalt Chloride (CoCl2,611260) 50.6
"Boric Acid (H3 B03 ) 31.4

2 Cobalt Alumina Cobalt Sulfate 314
"(Co-A12 05) Boric Acid 31.4

""3Cobalt Chloride 50.6
Aluminum (A12 0 , ) (.05u 25
particle size)

3 Cobalt-Iron Cobalt Sulfate 314
(Co-Fe) Boric Acid 31.4

Cobalt Chloride 50.6
Ferrous Sulfate (FeSO4 *711 20) 25

4 Chromiuwi (Cr) Chromic Anhydride (Cr0 3 ) 250 g/l
Sulfuric Acid (1H2 S0 4 ) 2.5 g/l

5 Armoloy Cr *Armoloy Salts 454 g/Il

*Supplied by Armoloy Inc., Fort Worth, Texas
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TABLE II PLATING CONDITIONS

Bath Current Density pH 3e' Bath Temp

Cobalt 5.4 amp/dm2  2.0 30 60 0 C (1400F)
(50 amp/ft 2 )

Cobalt-Alumina 5.4 amp/din2  2.0 30 60*C (140 0 F)
50 g/l (50 amip/ft 2 )

(.05 micron)

Cobalt-Iron 5.4 amp/dm2 3.0 30 60 0 C (140 0 F)
(6 wt %)(50 anip/ft 2)

Chromium 32 aIp/dm2 21-22 54-C (130-F)(300 arpf2 
!

(300 amp/ft2) 21-22 540C (1300F)

rr

11-211

IL

I -, " -+ _ . . . .,- e , .



V ~4 

O Q C

LiL

3LL.

cfn>- 
u ý

I- 
--

C,,o



VA

wii

.aLL.
*~~~~~~L -0 a. T~C L • .

LU1

V) - 4



CM

""M-----

.C Wa
'.".4

LA-
ii i" i-. . =i" I' '' •" ' -± [ :'J l" ' i

W rA- $-

LA U:-ti

Ira-4

U Im



(A)el
SURFACE VIEW OF THE

3 ERODED ANuLAR GROOVES -

(DARK BANDS)

(B)

LOm DiNAL CROSS-SEcTI.

SlI.4ING PROFILE OF THE x7

FORWARD ERODED GROOVE

(C)
MICROSCOPIC SURFACE VIEW

OF FORWARD GROOVE SHOWING

WHITE LAYER ON PEAKS . . ;,xluO

(D)

71CROSCOPIC SURFACE VIEW

OF THE FORWAm GROOVE IT

"SHOWING SEVERAL. CRACKS - , . x.O

FIG 4 ERODED VIEWS OF CONDEMNED 811f MORTAR TUBE AFER

FIELD FIRING OF APPROX 7500 RDS
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FIG 9 MICROSCOPIC CROSS-SECTIONAL VIEW OF A PIT IN 2 STEELS

(iboTE FINE GRAIN STRUCTURE ALNGn~ THE PERIPHERY OF THE

PIT DUE TO COLD WORKING.
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bFIG 12 CROSS-SECTION OF CHRomiLIm DEPOSIT ON rlORTAR STEEL WITH

Irv" NOTCH SECTIONS RBIOvED LEADING To EARLY FAILURE

FIG 15 SECTIONAL SURFACE VIEW OF PIT EROSION IN 8111 BORE AFTER

Cmiumi~2If H-As FLAKED.a U (WHITE PATCHES ARE RmvINING
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ANALYSIS OF RUPTURE IN RAPIDFIRE BARRELS

K. R. Iyer
Materials and Manufacturing Technology Division

Small Caliber Weapon Systems Laboratc.ry

U.S. Army Armament Research and Development Command
Dover, New Jersey, 07801

ABSTRACT

Small arms rapidfire barrels experience repetetive high rate load-
ing in a corrosive environment at elevated temperatures. Fatigue cracks

nucleate at the intersections of lands and grooves, propagate radially
and eventually cause rupture. A consistent rupture pattern in M134
minigun barrels has been observed and explanations are sought in this
paper. Reasons to believe that the thermal gradient is steepest along
a preferred radial direction across the barrel wall are presented. The
pressure stress combined with the thermal stress causes fatigue and be-
cause of the nonuniformity of thermal gradient fatigue crack propagation
is faster along a preferred direction.

INTRODUCTION:

Small arms rapid fire barrels experience repetetive high rate load-
ing in a corrosive environment at elevated temperatures. The burning of
the propellant heats up the bore surface which, in turn, heats the bar-
rel wall by conduction. The thermal gradient across the wall causes
thermal stresses. The explosive action which propels the projectile
causes pressure stresses and the engraving action on the projectile by
the rifling causes shear stresses on the rifling. The burnt gases pro-
vide the corrosive environment.

The hydrostatic pressure inside the barrel tube reaches a peak when
the projectile travel has reached a point about 1 1/2" from the origin
of rifling1(ORAtteripts to measure/calculate bore surface temperature
indicate that the bore surface temperature is highest in about the same
region. Due to the fact that the barrel wall is thickest in the region
the thermal gradient is the steepest. While the tangential component
of the thermal stresses at the bore surface is compressive, the tangen-
tial component of the pressure stress is tensile. However, the thermal
stress lags behind the pressure stress. So much so, instead of compen-
sating each other, the two stresses cycle the material at the bore sur-
face between a pressure tensile peak and thermal compressive peak. In
a rapic,-fire weeoon, fatigue crack develops and propagates into the
barrel wall and prociressively weakens the structure. Fracture occurs
vwhen the crack reaches a critical dimension.

The intersecticns of the sides of the lands with the grooves are
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stress raisers (there are eight of them in a four land barrel) and are
locations for crack nucleation. The shear stress caused by the drivinq
action of the land makes the driving side intersection of the land with
the groove a relatively weaker location than that of the trailing side.Out of the eight locations, the cracks (four of these) emenating from
the driving side propagate faster. Under symmetrical conditions of
temperature and pressure, all four of them have an equal probability for
reaching critical dimensions. The type of fatigue damage carried to
supercritical stage in M134 barrels is shown in Figure 1. The damage
to personnel and iateriel which could be caused by fatigue crack propa-
gation is shown in Figure 2.

OBSERVATIONS:

,During the conduct of several programs on the evaluation of mate-
rials and manufacturing techniques for rapid fire weapons, 2 M134 wea-
pon was used as a test vehicle in which barrels made of several mate-
rials were test fired. Standard M134 barrels (Cr-plated Cr-Mo-V steel)were used as slave barrels to make up compliments of six barrels for
the test firina. The barrels were usually retired on the basis af
standard criteria, (loss of velocity, loss of accuracy and yaw). Many
of the slave barrels ruptured near the breech end before normal retire-
inent. A superficial examination of the ruptured barrels revealed a
striking fact: namely, the location of the rupture was the same on all
barrels irrespective of the firing schedule. Table 1 shows the details
of firing schedules. Figure 3 shows samples of the ruptured barrels
and the lettering on each barrel shows the schedule and the number of
rounds fired. In the figure, the barrels are laid out identically with
the flat face in the right upwards and the curved surface of the locating
tab on the left downwards. As can be seen, the rupture is on the same
location in each barrel.

Barrels, which were retired before through-rupture took place, were
sectioned transversely at 1 1/2" from OR and the sections were prepared
for inetallography. Figures 4 and 5 show representative features of such
sections. The bore in this section is severely eroded. All traces of
rifling have been wiped out. Several cracks ernenating from the bore
surface progress radially. One of the cracks has been unmistakably pro-
gressing at 3 faster rate than the others and the geometrical location
of this crack is the same as that which cdused rupture in barrels of
Figur%. 3.

DISCUSSION:
Earlier accounts of the process of erosion in chrome pliated Cr-Mo-Vsteel rapid fire barrels describe how extant cracks in the Cr-plate

nucleate cracks on the substrate. 3 These cracks progress into the mate-
rial, interconnect and lift material out of the barrel I-D. A circularly
symmetrical I-D geometry progressively deteriorates and has the appear-
ance shown in Figure 5. The I-D is no longer circular and is almost a
square with rounded sides. Even if ideal conditions concerning uniform-
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Table I.Firing Schedules (Per Barrel)

Schedule

83 rounds 10 second pause 83 rounds,
10 minute cool repeated four times
for a 666 round compliment then com-
plete cool to ambient temperature.

II 125 rounds 10 second pause 125 rounds
10 minute cool repeated four times
for a 1000 round compliment then com-

plete cool to ambient temperature.

Ill 250 rounds 10 minute cool 250 rounds
10 minute cool repeated until 2,000
rounds have been fired then complete
cool to ambient temperature.

IV 250 rounds 8 minute cool 250 rounds
8 minute cool repeated until 2,000
rounds had been fired then complete
cool -to ambient temperature.
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ity of pressure behind the base of the projectile, identity of tempera-
ture at all points on the circumference of the I-D contour and balance
of the projectile around its axis in flight could be assumed, as pointed
out earlier, there are four prime locations for fast fatigue crack prop-
agation. As erosion progresses, these four locations become increasing-
ly more vulnerable to fatigue crack propagation. Certain characteristics
of the M134 system need to be stated to understand why one particular
crack out of the four leads to rupture.

M134 minigun is a gattling gun with six barrels which has a capabil-
ity of firing 6000 rounds a minute. The test firings described in this
paper were carried out at 4000 rounds a minute. During firing, each
barrel is rotated past the loading, firing and ejection positions at the
rate of 666 times a minute which is to say the barrel cluster is rotated
at 666 rpm. Figure 6 shows a barrel cluster configuration. During fir-
ing the barrels are heated to high temperatures and Figure 7 is a photo-
graph taken at the end of schedule IV. The crack which progressed to
rupture travelled radially in the barrel section and outward radially
in the barrel cluster.

The diameter of the six barrel cluster (Figure 6) is 2 l/2inches.
The proximity of each barrel to another is easily visualized. The out-
side of the barrel cluster is open to air and the radiated heat from
each barrel in the inside of the cluster stays inside. Due to the high
velocity of ratdtion of the barrel cluster convection currents will ex-
tract heat from the outside surface or the barrel. Remembering the
proximity of barrels and Lhat the outside of the cluster is exposed to
air and the inside of the cluster is protected, it is easy to see that
the heat extraction is preferred on the outside over, that on the inside
of the cluster. This fact would lead to a situation where in any barrel,
heat extraction is faster along a radial direction going outward in the
cluster scheme. This alone would make the thermal gradient steeper in
that direction and thus the thermal stress higher even if the I-D of
the barrel experiences uniform temperature all along the circle. Since
the barrel cluster is rotated at high speed, instrumentation to verify
this hypothesis is extremely difficult.

It is also hypothesized that because of the centrifugal forces
caused by revolution, the density of the burning propellant behind -the
base of the projectile will be higher along a radius in the I-D of the
barrel running toward the outside of the barrel cluster. This would
make the temperature of the bore surface nonuniform and will be hotter
toward the outside of the cluster. This would further accentuate thethermal gradient and the thermal stress in that direction. A schematic

F illustration of this situation is shown in Figure 8.

Thus the peak to peak cyclic stress at the bore surface is maximum
in a region indicated in the barrel cluster scheme in Figure 6. Given
the facts above, it is not surprising that the fatigue crack which
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causes rupture is the one that travels outward toward the outside of
the barrel cluster.

CONCLUSION:

The predominance of rupture in a specific location in M134 barrels
during service can be attributed to the fact that the thermal gradient
in that direction across the barrel wall is the steepest and that the
cyclic stress has the highest peak to peak value.
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GUN PROPELLANT HEAT TRANSFER AND BARREL
TEMPERATURE MEASUREMENTS

0. K. Heiney, Lt. R. J. West and W. H. Stone
Ballistics Branch

Air Force Armament Laboratory
Eglin Air Force Base

ABSTRACT

This paper will discuss aircraft cannon temperature transducer
development conducted at the Interior Ballistic Laboratory oZ Eglin
AFB. The desired goal was to develop a thermocouple which would,
with microsecond response capability, provide the bore surface
temperature during the course of the interior ballistic cycle. The
internal transducer design and typical experimental output will be
described. Correlation between measured and experimental barrel
temperature profiles will be discussed.

INTRODUCTION

The purpose of this paper is to discuss the analytic and
experimental determination of in-bore aircraft canuion barrel tem-
peratures generated during the course of the interior ballistic
cycle. Accordingly, the topic is divided into three sections. The
first is a simplified mathematical analysis of the heat transfer
process. The second is a discussion of the details of a microsecond
response bore surface temperature gauge, while the final section
covers the correlation of analysis to experiment for a typical
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spectrum of conventional and advanced propellants. This report
is presented as work in progress rather than a completed effort.
More work needs to be done in both boundary layer analysis and
gauge development.

One of the classical problems of interior ballistics has been
j the quantitative determination of the amount of heat transferred

from propellant combustion gases to gun barrel steel. The develop-
ment of this data is of central importance from a standpoint of both
understanding the interior ballistics cycle and the mechanisms of

r' thermal gun barrel erosion.

Historically, for analytic interior ballistic purposes, a
Hirschfelder (Reference 1), BETA type approach has been used to
"lump" the friction and heat loss terms. This approach has been
extensively employed, not as a result of generalized intellectual
lethargy, but rather due to its being a reasonably accurate and
intuitively attractive approximation. In any event, the descrip-
tion of ballistic cycle thermal phenomena by highly mathematical
approaches such as thoie discussed in (Reference 2) have, in the
past, been of questionable utility due to the lack of appro-
priate experimental tools to evaluate the quantitative predictions.
The goal of the effort conducted during the last several years in
this area at Eglin AFB has been twofold. The first of the tasks
addressed was to develop a microsecond response in-bore temperature
transducer to provide the necessary experimental verification of
theory. The second was to couple a simplified analytic heat con-
duction temperature predictive algorithm to an engineering type
interior ballistic program such as that described in (Reference 3).
The thrust of this analysis was to explicitly compute the heat
loss rather than allow it to remain implicit in the BETA term.

This report. then, will discuss these tasks sequentially.
First covered will be the simplified heat transfer analysis.

Heat Transfer Analysis:

The analytic treatment of the heat loss from the propellant
gases to the gun barrel steel requires a significant amount of
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physical properties and thermal parameter data for the gun system.
If a Nusselt number heat transfer approach is desired, the amount
of transport property data requirement for the involved systems

A• appears at first to be absolutely prodigious.

For the propellant gas system the necessary data is the den-
sity, velocity, temperature, viscosity, thermal conductivity and
specific heat of the gas mixture. For the gun barrel steel the
thermal conductivity and specific heat is required. The actual

tit analysis consists of three parts. That is, an interior ballistic
WO solution to determine the free stream gas properties, and a

numerical radial heat conduction solution for the barrel therval., ~transport. These two solutions are coupled by the Nusselt n= Lc

teatapproximate solution for the boundary layer energy transport which
!•[ provides both the interface temperature and mathematical heat

flow boundary condition for the steel conductivity solution.

As the thermal heat transfer program is coupled to an interior
ballistic solution, such as that described in (Reference 3),
many of the gas properties such as velocity, density and tempera-
ture are known. The unknown transport properties are thus the gas
~1viscosity and conductivity. These can be computed from a free
energy thermo-chemical program, (such as that described in Refer-ence 4 by means of Leonard-Jones potential technique 5).

To determine the thermophysical properties of high strength
al.oy steels, normally used for gun barrels, is also not as simple
as it m4ght secm. An examination of the literature of ballistic
cycle heat transfer is interesting in that there exists an enormous
variability of values for the quoted thermal properties of steel. 3
(Reference 6) provides an excellent source for thermal diffusivity
and conductivity values for a large variety of high strength steels.
It is important to note that for many steels these constant values
are not at all constant, but are rather, very strong functions of
the instantaneous steel temperatures.

Providing that appropriate care is taken with equation
stability, the mathematics of heat transfer through the barrel-
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can be quite nicely handled numerically through standard approaches
such as that discussed in (Reference 7).

If a Nusselt number approximate solution is attempted, a clear
conception of the physics of situation must be retained as, to a
degree, some of the systems mechanistic phenomena becomes implicit
with this type approach.

Formal approaches to this problem such as those discussed in
(Reference 2), address the boundary layer momentum integral and
usually result in sets of coupled partial differential equations
which are solved by Lax Wendroff or other numerical techniques.
Frequently the free stream conditions, which define the instantan-
eous flow behind the projectile, are addressed by means of a method
of characteristic approach. As the interior ballistic program
used in this case is of an engineering nature, rather than rigor-
ously mathematical, approximate Nusselt number techniques are both
fitting and a more appropriate annner to determine the convective
coefficient h.

At any given point in time during the ballistic cycle, the gas
properties are a function of barrel location. The central approxi-
mation made is that the gas velocity is logarithmic. That is, a
zero velocity exists at the breech and the flow velocity at the base
of the projectile is that of the projectile. With the flow profile
as illustrated on Figure 1 and a known projectile velocity, the gas
velocity VG at all points in the barrel is uniquely determined.
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(The experimental data justification for this type profile is pre-

sented in Reference 8) With the interior ballistic solution pro-

viding the static values of the gas density PT and the flame temper-

ature TT the local values pG and TG are determined in a quasi-

isentropic muauier as per Reference 9. It is to be noted that the

local gas density is not constant but strongly a function of velocity.

The speed of sound a is defined as

a = (gyRT/Mw) 1/2 with R =2780 ft-lbs

lb oX

also the roach number is defined

:ji

aI

~ 1
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i

then

TG (I + y -1 M2) 1

TT 2

Pg
(l+Y M2)i

2 Y-1

With the local gas velocity, density and temperature determined as

above, the gas viscosity and thermal conductivity are determined by

means of free energy techniques per Reference 4. Referenct 10 pro-

vides the following relations.

The Reynolds number based on gun tube diameter is:

and the Prandtl number is:

It has been experimertally determined that an empirical heat con-

duction description of flow processes can be frequently defined as

some function of Re * PH, This correlating factor is the Nusselt

number N. By definition the convective coefficient is related to

the Nusselt number by

N ; hD

with the rate of heat flow

Sdefined as

= i (Tg T)

1 1
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a~nd

(Tg To)

Thus the Nusselt number will provide the heat transfer flow data

from the propellant gas to the gun barrel. It remains only to

develop an empirical relationship for the Nusselt number from the

calculated Reynolds and Prandtl numbers.

That io.

N = f (R, P)

Extensive experimental correlations are published in the literature

10) 11) 12) in the form

McAdams describes in detail in reference 12) the empirically

determined nature of the N, R & P relationship. He shows that for

P > 0.1 b = .8 For a typical gun propellant combustion gas system

P .75

For highly turbulent fully developed smooth tube fluid flow the most

widely quoted other constant values 11, 12) are

CI= 0.023

and

d o.24

To account for the flow entrance region increase in heat transfer,

experimental studies 11) have indicated the necessity to include

the entrance coefficient KE factor in the Nusselt equation. This

is given by the ordinate value in figure 2. The abscissa value is

distance down the gun barrel in diameters.
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The majority of required data is known. The value of b 0.8

is well established and the value of d = 0.4 is relatively un-

important as with F a .75 virtually any fractional exponent will

result in a final value very close to unity.

The Reynolds numbers usual for the gas conditions which exist

in the gun are in excess of 5 million. The constant value of .023

is the result of smooth pipe data collected for fluids and gases

flowing in basically a steady state condition. The aircraft cannon

system is significantly different. It is rifled and thus macro-

scopically rough rather than smooth. The duration of the total

ballistic cycle is typically less than 5 milliseconds and at no

time approaches anything like steady state. Thus there exists no

real basis to anticipate an identically equivalent premultiplication

term. In fact, utilizing the Nusselt approach the best Oorrelation

with experimental data was foumd with the constant value C2 = 0.05.

Then finally for the case of a gun the Nusselt correlation becomes

11G = Ke C2 R.8 p.

This then provides the necessary data required to solve for the

heat flow to the gun barrel. The heat transfer problem into the

barrel is described below and is approached by standard numeric

techniques. The interface between the solid and gas systems is

provided by the gun barrel surface temperature TS.

A somewhat subtle but significant conceptual point to remember

is that the convective coefficient approach used here computes the
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I

thermal heat transfer through the boundary layer. This Q is then

related to the heat transferred to the gun barrel on a conservation

of energy basis. The important point is that at the barrel wall the

boundary conditions require that the gas temperature equals the steel

temperature and no thermal discontinuities exist. This assumption

may not be completely valid early in the ballistic cycle.

HEAT TRANSFER THROUGH THE GUN BARREL

The numerical solution to this problem is through finite

difference techniques. The approach used here closely follows that

of reference 7). The basic time variant heat conduction equation in

radial co-ordinates is

30 32E) 1 ao

This analysis starts with the Taylor Series Approximations

du h2 d2  h3 d3 
i

S(x +h) = i(x) +hc + 2- + 31d + .

v xh) =d~u h2  d2  hd
(x -h) (x) - hcU + 21 -31d0 +

then combining 1 & 2 and dropping higher order terms

du..) •(x + h) - u(x - h)
d x lX 2h + 0(h)2

or alternatively the second derivative may be obtained by: I
d2 1(x) (_,x - h) + y (x + h)-- 2 ji-(x) 1

d4 +X - h) + o(h2 )

The higher order terms can be ignored without the generation of

numerical instabilities in equations of the form of those equations.
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above, provided that the distance step and time step are selected

such that

SAt
-FAX-7 1/2

The a term is the thermal diffusivity of the gun barrel steel and has

the value of

5=a k

with the independent properties being the thermal conductivity,

specific heat and density of the gun barrel steel.

The numeric solution within the barrel is considered as two

cases. The first condition applies to all internal points in the

barrel which have conductive thermal input and output. (While

the second is the special case which considers the surface layer

that has convective heat input and conductive heat outflow). It

is assumed all conductive heat flow is radial. This is valid as

the radial thermal gradients are orders of magnitude larger than

those in a longitudinal direction.

The gas flow behind the projectile is postulated to have a

logarithmic profile as per the dots on Fig 1). This is in contrast

to the commonly accepted linear gradient illustrated by the dashed

line. The non dimensional velocity of the projectile during the

ballistic cycle is defined by the solid line and labeled "Historic

Plot". As stated above, Reference 8) discusses in-bore gas gradients

in detail.
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HEAT CONDUCTION IN GUN BA L STEEL

ae a2e 1 ae (i)

Let 0 -m,n with m being a space interval reference
and n a time interval reference

ao Om + ,. n - Om, n (2)
ay •- Ay in the space interval

m to M+ I-

Also

._ Om. n - Om-l, n (3)
ay - Ay in the space interval

m-I to m

And

a0 Gm + .,n - Um -l,n (1): -- 2Ay in the space interval
M-1 to m+l

Then

a2 e 1i ( + Im , N -PMO n [ern.. A -0m-l'n (5)

Also

ao G mn + I - Omln (6)
at - at

Then equation (1) becomes

a O m+ 1,n - 2 0mxn + -1,n + m n+ ln- OM-1, n

K m. n + I-On (G)

At

!11-24



* or with 1 = ( (8)S•~~ At

m0 , n + = (0 m + 1, n) + (-2 Om, n) + ( m -1. n)
14•

+ OAt (Erm + 1, n- Gm- l, n) + em,n (9)
2yAy

As y>>Ay the first term will be of primary importance.

In accordance with the discussion provided in reference (7) the

value of M must be equal to 2 or greater to avoid oscillatory

instability. For the special case of the first station at the barrel

interface we assume again y>>»y~

Also Q to barrel = hA (PF - 01,N) (10)

As ao = -h (OF - 01,N) (ii)
Ty KA K

Then for the barrel surface

2® O .m+ 1, n-Gm, n + L_ (EF,N-0l,N) (12)
3y7 Ay Ay K

and

as 01, n + 1 - l, n (13) "
at At

then

01, n + 1 = 01, n + Ata Om + 1, n -l, n + h (O 1,N -l,N)
Gln1Ay Ay K

+ Atcty eram+ 1, n -n l, n (14)
AyyA

The problem now remains to generate a value of the convective

co-efficient h in terms of the properties of the propeliant gas

system. To this end the definitions of the Prandtl, Reynolds and

Nusselt numbers are:
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V

PRANiDTL # = ~ Pr
K

REYNOLDS # VDP Re

NJSSELT # = hD N

'he values of p, • and K for the propellant gas can be obtained

by means of a Leonard-Jones potential technique appended to a free

energy minimization thermochemical program run on the particular

* Iformulation for the gun propellant used. This approach is discussed

in Reference (4).

As mentioned above, the values for the propellant gas velocity V

and density come from interior ballistic computations conducted for

the gun firing parameters as used. These techniques are covered in

Reference (3). It then remains only to formulate an expression for

the Nusselt number as some function of the Prandtl and Reynolds

numbers.

We then have all the relationshiLps which are required to approach

a simplified heat conduction solution to a typical gun interior

ballistic problem.
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TRANSDUCER DEVELOPMENT

The requirements for an interior ballistic temperature measuring

system are varied and severe. The temperature range capability must

be from ambient to approximately 17000 K. The response time must be

on the order of microseconds and the pressure forces which the gauge

has to withstand are in the range of 50,000 psi.

Thus, the requirements on the transducer are not only stringent

but to a degree they are seemingly contradictory. To withstand

high pressures on a repeated basis, the thermocouple housing must

be relatively massive and strongly designed. However, to provide

a very fast signal response, which is necessary for the adequate

thermal definition of a ballistic cycle that has a duration of

only 3 to 4 milliseconds, a very small thermal mass thermocouple

junction is mandatory.

The basic design of the thermocouple used to simultaneously

satisfy these requirements is shown by Fig 3 with the operational

device illustrated by Fig 4.

This thermocouple design has been undergoing a Joint development

effort between NAf1MA. Corp and the AFATL Interior Ballistic Laboratory

duriag the course of the last four years. The primary problems have

been the design of the junction itself and the ability of the gauge

to withstand repeated exposures to gun pressures.

The sensor assembly of the thermocouple is formed by two wires

flattened to a thickness of 0.001 inches. The wires (Pt and Pt -

10% Rh or Thngsten and Thungsten - 26% Rhenium) are insulated from

11-251



each other and the thermocouple case by phlogopite mica sheets of

0.0002 inches thickness. This "sandwich" of wire and mica is in-

bedded in a split pin and pressed into a matched tapered hole of

the thermocouple case. The ability to withstand the applied

pressure during operation depends on the matching of the "sandwich"

to the tapered hole. Fig 5 shows an example of a thermocouple which

malfunctioned during its first exposure to gun pressure. Although

Sjunction assembly was swaged into the tapered hole with a force

equivalent to 50,000 psi the thermocouple did not withstand 30,000

psi before the junction "sandwich" was pushed into the thermocouple

case. The major requirement Is therefore that the insertion forces

be exactly balanced on each side of the "sandwich" support structure

to insure the achievement of an absoluize parallel gap. This is

done by precise matching of the sensor assembly into the tapered

hole of the thermocouple case. Newly designed thermocouples

with pasallel gaps were swaged into the steel body by a static

force equivalent to 70,000 psi. Although these thermocouples

withstood a dynamic pressure up to 50,000 psi, the majority mu.l-

embedded Junctions inside the thermocouple body. Frequentlyfunctioned during firings as a result of an electrical short or

thermocouple junction subsequent to the firing of several shots at

the 30,000 psi level would fail due to an electrical short inside

the thermocouple. To eliminate this type malfunction, it was pro-

posed to fill the space inside the thermocouple with a flexible

insulator. This was done to avoid internal Junction gas penetration
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and increase the rigidity of the transducei assembly. It was ex-

pected that this type of thermocouple would withstand at least

10 shots at pressures in excess of 50,000 psi. The thermal junction

of the thermocouple is formed by grinding across the sensing tip.

This action flows micron size metal particles across the compressed

mica insulation, thereby insuring the formation of the required

thermocouple junctions. To remake the junction in used thermocouples,

V it was necessary to polish the junction with successively coarser

grades of abrasive cloth until the electrical resistance dropped to

approximately 2 ohms or less. At that point a thermal junction is

made with a response time of about 50 P sec. To maintain the rapid

time response, it was necessary to keep the sensor surface clean and

abrade the junction after each shot. A later model thermocouple,

has had the junctions offset and overlapped to decrease the "sand-

wich" junction thickness from .005 inches to .0035 inches. Another

design approach has been to make the junction across the steel face

of the thermocouple rather than the thermocouple ribbons. This will

allow the thickness of the "sandwich" to decrease to .015 inches,

which may reduce the possibility of gas flowing around the mica

insulation and into the sheath area causing an embedded junction or

internal shorting.

The status of the transducer development and design is such that

adequate time response and accurate results are now available. Gun

firing life times of the transducer are still unacceptable at ex-

posures to 50,000 psi in-bore pressures. The basic problem appears
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to be the formation of embedded junctions due to high pressure

deformaticu of the housing. Future work will concentrate on

improving the pbysicai strength and thus lifetime of the transducer.

In general, of the twu available thermocouple materials, platinum

Ia. +-mgsten, the tungsten provides the best results.
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RESULTS

It was stated in the introduction that both the mathematical

model of heat transfer and the transducer design need further re-

finemeat. The thermocouple currently provides accurate data but

lacks durability. The model of heat transfer is oversimplified at

the point of initial exposure of unheated barrel surface. This can

be seen in Figures 6, 7, and 8 which illustrate the correlation of

the analysis with the thermocouple output for different types ot

propellant. These figures show typical results for nitramine,

triple base and single base propellant respectively. It is seen

that the experimental and theoretical chamber pressure versus time

correlations are very good in all cases. Additionally, the predicted

peak single shot bore surface temperature for the nitramine and triple

base propellants is reasonably good, however, the experimental

temperature rises and falls more rapidly than the analytic pre-

dictions. This temperature is p' ed at the point of maximum

heat transfer, about 3.5 inc- 1m the start of rifling. Figure

9 illustrates the boundary layer model utilized. The central and

unavoidable postulate implicit in a Nusselt type approach is that

the temperature of the inner boundary layer gas next to wall is +hat

of the wall. This assumptiur is good for pipe hDat flow but less

adequate for the highly transient phenomena of gun ballistics.

Methods of modi,, ag this model deficiency without the introduction

of an unacceptable array of arbitrary parameters will be investigated
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in the future. The temperature measured in the case of the single

base propellant is everywhere higher than the theoretical predictions I
and will have to be further investigated.

It is interesting to note that the theoretical total ballistic

heat loss predicted is very close to the level established by the

Airschfelder Beta approach. In conclusion, it is reasonable to state

that a final solution to the determination of real time bore surface

temperature during the ballistic cycle is not yet at hand. However,

the experimental and mathematical tools to address the problem are

well on their way to development.
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PROPELLANT PROPERTIM

Single Base Triple Base Nitramine Units

F38,000 355'000 375,000 ft-lbf
3, 1ibm

y 1.246 1.252 1.266

MW 23.4 22.2 19.6

Tf 2873 3010 2700 °K

calC .44 .45 .486

1 .00070 .00074 .00066 g-
cm-sec

calas .00034 .00034 .00038 cm-sec-OK

GUN PROPERTIES
GUN STEEL

. 138 calcm-sec-OK

cm2

a1 sec

Gradient .002 cm
depth for prog

p 8.89 cm3

cp .156

TABLE I
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THE SHOCK TUBE GUN

F.A. Vassallo
Calspan Corporation

Buffalo, New York

ABSTRACT

Full scale tube instrumentation and field test evaluations
r although of great value in final performance testing of improved
r charges, should be preceded by a more efficient and cost effective

approach to optimization of propelling charges. Realizing the need
for a test facility applicable to the study of propellant/tube inter-
actions, Calspan, through internal funding has designed, fabricated
and tested a unique variable gun system, the operation of which is
based upon shock tube principles (Shock Tube Gun). This paper des-
cribes briefly the design and makeup of the Calspan Shock Tube Gun
and presents the results of a very preliminary exploratory study of
the influence of oxygen on tube erosion.

INTRODUCTION

In order to determine the causes of gun tube erosion and to be
able to assign at least qualitative values to these causes, it is
necessary to conduct variation studies of those parameters involved
in the firing process. Studies of this type consist in part of vary-
ing each parameter independently of the others and observing the
effect on erosion. This procedure is difficult to follow in the
actual gun system because independent variation is either too costly
or not possible and, therefore, insufficient variations can be made
resulting in limited data and unclear correlations. Hence, studics
involving variation of parameters are best conducted in a laboratory
environment where experiments are performed using a device that
allows control over the desired independent parameter variations.
The Shock Tube Gun is one such device. Briefly, this device generates
a high pressure, high temperature test gas by a polytropic compres-
sion process. As shown in Figure 1, the facility consists of a
driver chamber, a driven tube, a flying piston, a gas collection
chamber and an instrumented gun tube containing a projectile. Com-
pression of the test gas (the counterpart to the propellant gas in
an actual gun) within the driven tube is accomplished by motion of
the flying piston contained within this tube. Motion of the piston
is the result of force applied by the pressure of the driver gas. As
the piston approaches the collection chamber, the test gas pressure
and temperature rapidly increase in a time history representative of
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actual gun firings. A projectile contained at the start of the gun
tube is acted upon by this collected gas. Suitable means are provided
in the facility to allow regulation of shot start pressure on the pro-
jectile. Once released, the projectile is accelerated along the tube
in a ballistic cycle dependent upon selected input factors. Data
regarding pressure, velocity, heating, and erosion are collected
through measurements in the instrumented test barrel.

With suitable variation in parameters, factors affecting erosion
such as pressure history, propellant gas velocity, gas temperature,

", I gas composition, tube composition, and propellant additives may be
investigated. The compression ratio, driven gas composition and its
initial conditions essentially govern the peak temperature and pres-
sure; piston motion, influenced by its mass and projectile movement
effectively govern the pressure pulse duration. Variation of piston
mass, initial conditions, and compression ratio then permit indepen-
dent change in peak temperature and pressure as well as time.
Obviously, the effect of change of driven gas composition may be
tested under controlled interior ballistic conditions. This is a
most powerful experimental mode of operation of the facility. Other
variable items can be readily explored in specific tests, such as I
rotating band design and the relationship between obturation and

r;. erosion.

SHOCK TUBE GUN DESIGN AND CONSTRUCTION

In the Calspan design efforts, design requirements were selected
in an attempt to adequately represent ballistic conditions within the
eight-inch howitzer. As taken from Reference 1, Figure 2 illustrates
typical interior ballistics for this weapon at Zone 9. Table I
further lists some ballistics and heating measurements for firing
conditions from Zone 3 to Zone 9. Design goals were then to permit
testing at peak chamber pressurcs up to 40,000 psi and at projectile
velocities up to 2500 ft/sec. Table II lists the structural makeup

of the Shock Tube Gun required to satisfy this goal. These values
were established through the use of a preliminary mathematical model
of piston action based upon adiabatic compression. Through exercise

of the model, approximate size requirements were established with
final selection of sizes dictated by available engineering materials
The photographs of Figure 3 illustrate the resulting Shock Tube Gun
assembly as well as its individual components. As shown, the pro-
jectile launch components consist of the driven tube, chamber and
30mm smooth bore barrel. These are supported on a carriage which is
free to move on tracks in the direction of piston motion. The tracks
allow movement of the carriage during the extreme impulse loads
imposed by the unbalanced chamber pressure during test gas compres-
sion, thus maintaining integrity of the supporting base structure.
In early firings conducted without installation of the tracks,
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TABLE II

SHOCK TUBE GUN CHARACTERISTICS

Configuration Data:

Driven Tube I.D. 7.5 in.

Driven Tube length 80.83 ft (970 in.)
Piston Area 44.179 sq. in.
Piston Weight Up to 150 lb.

Projectile Diameter 1.181/30 in./mm
Projectile Area 1.095 sq. in.
Projectile Weight Up to 2 lb.
Driver Volume 54,000 cu. in.

Chamber Volume 130.8 cu. in.
Pressure - at release of projectile Variable

Tube Length 167 in.

!.i
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splitting tensile failure of the supporting concrete structure was
evidenced, thus suggesting the need for a mount having less rigidity.
Following installation of the floating mount system, which requires
use of a pneumatic brake on the driven tube for safety, test firings
produced no further damage to the concrete.

The projectile capture components consist of a telescoping tubecoupled to the barrel, a blast chamber, and a sand filled tube to

decelerate the projectile (impact zone). The blast chamber, the
purpose of which is to reduce the noise and pressure levels at pro-
jectile exit of the tube, also contains an internal provision for
measurement of projectile velocity using velocity screens. The tele-
scoping tube allows motion of the carriage independent of the blast
chamber.

Also shown in Figure 3 are views of the chamber and toggle
restraint system needed to contain the high chamber pressures and
associated axial loads. Chamber pressures are sensed using piezo-
electric pressure transducers. The entrance region of the launch
tube can accommodate pressure, heat flux, and erosion sensing devices.
The launch tube itself is a 30mm smooth bore barrel, 15 feet long.

Figures 4 and 5 illustrate two essential components of the
facility. Figure 4 shows a view of the brake area at the upstream
end of the driven tube. This brake limits the maximum permissible
axial load on the driven tube during the rapid piston deceleration
period. Without it, loads could exceed the axial strength capa-
bility of the tube. In essence, load is limited by slippage in the
brake at a preselected load below the failure strength of the tube.
The brake is air actuated and, thus may be adjusted according to
the amount of slippage desired up to the strength limit of thetube. The brake is presently used at only about one-half capacity
without excessive slippage. Hence, much greater maximum chamber
pressures than presently produced can be accommodated.

A view of the piston which is used to compress test gas in the
driven tube is shown in Figure 5. It is made from 4340 steel and
weighs 140 lb. including the release catch at its rear end. As
shown, gas seal is obtained using "T" rings at the front and rear of
the piston. Three plastic wear rings are used to prevent metal-to-
metal contact between piston and tube. A buffer projection on the
face of the piston and a complementary close fitting port at the end
of the driver tube entering the chamber preclude direct impact of
the piston with the end of the driven tube in the event that driven
gas is exhausted too rapidly as by a failure in the chamber. The
buffer projection is necessitated by the presence of the chamber
volume at the end of the driven tube which can permit piston contact
at the driven tube end with insufficient chamber pressure development.
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Metal-to-metal impact if allowed to take place could cause damage to

the piston and/or tube face. The buffer prevents this occurrence.

SHOCK TUBE GUN TESTING

Initial investigations were conducted for the purpose of deter-
mining Shock Tube Gun performance compared with design predictions and
to provide a basis upon which an operational computer code could be
formulated for use in establishing required gun settings for any desired
ballistic result. These investigations were performed through Calspan
funding as a part of the facility development. The computer code gene-
rated and validated through these early tests in which piston position,
chamber pressure and projectile velocity were measured was brought to
a state of development sufficient to permit a demonstration to be made

I.of its versatility as a research tool. As an example of the adequacy
of the computer code, Figure 6 shows a comparison of predicted and
measured chamber pressure histories at a condition approximately

A -representing Zone 7 in the eight-inch howitzer. It is clear that
chamber pressure is more than adequately predicted by the computer
both with regard to magnitudes of pressure and time. Using the computer
code thus developed, shock tube input factors such as driver pressure,
piston weight, driven gas type and pressure, and projectile weight
could be chosen to result in preselected test conditions of pressure,
temperature, gas velocity, heating time and gas activity at the entrance
to the launch tube. These represent parameters which are important intube heating and erosion. Figure 7 illustrates computed STG charac-

teristics for nitrogen as a test gas. One may note that appropriate
conditions of pressure, velocity, and time can be produced with this
gas. Characteristics for other gases can be computed in similar fashion.

As a demonstration of its ability to act as a research tool for
the study of gun tube erosion, a study of limited scope was conducted
in an effort to show effects of change in test gas on erosion.
Here, among other possible candidate selections, it was deemed of
considerable interest to illustrate the influence of oxygen on erosion.
This exploratory demonstration test was chosen because it was felt
that rather significant differences in ernsion would be found in a
limited test program within the proven test range of the facility.
Hence, driven gas effects using air and a mix by weight of 47 percent
argon to S3 percent CO2 at various pressures were determined. Air,of course, represents a severe oxidizer while that of argon-CO2 a
very mild oxidizer. Test data were derived regarding pressure,
temperature, projectile velocity, heating and erosion.

Pressure and projectile velocity were measured as indicated
above. Gas temperature was derived through computer results.
Heating at the entrance to the tube was determined through analysis
of a measured in-wall temperature as discussed in Peference 2.
Erosion was measured and surface changes were determined through use
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of removable erosion ring inserts placed at the entrance to the launch
tube. These erosion ring inserts of 30mm bore size were fabricated
of 4130 steel and 2024 aluminum. Ring thickness was greater than the
depth of penetration of heat in the firing time. A typical erosion
ring before test is shown in Figure 8. Each ring was made to contain
three erosion indexing scribe marks at 1200 separation on the surface
to be exposed to the gas flow. Each scribe mark as well as initial
surface condition was characterized by SEM photography prior to test.
Sample weight and bore diameter were also recorded. Erosion experienced
by the ring sensor in any test would be shown by change in any or
all of these indicators.

The test procedure employed exposed selected test rings to con-
ditions of increasing severity with continuous monitoring of data.
It was expected that testing of each gas-ring combination would be
terminated when excessive erosion was experienced within the proven
test range of the facility. Accordingly, the 4130 st.el ring inserts
were initially tested with air at increasing chamuer pressure. Test
data derived are as shown in Table III. Clearly, the indicated oxi-
dation and erosion is shown to be influenced greatly by gas stream
conditions and associated bore heat input. With air as the driven
gas, it apears necessary to exceed a heat input threshold of about
50 Btu/ft, to induce surface oxidation of sufficient magnitude to result
in measurable surface loss of steel. At this condition, oxidation
and erosion was confined to several very local areas on the ring.
Evidence suggested it to have been triggered by impact from particles
in the test stream which removed or lowered the resistance of the
everpresent protective surface oxide on the steel. At increasing
heating conditions, the number of erosion sites and their extent was
found to increase rapidly with apparently less dependence on parti-
culate impact, but still enhanced by local surface perturbations
such as those imperfections resulting from the indexing scribe marks.
Figure 9 illustrates the local oxidation and erosion exhibited by
the 4130 ring of Test No. 7 in the vicinity of an indexing scribe
mark. It is evident that outside the area of induced chemical activity,
little effect of firing is indicated. Within the oxidized region,
severe local melting and erosion is noted. Although oxidation poten-
tial of the gas stream in these tests using air is much greater
than that available with most gun propellants, where some surface
activity exists, effect of local perturbations such as surface
cracking is expected to have similar influence on erosion patterns.

Figures 10 and 11 further illustrate the oxidation and erosion
of the 4130 steel ring of test 7. Figure 10 shows the typical extent
of erosion experienced by the ring in one shut. Figure 11 shows a
magnified view of the surface "wash" at one eroded area of the ring.
Oxidation at each eroded area appears to have been induced or triggered
at sites where the resistance of the protective oxide is locally
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overcome. The extent of oxidation and melting increases in the down-
stream direction following this initial breakdown, probably the result
of increased downstream heating due to oxidation combustion of the
steel in the boundary layer. This is much the same as an oxy-acetylene
torch cutting operation. In the eroded area, Figure 11 shows the
typical ripple pattern indicative of melting and solidification. Under
the conditions of test, the results of which are typified by Figures
9 through 11, an average material loss at the exposed ring surface
of about 0.0003 inches in a single shot is indicated. Test results
of Table III suggest the effect of multiple shots to be increasing
nonlinearly as more erosion sites are generated. Based on this,
one can readily conclude that oxidation potential of propellant sys-
tems must be maintained much below that corresponding to those of
the limited study, if reasonable tube service life is to be
maintained.

In continuation of the test plan, o steel test ring was subjected
to conditions of erosion using the argon-CO2 mix. Here, with reduc-
tion of oxidation potential, no erosion or change in the 4130 steel
sensor was found. In this test, the surface heat input was measured
at 70 Btu/ft 2 which is about 40 percent greater than that of the
earlier air test in which measurable oxidation and erosion was first
noted. Inasmuch as all significant factors (pressure, temperature,
velocity and heating) exclusive of free oxygen content were greater
in the test utilizing the argon-CO2 mix, one concludes that a lowering
of oxidation potential can result in superior materials erosion
performance.

After reviewing the ballistic data derived in the above argon-
CO2 test and through comparisons with computer estimates, it became

clear that increase of ballistic conditions for this gas mix could
only be obtained with some risk of seal failure at the driven tube
end. Predictions indicated the piston to be entering the buffer
region at high speed, thus producing excessive pressure in the
buffer volume. In this test, in fact, some gas leakage was noted as
was a partial failure of the piscon seal rings. Although known modi-
fications of the facility can be readily made to overcome this limi-
tation, time and funding constraints forced a termination of the
argon-CO tests on steel at the 20,000 psi level. As a demonstration
that oxidation effects can, however, be obtained with the argon--C0 2
gas mixture, testing was continued using aluminum as a test ring.
Because this material is more sensitive to oxidation, it was felt
that it would show effects of reduced oxygen potential within the
proven test range of the facility.

Consequently, erosion tests of aluminum rings were conducted at
pressures of 14,4, 0 and 17,500 psi, using the argon-CO2 mix. Data
are as given in Table III for entries 9 and 10. As opposed to the
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rather localized erosion noted for the steel test rings, oxidation,
cracking, and erosion of the aluminum rings was found to be much more
uniform over the surface of the ring. This is illustrated in Figure
12 for the test at 17,500 psi. Average material loss in this test
was about 0.0005 in. As shown, there is evidence of oxidation and
cracking at all areas of the ring with somewhat greater concentration
at the entrance region. There is evidence of melting indicated by
surface "wash" and rippling. This is further shown in Figure 13 at
higher magnification in the area of a surface scribe mark. Surface
oxide is clearly present as are axial surface cracks. Although ori-
ginal machining marks are still visible, there is apparent loss of
material indicated by both rounding of the machining marks and loss
of scribe mark depth.

Certainly, the importance of oxygen in the erosion process is
unmistakable where sufficient activity is generated to overcome the
materials natural protective surface oxide barrier. The Shock Tube
Gun with minor future modification provides an effective means by
which this determination can be made with relationship to recognized
gun conditions. Its versatility as a laboratory research tool for
investigation and mitigation of heating and erosion has been shown
both by its demonstrated simulation of eight-inch howitzer ballistic
and heating conditions near Zone 7 and through the brief exploratory
investigation of chemical effects on erosion.
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RADIOACTIVE TRACERS IN EROSION WEAR MEASUREMENTS

Robert Birkmiret and Andrus Niiler
Ballistic Research Laboratory

I. INTRODUCTION.

An important parameter in the evaluation of gun tube-propellant
systems is the erosive wear of the bore surface. Until recently,
the measurement of surface wear could only be accomplished by a
micrometer technique (star-gauging) with an inherent accuracy of 25
microns. Since the amount of material removed with a single shot, or
a small number of shots, is usually much less than 25 microns, large
amounts of munitions have to be expended at sometimes great cost in
time and money in order to determine the erosivity of any given gun
barrel-propellant-additive-rotating band configuration by this
technique. In addition, the accuracy of the star-gauging method can
be affected by the presence of foreign matter on the bore surface.
This paper describes a very precise measurement of bore surface wear
which utilizes a radioisotope technique.

The basis of the radioisotope technique is the transformation of
stable materials into radioactive isotopes by nuclear reactions pro-
duced by energetic positive ion beams. The characteristic radiations
emitted by these radioisotopes provide a means to monitor changes in
the characteristics of the activated area of the surface. Activation
of a small region of a surface to a prescribed depth allows a measure-
ment of wear from that region by monitoring the decrease in the
intensity of radiation due to the erosion of surface materials. The
advantages of this technique are that wear can be measured to sub-
micron accuracy, in situ and without bore surface cleaning.

II. EXPERIMENT.

A. Radioisotope Technique.

When 5 6Fe is bombarded with a beam of energetic protons, a nuclear
reaction can take place in which some of the 5 6 Fe is transformed into
the radioactive isotope 5 6 Co. The nuclear reaction is endothermic
and requires a proton energy in excess of 5.4S MeV. A beam of mono-
energetic protons will lose energy as it penetrates a steel surface
due to collisions with electrons. Any proton may react with an 56Fe
nucleus provided its energy is still above 5.45 MeV level, and thus
a surface region may be activated to a prescribed depth which is
determined by the incident beam energy. The uncertainty in the
activated depth depends on the energy uncertainty of the incident

'NRC Research Associate
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protons, the accuracy of the cross section for the 56Fe(p,n) 56Co
reaction and the flatness of the surface area that is activated. A
56Co concentration of less than one part per million is sufficient
for wear measurements and is easily produced. Neither this amount of
56Co nor the amount of hydrogen produced by the proton beam is
sufficient to have a significant effect on the characteristics of the
steel.

The 56Fe(p,n) 5"Co reaction is well suited for erosion wear
measurements. The nucleus of 5 6Co decays via electron capture or
positron emission to 56Fe with a half-life of 77.3 days. Subsequent
de-excitation of the 56Fe produces a number of characteristic gamma
rays, the most prominent of which have energies of .847 and 1.238 MeV.
Gamma rays of this energy will easily penetrate through the surface
layer and can be detected by Ge(Li) or Nal detectors. For a typical
Ge(Li) spectrum, see Figure 1. The 77.3 day half-life is long enough
to permit activation, wear, and wear measurements to take place over
a period of months, and yet the half-life is short enough to provide
sufficient activity at the part per million concentration levels. In
addition, the (p,n) reaction cross section falls rapidly near the
5.45 MeV threshold providing a relatively sharp boundary between the
activated and non-activated regions.

Tn order to relate activity measurements to surface wear, the
relative 56Co concentration must be known as a function of depth.
This depth profile was determined by irradiating a stack of thin iron
foils (instead of a solid piece of steel) with the proton beam. The
specific activity of each foil and its thickness was then measured
from which the relative concentration of 56Co as a function of depth
into the foil stack was determined. Using this relative concentration
information, the total gamma-ray activity as a function of the depth
of the foil stack is obtained. The resulting function directly
relates the gamma-ray activity change to removal of iron layers from
the stack and is given by the wear calibration curve of Figure 2. t
Since the layered foils generate a surface which is exactly identical
to a single thick iron surface, the wear calibration curve can be
used with a solid steel surface which has been appropriately activated.
The result of the foil experiment indicates that surface wear can be
measured with an absolute error of less than 0.25 pm. For a more
detailed description of the radioisotope technique see references I
and 2.

B. 20 mm Pressure Barrel.

An unplated 20 mm pressure barrel was prepared for activation
by machining three holes into its wall; one at the origin of rifling,
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one in the middle and one at the muzzle end. The holes were positioned
so that a proton beam could enter through each hole and strike a land
on the opposite side of the barrel, activating a spot of about 1.5 mm
diameter to a depth of approximately 25 pm. (See Figure 3.) The
activation was performed at the Tandem Van de Graaff Laboratory of the
University of Pennsylvania. The barrel was then mounted in an indoor
firing range at BRL. The three holes were pressure sealed by ball
bearings held in place by bolt and clamp arrangements as shown in
Figure 3.

C. Activity Measurement.

The gamma-ray activity was measured with a 7.5 cm x 7.5 cm Nal
scintillation detector whose output pulses were recorded by a multi-
channel analyzer. Since the attenuation of gamma-rays from the 5 6 Co
decay through the roughly 20 mm steel wall of the barrel does not affect
the precision of the wear measurement, the detector was mounted out-
side the barrel. The reproducibility of the detector position from
measurement to measurement, a critical aspect of this technique, was
accomplished by a self positioning detector hulder. From 5 to 10 cm
of lead shielding was placed around the Nal scintillator to reduce both
room background and cross-talk between the three active spots. The
activity at each of the three positions was measured before any shots
were fired to establish a baseline for subsequent measurements. The
geometry of the barrel-detector system is also shown in Figure 3.

III. RESULTS.

Erosion wear measurements utilizing the radioisotope technique
were made on a 20 mm pressure barrel as well as on 37 mm nozzles.
The nozzle work is presented at this conf- 'nce by Richard Ward
et al. This report will deal exclusively with the 20 mm barrel work.

The first activity measurement was made after a single M55A2
round had been fired. No measurable loss in activity was detected
at any of the three activated spots. Next, a 1.0 round burst was fired
at 2 rounds per minute and 0.5 um of wear was measured at the origin
of rifling. No measurable loss was recorded at the two other acti-
vated spots. Subsequently, the firing program consisted of 10 round
bursts fired at 2 rounds per minute and one 50 round burst at the
same rate. Activity measurements were made after each of these ten
or fifty round bursts and the results are shown in Figure 4 for the
spot at the origin of rifling. Little or no wear was recorded at
either of the other activated spots.

A discussion of the results displayed in Figure 4 is in order.
Whenever two points are plotted at the same round number, it indicates
two independent activity measurements, usually separated by at least
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16 hours. The differences between any pair of points is indicative
of the instrumental uncertainties in the measurements and amount to
0.! pm or less. The following feature of the results should be noted:

1. From round 31 through 171, the data points lie on a straight
line indicating a constant wear rate per round of 0.023 um/round
(9 x 10-7 in/round).

2. Rounds 132 through 151 had nylon rotating bands but showed
no difference in wear from the standard copper bands used for all
other rounds in the experiment. Thus in the slow fire mode, it appears
that nylon rotatini bands do not reduce erosion wear as reported for
the fast fire mode . The implications of these data to the Army's
programs to reduce erosion in large caliber guns by use of non-metallic
bands are very significant. At the very least, more tests are needed
both in slow and fast fire modes with large and small caliber guns
before large scale development is started.

3. Rounds 172 through 181 were standard M55A2 rounds but the
projectile tips were coated with TiO2 wax. It appears that the TiO2
wax coating abraded the surface causing greater wear. The next ten
shots (182 to 191) were standard rounds and also showed a higher wear
rate. It is hypothesized that the abrasive TiO2 wax "cleaned" the
bore surface and that the subsequent rounds were eroding a "clean"
surface rather than one which contained an altered layer of oxides,
nitrides or whatever. Since the first thirty rounds also show higher
wear rates, it might be speculated that the original bore surface had
been clean, or at least was significantly different than the surface
layer left behind by the firing of the MSSA2 rounds. This hypothesis
also implies that the condition of the surface layers is a very
important factor in determining erosion rates. More definitive ex-
periments are necessary to test this hypothesis.

IV. CONCLUSION.

In conclusion, it has been shown that the erosion wear can be
measured in a gun barrel with a precision of ± 0.1 om compared to
± 25 Pm precision inherent in star-gauging measurements. The
measurements can be performed in-situ, without cleaning the bore
surface, and in a relatively short time. The usefulness of this
technique has been demonstrated by the measurement of wear due to
projectiles with plastic bands and TiO2 wax coatings. Plans have
been initiated to use this technique to measure wear in large
caliber guns. This requires the development of radioactive plugs to
be inserted into the bore surface. It is expected that this method
will permit more efficient and less expensive evaluation of gun tube
erosion wear characteristics.
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"END OF LIFE CRITERIA

J. S. O'Brasky and M. C. Shamblen

Naval Surface Weapons Center

ABSTRACT

A survey was made of the erosion "end of life" criteria which
are applicable to Navy V"/54 gun barrels, firing service propelling
charges, and projectiles. The controlling element of the erosion
"end of life" criteria for the 5"/54 gun system was the dud rate
allowable for the variable time fuze and not loss of velocity or1lI~ range performance. The influence of the projectile components design
(rotating band/gun barrel interfaces, ballistic dispersion and

•I icomponents, shock hardening of fuze, etc.) upon erosion "end of life"
criteria will be examined.
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BACKGROUND

In the course of the development of the EX 400 VT-lR Fuze/MARK
42 Rear Fitting Safety Device (RFSD) for 5"/54 ammunition it was
discovered that this combination was exhibiting a very high dud rate
(up to 100%) when fired from extremely worn 5"/54 gun barrels. Ex-
amination of the particular gun barrels in which the high dud rates
had occurred revealed that the 5" MARK 41/64/65 projectiles were
seating either at the origin of bore or in the wear cone, i.e., pro-
jectile seating distance of 99 to 114 cm (39-45 inches)* from the
breechface vice 89 cm (35 inches) typical of new guns. Instrumented
projectiles fired from similarly worm guns revealed that extreme
axial shock loadings were present, reference (a). These shocks
result from the engraving of the projectile's rotating band while
the projectile is traveling at about 30.48 m/sec (100 ft/sec). As
can be seen in Figure 1, taken from reference (a), the engraving of
the rotating band results in a projectile velocity change of about
9.14 m/sec (30 ft/sec) in 100 microseconds. Laboratory tests simu-
lating this shock revealed that the MARK 42 Rear Fitting Safety
Device CRFSD) (and all MARK 18 RFSD's) was being defeated. This
failure mode was confirmed by parachute recover tests. Similar high
shocks are known to damage and fail other projectile and fuze
components.

It was noted that the MARK 18 type RFSD is also used with all
MARK 73 VT-RF fuzes and that a similar dud problem should be ex-
pected in the fleet. Fleet firing experience, however, was con-
trary to this expectation. The fleet was exhibiting a reliability
of at least .91 at a 95% confidence level based on 1750 observed
rounds, reference (b). This discrepancy between fleet experience
and laboratory testing data was traced to the simple fact that since
the introducticn of NACO propellant into general use, fleet 5"/54 gun
barrels do not become worn to the same extent of the barrels used
in fuze acceptance and development testing which were worn by firing
the D305 (PYRO) propellant charges. Figure 2 is a histogram of the
wear state (bore enlargement at the origin) of all fleet returned
5"/54 gun barrels from 1970 to 1972. The level at which the high
fuze dud rate begins corresponds to a bore enlargement of at least
3.5 un (0.140 inches).

These experiences resulted in a detailcd review of the "end of
life" criteria, for 5"/S4 Naval Gun. The critical elements of
"erosion end of life" were examined and new criteria for 5"/54 guns
were established as reported by reference (c).

*Report written in soft metric. Original work and data taken in
English system.
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This investigation revealed that the projectile rotating band design
and its interface with the eroded gun barrel surface control the
erosion end of life (e.g., the band designs controls the number of
rounds that can be fired from a given gun barrel while maintaining
an "acceptable ballistic performance" by permitting either small or
large amounts of material to be removed from the gun bore surface.

The design history and consideration of various factors in ro-
tating band/gun chamber design for Naval guns is presented in
Appendix A. Appendix A material has been selected from a 1937 paper
by Carl F. Jeansen titled "Notes on Gun Chambers, Projectile Bands
and Accuracy Life of U. S. Naval Guns." Design of metal rotating
bands for Navy projectiles has remained essentially unchanged since
that time.

INTRODUCTION

Two different sets of 5"/54 "end of life" criteria are current-
ly applied to 5"/54 gun barrels. These sets, hereafter denoted
"fatigue criteria" and "erosion criteria" respectively, are com-
pletely different in content and intent. The "fatigue criteria" is
a safety restriction intended to prevent the structural failure of
the gun barrel in service. As such, it is completely independent of

the "erosion criteria" except in the sense that the erosion life
must be sufficiently great so as to make a barrel fatigue failure
possible. The "erosion criteria", in contrast, represents a minimum
standard of ballistic system operational performance. The specific
criteria under which a particular gun barrel is condemned depends
upon which situation arises first. A gun barrel must be condemned if

. it represents an unacceptable safety hazard or if it degrades the
ballistic system performance to the point that a real operational
incapability exists. For example, it is a common occurrence for
5"/54 gun barrels firing primarily NACO service charges to reach the
"fatigue criteria" while stibl exhibiting "new" gun ballistic per-
formance under the "erosion criteria."

This document is 4ntended to address only the "erosion criteria."
The "erosion criteria" consists of three elements as recognized in
reference (d):

,-U 1. Reduction in muzzle velucity

2. Fuze performance

3. Range dispersion
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The governing element is that element which occurs first. In
some cases, a product improvement may change the governing element.

At the beginning of the 511/54 MARK 42 gun mount evaluation in
1951, the following elements of the gun barrel "erosion criteria"
were established by reference (e):

1. The maximum allowable reduction in muzzle velocity due to
erosion was to be 108.23 m/sec (355 ft/sec).

2. The maximum allowable degradation of VT fuze performance

was to be an operability level of 30% normal (70% dud rate).

3. The exhibition of "excessive" range dispersion ("excessive"
was unspecified but usually taken as < .007, where D - absolute

R
mean dispersion and R= Average Range).

The fact that such fuze and velocity loss performance levels are
not responsive to the present operational environment should be ob-
vious, especially in view of single and dual gun installation on
present ships. (In Anti Ship Missile Defense (ASMD), an average
engagement will consist of four rounds/mount; a 70% dud rate means to
expect 3 duds.)

As a result of the formal barrel life test conditions and of the
low fuze performance requirements, the element of the "erosion cri-
teria" which controlled the condemnation of 5"/54 rapid fire gun
barrels was the reduction in muzzle velocity.

A detailed discussion of the nature of erosion in which consid-
erable attention has been directed toward the mechanism of erosion,
can be found in Appendix A of reference (c). Reference to this
report may be necessary so that an adequate background can be avail-
able for the discussion of the manifestations of erosion which affect
the performance of the ballistic system. Figure 3 is a plot of bore
enlargement versus position for a worn gun as obtained from ref-
erence (c). Now consider the projectile-gun barrel interface.
Figure 4 shows a schematic of the rotating band gun interfacing of
a 5" MARK 41 projectile seated in a new gun. Figure 5 shows a sim-
ilar schematic of the same projectile in a worn gun. Figure 5 shows
the interface in a badly worn gun. Note that the projectile seating
distance has changed considerably. Also note that in both worn gun
cases, the distance between the point of first contact and full rise
of the rifling is considerable, ;.e., the projectile will obtain a
significant velocity prior to engraving the rotating band. Note
also that in a worn gun, the projectile can become cocked in the bore.
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The effect of each of these manifestations on the "erosion criteria"
will be discussed later.

From a review of Figures 3 through 6 and the Appendix A, one can
easily understand how the rotating band interface with the gun bore
determines the projectile seating location. Projectile seating
distance (location) from the breech face controls many of the key
ballistic parameters as discussed below.

The sources of the data presented herein are formal gun barrel
life tests, velocity chocks on fleet returned gun barrels, gun mount
reliability tests, fuze acceptance tests, and fuze development tests.
Table 1 contains a summary of the major data sources.

GUN BARRELS

It has become customary in the preparation of Velocity Loss
Tables to treat each different gun barrel designation as a separate
design requiring separate calibration tables. Thus, in 01) 1182,
reference (f), velocity calibratiop. tables are included for the S"/54
MARK 16 MOD 0, 5"/54 MARK 18 MOD 0, and 5"/54 MARK 18 MOD 1 gun
barrels firing SPD (PYRO) propellant and for the 5"/54 MARK 18 MOD 1,
5"/54 MARK 18 MOD 3 and 5"/54 MARK 19 MOD 0 gun barrels firing SPCF
(NACO) propellant. Calibration tables for the 5"/54 MARK 18 MOD 4,
5"/54 MARK 18 MOD 5 and 5"/54 MARK 19 MOD 1 gun barrels have not
been issued because of limited data. 'he addition of the 5"/54
MARK 19 MOD 2 gun barrel and developmental rounds makes the task of
developing calibration tables in the customary manner both arduous
and expensive (16 and eventually 24 combinations of barrels and ser-
vice rounds). Indeed, it is evident that only the use of velocity
checks on fleet returned gun barrels makes the process at all poss-
ible, the formal barrel life test procedure being so expensive as
to be prohibitive.

As detailed in reference (c), the nature of erosion damage
and similarity barrel designs enabled the combining of the wear
of velocity loss date for the 5"/54 gun barrels. Thus, the only
two barrel "designs" which need be considered in 5'1/54 erosion data
are the following:

Type A - 5"/54 MARK 16 MOD 0 gun barrel

Type B - 5"/S4 MARK 18 MOD 0, MARK 18 MOD 1, MARK 18 MOD 3,
MARK 18 MOD 4, MARK 18 MOD 5, MARK 19 MOD 0, MARK 19 MOD l and
MARK 19 MOD 2 gun barrels,

It should be noted that each propellant type must be considered
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separately in each service propelling charge configuration. This

means that now, instead of 16 combinations, we need deal with four,
of which only two (full service NACO propellant and Type B barrels)
represent 99% of the fleet requirement. The effects of reduced
charges and rate of fire will be discussed later.

REDUCTION IN MUZZLE VELOCITY

The principal element in the "erosion criteria" for 5"/54 gun
barrels has been "velocity loss" or the manifestation of erosion
which leads to a reduction in muzzle velocity. The operational
impact of velocity loss is principally a substantial reduction in
maximum range capability. A velocity loss of 108 m/sec (355 ft/sec)
is a reduction in maximum range of the 5"/54 gun system of about
3486.2 meters (3800 yards).

For any conventional ballistic system, the muzzle velocity
depends upon the following:

1. The expansion ratio - the ratio of total gun volume to
chamber volume

2. The charge to projectile weight ratio

3. The thermochemical characteristics of the propellant

4. Bore resistance

S. lgnition action

We fix items 2, 3 and 4 for a specific service gun and complete
round. This means, in essence, that the propellant granulation,
thermochemistry and the projectile weights and propellant energy
are held constant. As the gun wears, however, the expansion ratio
changes due to the fact that the projectile seats farther down bore
as described earlier. This effect results in an increase in chamber
volume,a decrease in projectile travel, and a decrease in expansion
ratio, all of which results in a muzzle velocity (and peak pressure)
reduction. According to reference (d) and as observed in reference
(g), this change in initial projectile seating position is the prin-
cipal cause of velocity loss. Bore resistance and ignition variation
explain most of round-to-round muzzle velocity variation, reference
(h), but have only slight effect upon the average velocity level.

The "acceptable" muzzle velocity reduction level of 77.7 m/sec
(255 ft/sec) for 5"/54 rapid fire guns established by reference (e)
must be considered in the context in which it was established. The
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5"/54 MARK 42 gun mount was originally designed as an anti-aircraft
weapon. The surface-to-surface maximum range capability of the MARK
47 MOD 3 computer was only 18,440 meters (20,100 yards) as compared
to the 23,853 meters (26,000 yards) maximum range capability of a
new 5"/54 gun. The range of muzzle velocity input for this computer
was t76.2 m/sec (±250 ft/sec)or a total of 152.4 m/sec (500 ft/sec),
reference (h), which is much greater than 108 m/sec (355 ft/sec)
allowed for velocity loss. In its primary anti-aircraft role, the
allowable velocity loss hardly affected the solution so long as the
mean muzzle velocity was known. Thus, muzzle velocity calibration
capability was important for both surface and anti-air combat roles.

Four muzzle velocity calibration techniques have been authorized
for use on 5"/54 gun barrels at various times. The fourth technique
(projectile seating distance gauge) is presently being implemented.
Three techniques are based upon predicting the muzzle velocity per-
formance of a gun barrel firing a particular complete round by means
of measuring some critical dimension in the worn gun tube1 .

The four methods of muzzle velocity calibration using erosion
parameters are the following:

1. Muzzle velocity correlation with number rounds fired

2. Muzzle velocity correlation with the bore enlargement on the
lands at the origin of bore

3. Muzzle velocity correlation with a Bore Erosion Gauge Reading
4. Muzzle velocity correlation with Projectile Seating Distance

L
'At thispoint, i-'•i-'uld be noted that the actual measurement of
muzzle velocity by doppler radar velocimeter is well developed as an
instrument technique. The velocimeter can be used in an appropriate
digital filter to significantly reduce velocity bias errors such as
result from charge assessment, bore erosion, and other ammunition lot
anomalies. Its use to isolate wear measurement via the velocity loss
technique is not feasible because of the other variables (for example,
charge assessment) in its total output.
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As discussed in detail in reference (c), each of the first three
methods have significant disadvantages and/or errors which are
greatly increased by such operational aspects as reduced charges
(firing at less than full muzzle velocity) rate and duration of
fire, different firing history of calibration and service gun
barrels and charges in propellant type and peak pressure (see
Figures 7 and 8).

It was established that at least two erosion parameters existed
which may be effectively used to establish muzzle velocity cali-
brations (see Figures 9 and 10) in worn guns. These erosion param-
eters are the bore enlargement at origin of bore and the projectile
seating distance. They are really indicators as measures of a common
interior gun ballistic parameter-chamber volume. The accuracy of
the calibration based on these parameters is such that a probablc

error in velocity estimation of 3.65 m/sec (12 ft/sec) may be ex-
pected. The calibration curve using either parameter will be inde-
pendent oE the previous firing history of the gun barrel being cal-
ibrated. Both calibrations will, however, be sensitive to the
quickness of the propellant of indices other than the Master Index,

? i.e., if the muzzle velocity versus wear parameter curve of the
Master and test propellant lots are not identical. This deviation
along with powder assessment errors will appear when the test lot is i
issued to the fleet. An example of this effect is shown in Figure 11.
"Velocity quickness" can be compensated for by a table of differentials
such as was issued for the 5"/38 SPD indices; however, generation of
such data is very expensive and for propellant of some nominal im-
petus is probably not necessary.

FUZE PERFORMANCE

The originally specified standard of VT-fuze performance was

30'% normal functioning, i~e., 70% dud rate when fired from the 5"/54
MARK 18 gun barrels in the 5"/54 MARK 42 gun mount. According to
reference (e), the average level of VT-fuze performance achieved over
the" life of the gun barrel in the early barrel life tests was Sl%
normal with extreme values ranging between 15% and 95% normal. Such
a VT-fuze performance standard is, of course, unacceptable in the
present operational environment.

The probable application of VT-fuze rounds under present
conditions is in the anti-shipping missile defense role (ASMD).
The typical engagement time in this role is 30 seconds, with one
weapons station engaged. The maximum number of 51/54 rounds fired
in the ASMD engagement will vary according to gun mount design, but
will not exceed 15 for the MARK 42 gun mount or eight for the MARK
45 gun mount. With such limited number of projectiles being fired,
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the VT-fuze reliability must be very high (at least 85%) if there
is to be any semblance of an effective defense. The realization
that dud rates as high as 85% could be expected from all fuzes
using the MARK 18/MARK 42 RFSD under certain barrel erosion con-
ditions was, therefore, alarming.

The mechanism by which the MARK 18/MARK 42 RFSD is defeated
was discussed in some detail in the Background section of this
paper. It was apparent that, while the dud rate encountered was
directly related to the wear state of the gun barrel, the precise
relationship was none too obvious. Figure 12 is a plot using
development and acceptance test data of Percent Duds versus Bore
Enlargement on the lands at the origin of bore. As can be seen, the
extreme boundary of the dud rate envelope remained at less than 10%
up to a bore enlargement of 3.04 mm (0.120 inches). The average
dud rate exceeded 15% at a bore enlargement of 3.55 mm (0.140 inches).
it should be noted that this average dud rate occurred in a gun barrel
(5"/54 MARK 18 MOD 1, S/N 16838) which was worn with PYRO propellant
in cold gun firing and that this condition is not detoctibly diff-

~1 erent from a worst case NACO fleet fired profile. It should also be
4: noted that as control of projectile seating distance is lost at a

bore enlargement of 4.82 mm (0.190 inches) to 5.08 mm (0.200 inches),
i.e., the projectile seats in the erosion slope, the percent dud ratevaries between 0% and 100% in startling fashion. Obviously, the bore
cnlargement, while serving as a reasonable screening parameter, is
not adequate to predict the dud rate.

As detailed in reference (c), an analysis of variance was con-
ducted on 34 gun wear conditions represented by the six-barrel and
924-round sample. Twenty-six variable distances to various dianeters
in the erosion cone and average slopes between these diameters were
considered. The objective of the analysis was to determine which
variables were significant contributors to the dud problem. If any
of the variables were significant, then it could be concluded that
the detailis of the engraving process were controlling the dud rate
as already indicated by experimental shock measurement.

T 'lle analysis of variance resulted in the identification of
three variables which account for 71% of the dud rate variation and
have obvious physical significance as explained in reference (c)
as follows:

"The largest contributor is the distance between the 5.200"
and 5.120" diameter in the gun barrel. This parameter represents
the "free run" distance and is an indicator of the projectile velocity
obtained just prior to the beginning of the engraving process. The
significance of the two diameters can be seen from Figure 18*, the

*Fig~ur~e13 o? this paper.
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rotating band configuration. Initially, the projectile is seated
on the high lip (5.200" diameter). On firing, this lip squeezes

down under relatively little force. The maximum diameter of the
bulk of the band is about 5.120". Thus, when the projectile ro-
tating band reaches this diameter in the gun barrel, a shock occurs.
The "free run" distance accounts for 39% of the variation in dud

rate.

The second most significant variable is the average slope
between the 5.120" diameter and the 5.100" diameter, which accounts
for an additional 18.3 percent of the variation in dud rate. This

variable physically represents the rate of plastic flow of the band
material prior to the cutting of the rifling indentation in the band.
Note that the maximum depth of the rifling grooves is 0.100" dia-

metrally and that in a worn gun, this depth is achieved in a gradual
slope. The swagging of the rotating band from 5.120" diameter to
5.100" diameter absorbs a considerablc amount of energy and con-
tributes to the duration of the shock loading.

The final major contributor is the distance between the
5.200" diameter and the 5.050" diameter; i.e., the distance to the
point at which 50 percent engraving is achieved together with the
"free run" velocity during engraving. This variable explains 14.9
percent of the variation in dud rate."

Table 2 contains the prediction model for dud rate in nine
variables. Using this model, an estimate of the dud rate within

+l3*0, of the MARK 18/MARK 42 RISD may be made based on five barrel
measurements. This model accounts for 86% of the variation in
MARK 18/MARK 42 RIUSD dud rate.

RANGE DISPERSION

The final element in the "erosion criteria" is range dis-
persion. No Navy standard of acceptable range dispersion level

has been established although a mean absolute dispersion level is

used in projectile body acceptance testing, as given below:
U

S E= E Ri-R < .007
K i~

where: Ri = the range of the observation
R the average range
n = the number of observations
DI absolute mean dispersion
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i The Army uses a standard of

Range PE < .0027
R

where: PE = probable error
K = average range

A typical set of U. S. Army data can be seen in Figure 14 from
reference (i). Note that the range probable error is equal to
.6745 Range Standard Deviation.

"Two elements enter into the range standard deviation as sources
of variation attributable to the erosion state of the gun barrel:

1. Random variation in muzzle velocity due to random variation
in projectile seating distance.

2. Random variation in initial projectile yaw angle due to in-
bore projectile dynamics. This action, if present, produces muzzle
erosion and projectile body engraving.

Figures 15, 16 and 17 (from reference (c)) are plots of range
standard deviation versus range for three different levels in muzzle
velocity standard deviation at constant muzzle velocity for 5"/54
MARK 41/MARK 61/MARK 64/MARK 65 projectiles assuming a 0'0 standard
deviation in ballistic coefficient and a 2.4 minutc standard devi-
ation in initial launch angle. The muzzle velocity levels chosen
were 807.4 m/sec, 762.2 in/sec and 701.2 m/sec (2650 ft/sec, 2500
ft/sec and 2300 ft/sec). The range standard deviation at each
muzzle velocity level is approximately constant at each level of
muzzle velocity standard deviation. Thus, as can be seen, the muzzle
velocity standard deviation is the dominant factor in the range
standard deviation. Any increase in the muzzle velocity standard
deviation due to gun erosion conditions will result in increased
range standard deviation.

The second contributor, increased angle of initial yaw, re-
sulting in increased range dispersion and occasional short rounds,
seems to be absent in the 5"/54 gun system. The contribution seems
to arise from improper centering of the projectile in the gun bore,
and it is to this cause that the increase in range probable error
with erosion seen in U. S. Army guns is attributed. Apparently, the
excellent design work in the development of Naval projectiles and
the use of the high lipped nonfringing rotating band, introduced in
1928, reference (g) has prevented this problem area.
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"i>e only effect expected to produce an increased range
standard deviation in 511/54 service ammunition is the variation in

projectile,seating distance due to projectile seating on a shallow
erosion slope (OBE* > S.08 mm (.200")). This variation in pro-

jectile seating distance has been observed in PYRO worn guns to be
as large as 76.2 mm (3") and to average 25.4 mm (1"). This situ-
ation introduces a random variation in velocity, having standard
deviation as large as 2.1 m/sec (7 ft/sec) and averaging 0.61 m/sec
(2 ft/sec) provided that the rotating band high lip tolerance is
normally distributed. Table 3 contains the effect on velocity
standard deviation of this situation.

If the rotating band high lip tolerance is not normally dis-
tributed, but rather slowly varies through a projectile lot from
the minimum level to the maximum level, then for the limited number
of rounds taken from a single lot to be used for an "erosion check"
on a gun barrel, no effect will be noted. There is some evidence
that this is what has happened in many NWL firings.

On the other hand,, if by some accident, two sets of projectiles,
one at the upper and one at the lower limit of the high lip band
tolerance, were fired from the same worn gun (OBE > 5.08 mm (.200))
in a fleet firing, then two overlapping normal distributions would
result. The average difference between means would be 4.5 m/sec
(15 ft/sec) and the maximum difference between means would be 13.7
w/sec (45 ft/sec). Table 4 contains the effect of such a situation
on velocity standard deviation.

SUMMARY AND CONCLUSIONS

General - For the purposes of establishing "erosion criteria",
the S"/54 MARK 18 MOD 0, MARK 18 MOD 1, MARK 18 MOD 3, 1A4RK 18 MOD 4,
MARK 18 MOD 5, MARK 19 MOD 0 and MARK 19 MOD 1 gun barrels may be
safely considered a single design. The curves of muzzle velocity
versus projectile seating distance and muzzle velocity versus bore
enlargement are identical for each gun barrel firing the same com-
plete round. The following results are summarized by the three
elements of the "erosion criteria."

Reduction in Muzzle Velocity. The operational impact of
velocity is principally a substantial reduction in maximum range
capability. As presently allowed, a velocity loss of 108 m/sec
(355 ft/sec) is a reduction in maximum range on the 5"/54 gun systems
of about 3486.2 meters (3800 yards).

*Origin Bore Enlargement
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Table 3

"VELOCITY STANDARD DEVIATION
EFFECT OF RANDOM SEATING AND POWDER

avs m/sec (ft/sec)
__•_ .=M -7*.1 (7)

ov m/sec (ft/sec)

1.8 (6) 1.92 (6.3) 2.80 (9.2)

3.6 (12) 3.72 (12.2) 4.24 (13.9)

5.4 (18) 5.52 (18.1) 5.88 (19.3)

ovP = standard deviation in velocity due to powder

•vs = standard deviation in velocity due to projectile seating

rv = standard deviation in velocity
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Table 4.

VELOCITY STANDARD DEVIATION EFFECT
OF EXTREME DIFFERENCES IN SEATING AND POWDER

tAV m/sec (ft/sec)

qvp 4.6 15) 13.7 (45)

av m/sec (ft/sec)

1.8 (6) 2.59 (8.5) - i9 (8.5)

3.6 (12) 5.18 (17.0) 5.18 (17.0)

5.4 (18) 7.80 (25.6) 7.80 (25.6) ,

ov = standrrd deviation in velocity

a = standard deviation due to powder ii
AV = difference in velocity mean due to extreme seating
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The best muzzle velocity calibration technique based uponerosion measurement is the correlation based upon projectile
seating distance which is controlled by projectile rotating band
design.

The percent of allowable bore enlargement for various rotating

band designs is shown in Figure 18 for typical Navy and Army gun
systtems.

VT Fuze Performance. The dud rate experienced in de-

vclopmental and cceptance testing of VT fuzes equipped with MARK
18/MARK 42 RFSD is definitely the result of shock loading generated
during the engraving process in worn gun barrels. This dud rate is
sufficiently severe to constitute a new "erosion criteria" for
S"/S4 MARK 18 and MARK 19 gun barrels. Dud rates of other fuzes are
not known; however, laboratory data indicate that all fuzes are shock
sensitive. However, a recent product improvement program for the
RFSD has demonstrated acceptable performance when fired in guns more
severely worn than those of this study.

A nine-variable linear algebraic model based upon five barrel
erosion measurements fallows the prediction of the MARK 18/MARK 42
RFSD dud rate. This model explains 86% of the dud rate variation
and has a probable error of 13%. Three variables in this model
dominate, explaining 72% of the dud rate. Each variable has a sig-
xificant physical interpretation.

RangeDispersion. For the 5"/54 service round, range
dispersion is dominated by the muzzle velocity variation. The
only situation in which erosion state influences this variation is
for an extremely worn gun (bore enlargement greater than 5.08 mm
(0.200") when the projectile is seating on the erosion slope andthe rotating band high lip diameter varies.

No evidence can be found in the 5"/54 system for an increase

in range standard deviation due to the effects of either in-bore
ballotting affecting the initial launch angle, or the projectile not
obtaining sufficient spin for stability or stripping of the rotating
band. Rotating band fringing had been eliminated by design by
undercutting the space behind the band lip.
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CANNON WEAR
SINGLE SHOT TESTING METHOD

Edward Wurzel
US Army Armament Research G Development Commard

Large Caliber Weapon Systems Lab., Energetics Application Branch

Gun wear presents a major logistic problem and historically

efforts to improve cannon life have been thawarted. In the main, in

order to establish the effectiveness of any approach it was necessary
that extensive, expensive, and time consuming gun tests be conducted.
A gross technical penalty resulted that limited the evaluation of new
design concepts. This in turn stagnated studies to establish the
mechanism of cannon wear.

Until recently, the high performance tank weapons were the main
target regarding cannon wear studies and the wear problem for tank
systems are well in hand. Artillery systems historically did not
present cannon wear problems. Artillery weapons were characteristic-
ally low performance systems for which low energy cool propellants
could be used. Such systems had cannon lives in excess of 10,000
rounds. On the other hand for tank weapons a cannon life of 1000
rounds is considered excellent.

Advanced artillery weapon systems of recent vintage no longer
are blessed by the desired extensive cannon life. The newer artil-
lery systems are often referred to as "Gun Howitzers" and have the
following characteristics:

a. The weapons are more like guns.

b. The performance levels are high and require high energy
propellant having high flame temperatures.

c. The cannon wear rates are very high.

The cannon life of the various fielded artillery weapons can be
seen in Table I. In each case, with the exception of the M119 charge,
wear reducing additives are required to achieve even modest cannon
life. Although the cooler M6 propellant can be expected to provide
greater tube life (even without additive), it is apparent that in the
175MM, M107 Weapon firing the M86 charge (M6 Propellant with additive)
induces a relatively high wear rate. Another anomoly is noted with
regard to the M203 (Z8) and XM20lE2 (Z7) for the 155M1 Howitzer,
XM198. With the exception of the ignition train they are similar,
in, that, each charge contains M30AI propellant and each has titanium
dioxide/wax wear reducing additive (see figures 1 and 2). The
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comparative tube life of these charges is contrary tc, expected per-
formance, in that the higher performing M203 induces a lower wear
rate than the XM201E2 charge. In addition, the XMI19E4 and the
XXM201E2 also with the exception of the ignition train are essentially

SIthe same design and provide the same ballistic performance, and yet,
the tube life with the XM201E2 charge is approximately 55% of that
achieved with the XM119E4 charge. The comparative wear induced by
the M188 and M188E1 charges for the 8" MI1OE2 Howitzer, on the other

hand, follows expected performance.

In sumary there is no clear cut definition of the factors which
induce tube wear and many are the postulations.

As evidence from the data just presented the following questions
are posed:

a. Why is tube life higher with the M203 than for the XM201E2
charge?

b. Why was wear greater with the XM201E2 than the X1419E4?

c. What design modifications are required to achieve decreased
tube wear with the XM201E2 charge?

In order to answer these questions rapidly and inexpensively an
analysis method based upon a single shot technique was needed. This
need was recognized several years ago and Calspan under contract to
Picatinny Arsenal developed a method which use wear sensors in the
form of probes. (Figure 3).

The wear sensors have a highly polished surface on one end con-
taining calibrated indentations called Knoops. The sensor is
assembled into the gun wall and the polished surface is precisely
oriented to be coincident to the inner surface of the tube (see
figure 4).

Figure 5 is a view of the surface of a typical wear sensor before
and after firing five shots. In this case the charge used was the
M201L2. A notable change in the definition of the knoops is observed
after firing.

Although it is not possible to correlate the data generated with
wear sensors to actual gun life. it is viewed as an excellent quanti-
tative method for determining the relative performance of charge
design iterations. This method was applied to the XM201 charge using
the performance of the M119 charge as the reference.
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FIGURE 3

WEAR SENSOR POSITIONED IN CANNON WALL

"ALIGNMENT POINTER

TUBE O.D.

t/

[I

SENSOR ADJUSTMENT SCREW

SENSOR HOLDER
(0.196 iN. DIA.)

RIFLING-- SENSOR (0.125 iN. OWA.)
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The design iterations included variations in:

a. Ignition trains.

b. Propellant types.

c. Type, amount geometry and orientation of the wear reducing
additive.

In all, 34 iterations of charges were evaluated (Table 2).

Table 3 singles out the relative wear of standard and experi-
mental charges used in the 155MM Howitzer XM198. While Table 4
addresses results obtained with the various XM201E2 modifications.
Discussion on the results of wear at a location which is coincident
with the origin of rifling, follows:

(1) The rating of the vai:ious standard and some experimental
charges using the wear sensors correlate quite well with the perform-
ance of these charges in extensive gun firings. The M4A2 and M119
exhibited the least sensor wear (less than 5 microns) and the respect-
ive tube life with these charges are 25,000 and over 5,000 rounds.
On the other hand, the XM203E2 and XM201E2 which exhibited higher
sensor wear (5-10 and 30-40 microns respectively) for 5 round groups
also when fired in conventional cannon exhibited cannon lives of 1800
and 1200 rounds respectively.

(2) Tests conducted with the various XM201E2 charge modifications
were rated against the pcrformance of the M119 charge using the single
shot wear sensor technique. The sample size for each modification
was 5 charges. Table 4 lists 19 iterations in the order of least
wear.

It is apparent when comparing these iterations with the M119
charge that none did as woll except for the one which used silicone
ablative. This design option is one which could not be readily
adopted because of constraints on time and dollars which would be
required to engineer a practical method for achieving a configuration
that could be efficiently handled in field use.

The results indicate other charge design modifications which
were appreciably better than the XM201E2 charge (5-10 microinches
compared to 30-40 microinches) by a factor of 4 to 6. The analyses
indicated, as expected, that the use of cooler propellants (M15,
Tv - 2590 0 K and M6 TV = 2500 0 K), offers a means of improving wear.
These options also would require an extensive engineering design
cycle which would require a large dollar conmmitment.
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TABLE I

ARTILLERY WEAPON SYSTE14S

CANNON LIFE

STANDARD & DEVELOPMENTAL

WEAPON PROPELLANT ADDITIVE TUBE LIFE

175MM, M107 MG X 1200 ROUNDS

M86A2 CHARGE

8" M11OE2

M188 (Z-8) M30AI X 3000 ROUNDS

M18BE1 (Z-9) M30A1 X 1500 ROUNDS

155MM M1409/MlgS

M119 M6 NONE 5000+ ROUNDS

X1419E4 M30AI X 2100 ROUNDS

M203 (Z-8) M30A1 X 1800 ROUNDS

XM201E2 (Z-7) M30A1 X 1200 ROUNDS

[
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XM201E2 CHARGE ITERATION,$_-
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TABLE2

, j STANDARD CHARGES
RELATIVE EROSION PERFORMANCE

EROSION

SERIES CHARGE TYPE MICRO INCHES

0 STD M4A2 <5
5* STI) MI1)9 5
8* STD XMI19E4 5"110 I

26, 27., ;4 STD XM201E2 30-40
9* X•111gE4 NO LINER (10

25 UK CHARGO POLY LINER
22 STD XM203E2 5-10 I
23* STD XM208 00-120

24* X14208 NO LINER 150-200

*LESS TMLUN 5 SHOTS; BEST EXTRAPOLATION OF EQUIVALENT 5 SHOT EROSION J
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TABLE 4

XM20LE2 NODIFTCATIONS
RELATIVE EROSION PERFORMANCE ()

SERIES EROSION

19 SILICONE ABLATOR 0-5

3* M15 PROP., NO LINER > 5
30 M15 PROP. + SPOT BASEPAD COPPERED
31 M6 PROP. + SPOT BASEPAD 5-.10
29 SPOT BASEPAD 5-10
33 SPOT BASEPD DOUBLE LINER 5-10
15 DOUBLE' LINER 5-10
28 BLK. PWD. BASEPAD 5-10
32 BLK PWD. BASEPAD, DOUBLE LINER 510

4 N6 PROP. NO LINER (2) > 15
13 LINER FLAPS 15-20
14 JACKET LINER 30-40
17 LINER IN CHAMBER 30
27 STD. 30-40
26 STD. 30-40
34* STD.

18* POLYURETHANE LINER 30-40
20 55% TiO2 LINER 40

2* NO LINER 50

(1) Sample Size 5 ShotL
(2) *Less than 5 Shots; Best Extrapolation of Equivalent 5 Shot Erosion
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The most readily achieved design modifications are represented
by series No. 29 and 33. In series No. 29, the addition of a small
supplementary charge of black powder in the base ignition pad reduced
the wear (in a five round group) frcs 30-40 microinches (series 27
and 26) for the XM201E2 to 5-10 microinckhes (series 29). A similar
improvement was achieved with a further modification where the quant-
ity of additive was doubled. These results were quite enlightening
since they indicated that the effectiveness of the additive was highly
influenced by the ignition process.

In selecting a design iteration of 0the X201E2 for further full
scalE, engineering evaluation, a charge with redundent features was
selected, that is, series 30.

This charge configuration in full scale gun tests resulted in a
significant reduction in cannon wear rate, in that:

(1) The indicated cannon life with the XM20lE1 charge was in-
creased from 1200 rounds to over, 3000 rounds (estimated life 3500A rounds).

(2) The modified XM20lE2 charge (series 30) would approach the
5000 life level of the M119 charge but would not achieve the perform-
ance of the latter.

Determination of wear by the single shot technique as a diagnos-
tic method for determining the relative merit of charge designs
against a known reference has been established. It is highly recom-
mended as a development tool in the assessment of the wear potential
of charge.

The work report in this paper was a joint effort of Large Caliber
Weapon Systems Lab and BRL of ARRADCOM and the CALSPAN Corp (under
government contract DAAA-21-7s-C-0709).

A more detailed presentation of this work is contained in
CALSPAN TECHNICAL REPORT NO. VL5337-D-1.
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ESCA STUDY OF EROSION OF METALS BY GUN PROPELLANTS

J. Sharma

Energetic Materials Division
U.S. Army Armament Research and Development Command

Dover, N.J. 07801

Abstract

A comparative study of erosion in Gun Steel #4340, Stainless
Steel #303, MetGlas #2826A and gold has been conducted by applying
the technique of Electron Spectroscopy for Chemical Analysis (ESCA).
ESCA examines the debris left on the reacted surfaces and indicates
what changes in the various atoms of the metal surface have taken
place, even to the level of a monomolecular layer. The metals were
exposed to burning gases of HMX and nitrocellulose. The corrosive
action continues for days after the exposure of the metals to the
burning propellants. MM is found to be more reactive. The magni-
tude of the reaction of the metals studied followed the order in
which the metals have beeui listed above. Steel #4340 has been found
to be most reactive. The fact that MetGlas, having amorphous glassy

structure, reacted least indicates Lhat the microstructure of the
metal plays an important role. Of the various atoms on the surfaces,
Ni and Fe readily changed to oxides, nitrides and carbonyls. The
chromium atoms on Stainless Steel and MetGlas showed maximum resis-

tance to corrosion.

Introduction

The problem of gun barrel erosion is essentially as old as the
gun barrel itself, but in relation to other problems, it has sur-
faced at various times with different degrees of importance. Also
the problem is very often specific to a given gun system. The
recent push for higher muzzle velocity, accuracy, and range has
generated demands for more powerful propellants which are associated
with greater erosion, so that the lifetime of the gun tube is
limited more by erosion than by fatigue. Also the demand for low
vulnerability propellants has drawn attention towards nitramine
based formulations and although these yield lower flame temperature
yet are allegcýd to cause greater erosion. The attempted solution
to the problem spreads over various degrees of sophistications
ranging from ad hoc additives like waxes (Ref 1), polyurethanes
(Ref 2), silicones, sand, (SiO ), Talc (Ref 3), Tio (Ref 4,5,6) etc.
on the one hand, to the comple~e reorientation of tLe problem by
using plastic rotating bands and electroplating of the gun tubes
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with chromium (Ref 7) metal. Somewhere in between there are pet
theories of gun barrel erosion, which have given rise to the various
approaches and ad hoc solutions. It might be noticed that in various

gun systems all the aspects of performance are stretched to the
highest optimization, so that change of one parameter can lead to
many adverse effects. So far only very limited efforts have been
made to scientifically understand the problem and to finding techno-
logical solutions. It is estimated that in badly behaving guns
microns of material are removed from the inner surface of the gun
tube, during each firing. Probably the erosion consists of two over-
lapping steps, one involving the reaction of the gun surface with
the hot and chemically reactive gases of the propellants, the other
involving the removal of the loosened material by friction of the
gas and the projectile.

The present paper focuses on the first problem. It addresses
the following questions:

1. Do the decomposition products of the propellants undergo
chemical reaction with the gun tube, at the temperatures and
pressures generated in the guns?

2. What distinct rolev in erosion are played by the various
ingredients like nitrocellulose, nitroglycerine, nitroguanidine,
HMX and RDX, etc.?

3. Do decomposition products like nitroso derivatives, nitra-
mine ring polymers and NO2 type molecular debris play an important
role in the reaction?

4. What are the final relative ratios of the products of
reaction e.g. oxides, nitrides and carbonyls of the metals?

5. What.-role is played by the microstructure of the steel?

6. Do the different component atoms of the steel on the
surface have varying participations in the reaction?

So far, in thic paper, the results of a preliminary study using Elec-
tron Spectroscopy for Chemical Analysis (ESCA) are being reported.
It is planned that the ESCA study will be supplemented by Auger
Electron Spectroscopy (AES) and Scanning Electron Microscopy (SEM)
studies. Also it is planned that the ion peeling technique and
depth profile studies will be exploited for quantitative erosion
measurements. Once the relative role in erosion of various compo-
nents of the propellants is understood, such a study may provide
some guidance in the formulations of suitable propellant mixtures.
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Also a better understanding of the erosion problem may lead to a

new solution of the problem.

Experimental

The ESCA spectra were recorded with a Varian IEE-15 (Ref 8)
photoelectron spectrometer using Mg anode, giving characteristic
K-line at 1253.6 eV. The analyser was run at 100 volts yieýding a
resolving power of 1.5 eV. The spectrometer was run at 10 mm of
1g. pressure. The spectra were calibrated internally using the
carbon is line at 285.0 eV. arising from the contamination hydro-
carbon line found on all samples. In the preliminary study reported
here, the metal cylinders machined from gun Steel #4340, Stainless
Steel #303, ribbons of Allied Chemical MetGlas #2826A and from pure
gold were used to provide a broad comparative basis. These speci-
men were exposed to burning propellants in calorimetric bombs where
estimated temperatures of about 2500 K and pressures in the range
of 10,000 psi were generated. The specimen surfaces were studied
with ESCA technique betore and after burning.

Results

The ESCA study has revealed the following facts.

1. Of the metals studied gun steel #4340 exhibited maximum
reaction of the surface. Stainless steel showed lesser reaction.
MetGlas #2826A exhibited least reaction, if the ribbons were in
contact with the walls of the calorimeter. Gold hardly showed any
reaction.

2. The corrosion process continued for days after the metals

had been exposed to the burning gases.

3. The ls N spectra of the debris left on the specimen showed
the presence of the decomposed products of the two propellants used.
On washing the specimen with acetone the unreacted debris could be
removed but the reacted part remained chemi-absorbed. HKX left its
ring polymer with most of the NO2 limbs missing, on the other hand2
nitrocellulose left its nitroso products. Thus there is evidence
for different reactions taking place in the two cases.

4. The Is spectra of C, N and 0 on the specimen also revealed
that carbonyls, nitrides and oxides of the metals are produced.

5. The spectra of Fe, Ni, Cr, P and B showed that after burn-
ing the atoms of Fe and Ni were no longer sc.-n in metallic state

within the sampling depth of the technique. The chromium atoms on
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stainless steel and on MetGlas still partially showed up in metallic

state. The reacted chromium atoms showed up in two different oxida-tive states. The P and B atoms on MetGlas showed partial oxidation.

Discussion

Taking into cons~deration the two facts that the sampling depth
of ESCA is 15 A ( 10 inches) and that the chromium atoms still
show metallic nature after firing, it can 1e concluded that the
erosion of chromium atoms is less than 10- inches deep. In other
words, if any other complication did not crop up, chrouiium surface
could be expected to give a life of 10 million firings. Thus a
push in.the direction of using chromium as a protective coating on
the inside of the gun tube has good prospects of success.

The fact that MetGlas showed most resistance to erosion leads
to the belief that the microstructure of steel does play a very
significant part in the erosion process.

The above mentioned results also show that the ESCA technique

looks very promising for investigating the chemical aspects of gun
barrel erosion problem in details. Combining this with Auger
Electron Spectroscopy and Scanning Electron Microscopy is likely to

yield useful results. Also by collecting the exhaust gases and
debris from the gun firings and examining them with these techniques,
can identify the products removed from the surface and thrown out-
side the gun.
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Fig. 1. Schematic representation of an ESCA instrument in which
x-rays of known energy are made to shine on a specimen and the
kinetic energy of the photoelectrons is measured in a magnetic or
electrostatic analyser. Einstein's photoelectric equation is used
to measure the binding energy of all the accessible occupied
electronic levels. The core level spectra identify elements and
show oxidative states.
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Fig. 2. The Is N spectrum of RDX (a) showing two peaks due to
the nitrogen in1(te ring and NO position (left peak), (b) in RDX
photolysed for 15 seconds, showing decrease of the left peak due to
breakaway of NO limbs, (c) photolysed RDX for 4 hours, (d) in RDX
5UZ thermally decomposed, (e) in RDX decomposed by detonation.
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CALCULATION OF INTERIOR HEAT TRANSFER IN SMALL DIAMETER GUN
BARRELS USING SOLUTIONS OF ThE CONPRESSIBPE
BOUNDARY LAYER BEHIND A MOVING PROJECTILE

by

Michael J. Adams and Herman Krier

ABSTRACT

From an idealized model for the gas dynamic variations in the
inviscid. core behind a projectile, the wall temperature of a small
diameter gun tube is examined by solving the compressible boundary
layer equations. The current model incorporates an unsteady,
compressible and turbulent boundary layer analysis along the inner
gun tube wall coupled to a consideration of radial heat conduction
through the gun tube wall. The boundary layer analysis follows the
formulation proposed by Bartlett, Kendall, and Anderson (1972) and
is solved by an extension of the computational scheme of Cebeci,
Smith, and Wang (1968). Radial heat conduction through the gun tube
wall is solved using an energy balance across the inner tube wall
along with an integral approximation of Goodman (1964). Some
preliminary results are presented.

INTRODUCT ION

Every internal ballistic device is designed in correspondence
with a pressure-travel curve which will allow the attainment of a
desired muzzle velocity. The peak pressure on this characteristic
pressure-travel curve ultimately affects the total performance of
the system. Many factors inherent to both the propelling charge and
the gun system act to inhibit the pressure generation such that the

desired performance in the system cannot be maintained (1). The
most severe factor in this respect is the erosion of the gun tube
wall of which heating plays an important role. For this reason,
this study will deal with the extent to which the heating of the gun
tube wall (after total combustion of the propelling charge) affects
gun tube erosion.hi Work supported by US Army Frankford Arsenal.

under Contract DAAA25-76-C0143
*Ph.D Candidate, Dept. of Aero/Astro Engineering
"**Associate Professor, Dept. of Aero/Astro Engineering
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When dealing with internal flow in a gun system, one can con-
sider the gas flow behind the moving projectile as consisting of an
inviscid core coupled to a growing boundary layer at the tube wall.
The assumption of the existence of boundary layer flow implicitly
demands that the maximum boundary layer height represents only a
very small fraction of the tube radius. This criteria is generally
assured for systems with large tube diameters but must be carefully
re-evaluated for systems incorporating small tube diameters as will
be investigated in this study.

The approach taken by this investigation will be to solve, at a
specified instant in time, the unsteady, turbulent, compressible
boundary layer development behind a moving projectile in a gun tube.
The inviscid core solution which supplies the boundary conditions at
the boundary layer edge is assumed to be known either from a previous

,experimental or numerical investigation. The solution to the bound-
ary layer development will provide the temperature history of the
propelling gas at the tube wall. This solution will be used in con-
junction with a one-dimensional, axisymmetric heat analysis to cal-
culate the radial heat conduction in the gun wall. Longitudinal heat
conduction in the gun tube wall will be of secondary importance duo
to the presence of much steeper temperature gradients in the radial
direction and therefore is neglected. Knowledge of the thermal his-
tory at various locations along the gun tube wall will be applied
towards representing a transient heat transfer coefficient.

Past Work

Before continuing with the specifics of the present analysis it
is perhaps advisable to comment on the past efforts made towards
modeling heat transfer in a gun system. Generally these efforts can
be grouped as being either experimental, numerical (i.e. differen-
tial), or analytical (i.e. integral) investigations. A good summary
of many of the studies ia given by Dahm and Anderson (2) and is not
repeated here. However, two more recent investigations, which gen-
erally characterize the types of analysis applied towards this par-
ticular heat transfer problem will be reviewed briefly due to their
relevance to this investigation.

The work at Bartlett, Anderson, and Kendall (3) represents per-
haps the first thorough attempt to model, using a differential
approach, the time-dependent boundary layer development for an in-
terior ballistic flow situation. Although providing for a unique
treatment of the boundary layer problem for interior tube flow, the
overall analysis is incomplete with regard to the heat transfer
problem since results are presented only for an idealized inviscid
core solution coupled to a restriction of a non-varying wall temper-
ature. No attempt was made to solve for radial heat conduction
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through the gun tube wall.

Shelton, Saha, and Bergles (4) employ a one-dimensional free
stream model coupled to a wall convective heat transfer and barrel
conduction heat transfer model. An integral approach at the inner
tube wall is expressed through the use of a local friction coeffi-
cient obtained in part by experimental means. Through an appropri-
ate definition of a shape factor as well as the momentum and dis-
placement thicknesses, the integral momentum equation is reduced to a
partial differential equation in O(x, t), the momentum thickness.
This differential equation is solved numerically. A Colburn analogy
is used to relate momentum transfer to convective heat transfer by
specifying the heat transfer coefficient as a function of the local
friction coefficient and the Prandtl number. This assumption allows
for the solutiun to radial heat conduction through the tun tube wall.

Though a less precise method than when using a differential
approach, the integral method has merit in terms of overall versa-
tility. However, the use of an integral approach generally requirer
both a reasonable formulation of the local friction coefficient as
well as an a priori' judgement as to the functional dependence of the
heat transfer coefficient on the system parameters. In uncoupling
the momentum and energy considerations by employing a Colburn analogy,
one essentially pre-supposes this functional dependence and hence
implicitly define the physics of the flow. While experiments have
been performed to obtain reasonable skin friction data for interior
pipe flow (5), an experimental determination of the proper form for
the heat trai sfer coefficient still remains imprecise. However, if
a proper heaw: transfer coefficient can be obtained through using a
computational approach, the overall utility of an integral approach
would be greatly advanced.

The Modeling Approach

A theoretical representation for the complete hydrodynamic flow
in a ballistic device has yet to be attained. Hence the system on
which the analysis to follow is based reflects this dilemma. For
this initial investigation, the gun system will be idealized as an
enclosed, small diameter tube in which one wall is accelerating
outward due to che influence of a high pressure, high temperature
gas. Further restrictions which are imposed are as follows;

1) The gun bore represents a smooth surface; rifling is neg-
lected. Surface roughness is heuristically treated through
the turbulent diffusivity model. Possible rotational
effects due to the presence of a spinning projectile are
not considered.
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2) The unsteady, compressible, turbulent boundary layer flow is
taken as axisymmetric. The inviscid core is viewed as being
one dimensional and previously defined by either experiment-
al or computational means.

3) All combustion of the propelling charge has been completed
before any significant projectile motion occurs. The pro-
pelling gas is assumed to be homogeneous and governed by
the Noble-Abel equation of state.

4) The gas velocity in the inviscid core decreases linearly
from the projectile base to the breech (i.e. Lagrange Approx-
imation). This assumption then determines the pressure and

density variations in the free stream behind the projectile.

Pictorially, the system is that shown in Figure 1.

Co-ordinate System

Since we are dealing with an idealized system encompassing
cylindrical geometry, one might initially consider employing a cylin-
drical co-ordinate system with the center of the tube representing
r (or y) = 0. Indeed, the analysis of Ref.(4) proceeds in this man-
nor . However, a closer look at the boundary layer flow assumption
reveals that a more convenient, almost necessary, co-ordinate system
would be one situated at the tube wall (3).

We are concerned with studying the heat transfer (and skin
friction) at the gun tube wall. By working with a co-ordinate
system situated at the wall, one possesses, through appropriate co-
ordinate transformations, the capability of imposing an effective
infinity location in the free stream (i.e. tube center core) in the
boundary layer problem. The z ualysis of boundary layer flow with a
co-ordinate system situated at the centerline of the tube would
impose finite locations on all boundary conditions besides necessi-
tating working through the inviscid core during all computations.

Wall Curvature

Since this investigation will deal with a small diameter tube
(.221 in), attention must be directed towards the incorporation of
curvature in the co-ordinate system. At this point, although assum-
ing the boundary layer to be thin, it would be entirely premature to
speculate that wall curvature will play no role in the boundary lay-
er development. Since we desire to place the co-ordinate system at
the inner tube wall, a proper accounting of curvature can be made by
using the concept of the metric coefficient.
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Metric coefficients deal with a measure of length in a given co-
ordinate system (6). Their use in external boundary layer flows is
well documented (7, 8). For an axisymmetric flow, the metric co-
efficient represents the local radius of curvature, say r (s, y).
For a cylindrical internal flow, the metric would possess the follow-
ing properties, namely

Therefore, a proper representation of the metric coefficient with
regard to thn geometry of the present system becomes,

The Boundary Layer Model

The employment of the metric coefficient to the present problem
lends further simplification to the overall analysis since the equa-
tions governing the boundary layer flow are now cast into a planar
form. The two-dimensional governing equations along with the appro- I
priate boundary conditions for our problem are as follows;

'I Continuity

M.t

Momentum

___> +x. (4)~

Ene-rgy

Boundary Conditions

Vtx•*- o ot t=0 (No Moss 7Te-ausfev
I: .% %A W.k• "-U•. .Xh) l -N•'s(i,•.Core-. Sokv. )( _.
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The boundary layer equations are rewritten using the co-ordinate
transformations of Ref. (3ý namely

Axial

Stream Normal

where

The co-ordinate transformations provide for non-dimensional equations
as well as simplified boundary conditions. Particular note should
be taken that the axial transformation provides for a streamwise
marching from the projectile base towards the breech, but never
totally to the breech. Hence possible singularities which might
arise at the breech can be avoided. The singularity at the juncture
of the projectile base and the inner tube wall is avoided by star-
ting computation at a "small" distance from the projectile base.

The continuity and momentum equations can be combined by an
appropriate choice of the stream functions (3), namelyC!
where

With these definitions and the chosen co-ordinate transformations,
the governing equations are quite similar to those derived by
Bartlett, et al, namely,
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At this point in the analysis, several comments with regard to
the non-dimensional governing equations are in order.

Ut

1) The turbulence model, as implied by equations (9) and (10)
employs the standard mixing length formulation. The choice I
of this model was made due to its simplicity as well as its
successful incorporation in past boundary layer models (3,7).
A more complex and perhaps more precise turbulence represen-
tation could be used, but in view of the other simplifying
assumptions now employed, the added complexity was deemed
unnecessary at this time.

2) The present model for the gun system, following the treat-
ment in Ref.(3A also provides for the analysis of the
"leaky piston" problem. However, this consideration will
not be explored in this investigation.

3) Considerable simplification is achieved with the assumption

of a Lagrange velocity distribution in the gas core behindthe moving projectile. As pointed out in Ref.(21, the

Lagrange approximation appears to be quite poor during the
early stages of projectile motion. This fact is unfortunate
as one is generally most concerned with wall heating during
this period when the gas temperature gradients are the most
severe. However, the employment of the Lagrange approxi-
mation should not be viewed as a permanent restriction. The
present model, as being developed, could be coupled to a
more complex inviscid core analysis. In such a case, a
greater complexity would be encountered in the formulation
of the non-dimensional governing equations.

Thus far only the boundary layer model has been discussed. This
model essentially represents the type of formulation proposed in
Ref.(31. At this stage, however, a us 2ul extension can be provided
to the model by incorporating a radiu_ heat conduction analysis
through the gun tube wall. Unlike the approach used in Ref. (4),
this investigation will use computed boundary Layer results to pro-
vide the appropriate information needed in solving the radial heat
conducticn problem.

Radial Heat Conduction Model

The heat equation for an angular region, neglecting axial heat
conduction, can be expressed as

AT L 62)i1
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where thermal diffusivity

The boundary conditions required for the solution of equation (12),
in regards to radial heat conduction through a gun tube wall, are
obtained in the following manner.

At a given projectile displacement, the boundary layer model is
employed to obtain the temperature gradient in the gas at various
locations along the inner surface of the tube wall. One now imposes
the energy balance condition, at the inner wall namely,

Ar a

This assumption defines an "inner" boundary condition on the heat
conduction problem. The "outer" boundary condition is taken as

-I=
Z 0.

where Srepresents a maximum thermal penetration distance into the
gun tube wall beyond which no further heating occurs. It is assumed
that for single shot results, the distance will be significantly
less than the gun tube wall.

Equations (12) - (14) define a radial heat conduction model.
L The solution of this system of equations can be accomplished by

several means. This investigation will employ the integral approach
of Goodman (9) as extended by Lardner and Pohle (10) to cylindrical
geometries. Following the analytical procedure outlined in Ref.
(10), one can obtain a time dependent expression for the surface
temperature, Tw, as

where T = T(r = ro)w
k = thermal conductivity of the wall
A = heat f lux into the wall k= -kAT (:*•

t = time

The overall solution procedure can now be fully visualized, namely,

1) At a given instant of time (i.e. a given projectile
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displacement), the boundary layer development behind the
projectile is solved according to the previously described
boundary layer model.

2) A successful solution of the boundary layer flow provides
the necessary information on the heat flux into the tube
wall at various fixed locations along the inner surface of
the tube wall.

3) Knowing the projectile displacement and the axial velocity
variation in the gas, one can calculate the "soak period" at
each axial station as occured during the projectile motion.

4) The wall temperatures prior to the projectile displacement
can be updated by using equation (15) in conjunction with
the appropriate "soak" period.

5) The updated wall temperature variation is then used as an
initial guess for the next boundary layer solution for the
next projectile displacement. A linear variation in temper-
ature to some ambient condition at the projectile base is
assumed over all newly uncovered axial stations.

A pictorial representation of this process is shown in Figure 2.

It becomes immediately obvious that one must assume an initial
axial temperature variation along the inner wall during the first
projectile displacement. This assumption is needed for complete
specification of the boundary conditions for the initial boundary
layer analysis. By imposing the assumption of an impulsive start
from some initial position L , the initial wall temperature distri-
bution along the inner tube surface can be assumed to be at some
ambient condition, say a constant, independent of x.

The Boundary Layer Solution

A computational strategy for solving the boundary layer problem
will now be reviewed. The present investigation proposes to use a
modified version of the computer model of Cebeci, Smith, and Wang (7).
The computer model developed in Ref. (7) was designed to analyze a
steady, compressible, turbulent exterior boundary layer by using a
standard streamwise marching procedure. For the unsteady analysis
pursued here, temporal variations will be incorporated through numer-
ical differencing of the unsteady partial derivatives. This numeri-
cal differencing is siiilar to that employed by Cebeci, et al., in
representing partial derivatives with respect to axial variations.
Specific details of the computational strategy can be found in Ref.
(7).
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Essentially the Cebbci et al., computer model for boundary layer
flow discretizes the flow domain by using a finite set of grid points
which incorporate a geometric spacing in the stream normal direction.
This spacing allows for good resolution near the surface over which
the boundary layer is developing, hence optimizing grid utilization.
All partial derivatives are rewritten according to a five point
numerical difference scheme which, along with proper co-ordinate
transformations, allow the governing set of partial differential
equations to be written as a set of ordinary differential equations.
A Lagrange interpolation formula is used to represent higher order
derivatives in terms of a five point computational cell. Therefore,
each grid point becomes represented by a zero order algebraic equa-

tion incorporating four neighboring points. All nonlinear coeffi-
cients are implicitly defined by an initial guess coupled to an iter-
ative updating procedure. The resultinj set of algebraic equations,
as represented by the matrix equation Ax = b, is solved simultaneously
by Choleski matrix method. The solutions thus calculated are then
employed in the Lagrange interpolation formulas to obtain all needed
higher order derivatives.

A synopsis of the computational strategy with regard to the pro-
blem under current consideration is given by the flow chart in Fig. 3.

Concluding Remarks

To date, only partial boundary layer solutions have successfully
been achieved using the previously discussed model. These results
are presented in Figs. (4) - (S ). The present numerical formula-
tion has shown some tendencies towards oscillation in the computed
solutions of the energy equation as the computation proceeds towards
the breech. Though the reason for this stability problem is as yet
unknown, a suspicion is that the initial value of the unsteady pres- I
sure gradient, an unknown quantity for the current analysis, is not
properly defined at each axial station along the gun bore. The cur-
rent analysis is not coupled to an inviscid core computer model and
therefore is not simultaneously supplied with this information during
computation as was the boundary layer model in Ref.(31. Hence, for
the current analysis, the initial unsteady pressure variation along
the gun tube (i.e. from the projectile base to breech) must be sup-
plied according to speculation as to its structure and magnitude.
It is hoped that this restriction will be overcome shortly and cur-
rent stability problems in the solution of the energy equation at
later stations will be resolved.

What has been presented is an outline for solving the heat trans-
fer problem through a gun tube wall. The current analysis incorpor-
ates a simplified boundary layer model which follows the initial
work of Bartlett, et al. (3). The boundary layer model is extended
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by considering radial heat conduction through the gun tube wall as
well as possible curvature effects from the tube wall. The computa-
tional strategy for solving the boundary layer problem represents an
extension of the steady-state analysis of Cebeci, et al. (7). Pre-
liminary results are presented with a more complete evaluation of
the current model to be presented at a later time.
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SIMULATION OF GUN BARREL HEATING
AND

ASSOCIATED AMMUNITION THERMAL RESPONSE

by

Charles T. Boyer and Lisle H. Russell
Naval Surface Weapons Center

Dahlgren, Virginia

ABSTRACT

The achievements of this study were as follows: (1) the development
of an analytical capability for describing the transient temperature

distribution in a 5"154 gun barrel during any firing schedule and the re-
sulting thermal response of a propelling charge when rammed at the end of
firing, (2) the determination of some of the factors which control a

charge assembly cook-off and (3) an evaluation of a method for reducing
the likelihood of a propelling charge cook-off within the gun barrel.
Specific rr.sults were determined for the standard 5"/54 MK 64 projectile
when fired with both NACO service propelling charge assemblies and NACO
service charge assemblies which had been modified by the inclusion of
0.75 lbm of high viscosity silicone oil, within a container in the case

closure plug. For rates of fire between 1 and 10 rnd/min, a determina-
tion was made, for both charge assemblies, of the number of rounds which
would have had to have been fired in a MK 18 MOD 3 gun barrel in order to make

the thermal reaction occur at the end of a 10 min. time interval measured
from the onset of ramming. Based on the limited analytical predictions,
a comparison of the two 10 min. cook-off curves indicates that the smear

coolant additive should be effective in reducing the probability of a
charge assembly cook-off in a 5"/54 gun.

INTRODUCTION

The significant amount of energy conducted into the chamber wall of

a 5"/54 gun barrel during long firing schedules presents a danger of an
uncontrolled thermal reaction, or cook-off, in a rammed NACO charge

assembly that is not immediately fired. Cook-offs such as the one ex-
perienced on board USS TURNER JOY on 7 September 1972 can occur after
a misfire, a gun malfunction, or a cease fire and may result in seriousinjury to personnel and significant destruction of materiel.

With the aid of temperature data measured at the Naval Surface
Weapons Center, Dahlgren Laboratory (NSWC/DL), an analytic simulation was
formulated of (i) gun barrel heat-up during and after a firing sequence,
and (ii) the resulting thermal response of a rammed propelling charge
assembly. First, the single-shot heat input to the bore surface was de-
termined for the two charge assemblies considered -- NACO service charge
assemblies with and without smear coolant in the case closure plug.
The appropriate thermophysical properties of the gun steel and the out-

side thermal boundary condition were determined by the technique of non-
linear parameter estimation in which the primary inputs were selected
temperature histories of the gun barrel taken after the cessation of firing.
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Then for a given rate of fire, the number of rounds required to put a
chambered charge assembly in a 10 min. cook-off situation was calcu-
lated using a closed-form, two-dimensional, cylindrical heat transfer
solution and a finite-difference heat transfer solution. The cook-off
calculations were repeated for both charge assemblies and several rates
of fire from 0.5 to 10.0 rounds/min..

GUN BARREL THERMAL RESPONSE

Analysis of Single-Shot Data. Basic to the entire study was a de-
termination of the heat input to the bore surface caused by a single NACO
shot; it has to be representative of all of the reliable experimental
data available. The data available for both two-piece and monoblock
MK 18 5"/54 barrels with NACO propellant included two tests conducted at
NSWC/DL on 21 October 1971, one test at NSWC/DL on 01 December 1971 which
has been reported in reference [1], and a 29 October 1974 NSWC/DL test.
Bore surface temperature data were measured at several axial locations
in the barrel during each test, thus providing the information required
for the determination of the local bore surface heat input as a function
of axial position. Because the effective duration of the heat pulse
associated with the combusting propellant gases is so short, in most
cases ending at shot ejection, the penetration of the energy during this
time is limited to the first millimeter below the surface of the bore.
As a result, the single-shot temperature history during this period is
insensitive to the influence of any factor outside this region such as
boundary conditions on the outside barrel surface or the construction of
the barrel. The insensitivity permitted use of all available 5"/54
NACO service charge data for the determination of the representative
local temperature histories, regardless of the particular conditions of
a given test.

The total heat input to the bore surface is a strong function of
the distance from the muzzle and a very weak function of circumferential
angle. Hence, the heat flux was assumed to be uniform at any given axial
location in the gun barrel. During each of the tests, data was taken
at locations along the entire length of the barrel; Figure 1 indicates
the axial position of the relevant instrumentation in the barrel, car-
tridge case, and projectile.

The temperatures were measured using Hackemann type thermocouples
developed to measure bore surface temperatures in a gun barrel as de-
scribed in reference [1]. Inspection of the bore face of the thermo-
couple under 70X magnification indicated that an extremely thin but very
good conductive path existed between the two thermocouple ribbons and
the gun steel thermocouple body. According to reference [2], this in-
sured that the indicated temperature is that of the bore surface and
not the combusting gases or an intermediate temperature. Upon comple-
tion of a given test, those thermocouples that were still functioning
were found to have retained their original high quality junctions.

A nonlinear parameter estimation of the local total heat input to
the bore was made by minimizing, over a specific time interval, the de-
gree of discrepancy between the measured surface temperature history and
that analytically determined by a one-dimensional semi-infinite,
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rectilinear solution. The time interval utilized in the optimization
process extended over the first 10 to 20 ms that a given location on the
bore was exposed to the propellant combustion gases. The reason that so
small an interval was required is that for most locations along the
length of the gun barrel over 90 percent of the heat is transferred to
the bore in the first 10 ms. It was assumed that the instantaneous bore
surface heat flux can be described by a time varying exponential function
with an initial magnitude of A and a decay rate of c. Close to the muzzle,
the exponential assumption for heat flux is somewhat in error because it
cannot entirely simulate that time dependence of that heat transfer to
the bore which occurs after shot ejection. In the interval from 0 to 10 Ins,
the diffusion depth of the energy pulse on an isolated single shot was

small in comparison to the radius of curvature of the bore of the 5 in.

gun. This permitted the use of the rectilinear heat transfer solution to
estimate the total heat input. For small caliber guns the curvature
effects become significant, and a cylindrical solution would have been

necessary. It was also assumed that the thermophysical properties of the

barrel were invariant with respect to temperature and could be evaluated
at an average value of 900"K. The properties given in References [31,
[41, and [5] were taken as representative of gun steel at an average bore
temperature of 900 0 K.

With all other parameters fixed, the degree of disparity between the

calculated and measured temperatures was entirely a function of A and c.
The total heat input, Q, resulting from an exponential heat pulse is the

quotient A/c as seen from the following integration:

Q = o Ae-ctdt = A/c (i)

Thus, there are infinite combinations of A and c values which will yield
the same total heat input. However, each A and c pair will yield a
different bore surface temperature history as illustrated in Figure 2.
Before the optimization process could begin for a given bore surface lo-
cation, it was necessary to combine all the experimental data and to es-
tablish a single, representative temperature history for that locality.
Temperature indications attributed to blow-by past the rotating band and
the passage of the rotating band over the thermocouple junction have been
identified in references [1] and [6] but were not considered part of

the temperature history for purposes of total energy determination.

A nonlinear parameter estimation of the local A and c values was

performed with the aid of data taken at Stations B, C, D, F, 11, and I
using the approach outlined in Section IVA of reference 17]. The total
heat input as a function of axial barrel location is graphically shown in
Figure 3. In this figure, the solid curve should be interpreted as

yielding the nominal or baseline values for a standard, uncooled NACO
round. Note in Figure 3 the break in the curve of heat input which is lo-
cated at the cartridge case mouth 602 cm from the muzzle. This discon-
tinuity occurs because little heat can be transferred through the car-
tridge case wall to the barrel surface during the small time interval

wherein the case is in the chamber.

Determination of the total heat input for rounds with coolant, cooled
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NACO, was accomplished by using the bore temperature history of a shot
where a dynamic steady state coolant deposit thickness exists. Shown as
a dashed line in Figure 3 is the curve considered most representative of
the total heat input along the barrel length when firing cooled NACO. The
significant reduction in total heat input caused by the use of the smear
coolant is readily apparent.

The Inside Boundary Conditions Extended to Multiple Rounds. A two-

dimensional, closed-form cylindrical heat transfer solution as detailed
in reference [7] was modified to analyze the thermal response of the gun
barrel to multiple round firing sequences. The original solution had
assumed that the inside boundary condition was a series of identical
exponential energy pulses, that the decay rate of the local energy pulse
was the same at any location on the bore surface, and that the thermo-
physical properties of the gun steel were invariant. The first assumption
was made less stringent and a new mathematical relation was derived to
allow the energy pulse magnitude to vary between shots.

The modified two-dimensional solution required the input of the mag-
nitude of the local energy pulse as a function of axial position and the
use of a single energy pulse decay rate. By utilizing the heat inputs
determined in the previous section, it was a simple matter to compute a
local nominal pulse magnitude A' by multiplying the single-shot total
heat inputs by a nominal decay rate c. For the purpose of predicting
residual bore surface temperatures, the choice of the nominal decay rate
was essentially arbitrary because the bore temperatures after several
seconds were insensitive to the shape of the energy pulse; this was
verified by the fact that the same residual bore surface temperatures
were predicted by the solution whether the decay rate was 222 or 350 s-1 .
Hence, the nominal decay rate was chosen to be 222 s-1.

The heat flux to the bore is dependent upon the bore temperature and
the combustion gas temperature at the edge of the thermal boundary layer.
Conventionally, this heat flux is written with the use of a convection
coefficient as the correlating parameter.

I!

qn - hbs(t)[Tbg(t) - Tbs(t)]" (2)

In this equation only the residual bore surface temperature, Tbs(t), should
be expected to vary significantly from round to round. This fact moti-
vated the particular choice used in handling the instantaneous heat flux
in the modified closed-form solution. For multiple rounds, the instantan-
eous heat flux during the nth round was updated by weighting it with a
function based upon the temperature differences across the thermal boundary
layer. In computing the weighting function, the temperature of the bore
during the nth shot was taken to be the residual bore temperature of the
(n-l) shot at that location. The temperature of the combustion gases at
the edge of the boundary layer was represented by the time averaged,
space-mean gas temperature, Tb , computed from a Lagrangian interior ballis-
tics model similar to that disgussed in reference , The inside boundary
condition for multiple rounds as used in the closed form solution was
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q/Tbg [Trý(z) '~Azn

bg - Ti

where 4n(t) was the instantaneous heat flux for the nth round and Ti the
initial temperature of the barrel.

The Outside Boundary Condition and Gun Steel Thermophysical Properties.
The outside boundary condition and gun steel thermophysical properties for
that portion of the barrel between 575 and 617 cm from the muzzle were de-
termined by nonlinear parameter estimation. The temperature histories used
in this analysis were all taken from reference [9]; this information had
originally been acquired from a 7 December 1972 NSWC/DL test. In this ex-
periment, an instrumented projectile and cartridge case were used to de-
termine the barrel temperature history after the cessation of firing.

As shown in Figure 1, a thermocouple was attached to the inner cartridge
case surface at Location 1, the front of the propellant bed, while at Lo-
cation 2 a thermocouple was attached to the outer surface of the rotating -

band. Data from these thermocouples was used in the nonlinear parameter
estimation process with the knowledge that the i' •icated temperatures were.
probably lower than the actual local bore tempei ^es.

The closed-form, two-dimensional heat transfer code was used to pre-
dict the thermal response of the gun barrel both during firing and after
the cessation of firing. The nonlinear parameter estimation process in-
volved reducing the discrepancy between analytically predicted tempera-

tures relevant to a time period after the cease fire and those barrel
temperatures measured by the instrumented projectile and cartridge case.
For a given axial barrel location, the degree of disparity between the
measured barrel temperatures and those predicted by the mathematical

model was a function of only two parameters. These were the overall
coefficient of heat transfer applicable to the outside of the barrel, U, I
and the temperature representative of the average thermal state of the
entire gun barrel, TR. Specification of this temperature fixed the values
of the gun steel thermal conductivity and thermal diffusivity. Note that
reducing the degree of temperature disparity to only two parameters is
possible because of the following factors: (1) the single-shot heat in-

put to the bore as a function of barrel axial location is a known quantity
for the uncooled NACO charge, and (2) a reasonable attenuation process for
extending this boundary condition to multiple rounds has been developed.

The boundary conditions and geometry of the modeled gun barrel are
indicated in Figute 4. The solution was started from an initial condi-
tion of constant temperature throughout the gun barrel. As shown in
Figure 4, the outside diameter of the modeled barrel was considered
invariant at a value (i.e., 32.28 cm) equal to that actually present over
most of the first 282 cm forward from the breech face. In the actual gun
barrel, the outside diameter is 18.67 cm at the muzzle and 30.21 cm at a

point 404 cm from the muzzle. This constraint on barrel external geometry
will have little effect on predicted bore surface temperatures between
575 cm and 617 cm from the muzzle. As shown in Figure 4, the inside dia-
meter of the modeled barrel was considered to be constant over the entire
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barrel length. The specific value of the inside diameter was, however,
Sfunction of the axial location under investigation.

In addition to the requirement that the barrel inside and outside
diameters be considered as constant, it was necessary to mathematically
treat the barrel as if it had been constructed from one homogeneous piece
of steel even though the available multiple round barrel temperature
data was taken from two-piece MK 18 MOD 3 barrels. The effect of this
assumption is realized in the specific values, for a given axial loca-
"tion, of the overall coefficient of heat transfer U and gun steel ther-
mophysical properties which satisfy the minimization of disparity be-
tween measured and predicted barrel temperatures. The assumption that
the ends of the barrel are insulated should be very good since the heat
lost from these surfaces is very small in comparison to that lost from
the outside barrel surface.

The single-shot heat input to the bore as a function of barrel axial
location was previously discussed for the service NACO charge assembly
with and without smear coolant. This information is applicable to all
MK 18 and MK 19 gun barrels. The parameters optimized in this section
are particularized to MK 18 MOD 3 gun barrels which comprise the majori-
ty of the Navy's inventory for the MK 42 gun mount. However, the general
procedures outlined may be used to determine the outside overall coeffic-
ient of heat transfer and gun steel thermophysical properties for any
gun barrel.

The parameter estimation process was begun by selecting a range of

reasonable values or search intervals for U and TR, the representative
barrel temperature at which the thermophysical properties were to be
evaluated. The value of U was allowed to vary from 0.00038 to 0.00680
cal/cm(s'OK while T was allowed to vary from 373 0 K to 773 0 K. The measured
temperature data top-be utilized in the estimation process was taken from
the 7 December 1972 test conducted at NSWC/DL. In this test, the instru-
mented projectile and cartridge case were inserted in the barrel after
200 rounds had been fired in 70 min.. Inside surface barrel temperatures
were recorded at Stations 1 and 2 for 60 min. after the last shot. For
any given TR, the variation of U over its search interval corresponded to
highly disparate, predicted temperature histories; curves (a) and (b) in

Figure 5 clearly support this statement. However, the extremes of the
search interval for T R with an arbitrary U corresponded to a much smaller
variation in predicted temperatures as shown by curves (c) and (d) inL Figure 5. By choosing an initial U mid-range in the search interval

(0.0015 cal/cm2 .s,°K) and varying T R over its interval, an attempt was
made to determine a TR such that the predicted bore surface temperature
history at 586 cm asymptotically approached the temperatures measured by
the thermocouple affixed to the rotating band at Station 2. All values
of TR within the search interval resulted in an under-prediction of the
bore temperature at Station 2. Therefore, another value of U was chosen
which was lower than the first estimate; had temperatures been over-pre-
dicted a higher U would have been chosen. This iteration was continued
until values of TR and U were determined such that the predicted barrel
temperatures asymptotically approached those measured by the thermo-

t couple at the interface between the barrel and the rotating band.
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The values of U and TR along with the associated gun steel thermo-
physical properties which satisfied the optimization process at 586 cm
from the muzzle are presented in Table I. The corresponding predicted
bore temperature and the measured bore temperature are shown in Figure 6
by curves (a) arid (b), respectively. To test the generality of the opti-
mized U and TR values relevant to Station 2, they were used to predict the
bore temperature at the same axial barrel location for the 1 September 1972
USS TURNER JOY test. In this test, 285 rounds were fired in 160 min; the
specific firing history is shown in Figure 7. The predicted bore tempera-
ture did asymptotically approach the measured temperature at station 2 for
the shipboard test.

Table I. Boundary Conditions and Thermophysical Properties

of Gun Steel for Multiple Round Firing Schedules
in MK 18 MOD 3 Barrels

586 cm (Bore Surface) 617 cm (Chamber Surface)

U (cal/cm2 .s'OK) 0.00038 0.00038

k (cal/cm's' 0 K) 0.0832 0.0923

p (gm/cm3 ) 7.85 7.85

c (cal/gm'*K) 0.1616 0.1362

a (cm2 /s) 0.0656 0.0863

TR (OK) 773.0 473.0

The U determined for station 2, 586 cm, was assumed to apply to

the external barrel surface to station 1, 617 cm. This is a good
assumption since no significant changes occur in the geometry of the
barrel and slide or in the interface conditions between these items
over the region between 586 and 617 cm from the muzzle. Just as was
done for station 2, the estimation process for determining IJ and TR
for station 1 relied upon temperature data from the 7 December 1972
test conducted at NSWC/DL. However, since U was already specified
it was necessary only to vary TR within its search interval in order
to make the predicted chamber wall temperature asymptotically approach
the temperature measured by the thermocouple on the cartridge case wall.
Presented in Table I are the values U, TR, and associated gun steel
thermophysical properties which satisfied the optimization process at
617 cm from the muzzle. The corresponding predicted chamber wall
temperature and the measured chamber wall temperature are shown in
Figure 6 by curves (c) and (d), respectively. A check on the general-
ity of the estimated U and TR values relevant to Station 1 was made by
using them to predict the chamber wall response at Station 1 for the two
USS TURNER JOY firing sequences shown in Figure 7. The predicted chamber
wall temperatures did closely match those measured on the two shipboard
tests.

The parameters given in Table I were estimated on the basis of data
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from a relatively short test; however, when they were used to predict
barrel temperatures at identical axial locations for tests having much
longer and more irregular firing schedules, the results were in close
agreement with actual measurements. This agreement not only helps to
validate the generality of Table I, but also helps to justify the assump-
tions made in the development of the two-dimensional heat transfer solu-
tion. The accuracy of the predicted results for the two shipboard
tests demonstrates the specific capability of predicting, for any firing
schedule, the thermal response of a MK 18 MOD 3 barrel inside surface
at two specific axial stations, 586 cm and 617 cm from the muzzle.

CHARGE ASSEMBLY RESPONSE

A charge assembly cook-off was most likely to occur at the front
of the propellant bed, 617 cm from the muzzle, because the chamber wall
at that axial position was hotter than anywhere else along the length of
the bed. The grains closest to the cartridge case wall presented the
greatest cook-off danger due to their proximity to the hot chamber wall.
Once a reaction occurred at that point, it would immediately spread
through the remainder of the charge. Therefore all of the charge assembly
cook-off analyses were conducted at 617 cm from the muzzle.

To predict the thermal response of the charge, it was first necessary
to specify the thermal boundary condition at the outside of the cartridge
case wall. Assuming perfect thermal contact between the case and chamber

wall, the case outside wall temperature history was the same as that of
the chamber wall. By using a one-dimensional, explicit, finite-difference
approximation cast in radial coordinates and similar to that described in
reference [10], it was possible to predict the transient thermal response
of a local region of the propellant bed. A thermally induced, exothermic,
runaway decomposition or cook-off was said to occur when the temperature
of a node point in the propellant increased by two or more orders of mag-
nitude within several milliseconds. The decomposition of the propellant
in the cartridge case was assumed to be governed by a zero-order Arrhenius
rate equation.

Some of the thermophysical properties of NACO propellant were not well
defined in the literature because of the inherent difficulty in measuring
then. The difficulty in determining the thermal conductivity of a pro-
pellant arises because the propellant not only conducts heat but also gen-
erates its own internal energy due to decomposition. Internal energy gen-
eration also affects the measurement of thc heat of fusion. Since these
two properties were unavailable for NACO, a representative value for each
was deduced from data for propellants of similar composition as specified
in reference [i11 for a temperature of 298'K. It was not expected that
these nominal values were significantly in error and their use would cer-

tainly not affect a qualitative comparison between cook-off situations
where the coolant was and was not used. The melting temperature of NACO
was provided by reference [12]. The density, heat of explosion, and
specific heat for NACO were also taken from reference [il]. The kinetic
properties had been previously determined by the Applied Science and Ma-
terials Division, NSWC/DL, using the technique of differential scanning
calorimetry (DSC). The kinetic properties determined from a DSC test
wherein the sample was heated at 20 0 K/min were chosen to represent those
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of the NACO propellant. It should be noted that the subsequent analysis
justified the choice of these properties by predicting a temperature
rise of approximately 20 0 K/min during the time just prior to cook-off.
The properties of the cartridge case steel were found in references [3]
and [4] and were relevant to AISI-C-1030 steel.

The orientation of the propellant grains relative to the inside of
the case wall was significant in determining their cook-off time. The
fastest cook-off occurred when a single grain became essentially isolated
from other grains closer to the inside of the bed. This packing was simu-
lated as an annulus of propellant 0.635 cm thick (the diameter of a 5"/54
NACO grain) in perfect thermal contact with the case and insulated on
its Inner surface. This orientation was used in the remainder of the study
because it gave the shortest times to reaction and, thus, the more con-
servative results.

EVALUATION OF THE SMEAR COOLANT

The effectiveness of the smear coolant in the reduction of a cook-
off hazard was estimated by determining the thermal responses of the barrel
and charge assembly when the coolant was and was not used. For a given

rate of fire, the number of rounds required to put a charge assembly in
a 10 min. cook-off condition was calculated using a closed-form, two-
dimensional, cylindrical heat transfer solution and a one-dimensional,
finite-difference heat transfer solution. For a 10 min. interval after
the last round, the closed-form solution provided the temperature history
of the chamber wall at 617 cm from the muzzle; this history was a function

of the rate of fire and the number of rounds fired. Since the problems
of barrel thermal response and propelling charge thermal response were
treated in an uncoupled manner, the temperature history from the closed-
form solution was used as input to the finite-difference model which then
computed the resultant charge assembly cook-off time. If the cook-off
time was more than the desired 10 Ain., the two solutions were repeated
for the same firing rate but a greater number of rounds; fewer rounds
were used if the cook-off occurred too quickly. This iterative procedure
was repeated until the number of rounds was determined that gave the de-
sired reaction time. By repeating the entire procedure for other rates
of fire, a 10 min. cook-off curve was generated. This curve correlated
the rates of fire with the number of rounds necessary to create a 10 min.
cook-off hazard.

In order to understand the relationship between a 10 min. cook-off
hazard and the combinations of the number of rounds and rates of fire re-
quired to produce this hazard, it is first necesuary to 'Look at the therrmal

response of the barrel to several firing histories. During a sufficiently
long constant rate firing schedule, regardless of the rate of fire, any
point in the barrel will eventually reach a state of thermal equilibrium.
To demonstrate this fact, chamber surface temperature histories for a
given number of rounds at five rates of fire are given in Figure 8 for
uncooled NACO. As can be seen in this figure, the chamber surface at
617 cm tended toward an equilibrium temperature which was different for
each rate of fire. Should these curves have been extended for a suffic

ient number of rounds, they would have all approached some steady-state
condition. The higher the rate of fire, the higher is the equilibrium
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temperature.

For uncooled NACO, a 10 min. cook-off occurred after 950, 475, 485
and 545 rounds for firing rates of 1.0, 2.5, 5.0, and 10.0 rnd/min., re-
spectively. The chamber wall temperature histories during a 10 min.
cook-off corresponding to each of the above pair of conditions are given
in Figure 9. The higher the rate of fire prior to cease fire, the
faster was the chamber wall temperature rise after the last round was
fired. At a rate of fire of 1.0 rnd/min., there was hardly any increase
in temperature during cook-off. However, after 545 rounds at 10 rnd/min.,
the chamber wall was experiencing a temperature increase at the ratE of
approximately 3.1 0 K/min. It should also be noted that the chamber wall
temperature increase was not greatly affected by the cease fire. For
example, at 5 rnd/min., the heating rate of the chamber wall was 18°K
in the 10 min. prior to the last round and 16 0 K in the 10 min. after-
ward.

The importance of considering axtal heat cunduction in the gun

barrel heating problem is effectively demonstrated by the results in

Figure 9. For all rates of fire except the 1 rnd/min. case, the chamber
wall temperature at 617 cm from the muzzle continued to rise over the 10
min. time interval even though energy input to the barrel. had ceased.
This result was expected since, as shown in Figure 3, there was a sig-
nificant discontinuity in barrel heat input at 602 cm from the muzzle.
During a 10 min. cook-off, the time averaged chamber wall temperature
at the front of the propellant bed was in the range of 440 to 445 0 K
for all rates of fire which were investigated (Figure 9). Of the five
rates of fire considered in Figure 8, it Is clear that the 2.5 rnd/min.
rate would heat the chamber wall to this temperature range after the
fewest number of rounds fired. Referring again to Figure 8, a 5.0 rnd/
min. rate would require the next fewest rounds to achieve the critical
temperature range. Rates of 10.0, 1.0, and 0.5 rnd/min. require, re-
spectively, more rounds to approach the thermal state associated with
a 10 min. cook-off hazard. This same trend is concisely indicated in
Figure 10 by the uncooled NACO curve.

In the analysis of the cooled NACO propellant rounds, the thermal
response of the barrel and the charge assembly was qualitatively similar
to what has already been described for uL.cooled NACO. In calculating
the thermal response of the gun barrel, the thermophysical properties
of the barrel at 617 cm, as listed in Table I, were used in conjunction
with the base-line, single-shot heat input for cooled NACO as given in
'igurc 3. Shown in Figure 10 by the dashed curve is the locus of rates
of fire and number of rounds fired which cause a 10 min. cook-off for
cooled NACO. Note in this curve, as in the solid curve of Figure 10,
that there is a particular rate of fire which requires the fewest number
of rounds to induce a 10 mim. cook-off. However, this minimum number of
rounds is substantially greater than that for uncooled NACO.

When compared to the predictud results for uncooled NAGO at a given
rate of fire, many more cooled NACO rounds could be fired before a cook-
off ha~ard occurred. This is because at any given rate of fire, the cham-
ber wail will tend toward a lower equilibrium temperature when the cooled
NACO is used.
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CONCLUSIONS

The capability has been developed to predict the thermal response
of a MK 18 MOD 3, 5"/54 barrel to any firing schedule and to simulate
the associated propelling charge assembly cook-off in the hot gun.
Even though the work reported here was for a specific gun and ammunition
the same general technique may be applied to any other gun and ammunition.
In the mathematical model, the primary required input is the exact firing
history, i.e., the rate of fire and number of rounds fired in each burst
and the length of the cooling periods between bursts. The accuracy of
the computer codes and techniques of data analysis have been verified
by successfully predicting the bore and chamber surface temperature data
taken on the USS TURNER JOY.

Based on the limited barrel temperature data available, 10 min.

cook-off curves have been predicted for uncooled and cooled NACO service
charges as a function of the number of rounds fired and the rate of fire.
A comparison ot these results shows that the smear coolant does signifi-
cantly attenuate the single-shot total heat input to the bore. When com-
pared to the analytical results for uncooled NACO at a given rate of
fire, many more cooled NACO rounds could be fired in a single burst be-
fore a 10 min. cook-off hazard occurred. Since propellant gas convec-
tive heat transfer is the primary driving force for bore erosion, an
attenuation of the heat input will also reduce bore surface wear.

The sole purpose of the cook-off curves in this report is to allow

a consistent theoretical comparison and thus to qualitatively demonstrate
the potential of the smear coolant to significantly reduce the cook-off-
hazard in a MK 18 MOD 3, 5"/54 barrel. These curves cannot be interpreted
as cook-off indicators becasue they were computed for uninterrupted,
constant rate of fire bursts and are associated with barrels beginning
their thermal response from a specific initial temperature of 20'C.
The use of these curves, with an averaged rather than an exact constant
rate of fire, to predict a 10 min. cook-off ignores the significant
effects of cooling periods and various firing rates upon the thermal state
of the barrel and, therefore, upon the charge assembly cook-off.

NOMENCLATURE

A = Actual value of the magnitude of the local heat flux func-
tion (cal/cm2 .s)

A" = Nominal value of the magnitude of the local flux function
based on a nominal decay rate (cal/cm2 .s)

c- Actual value of the decay rate of the local heat flux func-
tion (l/s)

c" = Nominal value of the decay rate of the local hea- flux
function (l/s)

c = Specific heat (cal/gm'*K)
p
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hbs = Local instantaneous connective heat transfer coefficient
(cal/cm2 .s. K)

k = Thermal conductivity (cal/cm.s*'K)

2Q Single-shot total heat input to the bore (cal/cm2)

n •Local instantaneous heat flux to the bore surface duringn the nth shot in a firing schedule (cal/cm2 .s)

t = Time (s)

Ta - Ambient temperature (OK)

T= Time averaged bulk gas temperature of the propellant com-
Tbg

bustion products as computed by the Lagrangian solution (*K)

Tbs = Local bore surface temperature during the nth round ('K)

Ti Initial barrel temperature ('K)

= Representative barrel temperature at which the gun steel

thermophysical properties were evaluated (°K)

(Tr) 1  -Residual local bore surface temperature just prior to the
nth shot ( 0 K)

T w = Barrel outside surface temperature (OK)

U = Overall coefficient of heat transfer on the outside of the
barrel (cal/cm2 .s.OK)

S= Thermal diffuslvity (cal/cm2)
3f

p = Density (gm/cm )

REFERENCES___

1. Morris, C. W., Bore Surface Temperature Phenomena in 5"/54 Guns,
NWL Technical Report TR-2829, Naval Weapons Laboratory, Dahlgren,
Virginia, September 1972.

2. Nanigian, J. and J. Macatician, A Thermocouple to Record Transient
Temperatures at th, Bore Surface of Guns, NPG Report 1130, Naval
Proving Ground, Dahlgren, Virginia, 15 July 1953.

3. Thermophysical Properties Research Center, Thermophysical Properties
of Matter, Vol. 1, "Thermal Conductivity Metallic Elements and Alloys,"
IFI/Plenum, New York-Washington, D.C., J.970.

4. Thermophysical Properties Research Center, Thermophysical Properties
of Matter, Vol. 4, "Specific Heat Metallic Elemeuts and Alloys," IFI/
Plenum, New York-Washington, D.C., 1970.

111-391

Ioil



5. Thermophysical Properties Research Center, Thermophysical Properties
of Matter, Vol. 10, "Thermal Diffusivity," IFI/Plenum, New York-
Washington, D.C., 1973.

6. Nanigian, J., Bore Surface Temperatures in the 3"/70 Type E MOD 0
Gun Using Hot and Cool Powders, NPG Report 1296, Naval Proving
Ground, Dahlgren, Virginia, 4 October 1954.

7. Copley, J. A., "An Analytical Solution of the Two-Dimensional Transient
Conduction Equation with a Pulsating Time and Space Dependent Boundary
Condition," Doctoral dissertation, Virginia Polytechnic Institute,
Blacksburg, Virginia, 1970.

8. Bare, P. and J. Frankel, The Simulation of Interior Ballistic Perfor-
mance of Guns by Digital Computer, BRL Report 1183, Ballistic Re-
search Laboratory, Aberdeen Proving Ground, Maryland, December 1972.

9. Morris, C. W., Tie Thermal Environment of the 5"/54 Gun Barrel and
Ammunition, NWL Technical Report TR-3087, Naval Weapons Laboratory,
Dahlgren, Virginia, February 1974.

10. Russell, L. H. and J. A. Canfield, Simulation of the Thermal Response
of Ordnance Inmersed in Large Aviation Fuel Fires, NWL Technical
Report TR-2661, Naval Weapons Laboratory, Dahlgren, Virginia, Jan-
uary 1972. N

11. Chemical Propulsion Information Agency, Solid Propellant Manual- U),
Confidential Manual, Johns Hopkins University, Applied Physics
Laboratory, Silver Springs, Maryland, 1974.

12. Fonecon between Mr. Mitchell, NOS/IH, Maryland, and Mr. Boyer, NSWC/DL,
Dahlgren, Virginia, 3 October 1974.

111-392

S2 ... ..--



B 'C D F H
P l I II _ .... ,,,

STATXON DISVAWauj VROM THIE mulZZLE (CM)

B 594
C 575
D 560
F 530
H 442
T 31
1 G17
2 586

1 2

Figure 1. Location of Tllhermocouple Instrumentation

1800k

___

Sc -1000 1/s, A -'25000 cal/cm2..

1200 -

c - 500 1/s, A 12500 cal/cm2.a
1t 000 -

c - 250 1/u, A 6250 caL/cu2 ..

"" bOO-

'I-4 0 -' Ae-ctdt - 25 cal/cu 
2

SINDICATES TIME AT WIHCH 90% OF THE HEAT
.2(;3 HAS BEEN TRANSFERRED TO THE BORE SURFACE

C 2 4 6 8 10 12 14

TIME (115)

Fla lure 2. Effect of Heat Input Decay Rate on Bore
Surface Temperature History

1 1 1 -39 3 . . , .-



30

25

LI

20

t C)t zUNCOOI.N3', NALO ,

10-

COOLED NACO

0 100 A0 300 400 500 ('80

DIS'rANCE FROM TIll' MUZZLE (CM)

Figure 3. Elpliricnily Determined Local Single-Shot MleaL Input
LU the Buru for Uncouuld and Cooled NACO

MASS IN MODELED BARREL
THAT IS NOT IN AN
ACTUAL BARRFIL

q-n U (w 'a)

f . ____ T___ A. (z-R

I• *-+T__----__ - 29K g-

CHANGE SI DI AMETER
BARREL (404 CM)

-- CARTRIDGE CASE MOUTH (602 (24)

-BREECH FACE (686 CM)

I;IF
Figure 4+. Coteparison) of an Actual MK 18 MOD 3, 5'/54 Barrel With%

the Constant Outside Diameter Barrel Modeled for the

11I-394

- - - - -]

T ... [Tr(z
~~~~~~~~~~~~~~~~ Ig I- " 

AIIT ...... n.. . ... u="-- .. ..... '" -' tK - " -



.1540- 1 1
T 3730x

520 7 DECEKBER 1972, NSWC/DL
2

00 ROUNDS IN 70 M4IN(bU-0068clm 
9@

500 NK 18/3 HARREL, 5"/54 C)U-0.0068 \~/U..
Ul4COOLED NACO 

.05 alc 1C-1
480-(c 

R-33'

460 (dTR-776

440 -()

420

400 W

380 (d

360

340

320 ()

300

0 20 4'0 60 80 100 120

Vi~ure 5. Soll~itivity of the Bore Surface Temperature Response to
Variations in TRand Uj Computations fur 586 cm From
thle Muzzle

7 DECEMBER 1.972, NSWC/DL
500 -200 ROUNDS IN 70 MIN

RX 186/3 HARREL, 51154
UNCOOLED NhCO

460

440 PBAUEATSATO 2 (a

2a.a

400

360 PR E DI CTED C11," E R W A L L, 'I W4 ERATU RE A T STA T IO N I (~

340-(d

320 -o MEASURED ROTATING BAND TEMPERATURE AT STATION 2, 586 CM

O MEASURED CARTRIDGE CASE TEMPERATURE AT STATION 1, 617 CM
300

0 10 20 30 40 s0 so708

TIME (MIN)

'I Fiure 6 Themal Response of an Instrumented Projectile and

Cartridge Case When Rammed After the Last Shot

111-395



400. - -----

0 000 TUAAA Joy TIST,
I SOTDIZI 1972

13 us& rtmOL Joy ThIT.
29 A400007 1972

zoo

0 0~0 1 2 3

TIM4 (Ka)

.. d JLS T.AKIA Jag) Ta~ts

440-.

420

400

j 00

300-

I ~ a So ____

?LAU" 4 Analyti 14*dm Ustil. I~ oa mtwe

111-396

I'Lia



460 - 1 1 1 1 1

455

450

445- 1 ioN/HIN

430- /.Fiure 9. AnalYtzc Chamer Wall TeMp.aAtures in a
14K 19 NOW 3, 5/54 Barrel at Station 1,
617 co From the Muzzle, During Cook-Of;

Unaowled NACO

TIM• (MIN)

42i I
0 2 4 6 a 10

LESS THAN 1O MIN

go 4 COOLED

S700 MORE• TIMA 1.0 HIN

COOK-OFF IN LSS TILAN 10 ,4IN

600 COOK-OPY IN

MRE THAN UNCOOLED
10 HIN MACO

$00

P LL

01.0 2.0 5.0 10.0

RATK OF FRUl (RH1D/HXN)

Pigure 10. The Locus of Conditions Resulitng In an
Aw" yticelly Determined lO-m/ln Cok-off

11 -9

""ik~ ,• - ".... .. .. .

. . "• . ..•.,.•.•m.,-.. -•v~,•.. '• •''" ', J,



A PROCEDURE FOR GUN BARREL EROSION LIFE ESTIMATION

C. S. Smith and J. S. O'Brasky
Naval Surface Weapons Center

ABSTRACT

This paper outlines a procedure by which the erosion life
expectancy of a rifled gun barrel firing a given projectile may be
estimated. The techniques used in the development of this pro-
cedure will be described and improvements will be suggested. The
role of the projectile rotating band - gun barrel interface design
details in determining the appropriate"end of life" criteria is
illustrated.
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INTRODUCTION

The principal value of an erosion life estimation method in
the development of a gun weapons system is to provide a means where-
by a cost-benefit analysis may be performed on propelling package
design options. In general, system performance level, size, service
life and life cycle cost are strong functions of such parameters as
propellant composition, operating pressure, charge weight and bore
surface coolant technique. A technique for erosion life estimation
is described in this paper.

OBJECTIVE

' The objective of the work reported herein is to develop an

accurate erosion life estimation technique for rifled gun barrels.

APPROACH

The estimation of the erosion life of a gun barrel - projectile
combination involves the calculation of the erosion rate at each
stage of the weapons life and the selection of an appropriate "end
of life" criteria. Since just prior to World War I, all gun barrel
"end of life" criteria have been known to be closely correlated with
enlargement of the gun bore at the origin of bore location. It is
thus sufficient to model the bore enlargement at this one location
to produce an erosion life estimation model.

In reference (a), a method of calculating the new gun erosion
rate of a gun barrel was developed and verified. This method is
described herein in more detail. It was shown that the erosion rate
in a rifled gun barrel is essentially an exponential function of the
peak bore surface temperature. The primary source of heat input in
a gun barrel is recognized to be convective heat transfer. A second I
heat input source is the frictional heating generated by the rotat-

ing band.

As a gun erodes, the projectile seats further down bore. This
effect produces two changes in the heat input. As the effective
chamber volume increases the peak pressure realized by a service
round is reduced thereby directly reducing the heat input. The 4
second change is that part (and in extremely worn guns, all) of the
rotating band seats ahead of the origin of bore location thus ex-
posing the origin to less frictional heating again reducing the heat
input. The rate at which the chamber volume increases with bore
enlargement is primarily a function of the rotating band - gun
barrel interface design details. Thus each worn gun condition is nomore than a special case of a new gun condition and the local
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, erosion rate can be calculated accordingly.

Eventually a level of bore enlargement is reached at which some
element of the "end of life" criteria will be exceeded. To estimate
the service life expectancy, this condemnation limit must be identi-
fied and used to terminate the calculation.

CALCULATION OF EROSION RATE

From data reported in references (a) and (b), the metal removal

rate on the lands at origin of bore was shown to be an exponential
function of the peak bore surface temperature reached during firing.
To calculate the peak bore surface temperature, a heat transfer
model was required.

A heat transfer model developed by the National Defense Research
Committee of World War II (reference (c)) has been coded for use on
the CDC 6700 Computer at Dahlgren. This code has been used to pre-
dict bcre surface temperatures in guns; formulas have been fitted
to data from this code to permit hand estimation of peak bore sur-
face temperature for single shots and multiple round bursts.

This heat transfer model assumes that the heat is transferred
to the bore only by forced convection from the mainstream gas flow
according to the formulas.

h = XCpPv
@0
Dr bore surface h(Og-Os)/k

where

X = friction factor (a constant)
Cp = specific heat of gas at constant pressure(another

constant)
P = gas density
v gas velocity
h = heat transfer coefficient
0 = temperature
r - radial distance

Og = gas temperature
0s = bore surface temperature

k = conductivity of steel
These formulas for heat input were chosen because they are simple;
the more complicated formulas of reference (d) may or may not be
an improvement.
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The heat conduction problem is then solved in one dimension
(radially) by finite difference. To make computer time and storage
requirements reasonable for multiple rounds space and time steps
are changed as the problem progresses.

It was decided to attempt to obtain a desktop procedure to
estimate gun erosion rates. Gun bore surface temperatures were
estimated from the heat transfer code mentioned previously and these
temperatures were related to measured wear in guns by fitting erosion
data for the 5"/38 MK 12 MOD I and 16"/50 MK 7 guns to the form
W = AeBT'.

Accordingly, the following formulas were obtained:

Tw = 1.096 (Tf - ATc - 600) (CP) 1/2/d
Ti = .4632 (Tf-ATc - 600)C 75(N-1)' 6R5 /d'5

.04(w + Ti)
W = .4216 e0 0 49(T

where

Tf = adiabatic flame temperature of the propellant (OK)

ATc = coolant correction

= 500K0 for case guns with coolants

=300K0 for bag guns with coolants

0 for no coolants, or ineffective coolants

C = change mass (kg)

P = peak pressure (MPa)

d = bore diameter (nm)

Tw = peak bore surface temperature rise for a single round (°

"R = "effective" firing rate (rds/min)

"N = "effective" number of r'unuds fired

For 1-5 shots over a period of an hour, use Ti 0.

For a single burst, or a period of steady firing, use
R actual firing rate, N half the number of rounds fired

111-401

:- II...



For multiple bursts, use
R = firing rate for one burst, N number of rounds per burst

or
R = average firing rate (including pauses), N ý total number of

rounds fired to maximize Ti.

It is necessary to specify the limits over which this erosion

model is applicable. These limits can be determined by consideration
of the phenomenology of erosion and can be confirmed by experimental
data. When a gun is fired, the bore surface is exposed to a very
substantial transient heat flux. This heat flux causes a thin layer
of steel near the bore surface to be heated. When the temperature of
the bore surface is heated above 1070 0 K, a solid state phase trans-

formation occurs in which the tempered Martensite structure of the
gun steel near the bore surface is transformed to Austenite. The
interior ballistic cycle being very short (typically 5-100 ms) rapid

cooling also occurs resulting in the trapping of Austenite and the
creation of pearlite and ferrite structures. These transformations
produce cracking of the bore surface due to the volume change of the
phases. All of these transformations occur in a thin white layer on
the bore surface having thickness dimensions approximately 100 1m.
The term "white layer" is applied to this transformed region and is
known to form only in the presence of nitrogen implying the existence
of some chemical reactions. The roughened surface is then subjected
to the turbulent flow of hot gases. It is postulated that these
vortices stagnate producing spot melting of the grain boundaries
which free the grains to be removed by the gas stream. This micro-
scopic metal removal results in the macro phenomenon known as erosion.
There is no evidence that metal on metal abrasion has anything to do
with erosion in guns larger than 40mm caliber. It is known from
experimental data that erosion stops if the peak bore surface temp-
erature is held less than 1070 0 K and the white layer does not form.

The (Tw+Ti) parameter of the erosion model is an approximation
of the bore surface temperature rise (add 300 0 K to achieve absolute
temperature) using the Nordheim model. From cold gun experimental
data in 5"/38 and S"/54 gun barrels, it can be shown that at 750 0 K<

(Tw+Tj)<800 K there exists an erosion cut-off and the creation of
"white layer" formation ceases.

The upper limit of the model is the melting point of steel, i.e.,
18000 K. Above this level, a molten film exists over the entire bore
surface and any further energy input is absorbed in phase change,
i.e., heating and boiling the molten steel. Experimental data
reported in reference (a) indicates that surface pit melting occurs
at a (Tw+Ti) = 1550°K rise and thus an upper limit for the model
(Tw+Ti) parameter of about 1700 0 K rise is appropriate. This upper
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limit implies that the maximum erosion rate which can exist in any
gun is about 0.18mm/rd. This value is consistent with the reported
60 round life of the German Paris gun predicting a bore enlargement
of about 10mm at condemnation.

CALCULATION OF WORN GUN EROSION INCREMENTS

As a gun erodes, two elements lead to reduction of the heat
input at the origin of bore. The projectile begins to seat further
down bore increasing the effective chamber volume. This movement
was shown in reference (b) to be the primary producer of muzzle
velocity loss and pressure loss. The pressure reduction can be seen
to reduce the peak bore surface temperature. The rotating band also
begins to seat over the origin location reducing the length of ro-
tating band which must traverse the origin reducing the frictional
heat input. Both of these occurrences result in the reduction in the
erosion rate.

The peak pressure as a function of increasing chamber volume
can be calculated using conventional interior ballistic methods. A
more difficult problem is the calculation of the projectile seating
distance as a function of bore enlargement. This calculation involves
the projectile - gun barrel interface. To illustrate the problem
consider the 5"/54 MK 41 projectile in the 5"/54 MK 18 gun barrel.
This projectile seats initially on the forward edge of the rotating
band, Figure 1. When the origin of bore dimension reaches 128.5mm,
the projectile begins to seat forward until an enlargement of 130.05
mm is reached, Figure 2. At this point, the "high lip" contacts the
forcing cone and controls the seating. When the origin of bore dia-
meter reaches 132.21mm, the rotating band high lip is located at the
origin location, Figure 3. Figure 4 is the rotating band configu-
ration.

If a rough plot were produced of the bore enlargement vs the
projectile seating distance for this projectile, Figure 5 would
result. Note that until the 128.5mm diameter is reached no forward
seating occurs and that after the 130.05mm diameter is reached, the
relationship between the bore enlargement and the projectile seating
distance is of constant slope. From such a plot as this, the peak
pressure vs bore enlargement relationship may be inferred and then
the number of rounds required to achieve a bore enlargement in any
arbitrary firing schedule can be calculated, Figure 6. As can be
seen, the model predicts more erosion in later gun life than actually
exists. The reason for this divergence that the effect of the ro-
tating band has been neglected. At present, this effect cannot be
compensated for in the model although in the following section a
qualitative treatment is provided. If the worn gun (Tw+Ti)
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parameter falls below a temperature rise of 750 0 K before the con-
demnation limit is reached, the gun will have infinite erosion life
as metal removal has ceased.

ROTATING BAND CONTRIBUTION TO EROSION

The rotating band contributes a frictional heat input to the
bore surface. The erosion model being semi-empirical has what may
be called a "Navy Standard" rotating band incorporated within it,
i.e., a gilding metal rotating band giving about 200 MPA contact
pressure at ungraving. As the gun erodes, less of rotating band
traverses the origin of bore and less heat input results. This
factor produces the late life divergence of the predicted and actual
erosion data.

Often questions arise concerning the effect of changing rotating
band materials. On the basis of the data presented, herein Pnd in
reference (a), the following observations can be made:

(1) If the rotating band frictional heat input is a substantial
part of total heat input, then reducing this component can reduce
erosion.

(2) If the intention is to hold muzzle velocity level constant
then it is generally true that a low friction rotating band will
generate a reduced peak pressure and thus a reduced heat input.
The introduction of a low friction rotating band thus can reduce
gun barrel erosion rates especially if the comparable copper rotating
band is oversized.

(3) If the peak pressure and charge weight is held constant and
the muzzle velocity level is allowed to increase the erosion rates
will be the same for either plastic or copper rotating bands.

Figure 7 is a plot of rotating band pressure vs caliber for
standard Navy rotating bands. Note that the 3"/50 band has an
abnormally high band pressure. In Table 1 the rotating band pressures
and resisting force is calculated. Figure 8 is a plot of bore
enlargement vs rounds fired. Note that the erosion rate with the
coppcr rotating band is higher than the erosion model would predict.
Note that when the model predictions are corrected for the peak
pressure with the plastic rotating band, the prediction overlays
the actual new gun erosion rate achieved with the plastic rotating
band despite the fact that no attempt was made to correct the implicit
copper rotating band assumption of the model. Note also that in
worn guns, the gun firing the plastic rotating band ceased eroding
when the bore surface fell below the erosion cut-off temperature.

111-404

I 7.

- -i.--



I:

This data set is the basis for claims that in medium caliber guns
the use of plastic rotating bands can reduce the erosion rate by a
factor of five. In fact in this particular case, such a claim is
correct, but very misleading.

CONDEMNATION CRITERIA

The condemnation criteria which is applicable to a given pro-
jectile - gun barrel combination has three elements:

(1) Reduction in Range

(2) Reduction in Accuracy

(3) Reduction in Fuze Performance

The elements are all related or relatable to a certain maximum level
of bore enlargement. The critical question in erosion life estimation
is the selection of the appropriate level of bore enlargement for a
given gun - projectile combination's"end of life" criterion. A survey
of "end of life" criteria was performed in which rotating bands and
rifling dimensions were correlated with the applicable "end of life"
criteria. Certain trends were obvious and are summarized in Figure 9.

The standard Navy rotating band has a high lip which is 1.04D
in diameter where D is the gun caliber and the band body is 0.5mm
larger than the groove diameter. This band design was also used on
the M-73 projectile for the 120mm tank gun. All weapons using this
band system consistently have condemnation limits between 1.04Dý
Dmax 51.06D with no loss of accuracy with gun erosion.

The 175mm M-437 projectile has a similar rotating band except
that the band body is slightly smaller than the groove diameter.
This projectile - gun combination is condemned at Dmax = 1.03D due

to loss of accuracy.

All rotating bands without a high lip lead to a condemnation
limit of Dmax = 1.02D and are condemned for loss of accuracy.

Using these rules it is thus possible to estimate the erosion
life of a gun.

RECOMMENDATIONS

(1) A method to incorporate the cooling of the gun between bursts
needs to be included in the model.
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(2) A method of incorporating the effects of frictional heating
by the rotating band into the model must be developed.

(3) Very close attention must be directed to gun barrel pro-
jectile interfacing early in development if an accurate weapon sys-
tem is desired with a long service life.
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STEEL EROSION PRODUCED BY PROPELLANT COMBUSTION PRODUCTS*

L. H. Caveny, A. C. Alkidas, S. 0. Morris, M. Sunmerfield

Princeton University
Princeton, New Jersey

J. W. Johnson
Army Materials and Mechanics Research Center

Watertown, Massachusetts

INTRODUCTION

Steel erosion in barrels is a complex phenomenon involving the
action of several interrelated processes, namely, (a) convective
heating of the barrel by the hot combustion products, (b) chemical
reactions of the multi-component combustion products with the steel
surface, (c) physical interaction (aerodynamic forces) of the high-
speed stream of propellant combustion gases with the steel surface,
and (d) the mechanical action (abrasion and swagging) of the mov-
ing projectile on the surface. Interpretation of the processes is
complicated further by the highly transient conditions that are
typical of interior ballistics.

There is strong evidence that propellant gas/steel interactions
are the primary cause of erosion rather than the mechanical action
of the projectile on the bore surface. 1 Therefore, the emphasis of
the investigation summarized in this paper was directed toward the
experimeatal evaluation of the thermochemical processes that produce
erosion of steel alloys subjected to the action of high pressure
and high temperature propellant gases. The experiments were per-
formed using a vented-combustor apparatus for the generation of the
combustion gases.

Several investigators have utilized vented-combustor a~paratus
to study metal erosion by combustion gases. Greaves, et al- and
Wiegand found that above a critical pressure of the gases in the
combustor, erosion is due to melting of the steel specimens. Below
this characteristic threshold pressure for melting, erosion was at-
tributed to chemical effects.3 A comprehensive study of the chem-
ical erosion of steel was made by Evans and co-workers 4 15 l 6 who
studied the erosive effects of high pressure and high temperature
gases produced by the combustion of 02 with excess amounts of
CO. They proposed that erosion of steel in the chemical region is

*Performed under U.S. Army Contract DAAG46-76-C-0069
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due to the formation of volatile iron crbonyl [Fe(CO) 5] by the re-
action of CO with Fe. They further concluded that separation of
the two mechanisms is extremely difficult because both mechanisms
are strongly influenced by the temperature of the system.

The objective of this investigation was to study the erosion
characteristics of steel alloys under the action of high pressure
and high temperature propellant gases in the laboratory and to re-
late these results to barrel erosion. The mass removal of steel
alloys resulting from the erosive action of propellant gases was

correlated with physical parameters such as type of steel alloy,
type of propellant, and number of successive exposures. To obtain
further insights into the mechanisms of the erosion prccesses, the

eroded surfaces were characterized with respect to physico-chemical
changes. A companion paper 7 deals with a related portion of this
investigation which considered the erosion produced by pure gases
and pure gas mixtures heated by means of a ballistic compressor.

EROSION OF STEEL ALLOYS BY PROPELLANT GASES

Experiments of the erosion of steel. alloys by combustion-
generated gases were carried out in the vented-combustor apparatu&
shown schematically in Fig. 1 and described in detail elsewhere. 8 ,9
The rapid burning of propellant in the combustor generates a hot,
high pressure propellant gas that is allowed to flow through the
test orifice. For a given propellant loading, the pressure history
of the combustor can be partially controlled by adjusting the size
of the second orifice, i.e., a vent orifice. The pressure history
of the gases in the combustor is monitored by a high frequency
Kistler 607 piezoelectric pressure transducer. A typical pressure
trace is shown in Fig. 2.

The test specimens were in the form of disks with machined
orifices at the center. Both circular and rectangular orifice geom-
etries were used. The dimensions of the orifices are given in Fig.
3. The flat surfaces, provided by the rectangular configuration
orifices were utilized for SEM (Scanning-Electron Microprobe) and
EMP (Electron Microprobe Analysis) studies.

Most of the erosion tests were performed on AISI 4340 chromium-
molybdenum steel. However, for comparative purposes a number of
tests were performed on AISI 304 stainless steel and AISI 1020 car-
bon steel. Typical nominal compositions and room temperature proper-
ties of the above steels are shown in Tables I and II. The propel-
lants used were IMR-4198 (Tv = 3000 K) and Ml (Tv = 2523 K) single-
base propellants.
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After each experiment, the test disk halves were cleansed,
weighed, and the eroded surface examined. No qualitative differ-
ences were observed when comparing the milled surface with the
opposed unmilled region of the matching half-disk. For simplicity,
therefore, all results, except mass loss, given in subsequent sec-
tions refer to the unmilled side of the orifice. The mass losses
quoted are the sum of that measured on both matched halves.

RESULTS AND DISCUSSION

A comparison of the erodibility of the three test steel alloys
is shown in Fig. 4. This is a plot of the mass erosion experienced
by the circular test orifices as a function of the number of firings.
These tests were performed at approximately constant conbustor con-
ditions. As shown in Fig. 4, the carbon steel (AISI 1020) eroded
the least, followed by the chromium-molybdenum steel (AISI 4340),
and then by the stainless steel alloy (AISI 304). This trend of
erodibility of these steels is correlated with their corresponding
thermal properties. Low values of thermal conductivity and specific
heat result in higher values of surface temperature of the specimen.
This, in turn, causes higher erosion rater;.

The linear behavior of the eroded mass versus number of firings
curves shown in Fig. 4 indicates that the erosion experienced by a
test specimen produces minor physical and chemical alterations on
the eroded surface that apparently do not affect the subsequent
erodibility of the material.

The above result has been collaborated by SEM studies of eroded
surfaces. Figure 5 is an SEM photomicrograph showing an eroded sur-
face exposed to IMR-4198 propellant gases. A comparison of Fig. 5
with Fig. 6, which shows a typical test surface prior to testing,
indicates (a) the presence of a scale on the eroded surface which
was found to become less abundant as the peak pressure increased,
and (b) the presence of cracks on the underlying metal surface.

The relative decrease of area occupied by the scale at higher
pressures suggests that this scale lacks sufficient cohesive strength
to resist the higher shearing forces corresponding to the increased
combustor pressure. Where the scale does form it has a brittle,
flaky appearance.

Electron Microprobe Analysis (EMP) of these eroded surfaces
indicated the presence of markedly more carbon in comparison with an
unexposed specimen. The oxygen levels are shown to be comparable.
It should be kept in mind that EMP quantitative capabilities are
limited with respect to light elements. Furthermore, the Electron
Microprobe Analysis is incapable of distinguishing whether these
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erosion products are bound into chemical compounds of iron or whether
they have been merely deposited onto the surface with sufficient
cohesive strength to resist the cleansing operations that were per-
formed prior to examination. Moreover the EMP's insensitivity to
oxygen does not rule out the presence of one or more of the iron-
oxide scales.

The linearity of erosion with the number of firings has been
observed in some guns. On the other hand, for other guns, the rate
of erosion decreased with the number of firings. In the latter case
it was considered1 that erosion was mainly due to abrasive wear.
One, however, may also contend that the decrease in the rate of ero-
sion is due to the accumulation of oxide scale on the bore surface
with the number of firings and thereby providing successively better
oxidation protection. This was verified with erosion tests of steel
alloys by high pressure and high temperature air utilizing the ballis-
tic compressor. 7 This apparatus was developed 8' 1 0 at Princeton Uni-
versity to study the erosive action of pure gases and prescribed gas
mixtures on metals.

As shown in Fig. 7, the width of the surface cracks increases
with increasing peak pressure of the combustor. The values used in
Fig. 7 were obtained from SEM photomicrographs. Since the width of
cracks varied over the eroded surface, a representative range of
widths observed for each combustor peak pressure was plotted. Figure
7, furthermore, shows that a marked reduction in the width of the
cracks is obtained using Ml propellant (Tv = 2528 K) instead of IMR
4198 (Tv = 3000 K). This size reduction of the cracks may be at-
tributed to the lower isochoric flame temperature of the Ml propel-
lant which results in a correspondingly lower metal surface tempera-
ture. Comparative tests on the three circular steel test orifices
using IMR 4198 and Ml propellants showed that in all cases IMR 4198
produced higher mass erosion (by a factor of 2 in the case of steel
AISI 304) than the 141 propellant.

The size of the cracks were also shown to vary with the type of
steel used. The cracks were wider in the case of AISI 304 stainless
steel (lowest thermal conductivity) than in the case of AISI 4340.
The smallest width was obtained using carbon steel AISI 1020 which
also has the highest thermal conductivity. Thus, crack dimensions
are seen to be inversely dependent upon the thermal conductivity of
steel. This again points to the affect of surface temperature on
crack formation because the surface temperature decreases with in-
creasing thermal conductivity of the material.

All indications thus far are that the mechanism of crack forma-
tion is thermal in nature and that cracks are probably formed due tostrains, produced by volume changes resulting from the rapid heating
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and cooling processes, that are relieved by surface cracking. To
further investigate the mechanism of crack formation and to experi-
mentally evaluate whether hydrogen embrittlement contributes to zheH2 eusing the balsi omosonpprts 7  theseutest shoed
initiation and propagation of cracks, steel test specimens were sub-
jected to the erosive action of high pressure and high temperature
H2 using the ballistic compressor apparatus.7 These tests showed

that even at H2 pressures of 620 MN/m 2 no cracks were produced on
the eroded surface. Since the heating time produced by the ballistic
compressor is short (< 1 msec) compared to that of the combustor,

'F the thermal wave thickness is much thinner. Thus, we suspect that
the degree of the thermal stress produced by the ballistic compressor
is not as great as that produced by the combustor and, as a conse-
quence, the surface cracks are not formed.

A general oDservation of the SEM photomicrographs of eroded

suriaces is that the cracks follow grain boundaries. The removal of
such loosened grains by the subsequent firings might be an important
process in the overall erosion of steel alloys subjected to repeated
exposures of hot, high pressure propellant gases. Indeed, the sur-
face regression ok the metal surface per firing (,- 20 pm) allows the
possibility that entire grains (which appear to be of the order of
5 pm in diameter) might be removed in their entirety during a single
firing. 1

Figure 8 shows the surface of a sample exposed five times to
IMR 4198 propellant gas at a chaiuber pressure of 290 MN/m 2 . The
nature, abundance, and dimensions of the cracks fit the trends
established above for single firings so well that it can be con-
cluded that with regard to crack formation, each firing acts inde-
pendently. This is in agreement with the earlier discussed results
that show that the mass erosion rate of steel specimens is indepen-
dent of the number of firings.

Tests performed on barrels showed that the cracking process has
minor effects on the overall erosion process of barrels. EbiharalI
observed that unplated steel barrels of 7.62 nmi machine guns experi-
enced erosion at the origin of rifling earlier in the firing sequence,
whereas cracks were observed later in the firing sequence (until
approximately 200 rounds). Thus, gun barrel results agree with the
present results which suggest that crack formations do not contribute
appreciably to the erosion of steel alloys.

SEM studies of the eroded surfaces subjected to the erosive
action of combustion gases and pure. gases 7 (-O, C02, N2, and

02 /N 2 mixtures) indicate that the erosion of steel alloys is caused
by the formation of scales on the steel surfaces which, because of
their low adhesive properties, are removed by the aerodynamic forces
of the flow. Of course, for excessively long exposure, melting will be
significant. Furthernmre, ballistic compressor test results 7 disagreed
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with the carbonyl mechanism of erosion (i.e., erosion is due to the
formation of volatile iron carbonyl by the reaction Fe + 5CO 4

Fe(CO) 5 proposed by Evans and co-workers. This contradiction
stemmed from (a) the inability of CO to produce erosion of steel
alloys above the inert background erosion of N2 and (b) the ob-
served scale formation on the eroded surfaces of CO-tested specimens.

CONCLUSIONS

The erosion of steel alloys subjected to the action of high
pressure and high temperature propellAnt gases was shown to be very
dependent on the thermal properties of steel, i.e., the lower the
thermal conductivity of the test specimen the higher the mass erosion.

The erodibility of the steel alloys was found to be independent
of the number of firings. SEM studies of the eroded steel surfaces
showed that these surfaces were covered largely by a scale that can
be partly removed by the frictional forces of the high speed flow.

The width of the observed cracks on the eroded surfaces was
shown to increase with increasing combustor pressure, isochoric flame
temperature, and decreasing thermal conductivity of the steel alloys.
Tests performed thus far indicate that the mechanism of crack forma-
tion is thermal; cracks are formed to relieve strains produced by
volume changes resulting from the rapid heating and cooling processes.
However, as in the case of gun barrels, no conclusive evidence was
found to relate crack formations to the erosion of steel alloys.

Experimental evidence indicates that prior to melting the ero-
sion of steel alloys by high pressure and temperature propellant
gases is caused by the formation of scales resulting from the chemi-
cal interaction of the gaseous reactive species present in the com-
bustion gases with the steel surface and the partial removal of the
scales by the frictional forces of the flow.
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TABLE I Thermal Properties of Test Specimens Used in This Study

THERMAL* HEAT* SOLIDUS
METAL DENSITY CONDUCTIVITY CAPACITY TEMPERATURE

OR p k c TM
ALLOY g/cm3  cal/cm-s-K cal/g-K K

AISI 1020 7.86 0.124 0.107 1789

AISI 304 8.02 0.041 0.12 1700

AISI 4340 7.86 0.090 0.107 1778

*At room temperature

TABLE I1 Nominal Composition of the Steel Alloys

Used in the Erosion Tests
_..... STEEL ALLOYS, AISI

NOMINAL COMPOSfTION 304 1020 4340

C 0.08(MAX) 0.18-0.23 0.38-0.43

Mn 2.00(MAX) 0.30-0.60 0.60-0.80

Si 1.00(MAX) 0.10 0.20-0.35

Ni 8-12 1.65-2.00

Cr 18-20 0.70-0.90

Mo 1 0 .20-0.30

111-424

•!.- ..



PLUME ISSUING FROM
-• TEST SPECIMEN

TEST SPECIMEN

PROPELLANT CHIAMBER

PRESSURE
CONTROL Llz-

PORT PRESSURE
TRANSDUCER

Fig. 1 Schematic diagram of the vented-conmustor &pparatus.

COMBUSTOR WITH
NO VENT ORIFICE

VERTICLE SCALE: 68.9 MN/Im /DIVISION
HORIZONTAL SCALE: 0.5 MSEC/DIVISION

Fig. 2 Pressure history of the vented combustor.
Note: 1 MN/m 2  145.04 lbf/in2
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0.066 cm 0.013 cm

k 0.238 cm

L11.43 cm

THICKNESS: 0.254 CM

(A) (B)

Fig. 3 Dimensions of test specimens; (A) cylindrical
orifice, and (B) rectangular orifice.

I
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PROPELLANT: IMR 4198 0
(TV = 3000 0 K)

ORIFICE DIAMETER = 0.066 cm
DISK THICKNESS = 0.25 cm 300 w-

PMAX = 2.62 - 2.90 Kbar

0

0200

2

9 H

0 AISI #304

zH

3

AISI # 4340 100

--. t. >A SI #1020

0 1 2 3 4 5
NO. OF FIRINGS

Fig. 4 Erosion of steel alloys as a function of number of
firings. The linearity of the curves indicates that
the mechanism of erosion does not vary from test to
test. (Total number of firings: 5.)
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2ma =13. 7 MN/m2|=
Am - 2.32 mg |-

I

,.I.

Pmax" 403.4 MN/m 
2

Am - 7.02 mg

Fig. 5 SEM photugraphis of the surface of AISI 4340 steel specimens
showing that the width of cracks produced by the action of
IMR 4198 propellant gases increases with increasing pressure.

111-428

-.--.
-. - .. I " " - -' -" IN.." g



A

ýb

mI

Fig. 6 SEM photograph of the surface of an untested specimen.
The horizontal bands are machine tool marks.
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STEEL SPECIMEN AISI 4340

1.0 IMR 4198

1.01

EN-1

S0.75

o.

HT

S0.5 -

0.25

0
100 200 300 400

PEAX PRESSURE, MN/mr2

Fig. 7 Maxinum crack width vs combustor peak pressure. The width

of cracks increases with increasing peak pressure.
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PROPELLANT: IMR 4198

T - 3000 Kv

Ii 2P A - 290 DIN/m2NMAX

Am = 10.12 mg

5 Consecutive Tests

Fig. 8 SEM photograph of the eroded surface of AISI 4340
steel specimen showing that consecutive tests do
not augment crack formation.
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COMPOSITION CHANGES IN GUN STEEL SURFACES
DUE TO EROSIVE PROPELLANT BURN

Andrus Niiler and Robert Birkmiret
Ballistic Research Laboratory

I. INTRODUCTION

During the course of the erosion of a gun tube surface by the
combustion products of burning propellants, significant physical,
chemical and metallurgical alterations of tW: surface occur due to
"the interaction between the hot gases and N,? surface. Many gun
barrels in use today are affected by such Lot gas/metal interactions
and consequently reach their erosion life long before their fatigue

' life resulting in their condemnation. This situation may become
more severe as extended range artillery and/or high velocity systems
come into use. One step toward a solution to the problem is a more
definitive understanding of the processes and mechanisms that are
involved in erosion and wear. Some recent experiments have indicated
that the condition of the bore surface can significant-iy affect the
erosivity of the system1 . It would therefore be very interesting and
informative to study the changes which occur in the composition of the
eroded surface as a result of exposure to a variety of propellants as
well as additives.

At BRL, we have developed an ion beam technique by which the
outer micron layer of an eroded surface may be examined quantitatively
for concentrations and depth profiles of carbon, nitrogen and oxygen.,
These elements are of greatest interest because all but a small
percentage of a given propellant is made up of their compounds. As
the propellant combustion products interact with the surface, one
can expect various chemical reactions to take place. These will
attack and erode the surface and are driven by high temperatures and
pressures. Some of these products will remain in the surfact! so that
a measure of the carbon, nitrogen and oxygen concentrations would
yield information about the importance of chemical processes involved
in the burn. In addition, any film layer or other substance containing
carbon, nitrogen and oxygen which mig-t bc effective ih retarding ero-
sion would show up under such ion beam analysis.

At this point, the experimental procedure, some of the standard
measuremeats, and results will be described. Following this, a

short description of the ion beam technique will be given, the results
of measurements on eroded samples will be shown and the results will
be discussed.

tNRC Research Associate
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II. EXPERJMENTAL PROCEDURE AND RESULTS

Twelve different nozzles of long-standing BRL design, made of
4140 gun steel, were exposed in a 37 mm gun modified to act as a
blow-out chamber. Figure 1 shows a schematic of this chamber. Each of
the twelve nozzles was fired with a different combination of the pro-
pellants (M2, M30 and Ml) and the additives (TiO Wax, Talc Wax, Poly-

2urethane Foam and no additive). The propellant charge was chosen to
give approximately the same pressure-time trace with each of the three
propellants. With two exceptions, four shots were fired through each
nozzle. The firing schedule is shown in Table 1.

Table 1. Firing Schedule.

No. Isochoric
Nozzle Propellant (g) Additive (g) Shots Flame

Temperature
(OK)

2 M2 85 None 4
3 M2 as XMl 12.9±1.3 4
4 M2 85 TW 18.6±0.9 4 3320

5 M2 85 PUF 11.4±0.3 4

6 M30 110 None 4
7 M30 110 XMl 12.5±0.9 4
8 M30 110 TW 18.2±1.6 S
9 M30 110 PUF 11.7±0.8 4

10 Ml 105 None 4
11 Ml 10S XMI 12.4±0.6 3
12 Ml 105 TW 17.2±1.4 4
13 Ml 105 PUF 11.7±1.0 4

XMI - Tie2 Wax, TW - Talc Wax, PUF - Polyurethane Foam

With each shot a pressure-time trace was recorded, and after cleaning
the nozzles with a detergent/alcohol wash, mass losses were measured.
These results are shown in Table 2 where the average peak pressures,
burn durations, and mass losses are given. The no additive mass
losses follow the expected temperature dependence of higher mass loss
for higher temperature. In all cases the use of additives reduced
the mass loss. It should be noted that there were small differences
in the burn durations of the three propellants.
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The shot-to-shot variation in mass losses is somewhat larger
than the measurement uncertainties would indicate. However, other
experiments with this chamber and several other test fixtures 2' 3,
have shown similar shot to shot variations. Althcugh the reason for
this variation is not known, we speculate that rzmdom variations in
the flame patterns are probably responsible.

Table 2. Results of Pressure and Mass Loss Measurements.

Nozzle Propellant/ Peak Duration Mass Loss
Additive Pressure

(K psi) FWHM (msecj (mg)

2 M2/NA 24.0O0.5 2.2010.10 36.8+5.5
3 M2/XMI 26.1±.I6 2.08±0.16 8.5±1.1
4 M2/TW 25.9±1.9 2.06±0.16 6,9+3.2
5 M2/PUF 25.3±0.5 2.14±0.10 9.9±5.0

6 M30/NA 25o9i0.8 2.54±0.04 13.0±1.0
7 M30/XMI 27.0M0.7 2.48±0.04 S.9-3.6
8 MS0/TW 26.4±2.5 2.68±0.24 4.6±1.9
9 M30/PUF 27.2±0.7 2.50±0.08 6.5L2.5

4 10 MI/NA 24.5±0.5 2.36±0.06 4.9±1.9
11 Ml/XMl 26.0*2.2 2.26*0.14 4.0±1.1
12 Ml/TW 26.1±2.1 2.28±0.12 3.9i1.2
13 MI/PUF 26.0±0.7 2.2810.10 3.4±1.9

After the cleaning and mass loss measurements, the nozzles were
examined with a 675 keV deuteron ion beam. As seen from the insert of
Figure 2, a deuteron beam is brought onto a surface containing iron
and oxygen. Nuclear interactions occur between some of the dQuterons
and the iron and oxygen nuclei producing backscattered deuteron& and
protons which are detected and sorted by their energies. The back-
scattered deuterons from iron will show up in a different energy
region than protons from oxygen. This can be seen in Figure 2 where;
(1) a large yield ou deuterons elastically backscattered from iron
are shown, and (2) a smaller yield of protons produceýd from deuterons
interacting with oxygen are shown. The height of thb oxygen peak is
determined by the total oxygeii concentration and its width and shape
are determined by the depth profile. If the surface exavined had also
contained nitrogen or carbon, additional peaks would have appeared
near channels 260 and 450, A small step in the leading edge of the
yield from iron indicates a lower concentration of iron atoms in the
outer layers of the sample which are replaced by oxygen in this case.
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Even though all three of the elements, carbon, nitrogen and oxygen
are observable by ion beam methods, the analysis presented will be only
for nitrogen and oxygen. A detailed description of this ion beam
analysis method can be found in references 4 and 5.

Three different locations on each nozzle were examined. Concen-
trations and depth profiles were extracted by averaging the results
from the three locations. Figure 3 shows concentration profiles for
the nozzles fired with no additives in the propellants. The two peaks
are due to o;tygen and nitrogen as labeled and the curves are drawn to
guide the eye through the data points. The relative uncertainty on
data points is roughly their deviation from the lines. The main
features of these data are: (1) there is always a surface peak of
oxygen with some tailing into the deeper layers; (2) no surface peak is
present for nitrogen; (3) the general trend is for thicker layers and
higher concentrations with the cooler propellants; (4) and the nitrogen
seems to go deeper into the surface with subsequent shots. This latter
point may be of considerable significance since other work 6 has shown
that nitrogen implanted into the outermost layers of steel makes that
steel surface considerably harder. Thus, t113 nitrogen layers may help
retard erosion in subsequent shots. Figure 4 rhows similar results for
nozzles fired with polyurethane fowa additive included with the pro-
pellants. The main features in these spectra ar• similar to the previous
ones.

Integration of these peaks gives the toi..al surface concentrations
of oxygeo and nitrogen with the results being shown in Table 3. The
trend toward higher oxygen and nitrogen concentrations with the lower
flame temparatures is again apparent. In addition, the nozzles with
additives show a somewhat higher oxygen and nitrogen concentration
indicating a possible buildup of a protective layer. The results are

4s•nilar with the TiO2 Wax and Talc Wax additives but are not shown.

Figures 5 and 6 show the backscattered deuteron spectra from iron
for the same sets of nozzles shown in Figures 3 and 4 respectively.
The right side of the spectrum for nozzle 10 is Jower than the equiva-1 lent region for nozzles 2 and 3. This occurs because the iron concen-
tration is lower at the surface of nozzle 10 than of nozzles 2 and 3.
The reduction in iron concentration is due to the higher oxygen and
nitrogen con( itrations in the surface of nozzle 10 as can be seen
from Table 3. Thus, the shape of the right side of the backsca-tered

•1 spectra is a sensitive indicator of surface contamination. Calculations
-.utilizing the shape of the backscattered spectra to determine infor-

imation about the stoichiometry of the iron-oxygen-nitrogen layer are
currently under way.
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**- Table 3. Surface Concentrations.

Nozzle Shot Oxygen (xlO17 at/cn ) Nitrogen (xlO17 at/cm 2)*

2 3 0.79 ± 0.11 0.06
2 4 0.89 1 0.12 0.06

5 3 1.43 t 0.17 0.20
5 4 1.20 ± 0.15 0,14

6 3 1.02 ± 0.13 0.22
6 4 0.93 ± 0.12 0.25

9 3 1.08 1 0.14 0.27
9 4 2.25 ± 0.23 0.39

10 3 2.52 1 0.24 0.54
10 4 2.40 ± 0.24 0.64

13 3 3.43 1 0.27 0.49
13 4 4.28 1 0.26 0.85

• No error bars are assigned to the nitrogen concentrations because the
14N(dp) cross sections used involved large extrapolations from
existing data.

111. DISCUSSION

The results of this experiment show that large differences do
exist between the oxygen and nitrogen surface residues from the
burning of various propellant/additive combinations, Penetration
depths vary from basically nil (less than 0.1 um) to between 0.5 and
1.0 pm. A detailed experiment is thus feasible in which the effects
of the erosion inhibiting TiO2 Wax additive can be studied. Any buildup
of a TiO2 layer on the surface would be observable and a concurrent
measurement of the amount of surface wear loss would be indicative of
the effectiveness of such a layer at erosion reduction.Nitrogen, implanted in steel surfaces, has been known to inhibit
wear from such surfaces as well as significantly change a number of
other surface parameters. A nozzle was prepared by implanting a small
region with nitrogen ions at 40 keV to a dose of 3 x 1017 atoms/cm2 .
The depth of the nitrogen layer as a result of this implantation was
less than 500 A. An ion beam analysis of this nozzle area showed the
appropriate amount of nitrogen at about the right depth. The surface

!t 111-436
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composition thus altered, the nozzle was exposed to 85g of M2 propellant
in the 37 mm chamber. The results showed that the erosivity from this
implanted area was no different than from a non-implanted area and that
the whole 500 A nitrogen layer had been removed with the single shot.
Another sample is currently being implanted to a much greater depth
with nitrogen with the expectation that better erosion resistance will
be found with it.

The results of these experiments also indicate the presence of
significant chemical interactions between the propellant gases andthe steel surface. Except for very small surface concentrations of

oxygen caused by water vapor absorption, only chemical reactions
can introduce oxygen or nitrogen into these surfaces. Preliminary
analysis of scanning electron micrographs of some of these nozzle
surfaces show no evidence of the streaming or flow patterns which
would suggest a melt and wipeoff process. Alkidas et al.7 have
observed such flow patterns in their ballistic compressor experiments

1% with hydrogen gas. However, a definitive answer to the question of
how surface layers are softened before being blown (or eroded) away,
whether by chemical action or by surface melting, requires additional
work, The answer to this question is very important for it determines
whether materials research or propellant formulation work is most likely
to lead to greater erosion reduction.
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1. RETAINING RING

2. NOZZLE
3. BLOWOUT DISC
4. SPACER
5. 0-RING SEAL

Figure 1. Schematic of the 37 mm blow-out chamber,
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The nozzle 10 spectra show the effect of decreased iron concentration at
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FRICTION AND WEAR AT THE PROJECTILE-TUBE INTERFACE

R. S. Montgomery

Benet Weapons Laboratory
Watervliet Arsenal

Watervliet, NY 12189

In this paper I will try to summarize the evidence which
indicates that the usual mechanism of sliding for a projectile down
a pin tuto is melt lubrication with the sliding surfaces being
sepa),aced by a thin layer of molten rotating band material. This is
important in umderstanding the behavior of projectiles because then
the sliding is lubricated and friction and wear of the rotating
bands is deterninea only by the characteristics of the molten film
"and the heat generated at the sliding interface. Much of it is a

•, summary of data published in refs. 1-4 and so the reader is referred
to these papers for experimental details.

When the coefficients of friction for projectiles with gliding
metal rotating binds fired at low zones in the 155mm howitzer are
plotted as functions of the product of bearing pressure and velocity,
it can be seen that the initial friction is very high but that it
rapidly drops to about 0.1 by the time the bands are completely
engraved (sea Figure 1). The rate of heat generated at the sliding
irterface is proportional to this product with constant coefficients
of friction. The steady state coefficient of friction, which appears
to be about 0.02, is reached after only about 5 in of travel. This
means that the mechanism of sliding changes drastically after only a
few inches of sliding. It is plausible that this drastic change is
the melting of the rotating band surface and the establishment of
melt lubiication. Melt lubrication is the only plausible explanation
fo. a coefficient of friction as low as 0.02.

An extensive laboratory study was supported by the U.S. Army
from about 1946 to 1956 and a great deal of data was collected atfr I tding spc3ds up to 1800 ft s-1 using a sophisticated high speed
pini-on-disk test device. This device is shown in Figure 2. Wear of
pns o .g.i.ding meta!, copper, and projectile steel and the friction J
of the.ao metals and annealud iron on gun steel were extensively
investigated. In addition, there were a few experiments with pins
of other mate.ials. The data for copper sliding on gun steel is
tyr,i.cal of the results which were obtained. At low pressure-velocity
v ,.'e:i both friction and wear rates were very high and were not
iuinctions of this product. At the higher sliding velocities and
bearing pressures, the coefficient of friction decreased to a more
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or less constant value and the wear rate became a smooth function of
PV (see Figures 3 and 4). This behavior is clarified by plotting
friction and wear rate as functions of the rate of heat generated at
the sliding interface. It is apparent that both friction and wear
rate are not functions of this rate of heat generation at low
bearing pressures and sliding velocities. However, at the higher
rates of heat generation, friction is almost constant and wear rate
is proportional to the square of the rate of heat generation (see
Fig"re 5). This indicates melting of the rotating band surface and
establishment of melt lubrication. With melt lubrication, friction
is determined by the thickness and viscosity of the molten film and
wear rate determined only by the heat generated at the sliding
interface.

With melt lubrication, when the same amount of heat is generated
at the sliding interface, the wear rate should be a function of the
amount of melting. If the linear wear rates of the different
materials at the same rute of heat generation are plotted as functions
of the reciprocal of their absolute melting points, a straight line

Iresults with the lower melting materials wearing considerably faster
(see Figure C). The two materials which fail conspicuously below
the line are coppIr and aluminum, the materials with the highestthermal cerductivitii,:s. Evidently, a high thermal coaductivity

results in the material acting as if it had a higher melting point
than it actually has owing to the rapid conduction of heat away from
its surface.

k-7 apparent Uinaly in the laboratory work is that the actual
"values of the dient cf friction are many times those actually
observed in • cube. While the environment in a gun tube is
considerably c..xerent from the laboratory conditicns, the exact
reasons for the disparity were not clear until the recent publication
of a theoretical study on lubrication by a melting solid (5). From
this analysis, the coefficient of friction is proportional to thesquare root of the non-dimensional sliding speed, S. This speed is
defined as

S ' JlJ/x2L(i

where p is the liquid viscosity, U the sliding velocity, x2 the
length of the slider, and L the volumetric heat. Therefore, the
coefficient of friction is inversely proportional tc the square root

the lehgth of the slider for any particular sliding velocity.
this could account for a portion of the disparity in the coefficients
of friction.
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In the study it was also shown that, in the case of a irelting

slider, the system is not self-sustaining until very high values of
non-dimensional bearing pressure. Specifically, the system does not
develop its own lubricant supply for complete liquid film lubricatior
until the non-dimensional bearing pressure, w*, is greater than
about 0.2. w* is defined v3

w* E w/Lx 2  (2)

where w is the load per unit width. Below this value, the leading
A edge of the slider is not lubricated by the liquid metal and

consequently the coefficient of friction is much greater. The value
of w* for the gilding metal bands on the 155mm M107 projectile is
"about 0.20 during engraving for an engraving pressure of 50,000 lb
in- 2 . It is about 0.19 for the copper bands on the l5Smm M483
projectile during engraving at the same pressure. Therefore, in
this case, lubrication by surface melting of the rotating bands
would be self-sustaining or close to it. However, the maximum w*
for copper or gilding metal in the laboratory experiments was only
about 0.07 owing to the small diameter of the pins used. The high

A coefficients of friction measured in the laboratory pin-on-disk
experiments could easily be accounted for the small slider size and
low bearing pressures.

After a short distance of sliding, the coefficient of friction
for an actual projectile becomes low but not as low as predicted by
the analysis (see Figure 7). This may be the result of the complex
geometries and bearing pressure patterns of rotating bands. Also
the analysis did not take into account such things as the heat
conducted from the sliding interface or the heat required to raise
the rotating band material to its melting point.

In Lhe usual case, friction and wear remains low the entire
length of the gun tabe after the molten surface has formed. Where
there is muzzle wear, however, melt lubrication is not completely
maintained until the projectile leaves the tube. There is always
side loading of the projectile on the wall of a gun tube because
the projectile travels down the front portion of the tube with the
largust yaw possible. If this loading becomes excessive or if thedesign of the rotating bands is not adequate, the rotating bands

will wear sufficiently to allow the projectile body to contact the
wall of the gun tube and result in body engraving on the projectile
and muzzle wear on the gun tube. Figure 8 shows body engraving on a
155mm projectile in flight and Figure 9 shows an example of muzzle
wear in a developmental 155mm howitzer tube. While muzzle wear is

A• not as great as the more usual erosion, it can have a very adverse
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effect on dispersion. This kind of wear is confined to the lands of
-,;he rifi.ng, and in extreme cases, the lands can be worn almost flat
and the grooves still show no appreciable wear (see Figure 10).

There is also metallographic evidence to support the idea of
melt lubrication of projectiles sliding down gun tubes, Recovered
soft iron bands show a thin surface layer of material which evidently
had been molten (see Figure 11). This surface layer is more striking
on the slide marks or. a recovered body-engraved projectile (see
Fipure 12). Furthermore, when the surface cracks on the bores of
cannon firing gilding metal banded projectiles are examined, they
are found to be filled with gilding metal which had evidently entered
them as molten matal (see Figure 13). Even body engraved magnesium
sabots from recovered APDS taik projectiles show a surface layer
which indicates a prior melting (see Figure 14). All this evidence
corroborates field observations such as that molten gilding metal has
been observed driping from the muzzles of cannon during rapid fire
and that difficulty was experienced with molten iron being forced
into a purge hole located on a land just 1/4 in forward of the origin-
of-rifling in the case of the 152mm gun firing sintered iron banded
projectiles.

All the available evidence indicates that projectiles arelubricated by melt lubrication throughout their travel except for a

few inches at the origin-of-rifling. While this few inches is
extremely important and greatly affects the internal and external
ballistics of the projectile, the fact remains that, by far, the
greatest part of the sliding is lubricated sliding. With melt
lubrication, the coefficient of friction is determined only by the
character of the film and not by the properties of the sliding
surfaces themselves and the wear of the rotating bands is dependent
only on the band material and the amount of heat transferred to them.

IL.-449

'P , , , . . ... •

,L i,,ll, ,



A

REFERENCES

1. R. S. Montgomery, "Friction and Wear at High Sliding
Speeds," Wear, 36 (1976) 275.

2. R. S. Montgomery, "Surface Malting of Rotating Bands,"
Wear, 38 (1976) 255.

3. R. S. Montgomery, "Projectile Lubrication by Melting
Rotating Bands," Wear 39, (1976) 181.

4. R. S. Montgomery, "Muzzle Wear nf Cannon," Wear 33 (1915)
359. S=

S. W. R. D. Wilson, "Lubrication by a Melting Solid," Trans.
AS•E, Ser. F, 98 (1) (1976) 22.

111-450

" ,



48 4.)

IAw

o'11

a 0

a 4J

144 -. 4

00

-4

'a~ 0 U40 0 01

K 14



SCHEMATIC ASSEMBLY OF FRICTIONi MACHINE
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CONCEPTUAl DESIGN OF A PSEUDO-SCALED
GUN BARREL EROSION TEST FIXTURE

Lisle H. Russell and Jesse L. East, Jr.
Naval Surface Weapons Center

Dahlgren, Virginia

ABSTRACT

Presented are the constraints which must be imposed upon a
model gun in order that the thermal response of its bore surface
can be highly analogous to that in an actual large gun. The

* *first set constraints were constructed so that the gas flow
dynamics in the simulator would cause the heat flux acting at the
bore surface during the time interval of an isolated single shot
to be the same as that in an actual gun, provided both barrels

1' were made of the same material. To insure near equivalence in
bore surface temperatures during multiple round firings at a given
rate of fire, a constraint on the outside diameter of the simulator
Was defined. A determination was made, via optimization theory,
of the outside diameters of two simulators which caused their resi-
dual bore surface temperature history to be nearly the same as that
which would have been experienced by a 5-inch gun when responding
to a firing schedule of 100 rounds at the rate of one round every
12 seconds. The inside diameters of the two simulators were 40mm
and 3 inches, respectively. Comparisons were made of the pre-
dictions of both residual and peak bore surface temperatures for
the 5-inch gun and the two simulators. On the basis of these two
highly favorable comparisons, it was concluded that, in the
optimized geometric configuration and for the specifically chosen
firing schedule, the two pseudo-scaled guns should exhibit bore
surface temperature and erosion very nearly the same as that
present in the 5-inch gun.

INTRODUC TION :

Attempts to substantially improve performance levels of ex-
isting and future gun systems without causing a marked decrease in
gun barrel service life demand that more effective means of con-
trolling bore surface erosion be developed. Previous efforts to
control erosion in gun barrels have generally been of a "quick-
fix", "cut-and-try" nature with little or no emphasis on develop-
"ing a basic understanding of the erosion processes. During the
firing of a gun, high velocity, high temperature, propellant
combustion gases wash over the bore surface of the gun barrel.
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These severe in-bore conditions cause an extremely high convectiveheat transfer to the barrel and, consequently, enhance the rate of

wear at the bore surface. This cause and effect relationship
exists because most of the complex, interdependent processes which
induce gun barrel erosion are themselves thermally driven phenomena
(see references 1 and 2 for information in support of this con-
tention).

If a scaled-down gun could be designed so that the thermal
response of its bore surface was the same as that in the actual
gun, then erosion processes in the model and the actual gun should
be nearly the same. It must be emphasized that such a duplication
is possible only when the in-bore gas flow dynamics and the pro-
pellant combustion products are also identical. The existence of
such a scaled-down gun would significantly reduce ieliance on
expensive full scale testing as the primary means used "o identify

A erosion mechanisms and to evaluate new concepts for wear reduction.
A smaller gun could more easily be adapted to laboratory procedures
wherein the quality and quantity of pertinent data could be in-
creased. For example, these benefits could be exploited if the
near-bore erosion behavior in a modified 3-inch gun could be made
the same as that in an 8-inch gun.

APPROACH

Certain constraints must be imposed if the in-bore gas flow
dynamics are to be equivalent in the scaled-dowu simulator and the
actual gun. These idealized constraints have been grouped into
four areas and are as follows:

1. Consider the projectiles of the gun and simulator
as having the same shot start pressure and as being
friction-free and spin-less down the bore. Require
pressure-time equivalence throughout the entire
projectile in-bore travel time. Insure that pro-
jectile travel distance as well as th, length of
the initial chamber volume are the s .e in each
system. Require the same histories of fractional
chamber volume increase as the projectiles move
within the bore.

" 2. Have identical charge loading or energy densities
and utilize the same propellant and propellant
geometry.

3. Maintain equivalence of the ratios of projectile

weight to propellant weight.
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4. Establish an upper bound on the ratio of chamber
area to chamber volume in the scaled-down gun.
This constraint will prevent the heat loss to the
barrel from significantly reducing the bulk gas
temperature of the propellant combustion products
in the simulator.

By imposing all of the above constraints, the heat flux acting
at the bore surface during the time interval of an isolated single
shot should be the same in the scaled-down gun and the actual gun
provided both are made of the same material. Relaxation of two
constraints identified in the first grouping, namely that the
projectiles be friction-free and spinless down the bore, can be
allowed without seriously compromising the heat flux analogy.

To insure equivalence in bore surface temperature during long
firing schedules at a given rate of fire, a further constraint on
the geometry of the scaled-down gun barrel must be imposed. In
"identifying this constraint, it was necessary to use a closed form,
transient, two dimensional, cylindrical heat transfer solution for
pulsating heat flux boundary conditions (see reference 3). Given
the single shot, axially dependent heat input to the barrel for
the actual gun, this solution will yield the residual bore surface
temperature as a function of shot number for any firing rate. It
"is this time dependent temperature which must be matched by use of
the scaled-down gun; otherwise, equivalence of erosion behavior
cannot be achieved.

Once the inside diameter of the simulator is fixed along with
the number of rounds to be fired at a specific firing rate, the
computed residual bore surface temperature becomes a function
solely of the outside diameter of the scaled-down gun barrel.
Implicit in this statement is the assumption that the convective
heat transfer coefficient applicable to the outside surfaces of
the two guns is identical. Thus, to determine the constraint on
the outside diameter of the simulator, it is necessary to mini-
mize the degree disparity, through any number of shots, between
the residual bore surface temperatures in the actual and scaled
guns. This minimization process can be accomplished by use of
the Fibonacci search technique (see reference 4).

RESULTS AND CONCLUS IONS

In the analysis, the 5"1/54 MARK 18 HOD 3 gun barrel was
chosen to represent the actual gun. The propellant utilized was
NACO. The firing schedule was considered to be 100 rounds fired
at the rate of one round every 12 seconds. The optimization
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process was applied to scaled-down gun barrels having inside
diameters of 40mm and 3 inches, respectively. A determination was
made of the outside diameters of these two simulators which caused
the residual bore surface temperature history to be highly analo-
gous to that which would have been experienced by the 5-inch gun
barrel when responding to the above mentioned firing schedule.

Shown in Figure 1 is a comparison of the predicted residual
bore surface temeratures for the actual gun and the two simu-
lators. It should be noted that the predicted residual bore
surface temperatures for the 5-inch gun which are shown in this
figure are relevant to an axial location 43.5 inches from the
breech face. This station is located 1/2 inch downstream of the
origin-of-bore on a new 5"/54 gun and, thus, is at a location
particularly susceptible to gun barrel erosion. Presented in
Figure 2 is a comparison of the peak bore surface temperature as
a function of rounds fired. Again, the curve for the 5-inch gun
pertains to that section of the barrel 43.5 inches from the breech
face. The sketch in Figure 3 shows the relative size of the
barrel cross-sections. The solid boundaries represent the actual,
nominal barrel diameters. The outside nominal barrel diameters
for the 5-inch, 3-inch, and 40mm guns are relevant to the MARK 18
MOD 3, MARK 22, and MARK 1, respectively. The indicated valueshi for these diameters apply to the axial location 112 inch down-
stream from the origin-of-bore on all three guns. The dashed
circles depict thl optimized geometric configurations for the
pseudo-scaled gun barrels. It is important to note that the heat
transfer analysis used in the optimization process required that
the barrel inside and outside diameters be considered as constant.
The cross-hatched regions represent the material which would have
to be, respectively, removed and added to the conventional 3-inch
and 40mm gun barrels. On the basis of the results from the two
highly favorable comparisons of residual and peak bore temperatuces,
it was concluded that, in the optimized geometric configuration
and for the specifically chosen firing schedule, the two pseudo-
scaled guns should exhibit bore surface erosion very nearly the
same as that present in the 5-inch gun.
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DESIGN OF PROPELLANT CHARGES WITH LOW EROSIVITY CHARACTERISTICS

Jean-Paul Picard and Russell L. Trask
Large Caliber Weapons Systems Laboratory

US Army Armament Research and Development Command
Picatinny Arsenal, Dover, New Jersey 07801

ABSTRACT

One of the most critical factors responsible for erosion is pro-
pellant flame temperature. The use of propellant compositions having
a low flame temperature will result in a definite gain to the armament

system designer as erosion will be reduced. This paper will show how
the low flame temperature propellants can be utilized based upon
Analog/Digitial Hybrid computer interior ballistic calculations using
the 105pm Gun, M68 as the model. The effects of granular and consoli-
dated propellant charges upon chamber pressure and/or length of pro-
jectile travel are presented. Computer calculated flash predicitions
for the cooler propellant compositions are reviewed. The success of
the concepts discussed in this paper hinges upon the understanding of
the role pressure plays in erosion.

INTRODUCTION

Significant advances in future weapon design must depend in part
upon new and imaginative approaches taken by the propellant engineer
to improve propulsion. Conventional propellant/propelling charge
schemes are no longer adequate in meeting the high performance, high
*rate of fire problems presented by advanced systems. Significant changes
in propellant composition alone to meet these objectives are severely
limited by constraints such as erosion, fouling, flash, smoke, stability,
safety and cost or availability (Ref. 1). Another factor which inhibits
the adaDtion of new propellants is that customary design approaches
optimally fix gun parameters and dimension around a specific current
standard gun propellant. Once these factors are frozen around a
particular composition, significant improvements cannot be achieved
without influencing the gun characteristics (chamber volume, length of
travel, etc.). The solution to this apparent dilemma, in the face of
ever increasing demands for large advances in propellant/propulsion
devices, reouires the exploration of more imaginative concepts in
propelling charge for gun systems introduced at the earliest possible
phases in the design cycle.
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DISCUSSION

One of the more serious problems confronting armament system de-
signers is the extensive gun barrel erosion encountered. Table I shows
the comparative useful tube life and fatigue life of a number of tubed
weapons in the Army inventory. The high cost of erosion is obvious
from this presentation. High performance weapons being developed indi-
cate even greater wear rates. It is known that erosion reduction
additives have proven useful in extending gun tube life. However, they
may be approaching their limit of usefulness.

The high temperature of the propellant gases is generally regarded
as the leading factor influencing gun tube erosion. Conseouently, any
effort to reduce these temperatures would be beneficial in decreasing
erosion. The thermodynamic characteristic of several standard propel-
lants are shown in Table II. The M30 composition is one of the most
extensively used propellants, notably, because of its attractive force-
flame temperature relationship. However, it is apparent that there are
several other standard propellants with flame temperatures lower than
M30 although they are also lower in energy per unit weight. If a
scheme could be devised to take advantage of these cooler temperatures,
a significant reduction in gun tube erosion should be possible. To
achieve high velocity levels with these cooler formulations employed in
conventional charge configurations would require large increases in gun
chamber volumes. Up to now, this has not been an accepted route to
gun design because of mobility loss due to increased weight.

Analog/Digitial Hybrid computer interior ballistic simulatioa
calculations were made using the 105mm Gun APDS-T, M392E3 Round (12.80
lbs.) as the model. The results shown in Tables III and IV show that
use of cooler, muti-perforated propellants is potentially feasible if
higher chamber pressures or lonper gun tubes or some combinaticn of the
two are acceptable. The cooler the propellant, the higher the chamber
pressure or conversely the longer the gun tube length that is required
to achieve the same ballistic level as the base line comparison model
using M30 propellant. Table V shows computer calculated flash pre-
dictions which indicate lowering of the shock temperatures in the muzzle
vicinity when usiug cooler propellants (Ref. 2). Secondary flash is
not entirely eliminated because of the increased combustible gases
(CO and H2) produced by the cooler compositions. However, the tendency
to flash is lowered as reflected in the reduced amounts of potassium
sulfate required to eliminate flash. About one percent by weight of
conventional propelling charge is considered to be optimum before signi-
ficant reduction in overall energy is noticed.
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The work to date indicates that if cooler corgpositions are to be
used effectively in acceptable gun size, some scheme to increase their
volumetric energy will be necessary. Conventional granular propellants
exhibit a considerable free inter-granular space when packed within
the cartridge cases or bag charges. Through compression molding or
consolidation this space could be substantially reduced. In this
manner, cooler compositions might be used in reasonably sized gun
chambers. Table VI and Figure 1 show thermodynamic comparisons of the
weight increases or volume reductions that would be required to achieve
the same energy output of M30 propellant. If successful consolidation
of cool propellants were possible, within the limits indicated, an 9
to 29 percent volume reduction (or weight increase) would mean that
flame temperatures could be lowered from 400 0 K to 800'K below the 3040°1K
for M30 propellant and still maintain the same ballistic levels.
Temperature reductions of this magnitude should give an appreciable de-
crease in gun tube erosion.

Analog/Digitial Hybrid computer interior ballistic similation
calculations were next made for consolidated propellant charges using
the 105mm Gun M68 as the model. At consolidation densities below 1.1
grams/cc and large chamber volumes, the interior ballistic calculations
for consolidated charges may be made using granular propellant calcul-
ation equations without introducing large errors, providing adequate
attention is paid to the empirical constants. The results shown in
Table VII show that consolidation of cooler propellants in the standard
1168 gun will not be practicable as the 4830 fps service velocity is not
attained within the 61,800 psi maximum rated pressure of the weapon.
The velocities are from 175 fps to 300 fps low for the cooler composi-
tion. The optimum loading density for the M31, M6 and Ml propellants
is 0.85 g/cc whereas that for the NACO Co-mp C composition is 0.90 g/cc.

This is explained by the fact that the Navy propellant has a higher
pressure exponent and therefore can burn up more propellant in the same
length of travel. Above these loading densities, there is a drop off
in velocity due to the presence of unburnt propellant at the muzzle of
the gun tube (Figure 2). The 4850 fps service velocity is only attain-
able if the chamber pressure is allowed to exceed the maximum rated
pressure of the weapon system. The cooler the propellant, the higher
the chamber pressure (Figure 3).

The 26000 K Flame Temperature M31 and M6 propellant consolidated
charges can be employed in the 105mm Gun, APDS-T, M392E3 Round provided
the length of travel is increased 50 inches (Table VIII). The use of
the cooler M1 and NACO Comp C propellants will necessitate a slight in-
crease in chamber pressure as well as the longer gun tube.
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The computer calculated flash predictions for the cooler propellant
consolidated charges are presented in Table IX. The data is very
similar to that in Table V for the cooler granular propellants.
Approximately, 0.5 to 1.0 percent potassium sulfate will be required
to eliminate flash.

These model simulations show a direction for future investigation.
They indicate substantial lowering of gas temperatures at the cost of
higher gun chamber pressures and/or longer gun tubes. A legitimate
question arises, however, as to the significance of higher chamber
pressures upon gun tube erosion. The pains yielded by lower gas
temperatures might be cancelled by the possible more erosive effects
of elevated pressure thus negating any benefits. Unfortunately, the
role of pressure with regard to erosion has not as yet been clearly
identified. The successful implementation of the consolidation of cool
propellants hinges upon the understanding of the role pressure plays
in erosion.

Consolidation, it should be mentioned, is not a new concept.
Several groups both within the government and at its contractors facili-
ties have employed the idea primarily toward the development of case-
less ammunition. Some current activity at ARRADCOM is being focused
upon molding larger caliber charges using M30 propellant, However,
the concept discussed in this article has not been previously offered.

The design of gun propulsion systems is at a crossroad. New and
radical concepts are needed to attain significant gains in performance
and overall improvements. This article was presented not only to indi-
cate one such possible approach but also to hopefully stimulate the
charge design community aLong new and more productive paths toward
future armament systems.

REFERENCES

I. Baumann, RP and Picard, J.P.: "The Transfer of Rocket Propellant
Technology to Gun Propellant Applicatiuns", CPIA Propulsion Meeting,
New Orleans, LA., November 1972.

2. Carfagno, S.P.: "Handbook of Gun Flash", The Franklin Institute,
Philadelphia, PA., Novembev 1961.

IV-476

I .-

".............................- ~



TABLE I

COMPARISON OF WEAR AND FATIGUE LIFE OF VARIOUS WEAPONS

ROUNDS TO ROUNDS TO

DOLLARS/ TUBE LIFE TUBE LIFE
TUBE UNIT WEAR FATIGUE

105 M68 8,000 ca. 1,000 1,000

105 M157A1 6,500 7,500 10,000

155 M185 11,200 ca. 10,000 5,000
(M119 Charge)

155 XM199 12,000 2,500 11,000

175 MI15A1 30,000 1,200 2,900

II

8 XM201 20,000 1,500 10,000

I
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TABLE VI

VOLUMETRIC FORCE COMPARISON OF STANDARD PROPELLANTS

Isochoric Z Weight Increase

Flame Temperature To Match M30
Propellant Ft-lbsf/lb OK Volumetric Force

1130 364000 3040 -

1131 334000 2599 9.0

M14 327000 2710 11.3

M6 317000 2570 14.8

lI 305000 2417 19.3

MIAI 287000 2225 26.8

MACO 282400 2210 28.9
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EFFECT OF NAVY GUN PROPELLANT ON GUN TUBE WEAR

Stephen E. Mitchell
Naval Ordnance Station
Indian Head, Maryland

ABSTRACT

It is generally agreed that convective heat transfer from the propellant
gases and the frictional heating caused by the rotating band are principal
causes of gun tube erosion. In other than small caliber gun systems, the
heat transfer from the propellant gases is the predominant factor. Thus,
for a given gun system, performance level, and ballistic cycle, the flame
temperature of the propellant used in the charge will determine the rate of
barrel wear per shot. The Navy has, for most systems, chosen to use a
very low flame temperature gun propellant and thus reduce barrel wear as
much as possible. The now propellant formulations now being evaluated for
application to current and future gun systems are selected for their low
flame temperatures and moderate to high impetus levels. A discussion of
the properties of the propellants currently in use will be presented, including
any problems associated with their use. The likely effects from the use of
the propellants under development will be described also.

INTRODUCTION

s Numerous other papers and studies have been and will be done on the
subject of gvn tube wear and erosion, describing both the causes and poten-
tial solutions. The intent of this paper is not, however, to discuss this sub-
ject directly, but rather to present the approach taken by the U. S. Navy in
its selection of gun propellants because of their effect on wear and erosion.

It is generally agreed that the properties of the propellant used in the
propelling charge are the most important factort, in determining the rate of
tube wear for medium and large caliber gun systems. The erosion process
itself may be thermal or chemical or both in nature, though no firm defini-
tion has been provided as yet; but there seems to be a strong relationship
between the propellant flame temperature and rate of wear. I Most of the

available experimental evidence would seem to support the above statements.
As an example, one comparison of gun tube erosion rate at the origin of
rifling for three different prop'ellants in the Navy's 5-inch, 54-caliber gun

1
Alex C. Alkidas and J. Richard Ward, "The Role of Additives in Reducing Gull Barrel Erusion," Proceedings of the

12th JANNAF Combustlo, Meeting, CPIA Publicati.on 273, December 1975, pp 79-102.
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system showed the erosion rate to be exponentially related to the bore sur-
face temperature and the propellant flame temperature, as shown by Fig-
ure 1.2 The effect of other factors on the wear rate, such as the rotating
band material or frictional heating from the rotating baud, is considered
to be small compared to the effect of the gun propellant properties.

M26 (TV - 3058W K)

L10"1

-o
C%

10-4

I o'•M6 (TV- 25 W9 K)F1
A.10-

NACO (TV - 2239'W K)

10 -6
1000 1100 1200 1300 1400 1500 1600 1700

Maximum bore surface temperature (-K)

FIGURE 1, EROSION RATE VERSUS MAXIMUM

BORE SURFACE TEMPERATURE IN 5-INCH,
54-CALIBER GUN

Both experience and experiment have shown that one very effective
method In reducing the rate of barrel wear for a particular gun system is to
use a propellant with a lower flame temperature. Implicit in such a state-
ment is the assumption that the ballistic performance levels (maximum cham-
ber pressure and pressure-time profile) associated with the differeut pro-
pellants are as similar as possible. Since it is very seldom, 1f ever, that i
a system user is willing to accept a decrease in range or velocity, even in
'xchange for an increase in gun barrel life, it is reasonable to assume that

the performance levels will not change radically. Thus, while the use of a

S21o1n S. F,'ostr, 3. S. O'Brasky, and C. S. Smith, "ieouting and Wear Effects of Smear Coolants in Navy 5"/54 Guns,"
to be published |n the bullctin of the 1976 IANNAF Propulsion Meeting.
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lower flame temperature propellant is highly desirable in terms of barrel
wear, it may not be feasible when the range and muzzle velocity requirements
of a particular gun system are taken into account.

It is with these considerations in mind that the Navy's experience with
gun propellants will be discussed.

DISCUSSION

Until the late 1960's the Navy depended primarily on what it called

Pyro as the propellant for most of its gun propelling charges. In certain
gun systems Cordite N was also used, especially for the 3-inch, 50-caliber
and 6-inch, 47-caliber systems. Dur'ing World War II large quantities uf

M1 and M6 propellant were made for the various gun systems. These for-
mulations are very similar in their thermodynamic properties despite the
differences in their ingredients. Three of those propellants are compared in
Table I. Pyro and M6 are both classed as single-base formulations, in which
nitrocellulose is the principal ingredient, even though they are quite dissimi-
lar in composition. Cordite N is the third propellant and it is classed as a
triple base, containing nitrocellulose, nitroglycerin, and nitroguanidine.
All three propellants provided similar rates of wear, though the Cordite N
was somewhat better than the others.

Table I

COMPARISON OF STANDARD NAVY PROPELLANTS

Ingredient (%) Pyro Cordite N M6

Nitrocellulose (12. 6% N) 100.00 - -
Nitrocellulose (13. 15% N) - 19.00 87.00
Nitroglycerin - 18.70 -
Nitroguanidine - 55.00 -
Dinitrotoluene - 10.00
Dibutylphthalate - 3.00
Diphenylamine 1.00 - 1.00
Ethyl centralite - 7.30 -

Total volatiles 5.00 0.30 2.50

Impetus (megajoules/kg) 0. 960 0. 977 0. 950
Flame temperature (*K) 2635 2476 2539
Mean molecular weight (kg/mole) 22.90 21.27 22.38
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Beginning in the 1950's the Navy began the development of a cool gun
propellant to replace the formulations described above. The principal aim
of the development program was to increase the useful barrel life, in terms
of the number of full service rounds that could be fired prior to condemnation
for wear, for the Navy's 3-inch and larger gun systems. The approach taken
in the development of this propellant was to utilize a nitrocellulose with a
very low nitration level and to add coolants to bring down the flame tempera-
ture even further, The nitrocellulose selected had a 12. 0% nitration level,
and both butyl stearate and ethyl centralite were used as the principal coolants
and plasticizers. The resulting propellant was to be designated as NAVY
COOL or NACO.

Several different NACO formulations were evaluated during the devel-

opment program. As a part of this evaluation two of these formulations were3!
used in a large scale barrel wear test in the 3-inch, 50-caliber gun. 3 One of
the standard propellants for this gun, M6, was used as the reference for the
test. The compositions and thermodynamic properties of the two NACO and
the M6 lots are compared in Table II. The same firing program was used
for all three propellant lots, and the results, as shown in Figure 2, graphi-
cally demonstrated the much lower wear rate resulting from the use of the
NACO propellant. After the same number of rounds had been fired with all
three propellants, the amount of bore enlargement caused by either of the
two NACO lots was only 15% of that caused by the M6 lot. In fact, after firing
twice as many rounds, the wear with the NACO propellants was still only 30%
of that with the M6 propellant.

The final NACO composition selected is that given in Table III. During
the late 1960's NACO was introduced into the Navy's 5- and 8-inch gun
systems. This was practical because of the additional space available in
the propelling charges, which permitted the loading of the higher charge
weights necessary with the NACO propellant. Since that time, actual ser-
vice use has confirmed the results of the earlier wear tests. In the 5-inch,
54-caliber gun system, barrels only 35% worn have been returned because
of fatigue.

The use of NACO propellant in the Navy's gun systems, while very
successful in extending the useable barrel life, has not been without problems.
The composition and lower energy of NACO were accompanied by lower burn-
ing rates compared to the Pyro and M6 propellants, which required smaller
webs and grain sizes for NACO to achieve the same performance levels.
When used with the ignition systems designed for use with the M6 type pro-
pellatts, the result was the formation of longitudinal pressure waves of

3
Nuval Plroving ('ouncd, I)aliIgen, Va., Barrel Lirfe Test.s With NACO (Navy Cool) Propellants of 3"/50 Caliber

Parrels Mk 22 Mod 9 Serial Nos, 29533 and 29861, by 3. W. Duch, NPG Report 1479, 23 July 1956. CONFIDENTIAL.

TV-492



greater magnitude during the ballistic cycle. This caused a reduction in
the safety and reliability of the overall ammunition package. This could be,

and was, remedied by modifications to the ignition systems; but in the interim,
several costly malfunctions occurred. One further problem with NACO has
become more serious in recent years. The NACO formulation requires con-
siderably different processing conditions than for the M6 type propellants,
and this has resulted in higher costs for NACO than for the other single-base

propellants.

Table II

COMPARISON OF NACO AND M6 PROPELLANT LOTS

M6 NACO NACOIngredient ( SPDN 6525 IX-277 IX-278

Nitrocellulose (12. 0% N) - 91.86 91.32
Nitrocellulose (13. 15% N) 87.00 - -
Dinitrotoluene 10.00 - -
Dibutylphthalate 3.00 - -

Diphenylamine 1.00 - -

Butyl stearate - 6.11 -
Ethyl centralite 0.99 7.68
Basic lead carbonate - 1.04 1.00
Total volatiles 1.30 1.52 2.77

Impetus (megajoules/kg) 0. 965 0. 845 0. 832
Flame temperature (°K) Y621 2134 2143
Mean molecular weight (kg/mole) 22.65 21.75 22.06

]
2

.
4  

Curve Propellant

I ~ IX-277
E 2 IX-278

3 3 SPDN 6525

•, 1.27

2

0.00 1 1 1
0 400 800 1200 1600 2000 2400 2800

Hounds fired

FIGURE 2. BORE ENLARGEMENT AT ORIGIN VERSUS ROUNDS FIRED FOR
NXCO AND M6 (3-INCH, 50-CALIBER GUN)
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Table III

FINAL NACO COMPOSITIONI

Nitrocellulose (12.0% N) 93.75
Butyl stearate 3.00
Ethyl centralite 1.00
Potassium sulfate 1. 25
Basic lead carbonate 1.00
Total volatiles 3.10

Impetus (megajoules/kg) 0.834
Flame temperature (OK) 2239
Mean molecular weight (kg/mole) 22. 30

ITypicial of 5-inch, 54-caliber NACO lots.

With one exception, and that on a limited basis, NACO has been retained
as the propellant in the Navy's major gun systems. In an effort to obtain
increased range for the 5-inch, 54-caliber gun system, one propelling charge
using M26 propellant (Table IV) was developed for use with the new Hifrag
projectile. Barrel wear tests indicated, however, that even with a talc-wax
liner, the wear characteristics for the charge would probably be no better
than for a charge using M6 propellant. 4 As a result, no more than 10% of
the propelling charges used with the Hifrag projectile will employ M26 pro-
pellant.

Table IV

M26 PROPELLANT COMPOSITION 1

Nitrocellulose (13. 15% N) 67.25
Nitroglycerin 25.00
Ethyl centralite 6.00
Barium nitrate 0.75
Potassium nitrate 0.70
Graphite 0.70
Total volatiles 2.20

Impetus (megajoules/kg) 1.060
Flame temperature (°K) 3058
Mean molecular weight (kg/mole) 23.99

'Typieai of S-inch, 54-caliber M26 lots.

4
Naval Surface Weapo ns Center, Daligren, Va., EX73 Mod 0 Charge Assembly: Barrel Wear Evaluation, by T. W. Smith

and L. I-1. Russell, TR 3202, October 1974.
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Because of its higher cost, efforts are currently underway to evaluate
possible replacements for NACO. The first formulation being studied is MIAI,
shown in Table V. It is a variation of M1 never introduced into service use by
the Army. No ballistic tests have been conducted as yet in any Navy systems
with MIA1. One potential problem area which will be watched closely during
the evaluation of MIAl is the formation of carbon residue. This was a serious
problem with several of the early NACO formulations and could be also with
the MIAl. If the MiAl performance is acceptable, a 19-perforation granula-
tion will be evaluated in place of the more normal 7-perforation. This is being
done in order to minimize the magnitude of any longitudinal pressure waves
formed during the ballistic cycle through the increased permeability of the
propellant bed, which results from the use of the larger 19-perforation grains.

Table V

MIAI PROPEtLANT COMPOSITION

Nitrocellulose (12. 6% N) 84. 50
Dinitrotoluene 10. 00
Dibutylphthalate 4.50
Diphenylamine 1.00
Potassium sulfate 1.25
Total volatiles 2.10

Impetus (megajoules/kg) 0. 866
Flame temperature (*K) 2260
Mean molecular weight (kg/mole) 22.15

Exploratory propellant development efforts for future systems are
being directed toward obtaining more energy from the propelling charge.
The principal constraint imposed on these efforts is not to sacrifice the
long barrel life which is obtained with the current NACO propelling charges.
One approach, on which evaluation is now beginning, is to increase the pro-
pellant loading density of the charge. The use of a compacted or compressed
propellant bed has been tested several times with some success in 30-mm
and smaller caliber systems, but little work has been done in the calibers
of interest to the Navy. It does offer the possibility of using moderate to j
low flame temperature propellants while still obtaining significant increases

L in the available energy.

5J. Rocehlo, K. White, C. Ruth, and I. May, "Propellant Grain Tailoring to Reduce Pressure Wave Generation in Guns,"
FIroceedings of the 12th Annual CombUition Meeting, CPIA Publication 2"73, December 1975? pp 275-301.
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The second principal effort is on the development of low flame tempera-
ture, high impetus propellants. This work has been proceeding for several
years, and the emphasis has been on the use of nitramine ingredients. 6, 7

Moderate to high levels of such materials in proper combination with coolants
and binders result in decreased mean molecular weight combustion products.
This decrease permits an increase in the impetus without a corresponding
increase in the flame temperature. Table VI provides general information'K on the types of ingredients and thermodynamic properties of the propellant i
formulations evaluated. The effort has been plagued by combustion and
burning rate problems. However, these difficulties do not appear insoluble
and may yet permit the use of nitramine propellants in large caliber gun
systems.

Table VI

NITRAMINE PROPELLANT CHARACTERISTICS

Typical Ingredients
Nitrocellulose and rubber binders
HMX, FSDX, triaminoguanidine nitrate, and linear nitramines
Di-normal-propyl adipate, isodecyl pelargonate

Thermodynamic Properties
Impetus >1. 076 megajoules/kg
Flame temperature <26000 K

Mean molecular weight <20.5 kg/mole

CONCLUSIONS

As demonstrated by this discussion, the Navy has selected the standard
gun propellants in use today in order to obtain the greatest possible useable
barrel life. For the future, the need for greater propellant energy is also
constrained by the desire for low barrel wear rates, The introduction of
monobloc, autofrettaged gun barrels will increase the fatigue limits and the
number of rounds that can be fired with current systems. Thus it may be
advisah',e to use wcar reducing additives even with low flame temperature
propellant charges in the near future. Thus, for the present and foreseeable
future, even though increased performance is an important goal in the Navy,
equal emphasis will be placed on long barrel life and the use of low flame
temperature propellants to help achieve it.

6 Air Force Armament Laboratory, Eglin AFB, Fia., Sttdy to Lower the Burning Rate Slope of an 11MX Gun Propellant,
by M. S. Chang, A. J. Colli, J. L.uenso, and S. E. Mitchell, AFArL-TR-74-166, 1S November 1974.

7
Naval Ordnance Station, Indian Head, Md., Exploratory Development In Gun Propulson: Fiscal Year 1975 Report,

by S. E. M.tchell, IHTR 443,20 May 1976.
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ADVANCED NITRAMINE PROPELLANT
FORMULATIONS FOR TANK AMMUNITION

B. D. Lehman and J. P. Picard - J. Rocchio
U.S. ARMY ARMAMENT RESEARCH AND DEVELOPMENT COMMAND (ARRADCOM)

Dover, New Jersey
BALLISTIC RESEARCH LABORATORIES

Aberdeen Proving Ground, Maryland

BACKGROUND

The increased effectiveness of advanced gun weapons is, to an
important extent, dependent upon the development of propellants with
increasingly higher force levels. Conventional nitrocellulose-based
propellants have inherent restrictions in this area, due, in part to the
energy limitations of available materials and in part, to the high flame
temperatures associated with these compositions in the 370,000-390,000
ft-lbf/lb range which are on the order of 3500-37000K. Flame tempera-
tures this high can have adverse effects upon barrel fatigue as well as
barrel erosion. Polymers filled with high energy ingredients such as
nitramines (e.g. RDX, HMX) appear to offer the most attractive route to
achieving high force propellants in combination with relatively low
flame temperatures. This paper will briefly identify and discuss per-
tinent parameters related to formulating a high force nitramine-contain-.
ing propellant (Reference 1). Most importantly, the essential task has
been to identify and to minimize the major causes of the high erosivity
of nitramine compositions and to improve the burning properties long
identified with these propellants (i.e., high pressure exponent of burn-
ing rate and low burning rate).

DISCUSSION

Thermodynamics/Formulations

Theoretical thermodynamic calculations were performed on nitramine-
filled propellants which utilized inert elastomeric hydrocarbons, nitro-
cellulose and a combination of nitrocellulose and elastomeric binders.
The inert elastomers used were: Hycar 2121-X-66, a polyacrylic rubber,
LUSTRAN 420, an acrylonitrile-butadiene-styrene terpolymer and TUF-FLEX
721, a polystyrene-butadiene copolymer. Figure 1 shows a thcorctical

calculation for one of these elastomers (Hycar) filled with RDX. The
experience with these systems showed that beyond a moderate force level
(approximately 355,000 ft-lbf /b m) RDX in excess of 85% would be needed
to achieve more meaningful force levels. However, such high nitramine
concentrations resulted in extremely brittle propellant and hence not
fruitful for further pursuit.

In contrast with the combined elastomeric-nitramine formulations,compositions containing a nitrocellulose binder along with an inert
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plasticizer, dioctyl phthalate (DOP), alone and in combination with
elastomeric binders, displayed force levels ranging from 364,000-
402,400 ft-lb /lb at low (2551 0 K) to moderate (3108 K) flame tempera-
tures. The nitramine levels for these formulations ranged from 58% to
80% (Tables 1 and 2). Subsequent indications of the high erosivity of
several of these systems strongly suggested the wisdom of examing the
thermodynamic potential of moderate level (35-40%) nitramine formula-
tions. The partial substitution of liquid nitrate esters and/or altern-
tive solid energetic fillers for RDX/HMX were also explored. In general,
the direct substitution of any of the conventional energetic materials
for HMX or RDX was found to be at some expense to high force and/or
flame temperature. However, by careful tailoring of some of these com-
positions, force levels ranging from approximately 364,000 to 400,000
ft-lb /lb were demonstrated to be feasible with flame temperatures

f mlimited to reasonable increases over the more highly filled nitramine
systems (Tables 3 and 4). Predicated upon formulations listed in
earlier Tables, an examination was conducted with a number of inert
plasticizers with respect to their thermodynamic contributions to these
systems in comparison to a formulation (PPL-A-6260) containing 5% DOP
(Table 5). None of these inert plasticizers investigated offered both
a flame temperature and force level advantage over DOP.

Ballistics

Strand burning rates from a number of HMX/RDX formulations show
that increases in nitramine particle size produced higher burning rate
(Figure 2). It is interesting to note that the influence of particle
size is primarily manifested at the higher pressure levels. At pressures
below 3000 psi, the formulation containing Class E 1MM and Class B HMX
have essentially the same burning rates; whereas the formulations con-
taining Class A HMX actually shows a rate less than its Class E and
Class B counterparts below 1500 psi. The effect of a number of
additives (1% added) upon nitramine propellant burning, were examined
in both a nitramine-elastomer formulation containing 84% Class E HMX and
a nitramine-nitrocellulose formulation containing 58% RDX. For the most
part, all these additives had minimal or no effect on the pressure ex-
ponent and offered no substantial increase in burning rate. However,
LSTO (lead stannate-TDI oxidized), a sintered complex of lead stannate
and tolylene diisocyanate was the most promising of the burning rate
additives (References 2 and 3). Also examined for their potential bene-
fit related to the burning properties of these propellants were a num-
ber of secondary oxidizers which were employed as a partial replacement
for HMX/RDX; triaminoguanidine nitrate (TAGN), triaminoguanidine picrate
(TAGP), nitroguanidine (NQ) and ammonium perchlorate (AP). TAGN appears
to offer the best promise to significantly contribute to burning rate

enhancement in the nitramine based propellant system.
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Chemical Compatibility

The propellant compositions prepared for evaluation, were subjected
to some combination of the following tests to assess their chemical
stability: 120 0 C and 134.5 0 C Heat Test, 90 0 C and 1000C Vacuum Stabil-
ity Test and 1100C Taliani Test. Results indicated that in general,
these nitramine propellants offer good chemical stability, equal to or
superior to M30 propellant.

Erosivity

One of the major factors that will determine the ultimate function-
ality of nitramine-filled Eystems for advanced gun applications is pro-
pellant erosivity. There is an erosion factor associate' with the use
of HMX or RDX that increases the overall erosive effect of compositions
containing them. This results in higher erosion levels for these pro-
pellants than would have been anticipated from their much lower flame
temperature as compared with conventional nitrocellulose based systems.
While there has been generally wide awareness of this phenomena, theve
has been very little hard information as to what factors produce this
effect and in what way they can be moderated or eliminated. In order to
eliminate some of the important potential factors affecting the eros-
ivity of these propellants, several for'-ilations were prepared for eval-
uation on a laboratory erosion test apytratus. This device essentially
consists of a closed bomb modified to accept a gun barrel containing
one or more erosion sleeves (References 4 and 5). These sleeves are
weighed before and after a series of tests and the loss in sleeve weight
is a measure of propellant erosivity. One group of formulations was de-
signed to examine the effect of nitramine concentration upon propellant
erosivity; PPL-A-6210 containe' 76% RDX, PPL-A-6161 had 58% RDX and
PPL-A-6208 held 38% RDX. Thes ropellants were designed to be as
simple as possible to facilitac. interpretation of the data. Four in-
gredients were used in each: nitrocellulose (12.6%N); Class E RDX,I dioctylphthalate (DOP), an inert plasticizer; 2 nitrodiphenylamine, a
stabilizer. All these formulations had identical flame temperatures
(2729-2736°K) with the NC/DOP ratio adjusted to compensate for the
differences in RDX. Erosivity results for these propellants are shown
in Figure 3. The erosivity of M30 as recorded on the laboratory device
is also shown for reference. The data show that propellant erosivity
was lowered from 78 mg/shot at the high RDX concentration (76%) to
37 mg/shot at the 38% RDX level, However, all compositions showed much
higher erosivity values than M30, despite having lower flame tempera-
tures. Further tests on these formulations showed that a 2% addition
of talc (an erosion reducing additive) in a talc/wax misture (Sierra
Supreme talc/Shell 300 wax-45/55) was proportionately more effective at
the lower RDX concentration. This information was quite revealing for
two reasons: (1) since 2% talc is about the most that can be utilized
in current gun systems, the high erosivity values, with or without talc,
suggest that high concentrations of RDX/HMX are impractical for most gun
applications; (2) the data suggests that a prudent use of RDX/HMX can

IV-499

7,, *1g



yield effective propellants with acceptable erosivity levels. Also
plotted in Figure 3 is erosivity data from a 58% RDX composition
(PPL-A-6181) using a coarse granulation (Class G of RDX in place of
Class E used in PPL-A-6161, showing an increase of approximately 20%
erosivity where the Class E RDX was replaced with Class G RDX. Once it
was established that lower nitramine concentrations produce more desir-
able erosivity values, a number of formulations posqessing force levels
of approximately 400,000 ft-lb 'lb were prepared having moderate RDX
concentrations (35-40%) and using niitroplasticizers and secondary oxi-
dizers to provide supplemental energy. One of these formulations,
PPL-A-6260, containing 36.5% RDX and 5% nitroguanidine (See Table 5) was
tested in the erosion apparatus and yielded attractive erosivity data as
shown on Figure 3. Based upon earlier data, the erosivity results for
PPL-A-6260 were anticipated to be higher than the 37 mg/shot (the value
for PPL-A-6208) since it had both a higher flame temperature and force
level. However, this was not the case, erosivity results were 16 mg/
shot for PPL-A-6260 (less than half that for PPL-A-6208) without an
erosion reducer and 4 mg/shot using a 2% addition of talc in a talc/wax

I'• mixture. Consequently formulation PPL-A-6260 was selected as a repre-
sentative high force nitramine formulation for calculation in a gun
firing program. This composition has also been evaluated for erosivity
in a modified 37mm gun with a blow out chamber at BRL. (See papers by
J. R. Ward and A. Niiler for full discussions of BRL employed erosion
testing methods and findings for this and other propellants). Formula-
tion PPL-A-6260 was evaluated for erosion at a pressure of 28,000 psi
at BRL, employing both a weight loss method and a radioactive tracer
technique. Based upon the propellant's flame temperature and force
level, it exhibited low wear and erosion properties. Should this high
force propellant demonstrate increased erosivity at higher pressure, the
use of an erosion reducing additive would still be a viable option in
alleviating this problem.

37mm Gun Performance of High Force Propellant (PPL-A-6260)

The high force nitramine based propellant (PPL-A-6260), along with
an M30 propellant are beins evalgated in a 37mm gun at BRL at tempera-
tures of 336 K (63 C), 294 K (21 C), and 235 K (-38 C). Initial firing
results indicate that the high force propellant imparts the anticipated
2-3% increase in projectile velocity as compared with an M30 propellant.
These firings also indicate that the high force propellant exhibits
greater variability than M30 propellant, a parameter that will need
further assessing.
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I.

Table 1

Force and flame temperature comparison between
M30 and elastomer-NC-RDX/HMX propellants

TV Force

Propellants (OK) (f t-lb /ibm)

M30 3040 364,000

NC-RDX

PPL-A-6232 3108 399,900

PPL-A-6161 2729 366,900

HYCAR-NC-HMX

Comp. 413-26 3003 391,500

Comp. 413-46-1 2752 364,500

* LUSTRAN-NC-RDX

Comp. 445-54-3 3035 401,700

Comp. 445-40 2601 364,200

TIF-FLEX-NC-RlDX

Comp 445-54-2 3032 402,400

Comp. 445-54-1 2551 364,300
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Table 5

Effect of inert plasticizers on the force and flame

temperature of an RDX-nitrocellulose propellant

NC (12.6%N) 29.3%

EC 1.5% I

11PL-A-6260 (STD) NG 22.7%

DOP 5.0%

NQ 5.0%

L_• (CLASS E) 36.5%

Tv Force

plo~tiz.izer rv.plahcing I)OP ("K) (ft'lbf/lbm)

STANI)ARD 3339 400,100

Butyl laurite 3277 399,400

Butyl St.-'iratc 3260 399,300

(a5sLor (,'l 3311 399,900

* .ally] phLLhalate 3450 401,500

Diawyl phthalate 3367 399,200

DibuLy] phthalaLC 3386 399,600

Dibutyl sebacate 3318 398,200

DibuLyl tartrate 3422 399,400

DicycIiohexyl phthaiate 3365 398,400

l)lethyl plhthalatc 3427 398,900

i DiUth\l succinate 3428 396,400

ihezy 1 adipalt 3288 394,600

PIi £•whutyl adipate 3358 399,800

l)imethiy I~sebac'ate 3375 399,600

Ml--ii-propyl. adipate 3381 400,300

SiphcUVl 1hth~alae 3427 398,600
,h ,ctate 3435 399,400

*lri~ . r•,Ly phr.)spha te 3451 402,300

1ii'tehyen•i },.ivcol diacetate 3421 396,100
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Table 5 (continued)

TV Force

Plasticizer replacing DOP (°K) (ft-bf/ bm)

Triethylune glycul dihexoate 3398 400,700

Triethylenu glvcol di-2-ethylhexoate 3356 400,600

Tr Iphenyl phuslphiLe 3468 404,800K Tr prop in iii 3415 397,000
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Buirning Rate at
70'F; 30,000 psi n

II

Cla•ss A 8.50 in/sec 1.030

C'lass B 5.00 in/sec 1.257.
,• •(;Lass F'• 3.80 in/sec 1.20r, --

- I / /aK
Class A Casi

I..

, "--------- Class B -

Formulation

Ilycar 16%
HMX 84%.

- L

0.3 1.0 5.0 10 20 30

PRESSURE (1000 psi)

Fig 2 Effect of HMX particle size on the burning rate of a
Hycar-HMX propellant
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EFFECT OF WEAR-REDUCING ADDITIVES ON HEAT TRANSFER
INTO THE 155mm M185 CANNON

J. Richard Ward
Timothy L. Brosseau

U. S. Army Ballistic Research Laboratory
Aberdeen Proving Ground, MD 21005

ABSTRACT

fHeat transfer measurements were made in a 155mm M185 cannon
equipped with fast response thermocouples. The thermocouples were con-
structed by welding thin constantan wires onto gun steel. The thermo-
couples were placed 101cm from the rear face of the tube at four differ-
ent distances from the bore surface. From measurements of the tempera-
ture rise at 100nis, the total heat input to the gun barrel at 101cm R1'T
was determined. In addition to temperature measurements, the ignition
delay, chamber pressure and muzzle velocity were determined for each
round. In selected rounds the initial negative differential pressure
was also determined.

Ileat transfer measurements were made with the base-ignited XM201E2
charge and the center-core ignited Mi201FM, MUiM9E4, X4203E2, and M119
charges. The heat transfer results suggested that the wear-reducing
liner in the XM201E2 charge did not exert any influence on heat trans-
f[erred to the barrel. It was noticed that the )4201E2 charge had an ig-*
nition delay of more than 200ms. By shortening the ignition delay the
wear-reducing liner in the XM20lE2 charge roduced heat input in the sane
fashion as the center-core ignited XM2OE1l and XMl9E4 charges. The
wear-reducing liner in the XM203E2 charge was the most effective.

Despite the reduction in heat transfer for the YXM20lE2 with the
shorter ignition delay, the heat input is still significantly greater
than the heat input of the M119 charge. It was found that the addition
of an extra liner of TiO2/wax to the .W2OiE2 charge with a black pow-
der igniter resulted in heat input comparable to the 14119. The addition
of the extra liner to the )01203E2 charge reduced the heat input in like
fashion. This suggests the possibility that the wear life of both the
zone 7 XM2OlE2 charge and the zone 8 )U1203E2 charge can be increased
by modifying the additive.

Temperature measurements and initial negative differential pres-
sures were taken for M6 and M15 propellant versions of the 2M201E2
charge. For the M6 version, heat input was similar to the M119 charge
and no regative differential pressures were observed at 25mm stand-off.
The M15 version had ignition delays greater than 300ms which meant that
significant preheating occurre(d. Nonetheless, it is felt that the wear
life of the M15 version should be similar to the M119 charge.
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INrRODUCTION

The 155mm propelling charge, XM2OlE2, is in the latter stages of
engineering development as a replacement for the M119 propelling charge.
Among the requirements set for acceptance of the XM201E2 charge is that
the wear life of the gun tube must not be reduced. Since the XM201E2
charge is composed of triple-base M3OAl propellant while the M119 charge
consists of single-base M6 propellant, the developers of the XM201E2

t charge included a TiO2 /wax wear-reducing liner to try to insure that
the wear life of both charges would be the same. During the wear test

A of the XM2OlE2 charge, it was soon evident that the XM2OlE2 charge was
more erosive than the M119 charge.

A hypothesis was tendered that the wear-reducing liner in the
XM2OIE2 charge was not exerting any influence on the wear rate. In
order to test this hypothesis and to suggest ways to reduce the erosive-
ness of the XK20lE2 charge, heat transfer measurements were made in a
155mm M185 cannon firing various propelling charges equipped with and
without wear-reducing additives. Similar measurements were performed
previously in a 37mm gun and in the 105mm M68 tank caenon(l,2). In
both guns the wear-reducing additives reduce the erosion rate of the
cannon, and the heat transfer measurements detected significant differ-

q ences in the total heat transferred to the gun barrel in the presence
of the wear-reducing additive.

EXPERIMENTAL

Temperature distributions in the M185 cannon were measured by
means of four thermocouples inserted at different radial distances
from the bore surface, but all were located at the same axial distance
from the rear face of the tube. The thermocouples were made by spot-
welding 0.13mm diameter constantan wires onto the gun steel. A detailed
description of the technique hal been previously published(3); of parti-
cular note is the care needed to measure properly the distance from the
constantan-steel Junction to the bore surface.

The test firings were conducted with cannon serial number 22541
I from which 730 rounds had been previously fired. The constantan wires

were placed 90' apart at a distance of 101cm (39.6 inches) from the
rear face of the tube. The four thermocouplen were 0.83, 1.0, 1.5,
and 2..iim from the bore surface (corresponding to 32, 41, 60, and 102
mils from the bore surface), and each thermocouple was placed over a
groove. The chamber pressure was measured with a 607C Kistler gage
located in the spindle. For selected rounds differential pressures
were measured with an additional 607C Kistler gage located at 85.5cm
(33.6 inches) from the rear face of the tube. The velocity of the pro-
jectiles was measured with two coils a known distance apart. The dis-
tance from the muzzle of the gun to the first coil was 25.3m.
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Table I summarizes pertinent characteristics of the propelling
charges used in this investigation. The two charges with Ml propellant
were used as "clean-out" rounds. All charges were conditioned over-
night at 21 0 C (70OV).

The firing sequence is listed in the Appendix. All rounds
equipped with TiO2 /wax liners were followed by clean-out rounds.
Clean-out rounds were also fired to start each morning and afternoon's
firing. The zone 7 charges were fired with a 6mm stand-off except
where noted. All WM203E2 firings had a 25mm stand-off.I"-

Sufficient M107 projectiles were unavailable, therefore, M107 pro-
jectiles modified for firing at zone 8 had to be used instead. Standard
M107 projectiles were fired with the Xf20lE2 and the M119 charges.

The rationale behind the firing sequence in Appendix is summarized
below by listing objectives and the tests made to meet those objectives:

SObjective Tests

Pt 1. Compare heat input for the XM2OIE2 and M119 charges with both M107
XM201E2 charge with the M119 and M107 modified projectiles.
charge.

2. Measure influence of wear- XM20OEI, XK201E2, XMI19E4, and X2Q203E2
reducing additives on heat charges with and without wear-reducing
transfer. linerb.

3. Test the influence of the Xb20E2 charge with the M107, M107
projectile. modified, M549 RAP, and the M483AI pro-

jectiles.

4. Compare heat input of base- Base-ignited M6 and M15 charges were
ignited M6 and MI5 propellant fabricated and fired.
with the center-core ignited
M119.

5. Test the effect of ignition Clean-burning igniter in the XM201E2
delay, charge replaced with black powder ig-

niter from the M4Al charge.

6. Attempt to reduce heat in- XM201E2 charge with flaps in the TiO2 /
put of XM201E2 charge. wax liner with ablative coolant, and

with a TiO2/wax liner against the
chamber wall.

Table II correlates these test objectives with the individual tests in
the Appendix.
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Table II. Correlating ID Numbers and Program Rationale

CProjectile Modification ID Numbers

XM201E2 M107 None 64, 72, 87
M119 M107 None 99, 99A
XM2OlE2 M107 mod None 53, 66, 74
M119 M107 mod None 58, 79, 98
XM2OlE2 M549 None 83, 103
XM201E2 M483AI None 85, 105
XM2OlE2 M107 mod 2.5cm stand-off 151, 153
M201E2 M107 mod w/o liner 52, 62, 70
XM201E2 H1107 mod w/o liner, BP igniter 91, 92
XK201E2 4107 mod w/o liner, ablative 88, 89

coolant
XM201E2 M107 mod w/o liner, TiO2 /wax cap 107, 109
X4201E2 M107 mod BP igniter 94, 101
XM201E2 M107 mod BP igniter, TIO2 /wax cap 132, 134
XM2OlE2 M107 mod flaps 118, 122
XM2OIE2 MW07 mod flaps, BP igniter 128, 130
XM2OIE2 M107 mod M6 propellant 112, 116, 120
XM201E2 M107 mod 116 propellant, 2.5cm 148, 150

stand-off
!-M20lE2 M107 mod M15 propellant 113, 117, 121
XM20OE2 M107 mod 1115 propellant, 2.5cm 147, 149

stand-off
XM201El M107 mod None 56, 77, 96
XM201El M107 mod w/o liner 55, 71, 76
XM119E4 M107 mod None 60, 68, 81
XMI1I9E4 M107 mod w/o liner 59, 63, 80
XM203E2 M107 mod None 137, 141
XM203E3 M10Q mod w/o liner 139
X14203E2 H107 mod TiO 2/wax cap 143

Three modifications were made to the XM201E2 to try to reduce the
heat input to the barrel. Two modifications were based on previous ex-
perience with the TiO2/wax liner in the 105mm M68 tank cannon. In con-
trast with the liner in the XM2O1E2 charge, the TiO2 /wax liner in the
M392 ADDS round rests flush against the chamber (ILa this situation, tLhe
cartridge case), the liner has flaps folded over the forward end of the
propelling charge, the Ui02/wax side of the liner faces the propellant,
and the additive rests against the base of the projectile. The first
modification to the XM2OIE2 liner was to incorporate flaps on the for-
ward end of the zone 7 segment of the XM2OIE2 charge. The second modi-
fication consisted of the construction of a TiO2 /wax liner with the same
diameter as the chamber, was equipped with flaps, and was pushed against
the rear of the projectile. This modification is referred to as a TiO2 /
wax "cap." The cap was made from two TiO2/wax liners from the 105mm tank
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cannon. The flaps were lengthened to 9cm; thb T1O2/wax cap was 32= long
including the flaps and it weighed 0.24kg (0.53 pounds). The third modi-
fication was to eliminate the TiO2/wax liner and replace the liner with
"ablative coolant," a gelled silicone grease developed by Calspan Corp.
A liner of gelled silicone was made by spooning 0.45kg (1.0 pounds) of
gelled silicone into a polyethylene bag. The liner was approximately
25mm x 25mm and it was taped to the forward end of the propelling charge.

RESULTS

The estimate of the net heat input was made from the temperature
measurements at 100 milliseconds from initial pressure rise. At this
time the propellant gases are no longer heating the barrel and axial
conduction should be negligible.

The total heat in a given volume of the gun barrel is given by

SQ - pCVAT, (1)

where Q - heat input into the barrel
p - density of Sun steel,
C = specific heat of gun Ateesl,
V - volume,

AT - temperature rise of gun steel in volume element, V.

Since the temperature in the gun barrel varies with radial distance in-
to the gun tube, the not heat input into the gun barrel is computed as
follows. Equation (1) is recast in differential form as:

dQ- pCATdV. (2)

For a unit axial length of one millimeter, the temperature is assumed
to vary in the radial direction only, therefore

dQ pCATdA. (3)

* For a hollow cylinder of unit axial length,

dQ pC2wrATdr, (4)

and
r

Q 21ypCf rATdr, (5)
ri

where r and ro are the inside radius and outside radius of the gun
barrel, respectively, and AT is the temperature rise at a distance r
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into the tube wall. The integral in Equation (5) is solved graphically
by visually fitting a smooth curve through the four available values of
rAT vs r and then measuring the area under the curve. The values of
the density and specific heat of gun steel used in Equation (5) are
7.85g/mm3 and 0.419 J/g-K.

Table III lists the heat transfer results for all firings. A single
plot of rAT vs r was made for replicate firings using moan values of AT
at each r. The XM2OlE2 charges with the clean-buruing igniter had the
widest variation in AT because of variatious in ignition delay which re-
sulted in different amounts of preheating. For the XM2OlE2 charges,
plots of rAT vs r were made for each firing. The values of Q ranged
from 820J to 780J. From a single plot of rAT vs r using the mean value
of AT, Q equalled 813J.

The vertical wear in the grooves at 101cm RFT (39.6 in) was negli-
gible while the wear in the horizontal direction was less than 0.5mm.
The vertical land wear was much more significant (2.3mm) especially con-
sidering the number of M4A2 and M4Al charges included in the ninety-nine
rounds fired in the course of these tests. These charges cause negli-
gible erosion.

DISCUSSION

The primary objective of these tests was to see if the wear-re-
ducing additive in the base-ignited X20IE2 propelling charge was ex-
erting any influence on the heat transferred to the gun barrel near the
origin of rifling. As the results in Table III indicate, the wear-re-
ducing liner does not reduce heat transfer significantly in this charge.
In Table IV the effect of the wear-reducing liners for the XM2OIE2
charge and three center-core ignited charges is summarized along with
previous measurements from the 105mm M68 tank cannon firing the M392
APDS round(2). The polyurethane foam liner in the M392A2 round reduced
the wear rate from 0.017mm/round to 0.005mm/round(4). For the four 155mm
propelling charges, the XM203E2 charge had the largest reduction in heat
transfer. Table V compares some physical characteristics of the 155mm
charges.
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Table 1II. Summary of Heat Input to the 4185 Cannon for Various

155u= Propelling Charsess,

Charite Molodification 9--l

M1201E2 None 813

XM2OIE2 w/o liner 824

XM2OIE1 None 701

XM2O1EI w/o liner 750

XMlI9E4 None 702
XHI19E4 w/o liner 764

XM203E2 w/o liner 793
XM203E2 Nn
1119 None 677

146 version XM20OE2 
697

1415 version M201E2 
787

XM2OIE2 flaps 770

XM200I2 M4AI igniter 712

MO2MIE2 M4AI igniter, w/O liner 764

XM2OlE2 w/o otd liner; TiO2 /wax cap 762

'MZOIE2 
flaps, M4AI ignitor 721

XM201I•1 M4Ai ignitor otd liner & cap 671

XM203E2 std liner and cap 651

XM2OIE2 M107 satandard 764

XM201E2 M549 764

XM201E2 M483 762

XM2O1E2 Ablator 804

M119 M107 standard 677

am1047 -modified projectiles unless otherwise noted.

Table IV. Effect of Wear-Reducing LUners on Heat

Transferred to Gun Barrel

Lha.•Vq , with liner LJ' no liner percent reduction

XM201E2 813 824 1

19119E4 702 764 8

10420IE1 701 750 6

X21203E2 702 793 11

M392A2 round 372 426 13
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Since marked heating of the gun barrel was noted during the Ignition
delay of the XM201E2 charge, experiments were done with the faster burning
black powder igniter from the M4Al charge in place of the clean-burning
igniter on the XM20IE2. These results are summarized in Table VI. It
is clear the total heat absorbed by the gun is reduced in the presence
of the faster-burning igniter. Another interesting point is that the
wear-reducing liner in the XM201E2 now exerts significant influence on
the heat input to the barrel (764 J for no liner to 712 J with the liner).
In addition the heat input measured for the zone 8, =G1203E2 charge, with-
out liner, is now higher than the XM20lE2 charge with a comparable ig-
nition delay (793 for the XD203E2 vs 764 for the XM201E2). Nonetheless,
the wear-reducing liner in the XM203E2 charge is still more effective
at reducing the heat transfer (11 porcent for the XM203E2 vs seven
percent for the XM201E2 with the M4Al igniter).

Three separate modifications were tried to improve the wear-re-
ducing capability of the TiO2/wax liner in the Xf201E2. Frum Table VII

one sees that the addition of flaps lowers the heat transfer to the gun
barrel. but the addition of flaps to the XM20lE2 charge with the fast-
burning igniter does not further reduce the heat input to the barrel.

Table VI. fftect of Ignition Delay on Hfela Transfer with
the M201E2 Charge

Chargf lgnitee Ignitioj DelayLms Q , J lno liner

XM20lE2 GBi 210 (av of 6) 813 824

XM201E2 BP 78 (av of 4) 712 764

Table VII. Effect of Addition of Flaps to the TiO2 /Wax
Liner in the XM201E2 Charge

Modification Ignition delay, ma _Z

None 210 (av of 6) 813

M4AI igniter 78 (av of 4) 712

I, Addition of flaps 300, 172 770

Addition of flaps 110, 88 721
+ M4Al igniter
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Another modification tested to try to duplicate the liner in the 105mm
tank cannon round was the addition of wear-reducing liner that fit snugly
against the chamber wall, wae equipped with flaps, had the TiO2 /wax side
facing inward, and was placed against the projectile base, which is re-
ferred to as the TiO2 /wax cap. Results for the TiO2 /wax "cap" are pre-
sented in Table VIII. The TiO2 /wax cap was tested with unmodified
XI203E2 and XM201E2 charges to also see the effect of adding additional.
wear-reducing additive. The addition of the cap to the XM201E2 charge
without any liner was about equivalent to adding flaps to liner in the
unmodified XN2OIE2 charge. For both the black powder ignited XM2OlE2
charge and the XM203E2 charge, the addition of the TiO2 /wax cap afforded
an additional 6-7 percent reduction in hast transfer. Whether this
additional reduction in heat transfer is due to the extra quantity of
additive or to the placement of the TiO2 /wax liner with the cap cannot
be ascertained.

Table VIII. Effect of TiO2 /Wax "Cap" on Heat Transferred
to the Barrel

Charge Modification 0

XM201E2 Nono 813
XM201E2 w/o liner 824
XM2OlE2 w/o liner, TiO2 /wax cap 762
XM2OIE2 M4A1 igniter 712
XM2OIE2 M4Al igniter + TiO2 /wax cap 671
XM203E2 w/o liner 793
XM203E2 None 702
X=203E2 TiO2 /wax cap 651

As one studies these results, it seems that the preheating of the
gun barrel prior to propellant ignition interferes with the wear-re-
ducing capability of the additive, but may not increase the erosivity
of the propelling charge. If this is true, then comparison of the total
heat inputs to determine erosivity are bia.sed by the inclusion of the
preheating. The reason for suspecting that the preheating may not be
important is the high value of Q associated with the M15 charge. If
direct comparison of Q were a true measure of erosivity, then the M15
charge would be expected to be more erosive than the zone 8, XM203E2
charge containing M3OAI propellant. Also, the XM201E2 charge would be
predicted to have a higher wear rate than the XM203E2 charge without
any liner. As noted previously, if one compares the XM2OlE2 charge with
black powder to the XM203E2, then the expected trend is followed, namely,
the XM203E2 without liner having a higher value of Q than the XM20IE2.
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Under this assumption the heat input data for the XM201E2 with the
M4Al igniter are the proper values to compare with data for the other
charges. The heat inputs for the various charges then fall into the
classes shown below:

Charge Q

I. XM203E2 w/o liner 793

11. XH2OIEI w/o liner 750
XO2OIE2 w/o liner, 764

M4A1
XMI19E4 w/o liner 764

i11. XM201EI 701
XM2012, M4AI 712
XMII9E4 702
X24203E2 702

I V. Ml19 677
YXM2O0E2, M4AI, 671

T10 2 /wax cap
XM203E2 + cap 651

The implication of this grouping is that the wear rate of the
XM20lE2 is of the order XM201EI and l119E4 without liners. In the M126
cannon, the XHII9E4 charge without liner had a wear life of approximately
700 rounds. The next point is that the reduction in the ignition delay
of the XM201E2 will make the TiO2/wax effective in reducing heat transfer
to the gun barrel, but the incroase in wear life will be comparable to
that experienced for the XMI19E4 with additive, namely, a three-fold
improvement. This will still not be in the range of heat input measured
for the M119 charge. Another point to notice from Group III is that the
wear-reducing liner in the zone 8, XX203E2 reduces the heat input such
that the wear life of the zone 8 charge should be greater than the zone
7 XM2OIE2 charge.

Some limited erosion measurements are available to compare with
the trends observed from the heat transfer tests. Such results are
summarized in Table IX. These results support the contantion that the
wear life rate of the XM20IE2 charge with its TiO2 /wax liner is similar
to the XMII9E4 charge without its wear-raducing liner. These results
also point to the wear rate of the XK203E2 charge being less than the
XM20lE2 and the XMII9 charges, but the wear rate of the XKI19E4 which has
a wear-reducing liner. Finally, the wear rate of the M119 charge is the
smallest as expected from the heat transfer measurements. Thus, the
groupings of thu charges suggested by the heat transfer measurements are
consistent with some limited erosion data.
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Table IX. Sumary of Erosion Data

Wear, ems/nuaber Wear Rate,
Sof rounds cm/round Cannon

XM2OIE2 0.13/500 2.6xI0- M185
MU19 0.14/660 2.8x10-4 M126
XM119E4 0.11/1010 1.Ixl0-4  M126
XM203E2 0.074/522 1.4x10-4 XMI99
M119 0.089/1000 0.9x10- M185

The liner in the zone 8 charge is more efficient than in the zone
7 charges, since the XM203E2 without liner places 793J into the barrel
vs approximately 760J for the group II charges, yet the heat input for
the XM203E2 charge is virtually the same as the XMI19E4 charge. From
the data in Table V, some comparisons between the zone 7 and zone 8
charges can be made. The diameter of the XIll9E4 and XM203E2 charges
is the same; the ratio of the weight of the additive to the weight of
the propellant is similar (0.042 for the XM203E2 to 0.039 for the
XMUM9E4); the major difference is the length of the charge. The XM119E4
charge is 24cm shorter than the )M203E2 charge, thus the wear-reducing
liner in the XM203E2 charge is much closer to the projectile base than
is the liner in the XMII9E4 charge. Previous results in the 105mm M68
cannon noted that the closer the liner was positioned to the projectile
the lower the measured heat input.

The results with the TiO2 /wax cap added to the XM203E2 charge and
the XM201E2 charge equipped with the black powder igniter indicate that
these two charges should have similar wear rates as the M119 charge.

The results for the charges containing single-base M6 and a so-
called "cool" triple-base M15 propellant are listed ini Table X. Clearly
the heat input from the X14201E2 charge is considerably greater than the
M119 charge. The base-ignited M6 charge is slightly higher than the
M119 charge, but it is significantly less than the XM20lE2 charge. The
triple-base M15 charge is markedly higher than the M6 propellant charges
due presumably to the considerable preheating. On the basis of these
heat transfer tests, the base-ignited M6 would be expected to have a
similar wear rate to the M110.1 charge.

Table XI lists initial negative differential pressure measurements.
For a 25mm stand-off distance, no negative differential pressures occur

* for the base-ignited M6 charge. A negative differential pressure of 8.6
MPa was noted for one of the two M15 charges fired with a 25mm stand-
off.
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Table X. Heat Transfer Measurements with M6 and M15
Propellant in the Propelling Charges

Propellant mass,kg
Chame Ignition Mode _ ,Iiton dlayms

M119 center-core 170 (av of 3) 677
XM201E2 w/M6 base-CBI 237 (av of 3) 697
XM201E2 w/M15 base-CBI 346 (av of 3) 787
XM201E2 (un- base-CBI 210 813

modified)

Table Xl. Initial Negative Differential Pressure Measurements for the
M6, M15 Propellants and the XM203E2 Charge

ID Charge AP, M~a, (Rui)

112 M6, 6mm stand-off 23.5, (3406)

116 M6, 6mm stand-off 3.4, (493)
120 M6, 6mm stand-off 4.0, (575)
148 M6, 25.4mm stand-off 0 0
150 M6, 25.4mm stand-off 0 , 0
113 M15, 6mm stand-off 8.5, (1231)
117 MI1, 6mm stand-off 0 , 0
121 M15, 6mm stand-off 5.9 (862)
147 MI1, 25.4mm stand-off 8.6, (1247)
149 M15, 25.4mm stand-off 0 0
137 XM203E2 a 0
139 XM203E2, w/o liner 4.2, (616)
14]. XM203E2 0 0
143 XR203E2 + TiO2 /wax cap 0 0
145 XM203E2 2.3 (328)

CONCLUSIONS

1. The wear-reducing liner in the XM20lE2 charge does not reduce the
heat input to the gun barrel.

L 2. The failure of the wear-reducing liner in the XM201E2 charge to
exert any influence un may be attributed to the ignition
delay with the clean-burning igniter. This could result in the liner
beginning to melt, or more likely this could preclude the formation of
the cool boundary layer.

3. The liner in the center-core ignited XM201EI, XM119E4, and the
XM203E2 charges reduce the heat input to the gun barrel from six to
eleven percent. The greatest reduction is observed with the XM203E2
charge. Since the XM1203B2 charge is longer than the zone 7 charges, the
wear-reducing liner in the XM203E2 charge is closer to the projectile

than is the liners in the zone 7 charges.
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4. The heat input from the XM2OlE2 charge can be reduced to comparable
values for the XH2OlEl and XMll9E4 either by shortening the ignition de-
lay or by placing the wear-reducing liner against the chamber wall ad-
jacent to the projectile. Such solutions by themselves would be ex-
pected to yield a wear life comparable to the XM1I9E4 or the XH203E2,
but still less than the wear life of the M119 charge.

5. The addition of a wear-reducing liner equipped with flaps placed
against the projectile base in conjunction with a shorter ignition delay
and the existing liner in the XM201E2 charges reduces the heat input to
a value comparable to the M119 charge. The addition of the extra liner
to the XM203E2 charge substantially reduces the heat input for this
charge as well. It appears that it is possible to design a zone 7 and
zone 8 charge with wear rates comparable to the M119 charge.

6. The version of the XM201E2 charge containing M6 propellant had
similar heat input as the center-core ignited M119 charge. Significant
preheating occurred with the M15 charge. With comparable ignition
delay, one would expect the M15 charge to have the same heat input as
the base-ignited M6 version. No negative differential pressures were
observed for the base-ignited, M6 charges with a 25mm stand-off.

7. No significant differences in heat input were observed when
different projectiles were fired with the XM201E2 charge.
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USE OF IN4ORGAN1IC WEAR REDUCING ADDITIVES
TO PROVIDE INCREASED 7.62mm BARREL

LIFE WITH SINGLE BASE EXTRUDED
PROPELLANTS

Roman Fedyna, 14arvin E. Levy, Ludwig Stiefel

Frankford Arsenal, Philadelphi~a, Pennsylvania

ABSTIVACT

Through use of inorganic wear reducing additives incorporated
in the propellant base grain, the barrel life obtained with single
base, extruded IM'R 8138M type propellant assembled in 7.62mm 1180

ably greater than that obtained with the current standard WC 846 ball

-' propellant.

The wear-reducing additives, talc, molybdenum trioxide, and
calcium carbonate, were each incorporated in the propellant. base
grain at a nominal 0.5% level. Barrel life tests were fired in
accordance with Lbe NATO erosion schedule with each ammunition type
fired in triplicate. The results are as follows:

Wear Reducing Additive
in INR 8138M4 Type Average Barrel Relative Barrel

Propellant ____ Life (Rounds) Life

None (Control) 7750 1.00
Talc 8460 1.09
moo 10,420 1.34
CaC33  15,750 2.03

Changes in velocity, cyclic rate and bore dimensions were mon-
itored during the tests and the data obtained are presented and
analyzed.

INTRODUCTION

As a result of a comprehensive coordinated experimental program
conducted during the last five years, our understanding of the phen-
omena associated with barrel fouling, erosion and barrel life in
small caliber weapons has increased greatly. A sequence of investi-
gations, of which the one discussed in this paper is an element, has
revealed among other things, that calcium carbonate plays an
important but heretofore unsuspected role in reducing barrel erosion
in the 7.62mm system.
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Calcium carbonate was originally used in the ball propellantprocess to neutralize any acid which might possibly have becn

absorbed on the nitrocellulose fibers during nitration and sub-
sequently released when the fibers were dissolved to form the lacquer
in the hardening process. The presence of acidic materials in the
finished propellant would adversely affect long term storage stabil-
ity.

This additive was subsequently found to cause severe gas tube
fouling in the 5.56mm, Ml6Al rifle.(l)* As a result, the permissable
calcium carbonate content in 5.56mm ball propellant was reduced
from a maximum of 1.0% to 0.25%. Long term stability tests demon-
strated that ball propellant stability was not impaired by this
reduction. Since 5.56mm and 7.62m= ball propellants are made in the
same process, reduction of calcium carbonate levels in 5.56mm neces-
sarily imposed a similar reduction in the 7.62mm propellant. Sub-
sequent studies indicated that a lowering of the calcium carbonate
concentratior In ball propellants increased origin erosion in the
5.56mm rifle raising the suspicion that barrel life with ball pro-
pellant in the 7.62mm machine gun might be adversely affected by
this reduction.

This suspicion was supported by other information, In the early
1950's considerably greater barrel life bad been obtained with ball
propellants than with corresponding extruded propellants in caliber
.50 and caliber .60 systems. This was attributed primarily to the
lower adiabatic flame temperatures of the ball propellants. With the
introduction of cooler burning formulations in which methyl central-
ite or ethylene dimethacrylate deterrent coatings replaced dini-
trololuene, 7.62mm extruded propellants emerged that had flame tem-
peratures similar to those of the corresponding ball propellant,
However, the ball propellant still yielded longer barrel life.

A two-fold approach to study the effect of calcium carbonate,

as well as other inorganic additives, upon 7.62mm barrel life was
therefore initiated. One was directed toward assessing the effect
of calcium carbonate reductions in 7.62mm ball propellants upon
barrel life. The results of that study indicated, clearly, that
lowering the calcium carbonate level severely reduced 7.62mm barrel
life.(3) The second line of investigation, which is the subject of
this paper, was directed toward determining whether addition of

inorganic additives, e.g., calcium carbonate, would increase barrel
life with extruded 7.62mm single base IMR 8138M type propellant.
The other inorganic additives selected for study in this program
weve tale which was previously shown to reduce barrel wear in 20MM
(4,5,6,7) and molybdenum trioxide which was shown to be effective in
reducing origin erosion in the 5.56ram MI6A1 rifle(2).

*See REFERENCES
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EXPERIMENTAL METHODS

The barrel life tests were conducted i1 accordance with standard
NATO 7.62mm test procedures(8,9), These procedures are designed for
quality assurance purposes and erosion tests are usually conducted
as part of initial production sample testing. Thus, they are
not completely suitable for exploring, in depth, the propellant and
ammunition characteristics which affect barrel life. Additional
measures were therefore taken, as had been done in an earlier
study( 3 ), to more fully characterize and monitor the various phenom-
ena occurring during the barrel erosion tests. For example, each
barrel was fired to the end of barrel life, rather then to a maximum
of 5000 rounds as is done in the standard test, Each barrel was also
gaged before every test, at the end of each 5,000 round cycle, and
at the end of the test. Velocities and cyclic rates were continually
monitored.

The firing test procedure was as follows- Cartridges were
assembled in the appropriate links and fired in bursts of twenty-
five cartridges at twelve second intervals until. 500 rounds were
fired (four minutes). The ammunition was linked with a dummy car-
tridge located after every twenty-five live cartridges so that when
the dummy round moved into the chamber the gun ceased firing. A four
minute cooling period was allowed after every 500 rounds. Cooling
was not assisted in any way. If the firing period exceeded four
minutes, then the cooling period immediately following was reduced
accordingly. This sequence of four minutes firing followed by four
minutes cooling was repeated until 5,000 rounds were fired.

At the end of each 5,000 round cycle, the barrel was cooled,
cleaned, and boregaged, i.e., land and groove diameters were
measured over the entire length of the bore, A clean muzzle bearing
was installed and firing was then resumed according to the above
schedule until the barrel was rendered unserviceable or an additional
5,000 rounds were fired. This procedure was then repeated for each
of the barrels utilized in this test. The criteria for barrel dis-
qualification were "(a) velocity drop of 200 feet per second or
more below the initial level obtained, or (b) 20 percent or more
cartridges in any burst showing keyholing which is defined as yaw
exceeding 15 percent at 1,000 inches range" whichever occurs first
(8,9).

The test weai n utilized was the 7.62mm T65EI machine gun,
which is a modification of the Caliber .30 M1919A4 machine gun.
The T65EI uses a chrome plated steel 7.62mm barrel and the 7.62mm
ball cartridges are linked with special links that will feed into a
Caliber .30 mechanism but hold a 7.62mm cartridge case.
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MATERIALS

Propellants

The four propellants evaluated in this test were fabricated at
Radford Army Ammunition Plant. They were all single base extruded
IMR 8138M types and were designed to differ only in the inorganic
wear-reducing additive present. The chemical and physical charac-
teristics of the four propellants are shown in Table I. Since the
particle size of the erosion reducing additives may play significant
roles in their effectiveness, the additives are further identified
in Table II which also gives the commercial source.

TABLE I. Propellant Description

Composition (%)
Lot Lot Lot Lot

l~edient 438-1 438-2 438-3 438-4

Nitrocellulose* (NC) 92.86 91.37 91.42 91.73
Nitrogen in NC 13.12 13.12 13.12 13,12
Diphenylamlne 0.86 0.94 0.88 0.88
Potassium Sulfate 0.84 0.84 0.52 0.85
Ethylene Dimethacrylate 3.85 4.38 3.88 4.06

Graphite (Glaze) 0.10 0.30 0.55 0.15
Total Volatiles 1.49 1.72 1.77 1.81
Moisture 1.17 1.47 1.48 1.39
Residual Solvent 0.32 0.25 0.29 0.42
IErnsion Reducing Additives

Molybdenum Trioxide 0.45
Talc 0.68
Calcium Carbonate 0,52

Grain Dimensions (in,)

Length 0.042 0.042 0,042 0.042

Diameter 0,030 0.030 0,030 0,030
Perforation Diameter 0M006 0.006 0.006 0,006

Web 0.012 0.012 0,012 0,012

Bulk Density (g/cc)

0.904 0.875 0.906 0,915

*By differenceII 3
j:1
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TABLE II. Characteristics of Additives Used

Molybdenum Trioxide - Chemical Grade

Typical Analysis

M003 90-92%
Through 100 mesh screen 100%
Moisture 0.53% (RAAP determination*)

Supplier

Molybdenum Corporation of America
New York, New York

Talc - Sierra Supreme USP

Analysis (RAAM)

Through 100 mesh screen 100%
Through 325 mesh screen 78.3%
Retained on 325 mesh screen 21.7%
Moisture 0.39%

Supplier

United Sierra Division, Cyprus Mines Corporation
Trenton, New Jersey

Calcium Carbonate - Multifex MM

Typical Analysis

CaCO3  98.8%
Through 325 mesh screen 3.00%
Moisture 0.69% (RAAP determination)

Supplier

Diamond Shamrock Chemical Company
Cleveland, Ohio

*Radford Army Ammunition Plant

II
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Ammunition

The propellants were loaded into 7.62m,1 M80 ball cartridges at
Lake City Army Ammunition Plant using gilding metal clad steel pro-
jectiles.

Ballistic tests were conducted to assess the velocities and
pressures produced by each lot. The results are given in Table 11i.

TABLE II. Ammunition Characteristics

Corrected
Charge Corrected Velocity Peak Pressure

Additive Weight at 78 ft. Copper
Lot No. Used (grains) (ft/sec) (psi)

438-1 None 44.2 2639 38,000

438-2 MOO3  44.2 2646 38,900
438-3 Talc 44.3 2699 38,400
438-4 CaCO3  44.2 2679 38,300

All four lots were loaded to case capacity, It should be noted
that even though the charge weights were relatively high for IMn
8138M type propellant (which usually runs about 42 grains), the
velocities were somewhat lower than specification value of 2750 + 30

ft/sec. The fact that the chamber pressures, also, are low (specifi-
cation value is C50,000 psi) indicates that the propellant lots were

prepared to slightly less "quickness" than is required for this
cartridge. This, however, is not believed to affect the results in
terms of relative effects of various additives on barrel life,

Barrels

Chrome plated steel barrels for the T65E1, 7, 6 2=n machine gun
were used in this test. To minimize the possibility of barrel
variation, the barrels were selected so that their serial numbers
were as close together as possible. In addition, the barrels were
gaged as part of the selection procedure and care was taken to ensure
that all barrels used were dimensionally similar.

RESULTS AND DISCUSSION

Cyclic rates were continually monitored throughout the barrel
life tests. Examination of the results indicates that relatively
small changes in cyclic rate occurred with all the lots fired and
that no noticeable differences in cyclic rate variations could be
attributed to specific additives.
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Lot 438-1 (No Additive)

The results of the barrel life tests conducted with Lot 438-1

containing no additive are given in Table IV.

TABLE IV. Barrel Life Test Results, Lot 438-1 (No Additive)

Barrel No. 5315 533.9 5258
No. of Rounds to

Disqualification 7500 8300 7450
Cause of Disqualification* V K K
Velocity Loss (ft/sec) >200 185 152

Avg. Barrel Life; 7750 R~ounds

*V - velocity loss; K - excessive keyholing

A.l1 three barrels yielded essentially similar results. Although
only one fniled on velocity, the velocity loss with the other two
barrels was near the 200 ft/sec criterion when they were disqualified
on the basis of excessive keyholing.

The manner in which the velocity changed as firing progressed
with one of the barrels in this test is shown in Figure 1. The
values plotted, which are representative of all three barrels,
indicate the difference between the initial velocity (i.e,, during
the first twenty-five round burst) and that obtained at the end of
each 500 round cycle. The slight velocity increase obtained early
in the test is fairly common and may be due to buildup of solid
deposits at, or near, the origin (before significant erosion occurs),
This would increase the resistance to initial projectile movement,
causing the cartridge to function at a higher than normal pressure
level. The velocity drop obtained in the later stages is primarily
due to barrel wear which permits escape of propellant gas around the
projectile thus reducing the available energy which serves to drive
the projectile.

The phenomena that cause a barrel to fail can often be better
understood by examining the changes that occur to the bore dimen-
sions. Figures 2 and 3 show, respectively, the changes in vertical
land and groove diameter of the bore between that measured at the-
beginning and end of the test. Since three barrels were used, the
mean values and extreme variations a-e shown. No data are available

regarding change in land dI meters in the first five inches from
thu origin since the increase in diameter was in excess of the
"range of the boregage. It is seen that severe land erosion also
occurred in the region of the muzzlc. There were, on the other hand,
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only very slight changes in the groove diameters. The relatively
large degree of muzzle erosion obtained with the control lot (as
well as with the others) is due to mechanical effects associated
with the high velocity motion of the projectile near the muzzle end
of the barrel. It has been previously shown that use of M80 pro-
jectiles with a gilding metal clad steel jacket, as used in this
test, results in substantially less barrel .life than do M80 pro-
Jectiles with an all gilding metal jacket. (3)

Lot 438-2 (Molybdenum Trioxide)

The barrel life test results for Lot 438-2 which contained
molybdenum trioxide are summarized In Table V.

TABLE V. Barrel Life Test Results, Lot 438-2 (MoO 3 )

Barrel No. 5236 5254 5312
No. of Rounds to Dis-

qualification 10,925 9325 11,000
Cause of Disqualification K K V
Velocity Loss (ft/sec) 165 142 >200

Avg. Barrel Life: 10,420 Rounds

All chree barrels again yielded essentially similar results,
exhibiting 34% greater average barrel life than was obtained with
the control lot. Figure 4 is a plot of the change in velocity vs.
number of rounds fired for barrel 5236 which failed due to keyholing.
(The general. relationship is similar for all three barrels.) It is
seen that,at keyholing failure,the velocity had severely degraded
and that the barrel would very likely have soon failed on velocity
drop.

Changes in vertical land and groove diameters in the bore, as
produced by the firing tests, are shown in Figures 5 and 6, While in
general the erosion profiles of the lands are similar to those
exhibited by the control ammunition, land erosion in excess of the

range of the boregage was only encountered in the first two inches
from the origin. Furthermore, it should be borne in mind that the
barrels fired with the M003 containing ammunition were exposed to

* approximately 34% more firings. It is this factor which probably

accounts for the slightly greater muzzle erosion which, as discussed
above, is caused by mechanical factors. The constriLction in the
grooves appears to be very light, indicating that while deposition of
additive combustion products may be occurring it is not severe
enough to adversely affect performance.
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Lot 438-3 (Talc)

A summary of the results from barrel life tests with Lot 438-3
which contained talc as the additive is given in Table VI.

TABLE VI. Barrel Life Test Results, Lot 438-3 (Talc)

Barrel No. 5199 5213 5202
No. of Rounds to Dis-

qualification 7900 8775 8700
Cause of Disqualification K K K
Velocity Loss (ft/sec) -26 10 20

Avg. Barrel Life: 8460 Rounds

The talc additive was almost ineffective in increasing 7.b2mm
barrel life, as defined by the criteria of excessive velocity loss
or yaw. However, in contrast with the previous two lots, there was
no significant change in velocity even after firing approximately
8000 rounds. This is also evident from Figure 7 which is a graph of
velocity change vs. number of rounds fired for barrel 5202. It
clearly indicates that failure was not attributable to erosion.
However, there is a trend toward velocity loss after 8000 rounds.
Unfortunately, no reliable bore gage data could be recorded over most
of the rifling distance with the barrels used with this lot. Fouling
was so heavy that the air gage probe could not be used. It is pre-
sumed that heavy fouling deposits formed in the grooves along most
of the barrel length. It appears that talc did serve to e4 fec tive
prevent barrel erosion, as has been found in other studies( ,
The problem here, however, is primarily one of barrel foulin)- by the
additive or its products, which caused relatively early disqualifica-
tion due to yaw. It had been intended to keep the additive level at
approximately 0.5% for all test lots. As can be seen in Table I the
talc content was above this level, viz. 0.68%. It is probable that a
reduced level of talc would be sufficient to Drotect the barrel
against erosion without producing the excessive iouling that
apparently occurred with this lot.

Lot 438-4 (Calcium Carbonate)

The major results of the barrel life tests conducted with Lot
438-4 which contained calcium carbonate as the additive are shown in
Table VII.
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TABLE VII. Barrel Life Test Results, Lot 438-4 (CaCO )

Barrel No. 5038 5353 5283
No. of Rounds to Dis-

qualification 16,723 13,150 17,375
Cause of Disqualification K K K
Velocity Loss (ft/sec) 148 140 147

Avg. Barrel Life: 15,750 Rounds

The data indicate that the calcium carbonate additive was highly
effective, providing a barrel life approximately 100% greater than

that obtained with the control lot having no additive. All three
test barrels yielded results considerably superior to the control

and all had similar velocity losses when they failed due to excessive
keyholing. Figure 8 shows the pattern of velocity change vs. num-
ber of rounds fired for barrel 5038, which is representative of all

¾ •three barrels. It is seen that only negligible velocity loss
f •occurred up to 12,000 rounds. This is even superior to the data

obtained with talc where the velocity remained essentially constant
for about 8000 rounds.

The changes in land and bore diameters that occurred during theStest are shown in Figures 9 and 10, respectively. Considering the

large number of rounds fired, the extent of erosion in the origin
region of the barrel was relatively small. It is in this area,IIhere thermal factors are usually the primary cause of erosion,
that the additive appears to play its major role. Erosion in the
muzzle region, which is primarily due to mechanical factors, was
also reduced considering the number of rounds fired. However, the
calcium carbonate add-' iye does not appear to be as effective in
reducing erosion in region.

CONCLUSIONS

1. Calcium cazbonate when incorporated in single base extruded pro-
pellant at a level of 0.5% provided an increase of approximatelyLi 100% in the barrel life of 7.62mm M80 ammunition, as judged by the
criteria of velocity loss or excessive yaw.

2. Molybdenum trioxide when incorporated in single base extruded
propellants at a level of 0.5% increased the barre.l life of M80
ball ammunition by 34%.

3. Trilc when incorporated in single base extruded propellant at a
lev'. of 0.7% did not substantially affect M80 ball ammunition barrel
life. However, thtere was no significant change in velocity in the
course of the entire test. Barrel disqualification was a result of
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considerable fouling which induced excessive yaw.
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TALC AS A PROPELLANT ADDITIVE TO IMPROVE
BARREL LIFE IN 20mm AUTOMATIC CANNON

AND 4.32mm RIFLE SYSTEMS

A. V. NARDII
Munitions Development and Engineering Directorate

Frankford Arsenal
Philadelphia, PA 19137

At the Tri-Service Gun Propellant Symposium held at this loca-

tion in 1972(l), we reported on the results of preliminary barrel
life tests using talc as a wear reducing additive in extruded single
base propellant. This paper presents additional results of barrel
life tests using talc as the additive in double base rolled ball
propellant.

Talc is a naturally occurring substance that is mined in a
number of locations in the United States. It is generally described
as a hydrous magnesium silicate. The type of talc used in the bar.-
rel life tests with the rolled ball propellants is United States
Sierra Supreme 2.3 microns.

The reason for using this type goes back to the results report-

ed in the previous presentation. The initial project. using extruded
20mm propellant as a test vehicle,was performed with several types
of talc. Due to the high cost of both 20nmi ammunition and the test
firings it was decided to use only one type of talc in the confirm-
atory stages of the extruded propellant effort. Since the greatest
increase in barrel life had been obtained with Supreme 2.3 micron
talc, this type was selected for all future work.

It might be well at this point to give the basic technical
reasoning behind the development of a ball type propellant with talc
as an additive. one of the conclusions of the previous study( 2 )
was: "Small amounts of talc incorporated in the base grain of ex-
truded propellant gave increased barrel life in engineering tests
performed in the 20mm, M39 Machine Gun. An increase of approx-
imately two or three times the average barrel life was obtained when
1/2% talc is added."

While these results weTe obtained with single base extruded pro-
pellant (viz., CR 7814),efforts conducted on a previous project
had resulted in the development of a low flame temperature rolled
ball propellant, identified as X2048, for 20mm application. The
latter, even without a barrel. wear additive, gave a barrel life 50
to 100% greater than did the CR 7814 extruded propellant. In

I$
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addition to the potential of even greater barrel life, the ball

propellant also could be loaded to a higher charge weight.

The optimum propellant for the 20mm M50 series Automatic
Cannon Ammunition therefore appeared to be a rolled ball type
which would have a higher loading density, would be relatively
cool burning and to which talc or some other effective wear
reducing additive could be added to provide even greater barrel
life.

With the switch from extruded to ball propellant, changes had
to be made in the way the talc was introduced into the gun system.
The standard method of adding talc to an artillery system is to
impregnate a wax envelope with the talc and then fit the envelope
inside the cartridge case. However this method is not practical
for small arms cartridges since they are loaded to almost zero pro-

'4 pellant air-space leaving no room in the cartridge case for the
envelope. The talc was therefore incorporated in the base grain ot
the small arms extruded propellant at the time of manufacture.

However, because of the way ball propellant is manufactured,
it is not possible to incorporate an inorganic material like talc
into the base grain of production ball propellant. One of the
problems is that talc being incorporated into the 20mm propellant
would also end up in the bace grain of the 5.56mm MI16 rifle pro-
pellant. This rifle system is very susceptible to gas tube fouling
and it would be expected that 5.56mm propellant containing talc
could foul the M16 rifle gas system.

Therefore the decision was made to surface coat the tale on the
ball propellant. Surface coating of additives in ball propellant is
nothing unusual, In fact, the present 2Omm ball propellant WC870
has both a flash suppressant and an antifoulant on the surface to-
gether with a small amount of graphite. Although it would appear
that no serious processing problem would develop when adding talc

to the surface of the X2048 type propellant,it was suspected that
another inorganic placed on the surface of the propellant wculd

probably slow propellant ignition.

Two lots of rolled ball propellant were manufactured by the
Olin Corp. The reasoning for the two lots of propellant was that
there had been a long standing debate concerning the need for anti-
foulants in small arms propellants. Since this would be a new type
of propellant it was agreed to make lots both with and without Lhe
tin dioxide. antifouiant. The two developmental lots of propellant
are identified as X3325, the lot wiLh 0.49% talc and 0.84% tin[: dioxide and X3326 which contained 0.79% talc.
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Table I shows that these twu lots of propellant have calculated
flame temperatures similar to the previous lots of rolled ball X2048
propellant. Therefore, the barrel life tests with these. propellants
should indicate the effect of the talc additive and not a large lot-
to-lot propellant flame temperature variation.

Although the surface coated talc slowed propellant ignition,
the 20mm cartridges which were loaded with propellants X3325 and
X3326 met all of the 20mm cartridge specification requirements at
ambient temperature anuc were therefore suitable for barrel life
testing. There were, however borderline results with respect to
action time at -65°F only. These will be discussed later in this
paper.

The barrej life data presented was obtained in the 20mm M39
Automatic Aircraft Cannon by firing production 20mm M55A2 Target
Practice cartridges loaded with the various propellants. The firing
schedule employed was designed a number of years ago to simulate the
most severe Air Force use of this type of ammunition. The schedule
consists of tiring a two hundred round burst followed by complete
cooling, and then repeating this procedure until failure due to
excessive yaw or velocity drop. Excessive yaw is defined as yaw of
150 or more at 1000 in. range with 20% or more rounds in any con-
secutive 40 rounds of any burst. Excessive velocity drop is defined
as the average velocity of any 20 consecutive rounds of a buvst
being 6% or more below the average velocity of the first 20 rounds
fired in a new barrel.

The barrel life data shown in Table II is for several lots of
rolled ball propellant X2048 without talc added. You will note a
barrel life of about 3000 rounds should be expected from this type
of propellant and, moreover, the calcium carbonate level appears to
have no effect on 20mm barrel life. With regard to the calcium
carbonate level, we have previously presented data(3) on eight lots
of the regular 20mm ball propellant WC870 which also shows the cal-
ci.um carbonate level has no effect on 20mm barrel life. Therefore
I think you can see from the results reported in the 7.62mm
presentation at this symposium(4) that data regarding barrel wear
additives cannot be transferred from one gun system to another.

Table iii gives the results of the barrel life tests with pro-
pellant X3325, ThJs is the lot that contains both the antifoulant
ti n dioxide as well as talc. You will observe that the end points
of approximately 3000 rounds are not significantly different from
the results reported for the X2048 type propellant without the talc
added.

However, if we were discouraged by these results, ou= gloom was
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short lived. Table IV gives the barrel life test results with pro-
pellant X3326. As you remember the difference between the two
lots of experimental rolled ball propellant is that X3326 has only
talc as an additive with no antifoulant tin dioxide.

We had loaded all available propellant into slightly less than
9000 rounds of 20mm ammunition aud after firing 8400 rounds we found
that the ammunition lot had been exhausted but the barrel was still
firing in a satisfactory manner. Moreover, no yaws had been recorded
and the average burst velocity had dropped only 87 f/s. (A loss of

196 f/s in velocity was required to disqualify this barrel.) Since
this is the only barrel tested with this type of propellant it is
not possible to estimato at what point the barrel would have been
disqualified if a much large- quantity of ammunition were available.
However I don't think one would have to be too optimistic to assume
at least reaching 10,000 rounds. This was by far the longest barrel
life ever achieved in tests using the 20mm M39 automatic cannon.II A second lot of X2048 type rolled ball propellant with surface
coated talc was then manufactured by the Olin Corporation. The

lot, identified as X3326.1, has a flame temperature of 2650 0 K which
is within the extremes of the previous lots of X2048 type propellant
and is similar to the first lot of X3326 propellant. The amount of
talc Is 0.74%, almost the same as the 0.79% surface coated on the
original lot that gave the 8400 plus rounds barrel life. Lake City
Army Ammunition Plant has just completed the production loading of
about 20,000 cartridges 20mm, M551.2. It is expected that the barrel
life tests will start in eirly April.

With regard to the -light ignition problem mentioned earlier,
the X3326.1 lot was also completely acceptable at ambient and high
temperatures, but at -651F the action time was again borderline.
Table V shows the action times for both lots at -650 F. The con-
trolling specification requirement is that the average action plus
four standard deviations sha' not exceed 4 msec. The numbers are
seen to be within the requireweent but close to the limit.

It is planned to make a small number of standard M52A3BI
primers with additional priuer mix added to the cup. This is pos-
sible because the present cup is not 100% full. The specification
requirement is 2.25 to 3.00 grains of mix. It is expected that we
will be able tu get about 4 grains of mix iA the cup. -Is L add_
tional mix will improve the propellant ignition at -65OF and make
propellant X3326 completely acceptable for this type of 20mm ammu-
nition.

Another project in which talc has been used as a barrel life
A additive with rolled ball propellant is the experimental 4.32mm
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Advanced Rifle Development Program. In the early 19701s, Frankford
Arsenal and the Olin Corporation developed a low flame temperature
rolled ball propellant X3116 for use in the 4.32mm full bore ammu-
nition. Two developmental lots of X3116 type propellant were manu-
factured. One lot was surface coated with the talc that gave the
long barrel life in 20mm ammunition and the other surface coated
with the calcium carbonatetýat gave long barrel life in the
7.62mm ammunition project.'

In this case the findings from two separate gun system projects
arebeing used in an attempt to increase the barrel life in a third
weapon system. Ammunition loaded with both propellants has been
delivered to Rock Island Arsenal and erosion testing has just
started.

In summary the following conclusions may be drawn. First, talc
or hydrous magnesium silicate can be satisfactorily surface coated
on a rolled ball propellant. Second, the barrel life tests to-date
indicate that adding the talc significantly increases 20mm barrel
life and presents no serious difficulties in the operation of this
automatic cannon weapon system.
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EROSION REDUCTION WITH 20MM ABLATIVE AMMUNITION

Gerald A. Sterbutzel*
Calspan Corporation
Buffalo, New York

ABSTRACT

MSSA2, 20mm ammunition was modified by placing 5cc of ablator
between the propellant charge and the projectile. The function of
the ablator, a gelled dimethyl silicone compound, was to reduce barrel
heating and erosion by coating the bore surface to form an insulative
and ablative shield against the hot propellant gases.

Several thousand ablative and standard rounds were fired in
instrumented M39 and M61 guns. Very substantial reductions in
heating and erosion were experienced with ablative ammunition when
compared with standard ammunition in the critical high erosion areas
of the barrels of both guns. Under very severe burst firing condi-
tions, reductions in erosion of as much as 800 percent were realized
at the origin of rifling.

INTRODUCIiON

Barrel heating limits firepower because excessive heating:

1. increases barrel erosion,
2. produces cook-)ff hazards,
3. tends to promote stoppages and parts failures,
4. increases maintenance time, logistic manhours,

and procurement dollars,
S. restricts comoat firing schedules, and
6. makes for heavier guns.

Therefore it was with alleviation of the above effects in mind that
we began the development of ablative ammunition.

Ablative ammunition is an anti-heating and anti-erosion ammuni-
tion which usually uses a grease-like material or ablator situated
near the base of the projectile so that when propellant gases arc
generated, they force the ablator to coat the bore surface and act
as an insulator before the hot gases reach the bore. This is shown
in Figure 1. When the projectile leaves the muzzle and the pressure
drops, the hot ablator will have a tendency to vaporize and thereby

*Abstracted from "Performance of 20mm Ablative Ammunition," Technical

Report No. AFATL-TR-71-164, W.R. Brown, E.B. Fisher, D.J. qudlik,
F.A. Vassallo, December 1971.
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providing a cooling function. The whole process is then repeated for
each round fired.

Calspan first introduced a rifle-type ablative ammunition
employing beeswax as the ablator in 1948 with some success but it was
not until the last 10 years that serious development efforts were
pursued. This has included ammunition for the 4.2 inch mortar, the
155mm M185 cannon, the XM140 30mm helicopter gun, the 20mm aircraft
cannon, the 7.62mm machine gun, the 4.32mm rifle, and the Ares 75mm
cannon. In each development, the ablative ammunition has been very
successful in diminishing the barrel heating and erosion problems
encountered. Whereas all attempts produced excellent results,
occasionally spectacular results have been achieved. As much as a
3,000 percent improvement in the erosion resistance has been pro-
duced at the barrel entrance. With conventional fixed ammunition,
it is not uncommon to experience at least a 40 percent decrease in

heating at the origin of rifling, the area where erosion is usually
most severe.

For the purposes of this paper, work sponsored by the Air Force
Armament Laboratory to improve the erosion performance of the 20mm
M55 ammunition for the Air Force's aircraft cannons is described.
This is an example of ammunition which was designed more than a
quarter of a century ago to accommodate all of the Air Force's 20mm
M39 and M61 aircraft cannons. For that reason and because of a large
inventory, it was important not to modify the exterior configurations
of the round.

For the development of this ammunition the following constraints
were imposed:

J, the ammunition had to utilize the same case
and projectile as used in conventional MSS
ammunition;

2. the exterior ballistics had to be at least
as good as that in conventional
M55 amnmunition;

3. the maximum chamber pressure had to be less
than 60,000 psi; and

4. the system had to be applicable to both the[M39 and M61 cannons.

SINGLE-SIHOT TESTING

At the outset, a number of single-shot tests through an M61
barrel instrumented with a pressure tap and Lhermal sensors were
fired. Through a brief evolutionary development, the configuration
shown in Figure 2 was adopted for extensive rapid-fire testing.
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This configuration essentially duplicated the muzzle velocities
normally experienced with M55 rounds. To achieve the required
muzzle velocities with ablative ammunition, less propellant (585
instead of 612 grains) was required but a minimal amount of propellant
compaction was utilized to allow for 77 grains of ablator. The
ablator was composed of 95 percent dimethyl silicone gelled to a
grease-like consistency with 5 percent of fumed silica. The ablator
was separated from the propellant by a thin plastic diaphragm.

After rapid-fire testing, a Brown and Sharpe Intrimik micrometer
gage, specially adapted for measuring the inside diameter of M39
and M61 barrels at both the lands and grooves, was used for erosion
measurements. Yaw measurements were made with a moving target of
6 mil thick polyethylene situated 1000 inches down range. A
stationary witness grid was also used to determine the dispersion

( during each test.

TESTS WITH AN M39 GUN

Following the single-shot testing phase, the M39, gas operated,
revolver type gun was used for the first rapid-fire tests. This gun
is capable of firing 1800 rounds per minute through a single barrel
utilizing a drum containing five chambers. The M39 was used first
because it would require a minimum of ammunition and because it would
provide a test of potential ablator fouling of the gas operated
mechanism.

A summary of the basic data recorded with the M39 gun is given
in Table I. The table snows that both barrels through which stan-
dard ammunition was fired, failed before the 250-round burst was
completed. The barrel using ablative ammunition failed after 1211
total rounds were fired. Essentially, three complete bursts were
fired while three bursts with stoppages at 80, 170, and 162 rounds
also contributed to the erosion.

The ablative ammunition diminished drum heating by approximately
50 percent as shown in Figure 3. This shows that the drum can be
lightened appreciably before cook-off becomes a problem. The erosion
data are perhaps best visualized by referring to Figure 4. Note that
after a 250-round burst the ablative ammunition eroded only 3 mils
at the origin of rifling, as compared to about 24 mils for the stan-
dard M55 ammunition. Barrel temperatures for a 250-round burst at
the station 1" from the barrel face is shown on Figure 5. This shows
a range of temperatures from the two types of ammunition in various
tests. Note that the ablative ammunition not only has lower tempera-
tures, but in addition, has a narrower range of temperature variation.

1 -560

• . t -. -

- 4... --.- -
• -- I i i i " :i i



I, II
0

ccI

C/)

D cc o o 0 wOOONwO9 OO

- cc

20 Li

cc D < N N NN C4CJN N NN
00

rro
CV)2

I..n- c

I *4

Ix 
>

z, -z

<.-.e



~'1

wI-

A cw

0~ %c

W 0  0 ILL

LLI amn

000W0 00

O2flOff CO~

1~ ~LL

6m-



0

W: CC~

DL <
U. cocoz0

0i wa 0 ooL

C6 o

- . -* I==. C



C,,.

CD

cc 
co

ui z
cowo ~

D- w u

cc

0

-6. ..



There was no effect of the ablative ammunition on the normal
operation of the M39 gun. Therefore, there was no fouling of the
gas operated cycling mechanism.

TESTS WITH AN M61 GATLING GUN

An M61 Vulcan cannon was instrumented with thermocouples which
were conducted through slip rings to recording potentiometers. The
gun and the slip ring system is shown in Figure 6. The testing with
the M61 was rather severe from an erosion standpoint in that bursts
of 200 rounds per barrel were used. The firing rate was approximately
4400 rounds per minute. The barrels were not plated.

An example of the temperatures that were experienced during
and immediately after a burst is shown in Figure 7. Note that at
the time of the end of the burst, the standard ammunition had trans-
mitted 37 percent more heat into the barrel than the ablative ammuni-
tion at the point 5 inches from the ýreech. These effects are only
partly illustrated in Figure 8. A color photograph shows that the
barrels through which standard ammunition was fired are hotter over
their length than the ablative ammunition barrel.

The magnitude3 of the erosion for the breech end of the barrel
is shown in Figure 9, after three bursts of 200 rounds per barrel.
Erosion at the origin of rifling was 3 mils for the ablative barrel
compared to 24 mils for the standard barrel. This ratio of 8 times
erosion at the origin duplicates that experienced in the M39. The
negative erosion shown in the ablative barrel is illustrative of an
increase in coppering of ablative ammunition in an unplated barrel.
The amount of coppering shown after three bursts is very similar
to that shown after one burst so it appears not to be accumulating
or increasing. It was later found that the coppering was much less
severe in chrome plated barrels than in the unplated barrels.
Further, there again seemed to be a stabilization of the amount of
coppering after the first burst in that it did not increase in sub-
sequent bursts.

The effect of ablative ammunition on the cook-off susceptibility
of the M61 gun is shown in Figure 10. Note that the cook-off
threshold is never reached with ablative ammunition in a single
complement of 1200 rounds while the standard ammunition reaches the
ablative threshold at approximately 670 rounds. Actually with the
lesser heating of ablative ammunition, it is calculated that 1370
rounds can be fired before the cook-off threshold is reached when
the gun is fired at room temperature.
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SUMiMlARY

Based on the limited testing possible in the effort just reported,
the following conclusions can be drawn. Under severe burst firing
conditions in the M39 gun, ablative ammunition:

1. at least triples barrel life,
2. reduces barrel erosion drastically (8 times

at the origin of rifling);
3. reduces barrel and drum heating appreciably, and
4. because of great reductions in temperature,

permits important weight reductions without
impairing performance.

Under severe burst firing conditions in the M61 gun, ablative
ammunition:

1. reduces barrel erosion significantly
(8 times at the origin of rifling),

2. reduces barrel heating appreciably,
3. more than doubles the number of rounds

to cook-off,
4. increases coppering, particularly in unplated

barrels.

tI
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A WEAR AND EROSION RESISTANT
ALLOY FOR GUN BARREL LINERS

George J. Westcoat
Senior Research Metallurgist

Teledyne Wah Chang Albany
Albany, Oregon

Good afternoon, Ladies and Gentlemen. It is a distinct priv-
ilege to have become a participant at this symposium, even though
it happened with very little prior notice. Since this presentation
was added after the scheduling of the other papers, it was suggested
that it be brief and concise. You will be pleased to know that it
is both brief and concise.

Becoming a participant, rather than a spectator, seems now
to be timely and appropriate since the agenda of technical paper
presentations is very top heavy with identification and quantifi-
cation of conditions coL~tributing to excessive wear and erosion of
gun tubes; and is very light on potential solutions to problems
created by these conditions. This presentation will, hopefully,
introduce a corrective concept for your consideration and possible
utilization. The concept of using liners in gun tubes is certainly
not novel; however, the material proposed for this application will,
undoubtedly, be both new and i )vel to most of those in attendance
here today.

As the largest producer of refractory metals and alloys in
the "free" world, Teledyne Wah Chang Albany has naturally been in-
strumental in the developiaent of alloys for very high temperature
applications. Notable of these developments is WC-3015, a
columbium alloy containing approximately 30% hafnium and 15%
tungsten, whose properties were compatible with the environments
enceuntered by rotor blades during early developmental stages of
turbine engines. Improved turbine design decreased enviromental
hostility for rotor blades allowing less refractory, and less
costly materials, to provide satisfactory performance; and 3015
thus saw little application for which it was intended. Modifica-
tions of the basic 3015 alloy, however, present interesting
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properties for satisfactory performance at the breach end of
certain gun barrels. However, a much more complete knowledge of
the operating conditions must be obtained, than has been previously
known, if an alloy ia to provide optimum performance.

Optimum performance must be recognized as the most satis-
factory compromise obtainable in a combination of adverse and
opposing conditions.

Designers, not necessarily well versed in materials tech-
nology, can be somewhat reassured in the knowledge that those
whose business is materials technology can provide a greater
latitude in meeting specified design properties through the
several mechanisms of fabrication sequence, alloy modification,
and thermal treatments. Thus, it is possible, through knowledge
of a weighted effect of each alloying element upon individual
physical or mechanical properties, to custom tailor (within
reasonable limits) a material to an application.

Just as the developer of an armor piercing round must have
total knowledge of the characteristics of the armor he must
defeat, so must the materials engineer have total knowledge of
the conditions and environments to be combated by his material.
Priorities must be established as to the most troublesome effect
to be overcome. These priorities are also dependent upon the gun
tube configuration; i.e., whether homogeneous (a single alloy),
or composite (two or more alloys), as is the Case of a barrel
liner.

When two or more materials in intimate contact with each

other are subjected to rapid temperature variations of fairly
great magnitude, coefficients of thermal expansion and thermal
conductivity become design considerations of great importance.
Since most chemical reaction rates vary as a logarithmic function
of absolute temperature, the maximum predicted temperature has a
great influence on the amount of erosion or corrosion resistant
element included in the alloy. If wear is the greatest degradation
factor, then relative hardnesses, coefficients of friction, avail-
able lubricants, etc., have great importance.
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It is our belief that the past two years of work allow us to
offer a material which has attained a status requiring very
little further refinement to become a means whereby the functional
life of gun tubes can be extended beyond their present capabilities.
Excellent oxidation resistance is achieved when WC-3015
alloy is exposed to oxygen at elevated temperatures, as elemental
hafnium and columbium oxidize preferentially. The Hf2 then
dissolves in the columbium oxide Cb 0 to form 611f0-Cb2 0 This
complex oxide has a tight cubiclatt ce which resists tie'aiffus
of oxygen into the substrate. After 20 minutes exposure at 18350F,
oxide penetration is 0.001-0.003 inch. The alloy is also highly
resistant to attack by normal acidic environments.

I,.
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TABLE 1

WC-3015 ALLOY

Chemical Composition

Hafnium 
28-30

Zirconium 
1- 2

Tungsten 
13-14

Tantalum* 
0- 4

Titanium"* 0.07-0.33
Carbon*** 

0.02 "

Nitrogen 
0.02 max.

0.03 max.Oxydgen 
0.001 max.

Cydrog en Remainder

Tantalum is listed because it occurs

naturally in colum~bium ores. Higher

level tantalum does not alter prop-

erties, except to increase densities.

WC-3015 can be furnished with reduced

tantalum if desired.

** A five percent titanium addition is optional.

Titanium increases oxidation resistance and

fabricability and decreases stress-rupture

strength.

S*** Carbon content may be tailored to the need

within 150 ppm. Increased carbon improves

strength at a modest cost in oxidation

resistance.
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TABLE 2

WC-3015 ALLOY

Physical Constants (Approximate)

Density, lb/cu in. (No Titanium) 0.38
(Titanium-containing modification) 0.36

Specific gravity (No Titanium) 10.5
(Titanium-containing m.dification) 10.0

Melting point, OF 4540
°C 2500

Specific heat, cal/g/iC 0.07

Modulus of elasticity, psi 15 x 106

Modulus of rigidity, psi 6 x 106

Coefficient of Thermal Expansion
(cm/cm)/ 0 C 7.97 + .08 x 106
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FIGURE I

At one time, the room temperature ductility of 3015 was
considered to be poor; the final slide graphically il-
lustrates that this problem has been overcome. The
slide discloses what resulted from an attempt to shrink
fit a 3015 liner tube into a 4340 steel gun barrel by
refrigerating the tube in liquid nitrogen and attempting
to press it into the barrel. When the heat transferred
from the massive steel to the liner, it expanded and was
caught in the barrel; but while still at a very low tem-
perature, the liner had sufficient ductility to balloon
as shown, without any indication of cracking or failure.

I
IV-578

--

SI I:j t. -- *-. I



In summary, the intent of this presentation was to provide
you with data on a refractory metal alloy with potential for so-
lutions to some of the erosion and war problems in gun tubes.
Obviously, no panacea for all these problems can exist since
opposing properties of materials are needed for their solution.
However, because of the uncommon properties it has, it may very
well serve a useful function in prolonging gun tube life.

The proprietary nature and security classification of an
experimental program recently conducted with a European arms
manufacturer greatly limits the information which can be dis-
cussed here. What can be said is that a steel barrel alone
survived fewer than half the rounds that were fired in a weapon
with a 3015 modified liner, before a premature liner failure con-
cluded the test. Little or no erosion or wear were noted in the
liner, which had cracked at a contaminant inclusion location.
Incidentally, homogeneity and cleanliness difficulties have been
eliminated from recent alloy heats.

Additional development work is, undoubtedly, required
before optimum performance can be achieved, but a tremendous
a=unt of prior development has already been completed. For
any interested in pursuing this avenue of effort, Teledyne Wah
Chang Albany would be very pleased to work wi... you.

Thank you for your attention.

I
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EROSION ANALYSIS AND CONTROL STUDIES
AT ROCK ISLAND ARSENAL - A REVIEW

W. T. Ebihara
Materials and Manufacturing Technology Division

Small Caliber Weapon System Laboratory
U. S. Army Armament Research and Development Command

Dover, New Jersey 07801

ABSTRACT

A summary of gun barrel technology efforts at Rock Island Arsenal
in the area of small caliber gun tube erosion and its control is pre-
"sented. The intent of this review is to apprise the technical com-munity of such information so that duplication can be avoided and
also so that further improvements can be made on methods to select
materials and to design for rapid fire weapons in the future. Con-
siderable effort has been made on analyzing erosion in rapid fire
gun tubes since 1970. Structural damage has been characterized for
a number of gun systems with various material construction and under
various firing schedules. Methodology to analyze erosion damage was
developed. A number of material systems were selected and tested.
Numerous iron alloys, superalloys and refractory alloys were fabri-
cated into various structural configurations (monolythic, layered and
coated systems) and then test fired and analyzed. New processes to
apply erosion resistant materials (sputter, chemical vapor depositionand electrodeposit coatings) on gun tube ID surfaces were evaluated.

Material systems have been evaluated and tested in systems ranging
from 4.32mm to 30mm. Thermal measurements and analytical techniques
to ascertain temperature distribution and heat flow were developed
and evaluated. The effect of mass distribution on gun tube service
performance was also investigated. Limitations of present methods t6design and select materials for rapid fire weapons are cited.

j INTRODUCTION

The studies on gun tube erosion during World War II constitute
a significant portion of what is known on the subject.' AlthoughS| limited work was continued after 1946 to unravel basic erosion mech-

anisms, most of the R&D effort was on erosion control measures -- im-
proved propellants, wear reducing additives and chromium plating.
However, until the Vietnam involvement in the late sixties, signifi-
cant changes had not occurred on methods to control erosion in small
caliber gun tube systems. Furthermore, the majority of erosion study
and control work up to this period was concentrated on large caliber
systems. 2
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This paper reviews the efforts at Rock Island Arsenal to analyze
and control erosion in small caliber, rapid-fire systems. No attempt
is made to discuss ammunition or weapon design studies. This paper
gives a broad overview of materials and thermal analysis activities
at Rock Island from the period 1970 to present. No attempt is made
to give a comprehensive dissertation on the subject matter. Instead,
documentation of reports and activities is given. The initial phases
included characterization of erosion in conventional rapid-fire gun
tubes and thermal analysis. Other phases involved methods to control
erosion through the application of heat resistant material systems.
This aspect involved considerable work on the development of fabri-
cation techniques to produce monolythic and multilayer gun tube struc-
tures. Test firing and post-firing analysis were performed.

EROSION ANALYSIS

The erosion analysis to characterize the chronological develop-
ment of structure alteration and damage involved several analytical
techniques: electron and scanning election microscopy, election
microprobe, optical metallography, X-ray diffraction, microhardness
measurements aid selective chemical etching. 3 Although several mate-
rials were tested, the major emphasis was on the basic Cr-Mo-V steel
used in the 7.62mTU systems." On addition to actual test firings,
laboratory tests including vented-bomb, 5 wear, 6 fatigue, 7 elevatedtemperature fatigue 5,7,6 and instrumented charpy, 9°hot hardness,""z

adhesion,zz thermal and chemical reactivity tests 3,8,12 were per-
formed. These studies were performed to isolate important erosion
parameters and to provide rationale for gun tube materials selection.
It was evident that no single method could provide a good screening
test for materials selection. Certain tests as the vented bomb could
not be correlated with actual test firing results. 5 The results of
all the tests performed are available in the literature as cited.
The analysis of the altered gun tube structure is given in another
paper at this conference." 3 Measurement of transient bore tempera-
tures were also performed.'"
MATERIALS

Prior to 1969, the materials generally used for small caliber
were primarily limited to medium alloy steels either unplated or
chromium plated and with or without cast cobalt alloy Stellite 21
breech insert liners. The physical limitations of shrink fitting
liners precluded full length lined gun tubes. However, with materiiý
ais and fabrication technology develkped for aerospace and nuclear
industrial needs, new heat-resistant materials were now possible for
gun tube application.

In the early 1970's, Rock Island Arsenal investigated numerous
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heat resistant material systems for small caliber, rapid-fire gun
tube application. New methods as roll bonding"s and co-extrusion"
made possible the fabrication of full length lined gun tubes -- gun
tubes with heat-resistant liner materials jacketed with less-espen-
sive but high strength materials. Other methods as pressure bond-
ing were attempted. 7 Newer rifling rechniques as rotary forging or
swaging 8 ' s9 ' 20 ' 21 were developed to impart internal rifling to
these new difficult-to-machine alloys. Further, new and improved
coating methods were applied to deposit heat-resistant materials
to the ID gun tube surfaces.5 2 32 a s Test firing data and post-
firing analysis were obtained for over thirty material systems.
(See Tables 1 through 3).

Three basic material classes were evaluated: (a) refractory
alloys, (b) heat resistant iron-base alloys and superalloys and (c)
low cost steels. Because the multivariant factors causing gun tube
wear and erosion make the quantitatively description of ideal gun'tube material system or the evaluation by means of a simple simula-
tion test virtually impossible, the several material systems were

-I fabricated into 7.62mm gun tubes and evaluated by actual test firing.
Two types of 7.62mm gun systems were used for the evaluation: the
M134 minigun, (six-gun tube Gatling) and the M60 weapon. The rate
of material deterioration was found to be heavily dependent on the
firing schedule. Generally, the firing schedules used for the M134
and the M60 systems were, respectively, as follows:

(a) (500-round burst at 4000 spm rate with a 10-second cooling
interval) repeated 4 times before complete cooling and then re-
peated to failure. (Schedule for six barrel complement).

(b) (W5 round burst at 650 spm rate with a 10-second cooling
interval) performed 6 times prior to complete cooling; this
schedule was repeated to failure.

All ammunition used in these tests was the standard 7.62mm M80
NATO ammunition containing WC 846 propellant. Projectile yaw,
loss of velocity or loss of accuracy constituted the criteria

.1' for gun tube failure.

Figure 1 summarizes the test firing results for a monolythic
structure in the "14 an" MrO gun tube configuration. Except for
Pyromet X-15 and CG-27, the service life appears to increase with
elevated temperature tensile strength. However, these monolythic
structures do not have the resistance to gun tube wear as the chrom-
ium plated gun barrels (Figure 2). The general mode of failure for
the monolythic systems was muzzle end wear as opposed to severe
breech-end erosion found for the Cr-plated steel gun tubes. As
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Table 1. Monolythic Gun Barrel
Materials Investigated

Steels

Cr-Mo-V steel

Iron Base Alloys

Armco 21-6-9

Armco 22-4-9

Allegheny A286

Crucible CG-27

Pyromet X15

Nickel Base Alloys

Inconel 718

Udimet 700

Cobalt Base Alloys

HS 25 (L605) I.

.V5I 3
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Table 2. Coated Gun Barrel Systems

Base MaterialCotn

Cr-Mo-V steel Cr
Ti C
Nitride
TufftrideI
W(Sputtered)*

W (CVD)*

AISI H 11 Cr

Vascojet MA Ta-lOW (CVD)*

Crucible CG-27 Cr
Incaloy 903 Cr
Inconel 718 TalO CV)
Inconel 718 CrIO CV)

*either unsuccessful application or unsuitable for test firing pur-

poses
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Table 3. Experiemental Multilayer
Gun Barrel Systems

Jacket Material Liner

CG-27 W*

4150 steel Ta-1OW

4150 steel T222 (Ta-alloy)
CG-27 Mo-TZM

CG-27 Mo-TZM (borided)Marage 300 Mo-TZM

A286
CG-27 WC 103Y (Cb-alloy)

CG-27 WC 129Y (Cb-alloy)*

A286 WC 129Y*

V57 HS21 (P/M, wrought)

Cr-Mo-V steel HS21 (cast)

Marage 300 Mar M509 (Co-alloy)

4150 steel HS25 (Co-alloy)

Marage 300 Udimet 700 (Ni-alloy)

4150 steel Mar M509

*unsuccessful fabrication
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shown in Figure 2, for the minigun (M134) Cr-Mo-V steel gun tubes,
wear life is increased by the TiC- and Cr-coating. However, if Cr-
coated die steel, AISI H-1l, is substituted for Cr-plated Cr-Mo-V,
then the wear life can bu doubled. The H-1l steel can be substituted
for conventional steel now used in gun tubes. Apparently, the in-
creased chromium content in H-li steel over that in Cr-Mo-V steel
gives enhanced hot strength and corrGsion resistance. In Figure 2,
test firing results are also shown for nitrided and tufftrided M60
steel gun tubes. Note that these surface treatments did not appre-
ciably improve wear life. When electrolytic chromium is coated on
bare or nitrided steel, the wear life was increased significantly.
However, the wear life of chrome plate steel is appreciably less
than that of the standard M60 gun tube with the breech HS-21 liner.
Chromium plated CG-27 is shown to exhibit double the service life of
bare CG-27. However, the adhesion strength of Cr-plate on many of
the superalloys appears significantly lower than that on Cr-Mo-V or
H-11 steel.

The test firing results for multi-layered gun tubes is graph-
ically illustrated in Figure 3. Several observations can be made
from this graph. The service life the full length lined gun tubes is
not necessarily dictated by the melting point of the liner material.
The molybdenum alloy TZM- and columbium alloy WClO3-lined gun tubes
exhibit lower wear life than the cobalt alloy HS-21 breech lined Cr-
plated steel M134 gun barrel. Also, the HS-25 (L605) lined gun tube
shows nearly the equivalent service life as the tantalum alloy T-222
lined 4150 steel gun barrel. Also, the material performance in multi-
layered structures appear to be significantly different from mono-
lythic forms. The cobalt alloy HS-25 exhibits significantly better
wear life when backed with a 4150 steel Jacket than alone in a mono-
lythic gun tube. The differential in thermal expansion between the
steel and HS-25 may be important in inhibiting enlargement of the
bore. An important aspect of erosion or wear in most small caliber
gun tubes is that surface melting does not appear important in the
deterioration of the gun tube material.

THERMAL ANALYSIS

Considerable effort has been performed in the area of thermal
analysis related to rapid-fire gun barrels. Computer aided Fourier
analysis and impiicit finite difference techiue coupled with ex-
perimental data have yielded information on transient heat distribu-
tion at various gun tube locations as a function of firing sched-
ule. 2 6-3  Models incorporating various flow conditions and boundary
layers have been examined. 3 2 Practical aspects of the thermal
studies have yielded application of insulative oxide intermediate
layers in gun tubes to reduce outer wall temperatures33-35 and
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geometric and material systems considerations have been incorporatedinto gunl tube design. Design models have been applied to such sys-

tems as the 30mm gun and certain furture rifle systems. The effect:
of geometry or material mass on erosion has been studied in the
7.62mm gun system utilizing various OD configurations. 36,3 An in-
verse correlation between wear and the amount of gun tube material
mass was noted. Other methods to promote lower gun tube temperature
as ablative cooling3" and use of material phase changes 39 were applied.

APPLICATION OF EROSION STUDIES TO WEAPON SYSTEMS
4.32mm

Material systems found to be effective in combating c.Lsion in
the 7.62mnm systems are currently being tested in the 4.32mm system.This system incorporates the 5.56mm propellant with the smalldr pro-jectile. Both soft and hard chromium plated H-11 steelt° Cr/Co

platings on H-11 and co-extruded HS-25 lined H-11 gun tubes are
being tested. This project will also examine the effect of propel-
lant additives to combat the severe erosion problem associated with
this system. Other material systems evaluated in this project in-
cluded CVD tungsten and electroless nickel (phosphorous) coatings on
steel. 4 ' Thermal analysis involved utilization of water cooled gun
tube which doubled the life of an uncoated steel gun tube dramatizing
the role of thermal factors.

5.56mm

This development machine gun system wtll incorporate Cr-plated
H-ll steel gun tubes.

7.62mm ,

As mentioned earlier, significant improvements were made over
the standard Cr-plated Cr-Mo-V steel minigun barrels. Notably, H-ll
steel could easily be substituted for the conventional steel with-
out undue cost sacrifices. However, the existing stockpile of spare
conventional gun tubes now exceeds a 13-year supply.
Caliber .50

The conventional caliber .50 gun tube is erosion limited. Fu-
ture improvements will consider thicker wall construction and the
use of H-11 steel to replace the standard Cr-Mo-V steel.

20 to 30nmm Systems

Many of the machine guns in this classification do not encounter
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severe erosion problems because of the 1Gw rate of fire or low muzzle
velocity requirements. Higher performance systems, as the 30(mm XM140,
have shown successful performances with unplated and Cr-plated CG-27
gun tube material systems." 2 Other developmental systems as the 25m
class using different material systems are now being field tested.

SUMMARY $

A significant amount of work has been undertaken related to
gun tube erosion as a part of the small caliber gun tube technology
mission at Rock Island Arsenal. Evaluation of erosion, thermal
analysis, various material systems, and advanced fabrication tech-
niques have been explored and developed. This information should
aid current and future weapon technologists in the design, material
selection and service prediction of new weapon systems.
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BARREL LIFE IN HIGH RATE OF FIRE GATLING GUNS

BY

DAVID PERRIN
STEVEN DUKE

GENERAL ELECTRIC COMPANY
LAKESIDE AVENUE

BURLINGTON, VERMONT 05402

This paper presents barrel life and erosion data on high muzzle energy
20 and 30 mm gatling guns. The 20 mm 6 barrel M61Al and the 3 barrel M197
use the same barrel and both fire copper (90% copper, 10% zinc) banded M50
series ammunition. A good data base on barrel performance has been established
for these two guns. The data has been used to develop an empirical barrel
erosion model which accurately predicts erosion for any desired rate and
firing schedule. The GAU-8/A is a new system which has fired over 550,000
rounds with plastic rotating bands. Plastic bands significantly improve
barrel life while virtually eliminating velocity drop in a worn barrel.
Plastic bands produce a unique erosion pattern. Erosion is being studied and
tests are being made to obtain even better barrel life.

Figure 1 describes our developed gatling gun systems. The 20 and 30 mm
systems were selected for discussion because they fire high energy rounds
which erode barrels sooner than the other rounds listed.

Gatling gun barrels frequently operate at elevated temperatures where

erosion rates are quite high. The barrel material must be carefully distri-
buted to provide a heat sink where erosion occurs and not add weight where
it is not needed. Gun barrels are a significant portion of the gun weight.
For example, as shown in Figure 2, gun barrels represent 60% of the GAU-8/A
gun weight.

Erosion of the 20 mm guns will be discussed first. Most of the data

has been collected on the 6 barrel M61AI gun. However, since the same barrel
and ammunition is used in the 3 barrel M197 the fallowing data can be applied
to that gun by dividing the gun rate and gun rounds by two. The M61Al barrel
is a chrome plated barrel made from CrMoV barrel. steel per MIL-S-46047.

1.625The rifling is a gain twist with an equation Y - KX

Life of M6lAl barrels is primarily determined by the burst length and
the firing rate. This is illustrated by Figure 3 showing barrel life for
gun firing at 1500 and 6000 spm. Examination of Figure 3 shows that in a
worst case combat situation, the barrel can be worn out in a single 15 second
burst at 6000 spm (1500 rounds). In actual application, such severe
schedules are seldom fired. The minimum technical manual replacement schedules
on the '"'Al gun barrel are 21,000 gun rounds and range up to 72,000 gun rounds.
(Bree, tures may occur with the later replacement schedule.)
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Erosion of K6lA1 barrels occurs almost exclusively near the initiation

of ril•ug. The point of maximum erosion Is approximately 55½ inches from the
muzzle (one-half inch in front of the case neck). Typical erosion patterns
versus distance fr-.•% the breech are shown in Figures 4 and 5. Figure 4 shows
the progression uf eaosion on one cluster as rounds are accumulated. Figure 5

presents the erode.on patterns for three different worn out clusters.

Figure 6 shows the results of our empirically based erosion prediction
model compared with test data. With a fixed firing schedule, erosion per

complement 55.5 inches from the muzzle continues at a rather constant rate.
This has allowed us to deveJe. a good erosion prediction model for any firing
schedule and firing rate based o, the bore surface temperature at bullet
passage. Predicted erosiou has been surprisingly close to actual test data
with M55 ammunition. ErosW.A:ý V>ediction is done with a computer program
which calculates three-dimensional, heat transfer combined with a plastic stress
analysis. The erosion rate is very sensitive to bore surface temperature and
axial heat transfer must be included in the analysis. The effect of axial
heat transfer on soak-out temperature (in the GAU-S/A) Is shown in Figure 7.

When an M16A1 barrel is fired until it is worn out, the limit of 6Z
velo, ity drop is always reached prior to yaw failures. During very severe
schedules, yaws may occur; however, yaw failures are of no practical signifi-
cance, since they occur very close to the rupture point.

Typical erosion of an M61AI barrel can best be described as a classical
loss of chrome plate followed by rotating band anz Sun gas erosion. After
sufficient erosion has occurred near the initiatlOn of rifling, the rotating
band no longer contacts the barrel and erosion is caused only by gas erosion.
The gas erosion leaves nuwerous axial depressions, as shown in Figure 8. The
depressions extend significantly below the diameter meaoured by a split
collet-type erosion gauge. The depressions typically have a smooth contour
and do not show fatigue type cracks. Worn barrels occasionally rupture in
this area; however, to date, we have never seen a true fatigue failure in an
N61A1 barrel.

The erosion life of the M61Al barrel can be improved for long bursts at
a high rate of fire by adding material to the outside at the initiation of
rifling. A test will be conducted in the next few months with three barrels
with an outside diameter of 1.8 inches and three standard barrels with an
)utside diameter of 1.56 inches. If a significant increase in barrel life is
achieved, the barrel can be redesigned to remove material in other areas and

keep the weight constant. The change will also improve the burst capability
of worn barrels. New barrels fail in bursts of 212 to 290 rounds per barrel
(1272 to 1740 gun rounds) at the muzzle. Badly worn barrels have failed at
the breech in 144 rounds (364 gun rounds) due to loss of wall thickness by
erosion.

The GAU-8/A gun fires a high energy round as shown in Figure 9. Chrome
plated CrMoV barrel steel was selected for the barrels after an extensive
tradeoff including tests with a 30 m single barrel gun. Low cost and
reliability were the primary reasons for selecting a conventional material.
Superalloy materials initially looked promising due to weight savings; however,
final designs did not give significant weight savings for GAU-8/A firing
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schedules. The barrel steel meets MIL-S-46047 with an additional requirement.
It must have a slow strain rate yield strength of 35,000 psi at 1200*F.

Three rotating band materials have been fired in the GAU-8/A gun. The
initial General Electric funded gun development was performed with iron banded
ammunition. The Phase I tests were performed with copper bands. Plastic
bands were first tested late in Phase I during the competitive shoot-off.
They were adopted during Phase II and the GAU-8/A guns have currently fired
over 550,000 rounds with plastic-banded a-minition.

Both the copper and iron rotating bands were fired in a gain twist
rifling designed to accomodate significant erosion by allowing a 4-inch travel
prior to beginning the twist of the rifling. The iron bands were fired in
early gun development when firing schedules were not severe. Unfortunately
we do not have barrels which fired copper bands with a comparable firing
schedule. Our best estimate is that the erosion rate of iron and copper is
very similar. Both produce erosion patterns similar to the M61AI with
essentially all of the erosion occuring in the breech region. Progression
of erosion for a moderate firing schedule with copper bands is shown in
Figure 10. After 3675 rounds per barrel (25,725 gun rounds), the barrels are
essentially worn out with a velocity drop of 9% and occasional tumbling of
rounds. (Iron banded rounds were still performing satisfactorily.)

2500 rounds of ammunition with glass filled nylon 6-12 bands were
fired in one barrel during the Eglin evaluation. Results compared with
barrels firing copper bands are shown in Figure 11.

Based on the success of initial testing, plastic bands were selectdd
for Phase II gun development. Breech erosion was not expected so the rifling
was changed to caustant twist. Results of tests have shown that this was a

good decision. Barrel life has ,ot proven to be infinite as it initially
appeared. However, it has been much better than with copper bands. Plastic
bands have the added advantage that very little velocity drop has occurred
when barrels are worn out.

Good barrel life is achieved with plastic bands by giving much longer
retention of chrome plate. Once the chrome plate is lost, relatively minor
erosion will cause rotating bands to strip and rounds to tumble. An example

of the relatively minor erosion which can be tolerated is shown in Figure 12.
This is a cross-section of a silicon cast taken in a non-chrome plated barrel
after 1500 rounds. Rounds were tumbling at this point.

The first barrels fired to failure with plastic bands were fired at our
Ethan Allen Firing Range in a 50,000 round endurance test. The gun was fired
with a rather severe schedule including 11-2 second bursts at 4200 shots per
minute with one minute between bursts. (1350 total rounds were fired in each
complement with free convection cooling.) Failure occurred after 28,000 gun
rounds by a unique erosion pattern which we have not found referenced in the
literature. Land erosion began approximately 6 inches from the initiation of
rifling and became progressively worse until approximately 20 inches from the
initiation of rifling the lands were completely worn away. Further down-barrel
the erosion became less with essentially zero erosion after 40 inches. The
erosion versus distance from the aft end of the barrel is shown in Figure 13.
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Erosion vs. rounds is shown in Figure 14. This erosion pattern is similar
to muzzle erosion with high velocity rounds. However, rather than contin-
ually increasing toward the muzzle, in tests with plastic bands, the erosion
reached a peak, then decreased. The rifling cross-section at several points
is shown by photographs of a silicon cast in Figure 15 through 19.

Observation of subsequent sets of barrels indicated that the initial
erosion occurred about six inches from the initiation of rifling as a loss
of chrome plate on the driving edge of the land. After the initial loss
of chrome plate on the leadina edge, the erosion progresses down-barrel.

Aircraft tests resulted in a different mode of barrel failure. Test con-
ditions are significantly different because good cooling of the aft half of the
barrel is provided by an air scoop. The barrels failed after about 26,000 gun

rounds due to erosion at the initiation of rifling. Loss of chrome plate

followed by minor erosion was sufficient to cause rotating band failures. Down
barrel the chrome plate was just beginning to break off from the driving edge
of the land. It should be noted that loss of chrome plate at the initiation of
rifling would also have occurred on the barrels firing in ground testing if a
few more rounds had been fired. A micro-section showing the cracking of the
chrome plate is shown in Figure 20.

An interesting difference in barrel heating is shown in Figure 21.
Barrels firing plastic rotating bands absorb significantly less heat at the
initiation of rifling and slightly more heat down-barrel.

Very significant improvements in barrel life and velocity loss with worn
barrels have been made by using plastic rotating bands. However. design of
barrels for plastic rotating bands is in its infancy. Many unknowns still
exist, such as erosion with very severe firing schedules, the cause of erosion
and the variations in heat input with plastic bands. Ceneral Electric is
currently completing a set of barrels which will provide erosion data with
several variations in the barrel design. This set of barrels includes:

1. Thicker chrome plate
2. More lands and grooves
3. A variation in the inside rifling at the initiation of rifling
4. More material on the outside
5. Nitriding prior to chrome plating

In n-ry, the M61AJ barrels fail by velocity drop due to breech
erosion. The erosion is predictable and a good empirical model has been.
developed to predict barrel life for any desired firing schedule and rate
of fire. The GAU-8/A barrels firing iron or copper rotating bands also
fail by breach erosion. Plastic "nds provide a significant improvement
in barrel life while virtually eliminating velocity drop. Failure of barrels
firing plastic bands is caused by minor erosion which results in failure of
the projectile to spin. The erosion may occur at several points in the
barrel and is always associated with loss of chrome plate.
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MAXIMUM MUZZLE
CALIBER RATE K.E. VELOCITY

GUN MM # BARRELS SPM FT-LBS FT/SEC

XM-214 5.56 6 10,000 1310 3270

GAU-2B/A 7.62 6 6,000+ 2620 2807

M61A1 20 6 7200 41,140 3440

M197 20 3 3000 41,140 3440.

GAU-8/A 30 7 4200 147,500 3470

XM188 30 3 3000 36,900* 23250

L CURRENTLY BEING REDESIGNED FOR ADEN-DEFA ROUND

Developed Gatling Gums

Figure 1.
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Weight Distribution of GAU-8 A Gun
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M55 AMMUNITION
14K000 20MM

12,000

.06 EROSION LIMIT
S250 SPM/BARREL

CC 10,000.

I,,t.I

2,000 -0
LL

4j ,000-

4,000.05 EROSION LIMIT
1000 SPM/BARREL

2,000-

50 100 150 200 250 300

ROUNDS FIRED IN CONTINUOUS BURST/BARREL

COMPLETE COOL BETWEEN BURSTS

Average Erosion Life Based on Erosion
55.5 Inches from Muzzle

Figure 3.
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.050

.045

.040

.035

ui RATE - 6000 SPM
SCHEDULE FOR F4E ACCEPTANCE TEST

.030 100 ROUND BURST
COOL 10 MINUTES

z •100 ROUND BURST

o COOL 15 SECONDS
o 02 100 ROUND BURST
o .025

COOL TO AMBIENT

i .020

.015 6681 RDS/BBL

.010
9534 RDS/BBL

1297 RDS/BBL
.0m5

.0
5 10 15

S~DISTANCE FROM BREECH END OF BARREL - INCHES ,

•: M6 1A I Barrel Er¥osion Measured With MI 0 Erosion Gage
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.060 SCHEDULES

SA. PRODUCTION GUN (6000 SPM)

.046 6 HIGH PRESSURE ROUNDS

2 MINUTE COOL
6 ACTION ROUNDS
2 MINUTE COOL

.040 100 ROUND BURST
PRODUCTION GUN COMPLETE COOL

(8021 RDSIBBL)
(0 B. ATE ACCEPTANCE TEST

,03 100 ROUND BURST (4000 SPM)

5 TO 10 MINUTE COOL
W | 100 ROUND BURST (6000 SPM)

U i 15 SECOND COOL.030 I 100 ROUND BURST (6000 SPM)

SI I COOL TO AMBIENT

I C. F4E ACCEPTANCE TEST (6000 SPM)
0 .025 A7E 100 ROUND BURST
w
S8900 RDS/BBL) 10 MINUTE COOL
Z I 100 ROUND BURST

15 SECOND COOL
-- .020 100 ROUND BURST

COOL TO AMBIENT

.015

44
%%•

.01
5 10 i0

$ DISTANCE FROM END OF BREECH - INCHES

M61A I Barrel Erosion
Measured With M 10 Erosion Gage

FigureV.-
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.06

" ; TEST DATA
••FROM

DAHLGREN

lu .04

Z -+ PREDICTED FOR

"Z 2 - 500 ROUND BURSTS WITH 3.85
03 MINUTES BETWEEN BURST AT 6000

o0 SPM FOLLOWED BY COMPLETE COOL.
Uj

.02 
PREDICTED FOR

.5 .... 200 ROUND BURSTS WITH TWO
MINUTE COOLS BETWEEN BURSTS AT
6000 SPM FOLLOWED BY COMPLETE
COOL.

.01 +

0

10,000 20,000 30,0-, 40,000, 50,000

NUMBER OF ROUNDS

M61A 1 Erosion

55. 5 Inches from Muzzle

Figure 6.
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1400

1200 PROGRAM "MONOBLOC" OR "INSIDE"

WITHOUT AXIAL HEAT TRANSFER

1000

U.

I •

I- / _PROGRAM "AXIAL" WITH
AXIAL HEAT TRANSFER

LUJ

6e00
i-- BARREL SOAK OUT TEMPERATURE

AFTER 10 - 2 SECOND BURSTS
WITH 1 MINUTE FREE CONVECTIVE

400 COOL BETWEEN BURSTS.

200 COPPER ROTATING BANDS

0 END OF 10 20 30
CASIE

DISTANCE FROM BREECH END OF BARREL - INCH

Effect of Axial tleat Transfer
On Temperature

Figure 7.
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Worn Out M6IA I Barrel

Figure 8.
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280.000 "--.8MM •

280,00 OERLIKON

240,000--

1.)200,000 --

I-

2W .W

GAU-6/A*

w
w 0 120,000

30.000 6425

MB1A1 * ADEN DEFA

40•000 * WECOM 30

8000 16000 24000 32000 40000 48000 56000

DIA 3 -MM
3

Comparative Weapon Scaling

Figure 9.
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.12

1.10

""r" EROSION IN GUN NUMBER I AFTER 3675
S.08 ROUND$ PER BARREL SHOWING WEAR

Z WHICH IS CAUSING 9% DROP IN

MUZZLE VELOCITY.

C0.06

w- .0 4

.02

K0
4 8 12 16 20 24 28

DISTANCE FROM FRONT OF CASE - INCHES

Erosion of Barrels Firing Copper Rotating Band

r Figure 10.
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.12

.10

'Li
z.S.08 EROSION IN GUN NUMBER 1 AFTER 3675
z ROUNDS PER BARREL SHOWING WEAR

WHICH IS CAUSING 9% DROP IN
z MUZZLE VELOCITY.

.06
0
SlBARREL FIRING COPPER ROTATING
4 -i BANDS IS BADLY ERODED AFTER 1550
< .ROUNDS AND ABOUT 1/2 OF LIFE IS UTILIZED.

Lu

.02

0
BARREL FIRING PLASTIC ROTATING
BANDS SHOWS NO SIGNIFICANT
EROSION AFTER 1550 ROUNDS.

-.02 I I I I I ,
0 4 8 12 16 20 24 28

DISTANCE FROM FRONT OF CASE - INCHES

Erosion of Barrels Firing Copper

and Plastic Rotating Bands

Figure 11.
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*15
8 INCHES FROM BREECH END OF BARREL

WiitNochone Catof GAU 81A Barrel
With o ChrmePate Afe 500 Rounds* Showing Erosion of'Rifling Which Caused Yaw Failures

figure 12.
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8.5 INCHES FROM BREECH END
Figure is.

14 INCHES FROM BREECH END

Silicone Cast of GA U 8/A Barrel
After 28,000 Gun Rounds in Endurance Test

Figure 16.
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Figure 19.
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AN EVALUATION OF GUN-TUBE WEAR AND

EROSION IN THE GAU-8/A CAS GUN SYSTEM

Mr. Joseph Jenus, Jr.

GAU-8/A Branch (DLDA)
Guns, Rockets and Explosives Division
Air Force Armament Laboratory

Eglin Air Force Base, Florida 32542

INTRODUCTION

The USAF was authorized by the Deputy Secretary of Defense in
June 1970 to proceed with a competitive prototype development of a
high performance 30mm close air support (CAS) gun system. Prior to
this directive, considerable effort was expended by government
agencies and contractors to determine the optimum performance
parameters for a new gun system designed expressly for the close
support role. Once the system had been identified, current
ammunition technological improvements developed in AFATL were in-
cluded as part of the basic system design. One of the technological
improvements adopted was a plastic rotating band. The advantages
of a plastic rotating band are many--round weight reduction, lower
cost, use of non-strategic materials, and reduced barrel wear.

BACKGROUND

Non-metallic rotating bands enhance barrel life because the
material properties are better suited for this application. Barrel
life is improved because a plastic material will obturate at a lower
pressure, flow into flaws and more effectively seal high pressure
gases, thusly reducing erosion. Material build-up with plastic is
impossible because of its low burning temperature, generally around
600*F. This insures that any material left in the barrel will be
consumed by the extremely high barrel temperatures.

Because of the plastic materials' elongation properties,
relatively low compressive strengths, and excellent lubricity,
engraving forces are greatly reduced, thus eliminating failures due
to high engraving forces normally associated with metallic bands.

~1ý
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For projectiles of equal weight, projectiles with plastic
rotating bands can be launched at the same velocities as projectiles
with metallic bands. However, the plastic-banded projectiles can
achieve this muzzle velocity at a lower pressure. This offers an
opportunity for either (1) increased velocity by increasing the
propellant charge, or (2) lower operating pressures at the same
velocity level. (Table 1)

Traditionally, projectiies use copper rotating bands because
this metal has a good combination of yield strength and ductility.
Prior to initiation of the GAU-8A program, AFATL conducted several
technology programs to determine the feasibility of replacing the
copper rotating band with a plastic one. The technology programs
successfully established the plastic rotating band concept, and
plastic rotating bands were then included in the GAU-8/A develop-
ment program.

The first task was selection of a suitable material. The
field was narrowed considerably by the following environmental
conditions imposed upon the band by the 30mm GAU-8/A system:

a. Storage temperatures from -650 to 160'F.

b. Severe cold-forming stresses induced by the rifling.

c. Chamber pressures of 66,600 psi at high temperatures.

d. Muzzle velocities in excess of 3,400 fps.

e. Barrel type - 10 degree full rifled, constant twist.
(Figure 1)

f. Set back acceleration - 100,000 g's.

g. Spin - acceleration (wad/sec 2 ) - 60,000.

h. Projectile spin (rpm) - 120,000.

The criterion for determining the end of barrel life is when
either the muzzle velocity degrades by 10%, or whe)• the number of
yawing rounds (150 or more) exceeds 20%.

After a thorough materials search, the field was reduced to
3 basic resin types: nylon, polyarlene and polypropylene. However,
further investigation revealed that polyarlene and polypropylene
become very brittle at -28 0 F, and were prone to overstress during
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engraving. This left only nylon having capability of withstanding
the environment and the forces imposed on the band by the weapons
system.

Nylon 11 and 12, with and without glass fill (up to 40 percent),
were evaluated. These formulations were affected by moisture. Band
integrity was poor, especially at elevated temperatures. Glass fill,
which was expected to improve the strength of the bands, caused
embrittleinent at low temperatures with resultant band loss.
Evaluation of nylon 612 and 6/6 with glass contents from 0 to 40%
were conducted. These nylons perform well and are now qualified
rotating band materials for GAU-8/A ammunition. The band is retain-
ed on the projectile mechanically. Standard plastic molding
techniques are used to mold the plastic band to the projectile.

Figure 2 is of an inert 30mm GAU-8/A HEI round in flight. The
photo was taken at the AEDC exterior balJistic range at approximately400 feet from the muzzle.

DISCUSSION

During Phase I of the GAU-B/A development program a special
test to compare the effects of copper rotating bands vs plastic
rotating bands was conducted with the General Electric gun nmnber
two. The results showed that plastic bands substantially increased
barrel life over that obtained with a copper band. This test was
set up in the following manner. The barrel identified as number one
was the base line barrel through which plastic banded projectiles
were to be fired. It should be noted that this barrel had previously
been used to fire 1550 plastic banded projectiles. Barrels number
two through seven were new barrels.

The ammunition drum was then loaded with plastic banded and
copper banded projectiled rounds. They were programmed so that the
plastic banded rounds fired through barrel number one and copper
banded ones through the remaining 6 barrels. The test was fired in
2 second bursts with one minute cooling between each burst. The
firing rate was 4200 rounds per minute. A total of 5250 rounds were
fired before the test was terminated. Barrel number one showed
insignificant wear while the barrels through which the copper banded

projectiles were fired were rendered useless. Table number 2
presents the actual wear measurement readings obtained at the
conclusion of the tests. Graph number 1 is a graphical presentation
of the same data. Graph number 2 compares the muzzle velocity
variation experienced during the test. Note the significant
degradation in velocity level experienced with the copper banded
projectiles.
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Based on their phase I performance General Electric was awarded
the phase II advanced development contract. During evaluation of
the pre-production guns the relationship between barrel wear and
firing sequence was determined. The most severe barrel wear (as
evidenced by greatly increased dispersion patterns) occurred when
firing high rate sequences (4200 rounds per minute) with short
cooling times between bursts. An example of such a burst is
identified as schedule seven. This test series involves 10 two-
second bursts with one minute cooling between each burst. During
ground tests of this type, barrel temperatures can reach 1150°F at
the muzzle. When firing schedule seven from an aircraft in flight,
maximum temperatures are less due to aerodynamic cooling. The worst
temperature pattern experienced from these aircraft firings is:

THERMOCOUPLE LOCATION 7.7 16 31 48
(inches from Breech)

PEAK TEMP. F0 318 534 640 675 717

Barrel erosion measurement tables 3 through 9 track the erosion
history of a set of new barrels which were part of a 50,000 round
gun endurance test. The total number of rounds fired on this
particular set of barrels was 27,787. The barrels were replaced due
to an excessive number of yawing rounds. There was no noticable
velocity level decay. Graph 3 is a graphical presentation of the
wear encountered with bar--el No. 1000001. Plotted are star gauge
readings at the start of the test and when the barrel had to be
replaced (3567 rds).

Graph 4 and figure 3 present a graphic examble of the service-
ability of a plastic rotating band. During full scale development
testing of the gun the test technician forgot to set the burst
time. The result was that 735 rounds were fired continuously at a
4200 round per minute rate. Barrel temperatures at the muzzle
reached 1150*F. As can be seen from graph 4 the muzz'.e velocity
held constant throughout the burst. Figure 3 shows no degradation
in accuracy. This excessive burst occurred with approximately 1/2
of the barrel life remaining (12,500 rounds). Testing continued
with these barrels to their normal life expectancy of 25,000 rounds.

CONC LUS IONS

The compatibility of ammunition having a plastic rotating band
when exposed to the harsh dynamic environment of a Gatling Gun has
been demonstrated. The objectives previously mentioned have been
met, the most impressive biing a increase in barrel life of at
least 300 percent. Considerably more work remains to be accomplished
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before the full potential of a plastic rotating band can be

identified. The most important of these is a need for a field
testing technique for determining barrel wear conditions. Presently
barrels fired from aircraft are discarded after 25,000 rounds
(7 per set). No attempt is made to check ballistic degradation or
projectile yaw. Since the burst schedules fired during pilot train-
ing and those anticipated for combat are not considered severe it
is quite possible that the barrel life may approach the fatigue life
which is 50,000 rounds per set of barrels.

Over the next 15 months AFATL/DLDA will be firing over 200,000
rounds as part of a combat ammunition lot acceptance verification
program. During these tests a bore gauging device will be optimized
for field application. This will make it possible to determine
barrel life "on the flight line." The net result could be a cost
savings in excess of 10 million dollors through 1983.

In conclusion I would like to mention another potential
A advantage of the plastic rotating band. Preliminary tests indicate

that the strike velocity of the 30mm APIT round can be increased by
150 f/s if the band is sheared off even with the bourrelet. We have
been achieving this by diverting the last six to eight inches of
rifling 5O in the spin direction. To date these tests have only
been conducted "single-shot" through a Mann barrel. The next step,
which is currently underway, is to fire these barrels in the Gatling
gun, determine barrel wear and effects, if any, of plastic pieces
ingested by the aircraft engines.
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TABLE 2

"BARREL WEAR COMPARISION DATA

Barrel diameter wear
Distance (inches X 0.001)from
muzzle

(in) Barrel 1 Barrel 2 Barrel 3 Barrel 4 Barrel 5 Barrel 6 Barrel 7

80.0 2 1 1 0 1 1 1
79.5 0 0 1 0 1. 0 1
79.0 0 0 12 13 11 15 15
78.5 0 14 23 19 35 23 25
78.0 1 21 26 23 18 23 29
77.5 1 20 27 20 17 22 28
77.0 1 22 27 19 19 19 27
76.5 1 23 24 20 19 20 27
76.0 -1 24 24 19 17 23 25
75.5 0 20 18 18 16 22 23
75.0 0 16 7 18 13 20 22
74.0 1 16 3 13 6 18 19
73.0 2 12 11 9 2 12 17
72.0 2 10 8 5 2 11 13
71.0 2 4 6 S 1 5 10
70.0 2 2.5 2 2 2 3 6
69.0 2 1.5 2 2 2 1 3
65.0 2 -2 0 2 -2 1 1
63.0 3 1 -1 0 0 1 1
60.0 2 0 1 1 2 1 1
50.0 2 2 2 1 2 1 1
40.0 1 1 2 1 1 1 1
30.0 2 2 3 2 1 2 1

Diameter measurements wcrc made across barrel lands at specified intervals
along the barrel length. Negative numbers indicate possible buildup of metal
due to rounds traveling through ba.rels.
Barrel 1, plastic rotating bands; barrels 2 through 7, copper rotating
bands.
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BARREL EROSION MEASUREMENT

TABLE 3

Vt

NOTE: Before Start of 50,000 Rounds Test Date 13 December 1974

Rounds Accumulated Endurance None Rounds Accumulated Barrels 2118

INCHES BARREL SERIAL NUMBERS
FROM -
MUZZLE 1000001 1000002 1000004 100000S 1000006 1000007 1000023

85.5 0.072 0.073 0.077 0."071 0.07S
85.0 0.055 0.070 0.063 0.051 0.063 0Q0,.064 0.059
84.5 0.012 0.015 0.015 0.013 0.013 0.013 0.013

,84.0 _0.008 0.013 0.013 0.011 0.010 0.010 0.011
983.5 0.002 0.005 0.004 0.003 0.003 06,03 0.003
83.0 0.002 0.006 0.004 0.004 0.004 0.003 0.004
82.0 0.003 0.005 0.005 0.004 o.oos 0.004 0.004
80.0 0.004 0.007 0.007 0.005 0.006 0.005 0.005
70.0 0.004 0.008 0.007 0.006 0.006 0.006 0.006
60.0 0.005 0.007 0.006 0.005 0.006 0.008 0.007
40.0 0.00s 0.008 0.008 0.00_ 0.005 0.006 0.006
20.0 0.006 0.008 0.007 0.006 0.007 0.006 0.007
1.0 0.005 0.005 o.oos 0.005 0.006 0.006 0.006

75.0. .. .. . .
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BARREL EROSION MEASUREMENT

TABLE 4

After Complement Nwumber 5 Date 10 January 1975

Rounds Accumulated Endurance 6734 Rounds Accumulated Barrels 8852

INCHES BARREL SERIAL NUMBERS
FROM - .. --

MUZZLE 1000001 1000002 1000004 1000005 1000006 1000007 1000023

85.5 0.072 0.075 0.075 -. 0.7i 0.075 0.073 "0.07385. 0.48 0.05 '•.-5--" •-0q--- 0.059 0.052 0.057
84.5 0.011 0.013 0.014 0.013 0.014 0.012 0.013

84.0 0.009 0.012 0.012 0T--01 2-T - 0_."- Ou 0M2-
83.5 0.002 0.004 0.004 0.003 0.005 0.002 0.003
83.0 0.003 0.005 0.004 0.003 0.005 o 0s.003 o.003
82.0 0.003 0.005 0.004 0.003 0.006 0.003 0.004
80.0 0.003 0.006 0.005 0.004 0.007 0.004 o0o05
70.0 0.005 0o007-0.007 0.006 -0.007 0.005 _.006
60".0' 0..00S 0.007 0.007 0.005 0.007 0.005 0.007
40.0 O.005 0.007 0.007 0.005 00.07 0.006 0.1007
20.0 0.006 0.007 0.007 0.006 0.005 0.006 0-.00 7
1.0 0.005 0.005 o.oos 0.005 _ 0.006 0 o .oo,

75.0 5 ._£.

45.0 _ _ _..._
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bARREL EROSION MEASUREMENT

TABLE 5

SAte- Complement NIumber 6 Date 14 January 1975

Rý) u Accumulatt.d Endurance 8582 Rounds Accumulated Barrels 10,700

INCHES BARREL SERIAL NUMBERS
FROM _

MUZZLE 1000001 1300002 1000004 '1000005 1000006 1000007 1000023
C",._ 0.075 0.073 0.073 0.075 0.074 0.073 0.075
[8 -5.0 0.061 0.061 0.05' 0.057 0.062 0.054 0.062

.01 0.6 0.0 001
84.5 0.014 0.01 .013 0.013 0.012 0.013 0.013

Q.- 0 0.012 - ...... 0.010 0.010 0.012
"---,33.F 0.u06 0.004 0.003 0.004 0.005 0.003 0.004

83.0 0.003 01004 0.003 0.003 0.003 0.002 0.003800i909.0 {0.006 0.0053 .0[,82.0 0., 003 0.004 0.003 0.003 0.004 0.003 0.003•' ~8.0.•,•0.. -!oo.100!6 09.00 i ~ o 0.006 "-0,005 0.005 0.06

70 _{., 0.008 0.008 0.007 I 0.007 0.007 0.007 0.009
1.''60.0 ý 0.008 0..008 0.007 0.008 0.007 0.008 0.008

40.0 0.007 (1.008 0.006 0.006 0.007 0.006 0.007
0.007 0.03 0.007 0.007 0.007 0.004 .0101

I00 0.007 0.005 0,006 0.006 0.006 0.006 0,008

7..i....
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BARREL EROSION MEASUREMENT

TABLE 6

After Complement Number 10 Date 21 January 1975

Rounds Accumulated Endurance 13,535 Rounds Accumulated Barrels 15,653

INCHES BARREL SERIAL NUMBERS
FROM
MUZZLE 1000001 1000002 1000004 1000005 1000006 1000007 1000023

85.5 0.0-71 0.075 0.074 0.071 0.074 0.071 0.073-
85.0 0.048 0.052 0.050 0.053' 0.052 0.047 0.050-

84.5 0,012 0.013 O-0.04 "014 0.012 0.013 0.013 1
1 84.0 0.010 0.012 0.011 0.0 0.011 0.010 0.010
Si83.5 0.903 0.004 0.003 0.004 0.003 0.003 0.003

'• ~~~~83.0 0,0. 004 0'0 .04 OO3 00' /0

82.0 0.003 0.004 0.004 0.004 0.003 0.003 0.003
80.0 0. 004 0.005 O. 005 0.004 0.005 0.005 0.004
70.0 0.006 0.008 0.009 0.007 0.008 0.006 0.008
60.0 0.008 0.010 0.010 0.008 0.009 0.008 0.006
40.0 0.006 0.008 0.008 0.006 0.008 0.007 0.006
20.0 0.006 0.008 0.008 0.006 0.008 0.007 0.007
1.0 0.006 0.006 106 0.006 0.006 0.006 0.006

75.0 _-;_ _

40.0 ..

45.0
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BARREL EROSION MEASUREMENT

TABLE 7

After Complement Number 15 Date 29 January 1975

Rounds Accumulated Endurance 20,279 Rounds Accumulated Barrels 22,397

INCHES BARREL SERIAL NUMBERS
FROM . . . . . _ _.. . . . ..
MUZZLE 1000001 1000002 1000004 1000005 1000006 1000007 1000023

85.5 0.071 0.074 0.075 0.072 0.072 0.071 0.072
85.0 0.049 0.052 0.051 0.050 0.053 0.049 0.052
84.0 0.010 0.012 0.013 0.012 0.011 0.011 0.011
8430 0.010 0.012 0.013 0.011 0.011 0.010 0.011
83.0 0.002 0.004 0.003 0.003 0.003 0.002 0.003
83.0 0.003 0.004 0.004 0.003 0.003 0.002 0.003

""-82,0 0.003 0.004 0.004 0.003 0.003 0.003 0.003

80.0 0.004 0.005 0.005 0.004 0.004 0.004 0.004
70.0 0.008 0.011 0.010 0.008 0.010 0.009 0.008
60.0 0.012 0.020 0.017 0.011 0.020 0.015 0.009
40.0 0.008 0.010 0.009 0.007 0.009 0.008 0.008
20,0 0,006 0,008 0,008 0.008 0.008 0.008 0.007

1.0 0.007 0.006 0.006 0.007 0.006 0.006 0.007
75.0
65.0 ..

50.0

45.0
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BARREL EROSION MEASUREMENT

TABLE 8

After Complement Number 17 Date 1 February 1975
Rounds Accumulated Endurance 22,971 Rounds Accumulated Barrels 25,089

INCHES BARREL SERIAL NUMBERS

FROM
MUZZLE 1000001 1000002 1000004 1000005 1000006 1000007 1000023
.85._ 0.070 0.074 0.074 0.072 0.075 0.071 0.073
83.0 0.051 0.052 0.057 0.049 0.052 0.052 0.050
8 .Q5 0.011 0.012 0.013 0.011 0.012 0.012 0.011
84.0 0.008 0.010 0.010 0.010 0.009 0.009 0.009
83.5 0.002 0.003 0.004 0.003 0.002 0.002 0.003
83.0 0.001 0.003 0.004 0.003 0.002 0.002 0.002

82.0 0.002 0.004 0.005 0.005 0.003 0.003 0.003
...80.0 0.004 0.006 0.007 0.005 0.005 0.004 0.005

70.0 0.015 0.020 0.020 0.016 0.025 0.022 0.012
60.0 0.029 0.044 0.042 0.022 0.038 0.035 0.016
40.0 0.008 0.010 0.010 0.009 0.010 0.009 0.008
20.0 1 0.007 0.009 0.009 0.008 0.009 0.008 0.008
1.0 0.007 0.008 0.008 0.008 0.007 0.008 0.008L75°0 0.007 0.008 0.008 0.008 0.007 0.007 0.008

65.0 0
"55.0 0.020 0.038 0.033 0.015 0.028 0.025 0.011
50.0 0.014 0.026 0.021 0.012 0.020 0.012 0.011
45.0 OI 00 0.0.14 0.013 .0T10 0.012 0.010 .0-.69-
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BARREL EROSION MEASUREMENT

TABLE 9

After Complement Number 19 Date 5 February 1975

Rounds Accumulated Endurance 25,669 Rounds Accumulated Barrels 27,787

INCHES _ BARREL SERIAL NUMBERS
FROM I " 04.
MUZZLE 1000001 1000002 1000004 1000005 1000006 10000071 1000023
85.5 0.071 i 0.073 0.073 0.073 0.074 072O. 75
85.0 0.051 0.057 0.053 0.o53 0.053 0.051 0.057F 84.5 0.012 0.013 0.013 0.013 0.012 0.013 0.011
84.0 0.009 0.011 0.012 0.010 0.011 0.010 0.010
83.5 0.002 0,002 o0. 0 3 0.003 0.003 0.002
83.0 0.002 0.004 0.004 0.003 0.003 0.002 0.003
82.0 0.003- o0.0o5 0.004 0.003 0.004 0.002 0.003
80.0 1 0.006 0.006 0.004 0.005 0.005 0.00470.0 0.024 1 0.030 0.028 0.017 0.033 0.025 0.016

70.0~~~0.4 0.30.045 ________60.0 o.o4i o o51 oo3 0.036 00 oos 0.033
40.0 0.009 0.012 0.007 0.009 0.010 0.010 0.00920.0 0.008" '0.010 0.007 0.008 0.007 0.008 0.008

-- 1 0 . .08 ] 0F- .007 -0.007- 0.008' 0.007 -0.00-8 -0.008
7S.0 O. 007 0.O"009 --- 5-010 0. 007 0. 009 0.008 0- 008

6S.0 0.042 0T.04h9 0.048 0.036 0.045 0.045 0.029
55.0 0.037 0.046 0.036 0.027 0.040 0 0.037 0.023
50.0 0.020 0.037 "0.03 "0.018 '0.032" 0.013
45.0 0.013 0.025 0.012 0.010 0.010 0.012 0.011
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GUN BARREL RIFLING DESIGNS FOR PLASTIC BANDED PROJECTILES

David G. Uhrig
Guns and Rockets Branch

Air Force Armament Laboratory
Eglin Air Force Base, Florida 32542

Approximately four years ago, the Air Force began work on the
development of a plastic rotating band for improved 20mm ammunition.
Because the improved ammunition had to function in existing M61 gun
and feed systems, the physical dimensions of the plastic rotating
band had to be compatible with these systens and the rotating band
width was constrained to be only slightly wider than that of the
standard copper rotating band. The replacement of the standard
copper rotating bands with plastic rotating bands was not as
straightforward as it was originally thought that it would be and a
large percentage of plastic rotating band failures resulted during
the initial development testing. It was thought that possibly the
gun barrel rifling configuration was contributing to the plastic
rotating band failures and that optimizing the rifling design for
plastic rotating bands would result in improved rotatipg band
performance.

In October 1974, the Air Force Armament Laboratory awarded a
contract to Aeronutronic Ford Corporation of Newport Beach,
California, to develop an "Optn.mum Rifling Configuration for Plastic
Rotating Bands". Since very little previous work had been done ion
designing gun barrel rifling for various rotating band materials
(and plastic in particular), essentially no technology base existed
and our work had to begin from scratch. The logical approach to
optimizing the rifling confgiguyation seemed to be to design the
rifling to minimize the stresses induced in the rotating bands while
still providing the projectile spin-up required for stability. A
baseline 20nmm projectile/plastic rotating band configuration was
selected which exemplified the then current state-of-the-art in
bonded plastic rotating band technology. This configuaration was
held constant throughout the program. It was felt that if a
rifling design was developed which was optimum for this projectile/
rotating band configuration, that this rifling design would also be
optimum for other projectile/rotating band configurations of similar
size and performance levels.

The first task was to determine the optim•i rifling twist rate. I

This was a fairly straightforward mathenatical task in which the
torque applied to the Totating band was calculated as a function of
twist rate, projectile trovel, and muzzle velocity. Three twist
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configurations were evaluated: (a) constant twist with a 70 3' exit
angle; (b) exponential gain twist, whichl is standard for the M61
barrel; and (c) increasing gain twist with an initial rifling angle
at the breech of 20 30' increasing to a 70 3.' exit angle. As can be
seen in Figure 1, a gain twist rifling configuration provides a
significantly lower peak torque and more uniform torque loading than
does constant twist rifling. Therefore, gain twist rifling is
recommended for gun barrels which will have projectiles with plastic
rotating bands fired through them.

Once a twist rate was established, the next task was to
determine the effect that various rifling parameters (such as land
and groove configuration, number of grooves, and choked rifling) had
on rotating band performance. Again, the goal was to optimize the
rifling by minimizing the stresses induced in the rotating band.
Six different land and groove geometries were selected for evalua-
tion. These configurations are illustrated in Figure 2. "Config-
uration A" is the conventional 9-groove M61 rifling currently in
use. "Configuration B" represents a modified conventional rifling
in which laiger radii were employed to reduce stress concentrations,
and the number of rifling grooves was increased from 9 to 12 in
order to more evenly distribute the stresses within the rotatingA.j band. "Configuration C" represents a choked version of "Config-
uration B" in which the depth of the rifling decreases from the
breech to the muzzle. The idea behind this configuration was to
"provide iJmproved barrel obturation and ballistic performance as the
plastic bands are worn or eroded as the result of travel through the
gun barrel. "Configurations D, E, and F" represent new concepts in
land and groove geometries. Again, more gradual contours were
employed and the number of grooves was increased to 18 in an attempt
to reduce stress concentrations and more evenly distribute the
stresses within the rotating bands.

An evaluation approach was selected which employed extensive
finite element computer analyses of the rifling configurations, low
and high strain rate engraving and torsion laboratory testing, and

actual single shot firing tests with microflash photography of the
fired projectiles. A detailed description of this program and the
final results are contained in AFATL-T'R-75-153, "Optimum Rifling
Configuration for Plastic Rotating Bands", dated November 1975.
To sui•iarize the results of this program, the 18-groove modified
sawtooth configuration (Figure 2, Configuration F) appeared to be
the best overall rifling uonfilgration. The 18-groove modified
sawtooth configuration was significantly better, in the overall
analysis, than all other configurations evaluated and consistently
finished at or near the top of each individual performance category.
All other rifling configurations were essentially equal, some
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Figure 1. 20mm Spin-Up Torque for High Velocity Launch
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configurations ranking high in certain performance categories with
other configurations ranking high in other performance categories.

The completion of this initial program resulted in the
following conclusions. First of all, the standard rifling currently
used in the M6l gun barrels (and probably most other gun barrel
rifling as well) is far from optimum for plastic banded projectiles.
Secondly, it was not clear whether the sawtooth groove configuration
or the fact that this rifling had 18-grooves was the main factor
contributing to the improved performance of this rifling config-
uration. Third, no quantitative predictions could be made of whata change in rifling would actually mean in the way of improved
rotating band performance (i.e., would it be possible to fire
plastic banded projectiles at higher muzzle velocities before band
failures occurred). And last, it was obvious that a huge void
existed in gun barrel rifling design technology.

A second Air Force Armament Laboratory contract was issued to
Aeronutronic Ford Corporation in April 1976 to further investigate
optimized gun barrel rifling and answer some of the above questions.
This program is discussed in detail in AFATL-TR-76-152, "Optimum
Rifling for Plastic Bands", dated December 1976. The basic
approach of this program was to fire a large number of 20mm pro-
jectiles with plastic rotating bands through gun barrels with the
following rifling configurations: (a) conventional 9-groove
rectangular M61 rifling; (b) modified conventional 12-groove
rifling; (c) choked modified conventional 12-groove rifling;
(d) modified conventional 18-groove rifling; and (e) modified saw-
tooth 18-groove rifling. For each round fired, measurements of
chamber pressure, muzzle velocity, accuriwy, and projectile yaw wert
made. In addition, microflash photographs of each projectile were
taken to evaluate the condition of the plastic rotating bands as
they exited the barrels. The desirable approach for evaluating the
above rifling configurations would have been to incrementally
increase the muzzle velocities of the projectiles fired througo• ,_acI
barrel until band failures resulted. This approach would have be.,.
difficult from the standpoint that extensive interior balliLLi_
experimentation would have been required to establish the
propellant loads for each velocity increment. An alternatibe
approach was selected in which the 0.280-inch plastic rotat-ing banw
width was incrementally decreased until band failures occurred a.
witnessed in the microflash photographs.

The results of this testing were as follows: (a) the micro
flash photographs indicated that rotating band smearing or wiping

did not occur in the modified conventional 18-groove barrel and
modified sawtooth 18-groove barrel until band widths were reduced
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0.160-inch, all other rifling configurations resulted in band
smearing and wiping at rotating band widths of 0.240-inch; (b) the
microflash photographs indicated slightly improved performance with
the modified conventional 18-groove rifling as opposed to the
modified sawtooth 18-groove rifling; and (c) all other measurements
(muzzle velocity, chamber pressure, accuracy, and projectrle yaw)
indicated essentially equal perfonnance of all the rifling config-
urations tested.

From the results of this program, it can be concluded that:
' ' (a) the number of rifling grooves, and not the groove configuration,

is the more important variable in gun barrel rifling design; and
(b") choked rifling offers no advantages over constant groove depth

rifling.

As can be seen from all of the above, we have just begun to
scratch the surface in optimizing gun barrel rifling design. We
plan on continuing work in this area as well as interfacing it with
a plastic rotating band design program to establish the optimum !
rifling/rotating band systems for our future gun/ammunition systems.

!V
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ELECTROCHEMICAL RIFLING OF GUN BARRELS

E. E. Ritchie and R. A. Herlow
Aeronutronic Division

Ford Aerospace & Communications Corporation

I. INTRODUCTION

Increasing requirements for improved gun barrel materials have
become apparent with the development of new high performance weapon
systems. With these new systems, gun barrels must withstand higher
muzzle velocities, higher firing rates, and more severe firing sched-
ules, which not only increase barrel erosion rates, but also cause
potential barrel overheating and possible structural failure. The
Army and Air Force have actively pursued solutions to the high per-
formance barrel problem for several years by funding several research
and development programs with the objective of developing new barrel

* concepts, materials, and fabrication procedures. These programs. as
well as internally funded barrel technology programs, have involved

,!~ I high strength steels and stainless steels, superalloys, and refractory
4 metals. The work has ind4.cated that generally the more erosion-

resistant materials are also the most difficult to fabricate by con-
ventional techniques, and before improved materials can be incorpor-

A •ated into new barrel designs, nonconventional high production rate
fabrication processes must be developed in order to maintain cost
effectiveness.

A significant advancement in barrel fabrication technology was
achieved under Air Force Contract F08635-71-C-0209, "Development of
an Electrochemical Machining Technique for Rifling Lined Gun Barrels",
December 1972. This contract resulted in development of an electro-
chemical rifling process for caliber .220 Swift barrels fabricated
from gun steel, and iron-base, nickel-base, and cobalt-base super-
alloys. The process not only produced excellent surface finishes and
good dimensional control but also proved to be very rapid and poten-
tially inexpensive when compared with conventional rifling methods.
Based on the success of this program, an extrapolation of the process
to larger calibers and longer barrel lengths was recommended.

The ...ate-of-the-art was increased by an Army program Contract
Number DAAF03-72-C-0189, "Development of an Electrochemical Rifling

1-rocess for 30 mnm Gun Barrel", July 1973. The objective of this pro-
gram was to develop electrochemical rifling techniques for Udimet 700
and rifling four Xi140E5 30 amm barrel blanks for delivery to the Army
for fabrication and testing.

An advantage of electrochemical rifling is that it is well suited
toward fabricating production quantities. Accordingly, a program was
awarded by the U.S. Army Armament Cciaind to demonstrate the feasibility
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of electrochemically rifling five Squad Automatic Weapon System (SAWS)
barrel blanks and delivering them for further fabrication and testing,
Contract Number DAAA09-74-C-2005, "Electrochemical Rifling of SAWS
Barrels", December 1973.

As a follow-on to the Air Force small caliber electrochemical
rifling work, the Air Force awarded Contract F08635-73-C-0091, "Elec-
trochemical Machining of Automatic Gun Barrels," with the objective of
developing an electrochemical rifling process for 25 mm, 7-foot long
barrels with gain-twist rifling fabricated from high strength stainless
steels and superalloys. Preliminary investigations of electrochemical
drilling of gun barrels were also included in this contract, and this
effort was subsequently increased by an added task under Contract

F08635-73-C-0057, "Fabrication of Composite Test Barrels", July 1974.

II. POTENTIAL RIFLING PROCESSES

A. CRE241CAL MILLING

Chemical milling, chemical machining and chemical contouring are
terms applied to the production of desired shapes and dimensions
through selective or overall removal of metal by chemical attack or
etching. Selective removal requires the use of masking to protect
certain areas from the chemical solution. Utilizing this technique
for rifling would require masking the land area of honed barrel blanks,
thus allowing the groove area to be attacked by the chemical solution.
Developing a masking material with excellent edge protection in flow-
ing chemicals presents a major problem for this process.

B. ELECTRICAL DISCHARGE MACHINING (ED14)

Electrical Discharge Machining is a method for producing holes,
slots or other cavities in electrically conductive material by means
of the controlled removal of material through melting or vaporization
by high-frequency electrical sparks. Each spark produces enough heat
to melt or vaporize a small quantity of the workpiece, leaving a tiny
pit or crater in the surface of the work. The as-cast structure,
resulting from the method of material removal, may res3-lt in an
extremely hard brittle surface layer with considerable roughness.

IL The resulting surface finish and condition could be dctri-mental to
.F rotating bands and cause erosion. Also, since the tool wear is

k very rapid, this process is not economically feasible for rifling
or drilling gun barrels.

C. ELECTROCHEMICAL MACHINING (EC4)

Electrochemical machining is the controlled removal of metal byI anodic dissolution in an electrolytic cell in which the workpiece is
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the anode and the tool is the cathode. 1te electrolyte is pumped
through the gap between the tool and the workpiece, while direct cur-
rent is passed through the cell at low voltage, to dissolve metal
from the workpiece.

Zlectrochemical machining has the following advantages over
chemical machining and electrical discharge machining:

1. Masking for selective material removal is an electrical
insulation applied to the external surface of the tool
"instead of the workpiece. Costs are reduced since the
tooling has almost unlimited life. Small bore rifling
is also possible.

2. The electrolyte is normally noncorrosive, thus making
handling of the electrolyte easy compared to the chem-

r icals necessary for chemical machining.

3. The low metal temperature encountered in electro-1 I chemical machining, compared to electrical discharge
machining, does not alter the surface condition ot tile
remaining material. Proper selection of electro-
chemical machining parameters produces a very smooth

.elect1ropolshed surface.

III. DEVEIAPMENT OF AN ELECTROCHEMICAL MACHINING PROCESS FOR RIFLING
LINED GUN BARRELS. CONTRACT NO. F08635-71-C-0209.

A. OBJECTIVE

The objective of this program was to develop an electrochemical
machining process for rifling high performance barrel liner materials.
Twelve .220 Swift barrel liners were delivered to the Air Force.

B. LINER MATERIALS

Pure metals or alloys represencing several classes of potential
barrel liner materials were considered. These included: (1) 1G-27,
an iron-nicke] base intermediate temperature superalloy; (2) Alloy 718,a -ickl-b as^ inter'•diate temperature superalloy; (3) L-605 and
VM-103, high temperature cobalt-base superalloys; (4) WC-3015 and

Cb-752, columbium-base alloys; (5) TZM, a molybdenum-base alloy;
(6) T-1ll, a high strength tantalum alloy; anu finally (7) unalloyed
tungsten. The intent was to determine which classes of materials
could be electrachemically machined, and then to select thoac alloys
with the highest predicted erosiou resistance for development of rifling
parameters adequate for fabrication of deliverable test barrels.
Although the superalloys can be rifled by conventional techniques, the
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process is comparatively slow and costly due to their generally low
machinability. Conventional rifling of Cb, Ta, and Mo alloys is
extremely difficult and results in poor surface finishes. Pure tung-
sten has also proven very difficult to machine, although it potentially
offers excellent erosion resistance.

C. ELECTROCHEMICAL MACHINABILITY STUDIES

The initial machinability tests consisted of electrochemical
machining 0.075-inch wide by 0.003-inch deep by 2-inch long grooves
on the outside diameter surface of the test specimens. These tests
were designed to determine the basic electrochemical machinability of
the materials, and, in addition, permit evaluation of surface finishes
obtained under electrochemical machining conditions similar to those
which exist during rifling using the stationary electrode technique.
The tooling for these tests, shown in Figure 1, consisted of a slotted
fiberglass epoxy block containing an adjustable copper shim. The shim
could be moved up or down within the slot to obtain any desired
electrode-workpiece distance. The electrical cable attachment to'U the shim and the electrolyte flow passage are also shown.

A total of fifteen electrolyte systems (Table I) were evaluated
in attempting to electrochemically machine the seven materials being
considered as candidate barrel liner materials. These electrolytes
ranged from the standard sodium chloride solution to nonsludging
acidic and basic electrolytes and included some special compositions
that had not been previously evaluated. The special compositions were
formulated in an effort to machine the alloys which did not respond
to the more common systems.

Visual and metallographic examination of electrochmiically
machined surfaces of L-605, TZM, and VM-103 indicated that these
materials could be satisfactorily machined with sodium chloride
electrolyte and WC-3015 with sodium bromide/sodium nitrite/sodium
nitrate/sodium fluoride electrolyte. Pure tungsten could be machined
with sodium hydroxide electrolyce, but a satisfactory surface finish
could not be consistently obtained. Cb-752 could be machined with the
sodium bromide/sodium nitrite electrolyte. Again, a satisfactory
surface finish could not be obtained consistently. T-1ll could notbe machined with any of the fifteen electrolyte systems evaluated.
No intergranular attack was observed on the L-605-TZM, VM-103 or f
WC-3015.

The radius of curvature at the surface intersection and the
bottom of the groove was about 0.006 to 0.010 inch, whereas, at the
groove-bore intersection the edge still appeared sharp at 250X. This
geometry probably does not differ enough from conventionally machined
radii to significantly change the projectile spin-up and obturation
characteristics of the gun barrel.

' V 650

Ar

&AL-

iMOM



W E-1I,,.. I .

P64_

• --------

I I

I ~ I

" I I

I0'---- ,-

11;
;.i

rr



TABLE I. COMPOSITIONS OF THE ELECTROLYTES EVALUATED

COMPOSITION

Sodium Chloride 1 lb/gal

Sodium Chloride 1 lb/gal
Sodium Nitrate 3 oz/gal
Sodium Citrate 6 oz/gal
"Rochelle Salt 4 oz/gal

Sodium Chloride 0.55 lb/gal

Sodium Nitrate 2 lb/gal

Sodium Chlorate 2 lb/gal

Sulfuric Acid 5 percent

Sulfuric Acid 10 percent

Sodium Bromide 1.5 lb/gal
Sodium Nitrite 1.5 lb/gal
Sodium Nitrate 0.1 lb/gal
Sodium Fluoride 0.1 lb/gal

Sodium Hydroxide 2 percent

Sodium Hydroxide 6 percent

Sodium Chloride 0.5 lb/gal
Sodium Hydroxide 0.5 lb/gal
Rochelle Salt 0.5 lb/gal

Sodium Bromide 1.5 lb/gal
Sodium Nitrite 1.5 lb/gal
Sodium Nitrate 0.1 lb/gal
Sodium Fluoride 0.1 lb/gal
Sodium 'Hydroxide 0.15 lb/gal

Nitric/Hydrofluoric Acid (65/3.5) 12-1/2 percent

Nitric/Hydrofluoric Acid (65/35) 25 percent

Nitric/Hydrofluoric Acid (65/35) 50 percent
7!
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D. ELECTROCHEMICAL MACHINING RIFLING TESTS

Two different methods were considered for electrochemical rifling,
i.e. rifling with either a moving or a stationary electrode. The
moving electrode would be similar to an electrical discharge machining
(EDM) electrode, which is translated and rotated simultaneously to
achieve the desired rifling twist. This method was considered unde-
sirable due to anticipated tool chatter. The tooling design, fabri-
cation complexity and higher cost of this method made it appear less
attractive than the stationary electrode, described below.

The stationary electrode approach for electrochemically riflinLg
gun barrels uses a metal electrode insulated or the outside diameter

which extends through the length of the barrel to be rifled. This
electrode has grooves machined Ehrough the insulation which correspond
to the dimensions and configuration of the desired rifling in the gun
barrel. This electrode is placed inside the barrel to be rifled,
electrolyte is pumped through the graoves in the electrode, and when
current is applied, corresponding rifling grooves are electrochemically
machined into the barrel (see Figures 2 and 3). This approcoh has the

Sadvantage of much greater economy, since the entire barre-l is rifled
at one time. The moving electrode travel would be limited by tie
electrochemical machining removal rate, and rifling wo-l1d be much
more time consuming and costly.

E. STATIONARY ELECTRODE DEVELOPMENT

The initial objective of this portion of the program was to deve.op
a satisfactory stationary electrode. Rifling tests were conducted
using relatively short (approximately 6-inch) length 4130 steel tubes
to determine optimum groove shape, evaluate various types of insulation
materials and application techniques, and to establish electrochemical
machining parameters. Machining tests conducted with aluminum elec-
trodes revealed that the aluminum was eroded during machining operations,
leaving rough edges at the corners of the electrode groove. Changing
the electrode material to a tellurium-copper alloy eliminated this
effect.

These initial tests were conducted with electrodes having a thin
(0.002-inch) coating of epoxy insulation, which produced a smooth
groove with a rough radius adjacent to the land area. As a result,
electrodes were fabricated having a thick (0.025-inch) coating of
insulation which produced grooves with a smooth radius. Therefore,
all subsequent electrochemical machining rifling was accomplished with
electrodes having the thick insulation coating.

In parallel to the above epoxy insulation thickness evaluation,
tests were conducted using electrodes insulated with the thin

(0.002-inch) coating of epoxy which had four different groove shapes
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(Figure 4), the objective being to determine the effect of groove
shape on machining characteristics. No difference in machining char-
acteristics among groove shapes was observed. Because groove shape
"B" was most like conventional rifling, it was selected for all sub-
sequent rifling.

A second parallel effort consisted of evaluating various electrode
insulation materials to determine which was most suitable. Epoxy,
acrylic, phenolic, polycarbonate, and acetal plastics were investigated.
Of these, the epoxy and polycarbonate materials performed best. The
final electrode design used a 0.169-inch diameter tellurium-copper
rod which was coated with epoxy using a fluidized-bed application
technique. The electrode was coated oversize and then centerless-
ground to tlhe final 0.219-inch diameter. Riflin6 grooves 0.070-inch
wide by 0.025-inch deep were then machined in the electrode. A
0.220 Swift barrel has six grooves which are 0.074 +0.002/-0.000 inch
wide. I
F. ELECTROCHEMICAL MACHINING RIFLING SHORT LENGTH TRIALS

Having obtained a satisfactory stationary electrode, the next
objective was to use the outside diameter electrochemical rifling
results previously described, to develop electrochemical machining
parameters for internal rifling of the candidate liner materials.

Initially, four materials - L-605, VW-103, TdZ1 and WC-3015 -
were tentatively selected as the deliverable barrel liner materials.
In the course of the program, CG-27 and Inconel 718 were substituted
for TZM and WC-3105 by mutual agreement with the contract monitor.
TZM was dropped because of the poor erosion resistance it demonstrated
during testing under Air Force Contract F08635-71-C-0181. WC-3015
was dropped because procurement of acceptable WC-3015 tubing could not
be accomplished within the schedule of this program. However, WC-3015
is still an attractive future candidate since it was shown to be
electrochemically machinable. CZG-27 and Inv ,nel 718 were selected
as substitutes because of their known good -iectrochemical machin-
ability, good erosion resistance (CG-27 was used successfully as a
barrel material for the XM-140), and the fact that both were candidates
for the GAU-8/A and other high performance weapons.

Rifling tests using short length barrels were run on five mate-
rials: 4130, L-605, VM-103, CG-27 and Inconei 718. The electro-
chemical parameters developed in these tests were then used as a
guide to fabricate the full length liners for the deliverable barrels.

C. ELECTROCHEMICAL MACHINING FULL LENGTH LINERS

The goal of this program was to fabricate and deliver to the ii
Air Force twelve barrels with electrochemically rifled liners.
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The design of the full-length (24-inch) tooling for electro-
chemical rifling is sketched in Figure 5. Initial tests were con-
ducted using a three-groove electrode which was indexed once to pro-
duce the six required rifle grooves. However, difficulty was
encountered with insulation breakage, and a new electrode was fabri-
cated having only two grooves. This electrode was indexed twice to
produce the six grooves and was found to perform satisfactorily.

Using the successful two-groove electrode, two full-length 4130
steel barrels were satisfactorily electrochemically rifled prior to
fabrication of the remaining liners.

Using conventional techniques, the gun barrel liners were gun-
drilled, honed, and final machined on the outside diameter. They
were then electrochemically rifled. A total of four barrels of
L-605 and three barrels each of VM-103, CG-27, and inconel 718 were
electrochemically rifled. The bore data were very consistent, as
expected, because the bore was honed to a constant inside diameter
before electrochemical rifling. All bore diameters were on the low
side of the dimension tolerance, 0.219 to 0.220 inch, the vast majority
being between 0.2187 inch and 0.2193 inch. The groove diameters were
either in tolerance or within 0.0010-inch undersize. A tendency of
the electrochemical rifling process to produce shallower grooves at
each end of the barrel was readily observed. An attempt to counteract
this effect was made by trimming one inch of length from each end;

J however, the data show this did not eliminate the effect completely.
All barrels met the groove depth tolerance of 0.002 to 0.003 inch,
except two which were too deep by 0.0001 inch and 0.0004 inch at same
location.

All VM-103 liners were gun-drilled using the electrical discharge
machining process because conventional machining has been proven to
be too slow to be economically feasible. The bores were drilled with
a half-length electrodq--one-half was drilled starting from one end
and the other half was drilled from the other end. This resulted in
a mismatch at the middle of the barrel length where the two holes met.
Final honing did not eliminate this mismatch entirely, which existed

in all of the VM-103 barrels delivered.

The outside diameters of the barrels were conventionally machined,
chambered, and inspected. They were then subjected to a ten-round
proof test firing burst on an MG-3 machine gun at approximately
1150 spm. Borescope examination and black oxide treatments followed.

A sealing arrangement was constructed to prevent the black oxide solu-
tion from reaching the bore or the insulation between the liner and
jacket. Finally, the barrels were air gauged, coated with a preserva-
tive oil, packaged, and Fhipped to the Air Force.
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IV. DEVELOPMENT OF AN ELECTROCHEKICAL RIFLING PROCESS FOR 30 MM GUN
BARRELS. CONIMRACT NO. DAAFO-72-C-0189

A. OBJECTIVE

The objective of this program was to develop an electrochemical
rifling process for 30 umn, 52-inch long Udimet 700 superalloy barrels
for the XM 140 ES and deliver them to the Army for fabrication and
testing. The approach was to scale-up the electrochemical rifling
process previously developed for the .220 Swift, 24-inch long barrels
to the M 140 30 mm size.

B. ELECTROCHEMICAL RIFLING PROCESS DESCRIPTION

The stationary electrode utilized for this program contained four
grooves, which required indexing three times until the 16 grooves
were machined. The selection of only four grooves instead of the full
16 was based solely on the electrical power capability of the machine
used for this development work; a 16-groove electrode would obviously
be utilized with a larger power supply for production electrochemical
rifling.

Short-length (12-inch) 4130 steel and Udimet 700 tubes were electro- '

chemically rifled first in order to obtain operating parameters and groove
geometry needed for the full-length tubes. The 4130 steel tubes were
prepared by conventionally gun-drilling and honing to the required bore
diameter. The Udimet 700 tubes were trim stock from the deliverable
pieces.

The short-length steel specimens were electrochemically rifled
easily. The width of the electrode groove was varied until the approx-
imate rifling groove width was obtained. This dimension was then used
as a starting point for the Udimet 700 trials.

Initial trials with the Udimet 700 short-length tubes revealed
that the cross-section of an electrochemically machined groove suf-
ficiently approximated that required by the XM 140 barrel. Comparing
the scale drawing and the actual profile of an electrochemically machined
groove shown in Figure 6, reveals that the electrochemically machined
groove has a somewhat larger radius at the base of the groove than
specified on the drawing. However, this is not considered detrimental
to the performance of the barrel, and in fact, some weapons such as
CAU-7/A require a generous radius to minimize the notch effect and to
be more compatible with plastic rotating bands.

The land edge radius was much closer to that specified. This
was controlled by the clearance between the electrode insulation and
bore surface. Therefore, every effort was made to minimize this
clearance and achieve a sharp land edge radius.
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ELECTROCHEMICALLY MACHINED GROOVE PROFILE

GROOVE DIA. BORE DIA.
1.233 1.189

GROOVE DEPTH MAX. RADIUS = 0.010

0.022 MIN. RADIUS - 0.007

-H~

GROOVE WIDTH
0.132

FIGURE 6. TYPICAL ELECTROCHEMICALLY MACHINED GROOVE
IN UDIMET 700
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In order to allow for the change in groove configuration, the
width of the groove was increased until the groove cross-sectional
area obtained electrochemically was approximately the same as that
obtained with the dimensions specified on the drawing. It was con-
sidered more desirable to increase the groove width rather than the
groove depth to minimize possibility of blow-by. An experiment was
performed in which increasingly wider electrode grooves were used to
generate increasingly wider rifling grooves. Based on these tests, an
electrode groove width of 0.113 inch was selected for the full length
tooling to machine a 0.132-inch wide groove.

The steel and Udimet 700 electrochemically machined tubes reveal
a very smooth surface, approximately RMS 32. The surface is not shiny,
but has an etched appearance. The grain structure of the material
along the rifling grooves is usually revealed even though no preferen-
tia!. grain boundary attack occurs.

C. FULL-LENGTH STEEL BARREL RIFLING

Both constant-twist and gain-twist full-length electrodes were
checked out on 4130 steel tubes before attempting to use them with the
Udimet 700. Rifling was accomplished along the full length as expected;
however, a larger variation in groove depth with respect to length was
obtained than was anticipated. A maximum occurs at the tube center and
tapers off toward each end. The total variation obtained on the 24-inch
long .220 Swift barrels was about 0.0005 inch on a 0.074-inch wide by
0.0025-inch deep groove, whereas, the variation on the 60-inch long
)M-140 barrels was as large as 0.004 inch on a 0.132-inch wide by
0.022-inch deep groove.

D. FULL-LENGTH UDIMET 700 DELIVERABLE TUBES

Four Udimet 700 tubes were electrochemically rifled. The rifling

in tubes 1 and 2 was constant twist while tubes 3 and 4 were gain twist.
All four tubes were GFE (fabricated by Batelle Northwest). The tubes
were received in the aged condition, Re 39. The bore dimensions were
spot checked and found to be within tolerance. Tubes I and 2 had been
gun-drilled and honed conventionally while tubes 3 and 4 had been gun
drilled and honed oversized and then cold swaged to size.

The differenLce iii the two processing sequences was subsequently

found to be significant with regard to straightening. Because of the
critical fit-up needed with the electrode, a straightness requirement
of 0.001 in./ft maximum bow was necessary which required that the
tubes be restraightened. After restraightening, tubes 1 and 2 were
satisfactory, but tubes 3 and 4 still caused considerable difficulty
during insertion of the electrode.
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As with the full length steel barrels, cutting rate varied along
the length of the Udimet 700 tubes also. This is seen in Figure 7 in

which groove diameter is plotted as a function of length to more clearly
show this effect. Since only 48 inches of rifling was required, it
was possible to choose the trim locations such that all the rifling
was within drawing dimensional requirements. The recommended Tmuzzle
and breech ends were metal-stamped on all deliverable Udimet 700
tubes.

An evaluation of the groove shape in the muzzle trim on all
deliverable tubes was made and compared to the desired groove shape,
together with that obtained with the short length Udimet 700 speci-
mens discussed above. Tubes 1 and 2 displayed better groove shapes
than tubes 3 and 4. Final hand-sanding was required to achieve fit-
up of the electrode due to lack of straightness of barrels 3 and 4.
This caused more of a gap than desired which resulted in some slight

electrochemical machining on the land surfaces.L% I
This type of problem is easily eliminated by a very close fit

between the electrode and the tube to be rifled. Its observation
in this case emphasizes the importance of close fit-up which cannot
be achieved unless barrel straightness is maintained. Based on
this work, a maximum bow of 0.001 inch/foot is recommended.

V. ELECTROCHEMICAL RIFLING OF SAWS BARRELS,
CONTRACT NO. DAAA09-74-C-2005

A. OBJECTIVE

The objective of the program was to electrochemically rifle
five SAWS barrels to demonstrate the feasibility of this process•': for a 6 non bore. These five barrels were to be delivered to the
Armament Command for test firing and evaluation.

B. ELECTROCHEMICAL RIFLING PROCESS

The SAWS barrel material was D6AC quenched and tempered to
Rc 32-35. After heat treatment, the blanks were conventionally gun-
drilled and honed to an inside diameter of 0.2350 + 0.0005 inch.
This was followed by electrochemical rifling.

The stationary electrode was inserted into the bore of the
tube to be rifled, electrolyte pumped thro,.h the grooves and cur-
rent passed through the electrolyte to initiate machining action.
Two grooves were electrochemically machined at a time. After com-r
pleting the first set, the electrode was indexed 900 and the second
set was machined.
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Air gauge measurements of the groove diameter obtained from nine
barrels showed that each barrel was nominally wit'tin drawing tolerance
and that no single measurement was more than 0.0002-inch out of
tolerance.

Silicone rubber replicas were made of the inside diameter of each
deliverable barrel. Examination of each of these showed consistent
rifling action along the entire length of each barrel with no major
pitting or other defects.

Metallographic examination of the cross-section of the barrels
(Figure 8) showed the groove edge radius, which cannot be controlled,
to be somewhat larger than allowable. However, this is not considered
detrimental to the performance of the barrel, since some other weapons
require a generous groove edge radius to minimize the notch effect
and to be more compatible with plastic rotating bands.

The land edge radius was also larger than the drawing callout.
This is controllable and its lack of sharpness is due to too large a
clearance between the electrode insulation and the bore. The lack of
sharpness in the SAWS barrels arose from the fact that some hand sand-
ing of the electrode was required to permit proper fit-up in the barrel.
Hand sanding invariably rounds off edges which allows some electrolyte
and, thus, machining action at the land-groove interface. This empha-
sizes the importance of minimal clearance between electrode and bore
to achieve the required land edge radius.

After trimming to length and air gauging, the electrochemically
rifled barrel blanks were coated with a preservative oil, packaged
and shipped to the Armament Command.

VI. ELECTROCHEMICAL MACHINING OF AUTOMATIC GUN BARRELS,
CONTRACT NO. F08635-73-C-0091

A. OBJECTIVE

The objective of the program was to develop an electrochemical
machining process for rifling medium caliber (20 to 400 mm) gun bar-
rels made from high strength, erosion resistant materials. The intent
was to develop a process that could ultimately be scaled up for use
as a high volume production technique.

B3. BARREL MATERIALS

The materials selected for this program were Pyromet X-15,
Pyromet 860, CG-27, and Alloy 718, which are representative of high
strength stainless steels and intermediate temperature iron-base and
nickel-bas'! superalloys with potential for use as high performance
barrel materials. Also, 4340 steel was used as an inexpensive material
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[ I
for tooling checkout and is representative of a typical gun-barrel
steel. The materials were purchased in bar stock form, heat treated,
and conventionally gun barrel drilled and honed to an inside diameter
of 0.984 +0.002/-0.000 inch with a surface finish of 32 rms or better,
and straightened to a maximum of 0.010-inch TIR. The barrel blanks
were approximately 90 inches long in order to allow trim stock for
final machining into an 84-inch long barrel configuration.

C. ELECTROCHEMICAL RIFLING PROCESS

The rifling geometry was selected to be compatible with the GAU-7/A
weapon and ammunition. The GAU-7/A rifling consists of 14 groove gain
twist with 0.147-inch wide by 0.021-inch deep grooves. For electrode
development purposes, only two grooves were utilized which required
indexing six times to machine the 14 grooves.x

Initial rifling tests were conducted nsing short length (12-inch)
barrel blanks to establish optimum electrolyte and machining parameters
for the different materials. Both sodium chloride (NaCl) and sodium
nitrate (NaN0 3 ) electrolytes were evaluated with Pyromet 860, Alloy 718,
and CG-27 barrels to determine the effect of electrolyte on surface
finish and machining rate. Previous work had established that NaNO3
electrolyte would be required to electrochemically rifle the Pyromet

<' X-l5 barrels.

In addition to the electrolyte studies, tests were run with short
length barrels of 4340 steel to determine the effect of electrode
groove depth on machining characteristics. During these tests, groove
depth was varied from 0.065-inch to 0.125-inch deep. Satisfactory
rifling grooves were obtained with all the different electrode grooves.
As a result, an electrode groove depth of 0.125 inch was selected for
subsequent tests since the greater groove area allows higher electrolyte
flow rates. This results in faster removal of heat and reaction products
from the barrel during the machining operation.

D. ELECTROCHEMICAL RIFLING OF FULL LENGTH BARRELS

The next step in this effort was to extrapolate the parameters
and data developed on the 12-.inch barrel blanks to electrochemical
rifling of full length, 84-inch long blanks. The intent was to rifle
at least two blanks each of Pyromet X-15 and CG-27, and one each of
Pyromet 860 and Alloy 718.

Initially, in order to inexpensively confirm results obtained with
short length tests, a full length barrel of 4340 steel was rifled using
electrodes having various groove depths. The electrodes for these tests
had straight grooves for the entire length of the barrel. The first
test used an electrode having 0.075-inch deep grooves. The second
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test used an electrode having 0.075-inch deep grooves for 7 inches on
each end and 0.085-inch grooves for the middle 76 inches of the groove.
The four remaining tests used an electrode with 0.125-inch deep grooves
to evaluate different operating parameters and electrolytes. The step
electrode tended to reduce the excess machining in the center of the
barrel. The best results on 4340 steel were obtained with a 0.125-inch
deep grooved electrode and a sodium chloride electrolyte.

Based on tests with the full length, straight groove electrodes,
brrels of 4340 steel, Pyrome X-15, Alloy 718, CG-27, and Pyromet 860
were rifled.

The groove geometries, typified by Figure 9, looked good for all
materials. The radius at the base of the grooves was typically 0.060 inch
compared to 0.025 inch which was specified for broach rifling. It is
believed that such a configuration is entirely satisfactory and may offer
advantages of minimizing the shear stresses on plastic rotating bands
and of minimizing a potential stress riser (or notch effect) for barrel
materials that exhibit marginal fracture toughness. The groove width
was intentionally made wider than that specified in order to retain
the same available groove volume for the projectile rotating bands.

Surface finish measurements taken at the base of the groove on
each material were 32 rum or better for 4340 steel, PyromeL X-15, and
Alloy 718 which meets drawing requirements. The CG-27 and Pyromet 860
barrels showed a surface finish of about 150 rum on the grooves. Hetal-
lographic examinations conducted on all materials did not reveal any
indication of intergranular attack.

The CG-27 and Pyromet 860 showed nonuniform electrochemical machin-
ing, probably associated with microsegregation within the alloys, which
accounts for their poorer surface finish. Additional optimization of
electrolyte composition and electrochemical machine operating parameters
would undoubtedly improve this condition and would be desirable prior
to a production run.

The electrochemically rifled barrel blanks were air gauged to
determine groove-to-groove and end-to-end variation in groove diameters.
The desired tolerance of 1.027 ±0.001-inch groove depth was essentially

achieved on one of the Pyromet X-15 barrels except for a few measure-
ments that were 1.029. This is considered to be an exceptional achieve-
ment with the rather crude equipment and two-groove developmental elec-
trode that was utilized. The other six barrel blanks were within groove
diameter tolerance of- -0.004, which is still considered highly success-
ful, since only one or two barrels of each material were rifled with
the developmental tooling. It is believed that the oversize condition
in the mid-position of the barrels resulted from an increase in elec-
trolyte temperature as it was pumped through alternately from each end,
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ELECTROCHEMICALLY MACHINED GROOVE PROFILE

GROOVk DIA BORE DIA
1.026 0.984 +0.002
+0.002

MAX RADIUS = 0.025

GROOVE DEPTH MIN RADIUS = 0.015

MAX = 0.003 GRoovE wiD h
MIN *- 0.010 0.1467

FIGURE 9. ýLf.CA,. ELECTROCHEMICALLY RIFLED GROOVES, PYROMET X-15
EACH HAS BEEN MAGNIFIED ZOX
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thus increasing its machining rate. More work devoted to refinement
of the electrode design and operating parameters would undoubtedly be
effective In improving the attainable tolerance on a production basis.
Two of the Pyromet X-15 barrel blanks were finish machined into the
GAU-7/A configuration and delivered to the Air Force.

VII. PRODUCIBILITY STUDY

In order to predict production costs for electrochemical rifling
of 25 mai, 7-foot long barrels, a cursory producibility study was con-
ducted using Pyromet X-15 as a baseline material. Manhours were esti-
mated for rifling quantities of 10, 100 or 1000 barrels per month for
a period of one year. The estimates do not include cost of the elec-
trochemical machining power supplies since this multipurpose equipment
would necessarily be amortized over a longer period of time and for
many other uses in addition to rifling. For comparison, estimates
were prepared for conventional broaching utilizing previous data gen-
erated on 25 mm Pyromet X-15 barrels. Similarly, the broaching esti-
mates do not include cost of the rifling machine.

The estimates, sunmarized in Table II show that the manhours
required for electrochemical rifling are significantly lower than for
broaching, particularly for large quantities. The tooling costs are
also lower for electrochemical machining, since they can essentially
be considered nonperishable, while the broaching cutters must be
periodically sharpened and replaced. The electrochemical rifling
tooling costs reflect costs of electrodes plus spares and associated
plumbing and fixturing to machine one barrel at a time for all quanti-
ties considered. The higher tooling cost for 1000 barrels per month
includes added developmont required to fabricate high integrity 14-groove
electrodes. The broaching tooling costs include costs of sine bar,
cutter heads, and cutters with adequate spares to machine 10 and
100 barrels per month on a single machine. Quantities of 1000 barrels
per month would require 8 rifling machines or development of wafer
broaching techniques to rifle all 14 grooves simultaneously. Wafer
broaching would be less time consuming than broaching only two grooves
at a time, but anticipated tool life would be very low and necessary
development costs are difficult to predict. Without this information,
the tooling costs required fur 8 .. c.u.es were included in tL_ estimates

for the 1000 barrels per month, recognizing that this approach is not
realistic for large quantities.

Based on the above, the cost advantages of electrochemical rifling
are readily apparent. These cost advantages are magnified tremendously
whien difficult-to-machine alloys, such as nickel- and cobalt-base super-
alloys are considered as barrel or liner materials. The electrochemical
rifling costs for these materials would not be unlike those for gun
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steel or Pyromet X-15 while conventional broaching costs would be i

prohibitive for some ot the more difficult-to-machine alloys primarily
due to the extremely low expected tool life. In addition, some of

these alloys probably cannot be broached due to their poor machinability.
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DECOPPERING OF GUN TUBES BY LEAD

Wayne M. Robertson
Science Center, Rockwell International

Thousand Oaks, California 91360

ABSTRACT

During the firing of a gun, copper is deposited in the barrel
from the copper coating of rotating band of the projectile. Metallic
lead is commonly added to the charge to remove this copper. A mech-
anism for the decoppering action of metallic lead on gun tubes is
proposed in which it is assumed that the lead melts, dissolves the
deposited copper, and carries the copper out in the liquid. The
proposed mechanism is shown to be reasonable based on the properties
of lead and considering the lead-copper and lead-iron phase diagrams.
Consideration of the impurities commonly present in lead indicates
that iron, silver, and copper should not affect the decoppering
action; antimony, arsenic, tin and zinc should decrease the effec-
tiveness of lead; and bismuth should enhance the decoppering action
of lead. Of other low melting metals, bismuth and bismuth-lead
alloys should be more effective than lead, while all others should
be less effective than lead in decoppering. This work was performed
while the author was serving a temporary appointment with Headquar-
ters, U.S. Army Armament Command, Rock Island, Illinois 61201.

INTRODUCTION

Most projectiles for large bore guns have rotating bands made
of copper or gilding metal, a copper-zinc alloy. On firing the
projectile through the tube, the rotating band is engraved by the
rifling, contacting it throughout the length of the tube. During
this contact, some of the copper is deposited on the rifling. These
copper deposits can have a serious effect on the interior ballistics
of the projectile, affecting muzzle velocity, precision and tube
wear.

One method of reducing the amount of coppering of gun tubes
is to add metallic lead to the propelling charge. This lead is
usually added as a foil blanket around the forward end of the 4

charge. The effect of lead foil additive in reducing coppering was
discovered empirically and has been used with considerable success,
though with no real understanding of why it works. mechanism
for the decoppering action of lead has been proposed" in which it
is assumed that the lead forms a brittle alloy with the deposited
copper, which is then carried out of the tube with the next round
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containing no decoppering additive. This mechanism is very unlikely
since lead does not alloy with copper to any measureable extent
unless the copper is also melted. The purpose of the present note
is to propose an alternative mechanism for the decoppering action
of metallic lead and to show that the proposed mechanism gives a
reasonable explanation of the observed action.

Decoppering Mechanism

The mechanism proposed for the decoppering action of lead is
as follows: (1) the lead melts and is deposited on the gun bore
as liquid metal; (2) the liquid lead dissolves the deposited
copper; (3) the liquid lead is then carried out of the tube as
liquid droplets with the copper in solution. The process is visu-
alized as one in which the copper-covered gun tube surface is wiped
with liquid lead, allowing the lead to dissolve the copper and carry
it out of the tube. To demonstrate that this mechanism is reason-
able, several factors will be considered including the properties
of lead, the lead-copper phase diagram and the lead-iron phase
diagram.

Pure lead melts at 327 0 C and has a low heat of melting of
5.9 cal/g. It has a very wide liquid range, with a boiling point
of 1620 0 C. Thus, it is clear that lead is easily melted; any metal-
lic lead present would be expected to melt under the conditions
present in a gun tube and would remain molten during the time it
travels the length of the tube. Because lead has a fairly high
boiling point, it would remain as a liquid rather than vaporizing,
particularly if it is present at the cool boundary layer along the
gun tube surface.

The lead-copper phase diagram is very simple, Fig. 12. Lead
and copper are insoluble in each other in the solid state, with the
solubility of lead in solid copper extremely small all the way to
the copper melting point. No intermetallic compounds form between
copper and lead. Copper has only a slight effect on the melting
point of lead and has a very small solubility in liquid lead at the
lead melting point. The solubility of copper in liquid lead
increases with increasing temperature above the lead melting point,
as given by curve AC, Fig. 1. At 955 C, a monotectic reaction
occurs with two liquids above that temperature and one liquid below.
Above the monotectic temperature, the solubility of copper in the
liquid increases very rapidly with increasing temperature.

Based on the phase diagram, it is clear that, if there is a
layer of copper on a surface, applications of liquid lead to the
surface will allow some of the copper to dissolve in the liquid.
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Removal of this liquid after dissolving copper will then remove some
of the copper from the surface. By application of sufficient
liquid lead, any desired amount of copper can be removed from the
surface. The dissolution process is assumed to occur by diffusion
and convection in the liquid. If an intermetallic compound layer
formed at the solid-liquid interface, then further dissolution would
be limited by the rate of diffusion of copper through this solid
compound layer. This solid diffusion process would be much slower
than liquid diffusion and would severely restrict the dissolution
rate of copper into the liquid. In addition the formation of this
compound layer would deplete the amount of liquid available for
dissolving copper. Thus the absence of intermetallic compound
formation between copper and lead is important in allowing rapid
dissolution of copper in the lead.

It should be noted that, because lead is not soluble in solid
copper at any temperature below the copper melting point, the appli-
cation of liquid lead to the solid copper does not cause the metals
to alloy. Any lead which remains on the copper surface will remain
as a ductile lead layer and not as a brittle lead-copper alloy. The
only way to form lead-copper alloys is to melt the copper in conjunc-
tion with the lead, which is unlikely to occur in the gun tube. Thus
the decopperiny mechanism quoted in the introduction is very unlikely
to occur.

It is important to note that the proposed mechanism postulates
that the lead removes the copper as a liquid, rather than as a vapor
phase. If vaporization occurred, the lead would evaporate preferen-
tially, leaving the copper behind. There is no evidence to suggest
that lead and copper tend to associate in the vapor phase, as would
be required for a vaporization process to be effective.

The interaction of liquid lead with the gun steel surface must
also be consider d. Liquid lead does not spread readily over an iron
or steel surface . Therefore, the liquid lead can deposit on the
copper layer, dissolve it, and then be carried away very readily by
the propellant gas. The lead-iron phasc diagram is similar to that
of lead-copper except that the solubility of iron in the liquid is
much lower than that of copper. Thus, the lead will dissolve copper
very readily, but will dissolve very little iron.

We must now calculate how much copper can be removed by the
amount of lead used in a typical artillery round. For purposes of
calculation consider the 155mm M549 round as fired in the XM199
gun tube°. The XM203E1 propelling charge used with this round
contains about 160 grams of lead foil (1.3% of the totgl charge
weight of 11.8kg), As noted above, liquid lead at 900 C will fort
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a solution containing 6.7 weight percent copper. Thus, the weight
of copper dissolved in 160 grams of lead is:

Wdis = 0.067xl60 = 11.5 grams.
0.933

The rotating band on the M549 round is 5 cm long. The 48 rifling
lands of the gun tube engrave grooves in the rotating band which
are about 0.8 cm wide by 0.1 cm deep, removing a total metal volume
of:

Vrem = 0.1 x 0.8 x 5 x 48 = 19 cm3

from the rotating band. The total weight of copper removed from 3
the rotating band is the (using the density of copper, 8.92 g/cm ):

Wrem= 19 x 8.92 = 170 g.
A small fraction of this removed copper will be rubbed onto the
rifling and will remain in the tube as a copper deposit. If 5
percent, or 8.5 g, of this copper remains as a deposit, then the
lead in the charge is more than adequate to remove it. If as much
as 20 percent, or 34 g, of this copper remains as a deposit, then
the lead in the charge is probably not sufficient to remove all of
it. The major portion of the copper will be removed as bulk pieces
during the initial engraving process and only a small amount will
rub onto the rifling bands. Thus, one could estimate that the
amount of copper deposited would be nearer 5 percent than 20 per-
cent of the total copper removed from the rotating band. Based on
this estimate, it is concluded that the lead added to tile charge
is just about adequate to remove the deposited copper. If the
amount of lead were reduced by a factor of 3, then it would almost
certainly be insufficient to do the job; if the amount of lead were
increased by a factor of 3, then it would certainly remove all
deposited copper.

The conclusion reached from the above considerations is that
the proposed mechanism of decoppering by lead is reasonable and that
the amount of lead used in present charges is near the optimum amount
to insure adequate copper removal.

Discussion

Accepting the conclusion of the previous section, that lead
removes copper by dissolving it in the liquid, there are several
points that should be discussed in order to obtain the best results
in selecting decoppering additives. The items to be discussed are
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(1) the selection of the amount of lead needed to be effective,
(2) the effects of impurities in the lead on its decoppering
effectiveness, (3) alternative low melting point metals for use
as decoppering additives, and (4) the use of lead (or other)
compounds for decoppering.

1. In order to select the amount of lead to include in the
charge for decoppering, one must first determine how much copper
must be removed. If there is full engraving of the round in the
gun bore, then it is possible to determine how much copper is
engraved from the band by knowing the extent of interference
between the band and the rifling. It can then be estimated that
from 5 to 20 percent of this copper remains in the gun tube and
must be removed by lead. The amount of lead required is approxi-

mately 15 times the amount of copper which remains in the tube.
For the example of the M549 projectile used above, the minimum lead
addition needed was found to be about 170 g per round. If the
rotating band were pre-engraved, then less copper would be stripped
from the band but about the same amount would be deposited in the
bore.

The position of the lead foil in the propelling charge could
affect the amount of ccpper that would be removed per unit mass of
lead. Lead foil or shot homogeneously mixed with the propellant
would probably not be as effective as foil placed around the for-
ward periphery of the charge.

2. Impurities in lead can affect its behavior as a decop-pering agent. The common impurities are likely ýo be tin, antimony,

arsenic, bismuth, iron, zinc, copper, and silver . Iron and silver
are just slightly soluble in lead and are very unlikely to affect
the decoppering behavior. Copper would normally be present in an
amount of 0.1 percent or less and this would not be deleterious.
If, however, the lead had copper mixed in to an extent of several
percent, then this copper would tend to saturate the liquid lead
so it would not remove as much copper from the tube as expected.

Tin, antimony, arsenic, and zinc can go into solution in the
copper or react with it to form intermetallic compounds. These
processes do not remove copper from the tube, so that the portion
of the lead taken up Uy the impurity is not effective. Thus,
relatively more lead must be added to make up for the presence of
the impurity. These elements can also react with the steel tube
to form intermetallic compounds. The effect of this would be to
form additional bore deposits, rather than remove the copper as
desired.
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Bismuth, as an impurity, would probably promote the decop-
pering action of lead as discussed in the next section. Bismuth
has a higher solubility for copper than does lead and has a lower
melting point than lead; both of these properties would tend to
make bismuth more effective than lead in removing copper.

In conclusion of this section, tin, antimony, arsenic, and
zinc as impurities in lead would decrease its decoppering action.
Bismuth would help the decoppering action, while iron, silver,
and copper would not have much effect.

3. It is interesting to cornsider other low melting metals
which might have decoppering action similar to that of lead. In
Table I are the elements which are candidate materials, listed
according to their column in the periodic table. These elements
all have relatively low melting points, so they would probablymelt under the conditions in a gun tube.

Consider first the alkali metals, lithium, sodium, potassium,
rubidium, and cesium. Lithium has a low melting point and a high
boiling point. Also, there are no Li-Cu or Li-Fe intermetallic
compounds, and copper is appreciably soluble in liquid lithium.
Therefore, lithium would have good properties as a decoppering
agent if it could be used in a charge. All the alkali metals,
however, including lithium, react very strongly with air, water-
containing materials and many other materials, so they would not
be stable as part of a propellant charge. Therefore, the alkali
metals must be eliminated as possible decoppering agents.

Zinc, cadmium, and mercury have low melting points, but they
also ha'e low boiling points, so they would tend to evaporate
rather than remain as liquids. Thus they would no remove copper.
In addition, zinc and cadmium react with copper to form solid solu-
tions and intermetallic compounds, tending to remain in the tube
rather than removing copper. Zinc also forms compounds with iron
which would cause it to stay in the tube. Cadmium and mercury are
undesirable because they have a tendency to cause embrittlement of
steel. Therefore, zinc, cadmium, and mercury would not be useful
as decoppering agents.

Selenium and tellurium have relatively low boiling points. In
addition, they form quite stable compounds with copper and iron.
Thus, selenium and tellurium would not be good decoppering agents.

Gallium, indium, and tin all have low melting points and high
boiling points. All three of these elements, however, form solid
alloys and intermetallic compounds with copper, so they would not
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remove the copper in the liquid unless a very large amount of the
element were added to the charge. The low melting point of gallium
would make it difficult to add to a charge since the metal would
melt at temperatures only slightly above room temperature. In
addition, gallium is a relatively rare material and would be very
expensive if it were possible to obtain enough to add to all
charges. Indium is also a relatively rare, expensive material.
Thallium has properties similar to those of lead in its physical
characteristics. It is, however, very toxic and would be difficult
to handle with an adequate degree of safety. Based on these con-
siderations, then, the metals gallium, indium, thallium, and tin
must be eliminated as decoppering agents.

The only metal that is left in addition to lead is bismuth.
This metal has melting and boiling points somewhat lower than7 those7!
of lead. The copper-bismuth phase disgram is shown in Fig. 2
There are no intermetallic compounds between copper and bismuth.
There is extremely small solid solubility of copper in bismuth
and of bismuth in copper. Copper is more soluble in liquid
b~sinuth than in liquid lead, having a s8lubility of about 45
weight percent copper in bismuth at 900 C as given by point A,
Fig. 2. Bismuth wets copper much better than does lead, having
a tendency to penetrate copper grain boundaries; thus, copper
would probably dissolve more rapidly in bismuth than in lead.
Bismuth also does not interact strongly with steel. Based on
these properties of bismuth, it appears that bismuth should be a
more effective decoppering meterial than lead. The amount of
bismuth required for effective action should be less than the
amount of lead currently being used,

An alloý of 55 percent bismuth - 45 percent lead ha-s a melting
point of 124 C, which is considerably lower than that of either of
the pure metals. Thus, an alloy of this composition or alloys for
a cunsiderable range around the 55Bi - 4SPb composition could be
very effective decoppering agents.

In conclusion of this section, it appears that bismuth or
bisinuith-lead alloys would be good alternatives to lead for tube
decoppkring. All of the other available metals have shortcomings
which e iminate them aý c•anudate manter-als. The princ,,al dee-
rent to the use of these metals is the fact that they form solid
,olutioi, alloys or intermetallic compounds with copper or iron or
ooth. Bismuth appears to be promising enough as an alternate
material tOat it would be well worthwhile to prepare and fire
-'ouids ccntiining bismuth rather than lead.

V-679

. .

-] - .' - .g l.a



TABLE I

Elements with Low Melting Points

Element Melting Point (°C) Boiling Point ( 0C)

Li 181 1330
Na 98 892
K 64 760
Rb 39 688
Cs 29 690
Zn 420 906
Cd 321 A35
Hg -39 357
Ga 30 2237
In 156 2000T1 303 1457 :-

Sn 232 2270
Pb 327 1725
Bi 271 1560
Se 217 685
Te 450 990

;' i4. Because metallic lead has some deleterious effects on
steel, consideration can be given to the use of lead compounds or
other compounds in the charge as decoppering agents. There are
three possible mechanisms by which a compound could remove copper
from the gun tube.

a. The compound could melt and dissolve the copper, as pro-

posed in the mechanism for the action of lead in an earlier portion
of this paper.

b. The compound could react with the copper deposit to form
a copper compound which is easily removable from the tube.

c. A lead (or bismuth) compound could be reduced to metal by
the propellant gases, and the metal could remove the copper by the
mechanism proposed earlier in the paper.

With regard to mechanism (a) there are very few compounds
which melt at low temperatures and at the same time will dissolve
metallic copper. In particular, compounds such as PbO, PbO2 , or
PbCo 3 will not melt at low enough temperatures to dissolve copper

in a gun tube.
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Mechanism (b) above would be unlikely to occur because copper
is less active than steel. Any compound added to the charge to
react with copper would react even more strongly with steel. Thus,
at any spot where the copper was removed by the compound, the com-
pound would then continue to attack the steel, causing damage to
the gun tube rather than removing the copper.

Mechanism (c) could be limited by the kinetics of reaction of
the propellant gas with the lead or bismuth compound. For this
mechanism to work, it would be necessary for the compound to be
very rapidly reduced by the gas and have the metal collect on the
tube walls to dissolve the copper. The liquid metal would then
carry the copper out of the tube. This mechanism wuuld require a
special combination of circumstances. The compound would be reduced
most readily in the hotter portion of the flame, while the reduced
metal is utilized on the cooler tube walls. This combination would

not be easily achieved in a real propellant system. If the compound
were placed toward the center of the charge, it would be readily
reduced but could not find its way to the walls before the charge
was carried out of the tube. If the compound were placed along the

outside of the charge, it might not be reduced in sufficient time
to deposit the lead on the walls. This mechanism might possibly
work with compounds such as PbO or PbCO3 , but conditions would have
to be selected very carefully to get the optimum results.

It is interesting to note that the effect ofs8tin dioxide on

tube decoppering has been investigated previously . The conclu-
sion of this study was that tin dioxide did not assist in decop-
pering. Very little tin was found in any of the barrel residues
examined, but large amounts of coppering were found in every case,
regardless of tin dioxide content. This result is in agreement
with our conclusion that tin would not be an effective additive for I
decoppering.

In conclusion of this section it appears that compounds added
to the propellant charge are not likely to be effective in removing
copper from the tube in the same manner that metallic lead is
effective.

There are, of course, so many organic and inorganic compounds
available that it is not possible to state arbitrarily that none
will work. Based on the discussion in this section, however, one
can state with considerable confidence that almost no compounds are
likely to be effective by these three mechanisms. Thus, an effec-
tive compound would be likely to act by some other mechanism.
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Corcl usions
1. A mechanism has been proposed for the decoppering action

of metallic lead in gun charges. The mechanism assumes the lead
melts, dissolves the deposited copper, and carries the copper outin the liquid.

2. The proposed mechanism is shown to be reasonable based on
the known properties of lead and considering the copper-lead and
iron-lead phase diagrams. Based on this mechanism, the amount of
lead currently used in propellant charges is shown to be just about
adequate. A method for calculating the estimated amount of lead
required is demonstrated.

3. The impurities commonly present in lead were considered
and it was indicated that (a) iron, silver, and copper will not
affect the decoppering; (b) antimony, arsenic, tin, and zinc will
decrease the decoppering effectiveness; (c) bismuth will increase
the decoppering action.

4. A large number of low melting metals were considered as
alternate materials to lead as decoppering agents. It was con-
cluded that bismuth and bismuth-lead alloys might be even more
effective in decoppering than is lead. All other low melting
metals would probably not work as well as lead in decoppering.

5. It was indicated that additions of inorganic compounds
to the charge for decoppering are unlikely to be effective.
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WEAR RESISTANCE OF ELECTROLESS DEPOSITS

F. Pearlstein and R. F. Weightman
Pitman-uunn Laboratory

U. S. Army Frankford Arsenal
Philadelphia, Pa. 19137

Introduction

"Electrodeposited metals have been applied to the interior of
gun tubes in attempts to reduce wear and gas erosion during firing.
The greatest attention has been directed to the use of chromium
electrodeposits which provide the greatest hardness and wear resist-
"ance of the commonly plated metals. However, there are operational
difficulties in application of chromium to gun tubes which become
accentuated with decrease in tube diameter. For example, a

*, centrally located anode is required which must be capable of passing
K relatively high currents. The plating configuration is such that

the balance of bath constituents is broken, i.e., excessive tri-
valent chromium is produced, and corrective measures are required
periodically. Also, chromium deposits have the unfortunate
tendency to crack spontaneously as a result of internal stresses
and could result in compromise of the protective value. In spite of
these difficulties, the Army has apparently been successful in
utilizing these deposits for acquiring improved wear and erosion
resistance.

Electroless (autocatalytic) deposition has found widespread
application where it is advantageous to obtain certain superior
characteristics over electrodeposition, such as:

a. high degree of deposit uniformity
b. no need for electrical connections or electrodes
c. unique mechanical and chemical properties
d. less porous deposits
e. direct deposition on nonconductors

Electroless deposits would appear suitable for application to
gun tubes as it would eliminate set-up difficulties with anodes and
should provide deposits with exceptional freedom from porosity.
Electroless nickel deposits can provide a high degree of hardness
and wear resistance as a result of inclusion in the deposits of
elements such as phosphorus (1) or boron (2) originating from the
chemical reducing agents used.
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The investigation described herein compares the performance of
electroless nickel or chromium deposits in a laboratory wear
resistance test using the Falex apparatus. High unit pressures are
applied to moving parts and high temperatures are generated as a
result of frictional forces. A second objective was to ascertain
whether wear resistance of the electroless deposits were essentially
a function of hardness or whether dependent upon specific effects
related to the presence of phosphorus or boron in the deposits.

Experimental Procedure

Four electroless nickel plating baths, selected for this study
were prepared. The bath compositions are shown in Table I. The
baths were heated and maintained within ± 2'C of the desired
temperature using a constant temperature water bath.

Falex specimens (journals AISI 3135 steel, Rockwell B87 to 91,
surface finish 0.25 p.m RMS; V-blocks, AlSl C-1137 steel, Rockwell
C20 to 24, surface finish 0.25 um RMS) were prepared for electroless
nickel plating as follows:

Alkaline Clean - Ten minutes immersion in 60 g/l sodium
orthosilicate - 3 g/l Nacconol 40F* at 85*C;
cold water rinse.

Acid Activation - one minute immersion in 50% (vol) hydro-
chloric acid (38%) at 25'C; cold water rinse.

The specimens (journals and blocks) were then immersed into an
electroless nickel bath (see Table I) for sufficient time to produce
25 to 28 Om deposit thickness. The bath volume to surface area
plated was about 30 ml/cm2 .

The following heat treatments were applied to Falex specimens
plated in each of the electroless baths:

(a) Three hours at 2000C
(b) Sixteen hours at 280%C
(c) One hour at 400%C

Knoop hardness measurements were made on the deposits with 50 gram
load applied.

*Stepan Chemical Co., Northfield, Ill.
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Wear resistance of the deposits was determined using the Falex
Lubricant Tester (3) (See Figure 1). The journal is rotated at
290 RPM between the two V-blocks positioned in the jaws of a load
applying mechanism. The load applied to the blocks was increased
from zero to 22.7 kg for a 30 sec period. At the end of that time,
and each 30 sec period thereafter the load was increased by 22.7 kg
until a total of 182 kg was applied. The load was then maintained
at the 182 kg level until catastrophic failure occurred (i.e.
seizure and fracture of the journal). The plated journals wer3
weighed before and after the Falex test to provide a quantitative
measure of the degree of wear involved. No lubricants were used in
any of the tests.

Results and Discussion

Electroless nickel deposits ranged from bright (baths 1 & 2)
to matLe (bath 4). Deposits from bath 3 were semi-bright but had a
finely cracked structure visible at 7X magnification; adhesion was
considered inadequate as particles of the deposit could be easily
dislodged by probing with a blade.

IHeating of the plated specimens for three hours at 200C is
intended for release of any occluded hydrogen and for relieving
internal stresses within the deposit. Heat treatments at 200%C had
no visible effects on the appearance if the deposits. Interference
colors from oxide films were evident on deposits heat treated at
400'C. The *ickel-phosphorus deposits acquired a yellow cast along
wiLh blue iridescence. The nickel-boron deposits were pale yellow.
Only the nickel-boron deposit from bath #3 changed in surface
appearance by heating at 280aC; a light yellow film was formed.

Hardness - The hardnesses of electroless nickel deposits are
shown in Table 11 and Figure 2. The hardness of deposits from a
given bath increased with increase of heat-treatment temperature.
The nickel-boron deposits were significantly harder than the nickel-
phosphorus deposits exposed to the scme heat-treatment temperature.
it is noteworthy that the nickel-boron deposit from the acid DMAB
bath (see Figure 2), heat treated at 400C, acquired the greatest
hardness, i.e., > 1300 Knoop; of those heated at only 200C, the
nickel-boron deposit from the borohydride bath was considerably
harder than any of the others.

Wear Resistance - There was definite improvement in Falex wear
resistance, with increase in heat-treatment temperature, for all of
the deposits except those from bath #3. See Table II. All deposits
from bath #3 provided poor wear resistance apparently owing to poor
deposit adhesion as noted above. Adhesion improved somewhat with
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heating at 280 or 400C but was still decidedly inferior. Since the
hardest deposits obtained in these studies were those from the acid
DMAB bath, it is evident that hardness alone is not indicative of
wear resistance and deposit adhesion is an important factor.
Ductility of deposits may also influence wear resistance (1).
Modification of bath #3 composition or operating conditions may be
necessary in order to improve deposit adhesion and prevent the
formation of cracked deposits.

With the exception of deposits from bath #3, the Falex wear
resistance of deposits appeared to closely parallel the hardness
value. It did not appear from these studies that the presence of
boron or phosphorus had any significant effect on wear resistance
independent of hardness. However, it is recognized that specific
effects of phosphorus or boron in the deposits might well exert
themselves if other types of wear resistance tests were conducted.

In general, deposits with hardness values below 1000 Knoop were
not capable of reaching the highest Falex load applied (182 kg)
before seizure and fracture of the journal occurred.

Llectrodeposited chromium* (as-plated) on Falex specimens was
found to have a hardness of 1300 Knoop which is greater than that of24 most of the nickel deposits tested. However, the chromium platedspecimens were incapable of preventing seizure and journal-fracture

before maximum load (182 kg) was applied. Therefore, the electro-
less nickel-phosphorus deposits heat treated at 400C and the
nickel-boron deposits (from bath #4, Table 11), heat-treated at
200, 280 or 400C were superior in wear resistance to electrodepos-
ited chromium. These results may be significant since the superior
hardness of Cr deposits was not indicative of Falex wear resistance
and thus the electroless deposits alpear to be potentially useful
candidates as replacement for chromium plating of gun tubes.

It was reported earlier (4) that whereas Falex specimens plated
with electroless nickel-phosphorus are subject to almost immediate
failure during Falex testing, a thin deposit of silver on the nickel
deposit provided much improved wear resistance and Falex performance
was superior to that of any of the deposits described above. The
silver apparently functioned as a dry-film lubricant.

*SRHS, M&T Chemicals, Inc., Rahway, N.J. 07065
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Conclusions

The hardness of electroless nickel-boron deposits is greater
than that of nickel-phosphorus deposits subjected to the same heat
treatments (3 hours at 200C, 16 hours at 280C or 1 houx at 400C).
Hardness of a given deposit increases with increasing heat-treatment
temperature.

The Falex wear resistance of deposits from hypophosphite or
borohydride baths improves with heat-treatment temperature and is
largely related to hardness rather than to whether deposits contain
phosphorus or boron. Deposits from the DMAB bath were cracked and
poorly adherent and performed poorly in the wear resistance tests.

Electroless nickel deposits from hypophosphite or borohydride-
based baths, heat treated to Knoop hardness values of about 1000
kg/mm2 or higher, outperformed chromium electrodeposits of the same
thickness at Falex wear test conditions.

Recommendations

Electroless nickel deposits should be evaluated for effective-
ness in providing wear and erosion resistance to gun-tube interiors
under firing-test conditions.

SI Additional Studies

Falex wear tests are being continued on electroless nickel-
phosphorus alloys containing cobalt or tungsten in order to deter-
mine whether the additional metal component can provide wearresistance independent of deposit i'ardness. In addition, several
double-layer electroless deposits are being applied to Falex
specimens to determine whether synergistic wear resistance may be

attained thereby.
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Table I. Bath Compositions for the Electroless Deposition of Nickel

Bath Constituents, g/l 1 2 3_ 4

Nickel sulfate (61120) 25 32 25 -

Nickel chloride (6H120) _ _ - 30

Sodium citrate (21120) - 84 - -

Sodium acetate (3H 2 0) 15 - 15 -

Sodium hydroxide - - 40

Ammonium chloride - 50 --

Ethylenediamine, 98% _ - 52

Sodium borohydride, 98% 
I _ - 1

Dimethylamine borane (DMAE) - - 4

Sodium hypophosphite (H120) 22.5 15 - -

Lead acetate (31120) 0.001 - 0.002 -

Thallous nitrate - - - 0.02

pH 4.8 9.5* 6 14

Bath temperature, QC 90 ± 2 90 ± 2 55 ± 2 96 ± 2

Deposition rate, urm 15 7 10 10

Reference (5) (6) - (7)

*AdJusted with NH 4 OH
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