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ABSTRACT

THE GOUGING PHENOMENON AT LOW RELATIVE
SLIDING VELOCITIES

Kenneth Robert Tarcza, M.S.E.
The University of Texas at Austin, 1995

Supervisor: William F. Weldon

Surface gouging by metals in high-velocity sliding contact has been
observed for more than thirty years in engineering applications involving
rocket sleds, two-stage gas guns, and electromagnetic railguns. The onset
of gouging is usually observed to occur at sliding velocities in excess of
1000 m/s (3821 ft/s). Previous investigations of the phenomenon have
indicated that the gouging onset velocity is proportional to the yield
strength and hardness of the materials involved. In this research, data

from actual instances of gouging are used to develop a graphical, linear

vi




correlation between gouging onset velocity and yield strength of the
sliding material. This correlation is extrapolated into a velocity regime
below that in which gouging is usually observed and then serves as the
basis for an experiment intended to produce gouges. In the experiment,
gouges are produced on lead sheet at sliding velocities as low as 245 m/s
(804 ft/s), well below those at which gouging had previously been
reported and in a material never before reported to have gouged,

confirming the validity of the extrapolation.
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CHAPTER 1
INTRODUCTION

At hypervelocity, the regime of velocity in which the predominant
forces of interaction are inertial, there exist certain contact phenomena that do
not occur at lower velocities [1]. One of these is hypervelocity gouging.
Gouging is not a new phenomenon, having been observed in rocket sled
testing for more than 30 years [2,3]. It can be described as the localized
scarring of a stationary surface (guider) resulting from intermittent contact
with a high-velocity object (slider) moving over and parallel to its surface [4].

This type of damage has always been considered an operational
nuisance as well as unfortunate side effect of high sliding velocities. More
recently, it has also been recognized as a problem which demands time
consuming maintenance and costly repairs [2]. A single rocket sled run or
railgun shot can produce gouging severe enough to require maintenance.
Gouges on rocket sled tracks are repaired either by grinding down raised and
rough edges or, in extreme cases, by filling the gouges with new material by
welding and then grinding [2]. When gouging occurs in railguns, the rails
must be honed at a minimum and replaced if the gouging is severe. In either
case, gouging is not only inconvenient but is also an obstacle to the
development of long life, rapidly repeatable, hypervelocity systems.

The ideal "solution” to the gouging problem will be found when the
initiation of gouging and precise location of gouges can be accurately

predicted, and when gouging can be universally prevented rather than




avoided. Until such a solution is found, investigation of the gouging
phenomena remains incomplete.

The primary purpose of this research is to demonstrate that gouging is
possible at velocities lower than those at which it has been previously
reported. It is further intended to show that there exists a correlation between
gouging and material properties in slider-guider systems which can be used
to fairly accurately predict the gouging onset velocity, and that this

correlation can be experimentally validated.



1.1 UNDERSTANDING THE PROBLEM

Gouging damage has been produced by rocket sleds generally at
velocities above 1.5 km/s (4922 ft/s) [5-7], by two-stage gas gun projectiles at
velocities between 3.0 and 5.4 km/s (9,843 and 17,717 ft/s) [8-11] and by
railgun projectiles (armatures), largely between 1.5 and 2.5 km/s (4,922 and
8,203 ft/s) with less damage occurring between 1.2 and 6.6 km/s (3,937 and
21,655 ft/s) [12] and one reported instance occurring at 300 m/s (9,984 ft/s)
[1]. Gouges usually appear in the shape of a tear drop, with the wider end
being on the “downstream” end of the “drop” and characterized by a slightly

raised lip, as shown in Figure 1.1.

~

VIEW FROM ABOVE

—————
COL 777777 7777777777 7 7 R rail
LONGITUDINAL PROFILE surface

DIRECTION OF TRAVEL  ssmeiie-

Figure 1.1 - Sketch of a Typical Rail Gouge [2]




The following description of damage that occurred on the rails of a

Lawrence Livermore National Laboratories railgun typifies the phenomenon :

A typical gouge in the copper was roughly the shape of a wide,
flat-bottomed tear drop, or isosceles triangle, with the apex
directed toward the breech and the base toward the muzzle.
Rail material was forced forward in the direction of the
projectile travel and accumulated in a mound at the base of the
triangle. Where small craters occurred, the damage was usually
in a cluster of two or three damage sites about 1 to 2 mm across.
Larger sites usually occurred near the center of a rail and were
typically 3 to 5 mm across the base and from 2 to 5 mm from
base to apex. Occasionally, a gouge formed on the interface of

the rail and the dielectric, where only the rail was damaged [12].

1.2 UNDERSTANDING THE SYSTEMS INVOLVED

1.2.1 ROCKET SLEDS

Rocket sleds are in fact sleds which are powered by rocket motors but
operate at ground level. Similar to concept of a railroad, rocket sleds are
guided along a predetermined path of travel by, depending on the sled
design, either one or two steel rails. Sled "shoes" on the bottom of a sled
assembly attach a rocket sled to it's guiding rail by essentially "gripping" the

top portion of the rail(s). Rocket sleds may weigh as much as 18,000 kg




(39,690 Ibm) [13] and are capable of velocities up to 2.7 km/s (9,000 ft/s) on
tracks as long as 13.3 km (50,781 ft) [14].

It is known that sled shoe-rail (slider-guider) contact is intermittent
during a given sled run due to vibration and aerodynamic effects of the sled
[1,4,6,7,15,23]. However, when the underside of the sled shoe and the rail do
contact, high velocity, dry sliding interfaces are formed. A prominent feature
of these interfaces is intense frictional heating which causes a temperature rise
at the interface and in extreme cases can produce microstructural changes in
the surfaces involved [6,7]. Studies have shown that rocket sled gouging
occurs at locations where rocket sled shoes have been in contact with the rail

surface [1,4,6,7,15,23].

Figure 1.2: A Large Monorail Rocket Sled [15]
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1.2.2 RAILGUNS

Railguns are electromagnetic accelerators that operate on the principle
of Lorenz force. The interior of a railgun barrel is comprised of two parallel,
opposing, conducting (usually copper) rails, separated by two parallel
insulators, all extending the length of the barrel. Electric current supplied to
the system flows down one rail, through an armature pushing a projectile or
through the projectile itself, and back through the second rail. The current
flowing in the rails produces a magnetic flux density between the rails and
this magnetic field interacts with the current "I" flowing in the armature. The
resulting IxB or Lorenz force accelerates the armature and/or projectile along

the rails [16]. This is shown conceptually in Figure 1.3.

//r— PROJECTILE

F,v

\\;_ ARMATURE

N
N

Figure 1.3: Principle of Railgun Operation

While forces produced in a railgun by currents in the kiloamp range aren't
noteworthy, as current levels approach the megamp range, extremely large

forces result [16].




Railguns have been used to launch projectiles with masses from a few
to several thousand grams. Muzzle velocities in the 3 to 5 km/s (9,843 to
16,405 ft/s) are routinely achieved; muzzle velocities in excess of 7 km/s
(22,967 ft/s) have been achieved by using a light gas gun to "inject" a
projectile already traveling at a high velocity into the railgun [12].

Like the interface between a rocket sled shoe and the guiding rail, the
interface between railgun armatures and rails is also generally one of dry
sliding contact. However, the situation is made more complex by high
current densities which flow through the interface. The Joule or ohmic
heating that is generated by these current densities is known to contribute

significantly to the temperature rise at the armature/rail interface [17-19].

1.2.3 TWO-STAGE LIGHT GAS GUNS

Two-stage gas guns operate much like a conventional gun in that a
projectile is accelerated by expanding gas. In a conventional or "powder”
gun, a projectile is accelerated by gases evolved through combustion of the
propellant. In a two-stage gas gun however, propellant gases drive a piston
which in turn compresses a "light gas", usually helium or hydrogen as shown

in Figure 1.4.



Ignition of powder...

piston starts to move Break valve
“"Hydrogen / A
S e
Projectile
Break valve ruptures...
projectile launch starts High pressure Hydrogen or Helium
/L
p— o}y
Piston front accelerates in taper...
piston rear stops
] ,
— %
- Projectile launched

Figure 1.4: Two-Stage Gas Gun Principles of Operation (adapted from [20])

A diaphragm or rupture valve initially containing the light gas ruptures when
the compressed gas exceeds the diaphragms design pressure, allowing the
light gas to accelerate the projectile. The piston continues to push the gas
until the lead portion of the piston, deformed by the conical, forward portion
of the gas reservoir, slightly enters the launch tube of the gun, pushing the
entire volume of expanding gas into the launch tube [21]. Two-stage gas guns
are experimental devices used to generate projectile impacts at velocities in

excess of 12.0 km/s (39,372 ft/s) [22].




CHAPTER 2
WORK CONDUCTED ON GOUGING TO DATE

2.1 REVIEW OF SELECTED PREVIOUS INVESTIGATIONS

In building the arguments that the onset of gouging is predictable and
that gouging is possible at velocities lower than those previously reported, it
is important to review past studies of the phenomenon. Many authors have
made contributions to the study of hypervelocity gouging, the most recent
being an investigation by Tachau reported in his 1991 doctoral dissertation at
the University of Texas at Austin [2] and a follow-up paper presented at the
1994 Hypervelocity Impact Symposium [3]. The work of those authors whose
contributions are most pertinent to this investigation of gouging is discussed

and the highlights summarized below.

2.1.1 GRAFF, DETTLOFF, AND BOBULSKI, 1968, AND GRAFF AND
DETTLOFF, 1969-70 - OHIO STATE UNIVERSITY [4,23,24]

Graff et al. felt that the basic nature of gouging was one of high-
velocity sliding contact or grazing impact between metallic surfaces. A
review of available technical literature revealed no observations or studies of
the gouging phenomenon. However work done by Bowden and Freitag in
1958 [25] and Bowden and Persson in 1961 [26], the first comprehensive
studies of high speed friction effects, was found to be relevant in terms of
understanding the conditions at a rocket sled shoe - rail interface during

gouging, as well as the problem of sled shoe wear.




Graff et al. catalogued data from gouge damage at the Holloman Air
Force Base, New Mexico rocket sled test track. They found that sled velocity
was the primary factor affecting the frequency of gouge occurrence. They
also discovered that about 80% of the gouges were on the side or top edges of
the rail head, 15% were on the undersides, and only 5% were on the top
surface of the rail.

In an effort to duplicate gouging damage in a laboratory on a smaller
scale and to evaluate several rocket sled shoe materials and rail coatings,
Graff et al. designed experiments to create the conditions of high velocity
sliding contact. A special gun facility was constructed that enabled them to
shoot projectiles on a grazing angle of impact at a flat or curved target. The
gun had a 6.0 ft (1.8 m) barrel with a 0.83 in (2.11 cm) bore and was capable of
tiring 7 to 60 gram (0.015 to 0.132 Ibm) spherical or cylindrical projectiles at
velocities from approximately 1.7 to 2.8 km/s (5,578 to 9,187 ft/s). Using this
gun facility, initial attempts to produce gouges on target surfaces with a 20 ft
(6.1 m) radius of target curvature and a 1 degree angle of projectile incidence
proved unsuccessful. In order to increase the stresses at the projectile-target
interface, the radius of curvature of the target surface was reduced to 3 ft (0.9
m). The projectiles were fired as closely as possible on a tangent to the curve
to minimize initial contact damage. Using projectiles of brass, copper, steel,
and aluminum with this sharply curved target surface, Graff et al.
successfully created gouges on steel target surfaces that had all of the
essential features of rocket sled rail gouges. Graff et al. initially found that
gouges were more likely to occur at slight kinks in the curved projectile track,

where normal forces were maximum, and that gouges were predictably
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initiated at scratches and grains of sand deliberately placed on the track
surface. In subsequent testing they found that all metallic projectiles caused
gouging while Teflon did not, more noble metals gouged more, and harder

metals had higher threshold gouging velocities.

2.1.2 GERSTLE, FOLLANSBEE, PEARSALL, AND SHEPARD, 1968-72 -
DUKE UNIVERSITY [5,6]

In early 1968, Gerstle ran several monorail sled tests on the track at
Sandia National Laboratories (SNL) with the specific goal of trying to initiate
gouges on the rail. He found that gouges frequently occurred downstream
from upward kinks in the rail but that a weld bead across the width of the rail
did not cause gouging. A subsequent microanalysis of damaged portions of
the rail (AISI 1080 Steel) revealed that gouges had a surface layer of
martensite with a layer of 304 Stainless Steel (sled shoe material) deposited on
top of the martensite. Examination below the surface of gouges showed that
high enough temperatures had been reached to austenitize the steel, and that
the rail material was severely strained and microcracked. This was all
believed to be evidence of catastrophic therm‘oplastic shear (adiabatic slip).
Cracks into the surface of gouges characteristically had stainless steel in their
center surrounded by layers of martensite and then deformed pearlite. Rail
surfaces that had not been contacted by sled shoes had no damage other than

surface layer decarburization.
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2.1.3 BARBER AND BAUER, 1982 - IAP RESEARCH [1]

Barber and Bauer contrasted sliding contact behavior at low velocity
(less than 30 m/s (98 ft/s) and high velocity (less than 300 m/s (984 ft/s))
with that of hypervelocity which they described as the regime of velocity in
which the predominant forces of interaction are inertial. They identified the
existence of a hypervelocity “sliding threshold velocity” and also developed a
model for the process of hypervelocity asperity impact and gouge formation.
The following paraphrase from Barber and Bauer’s work describes the

interaction between two solid surfaces in frictional contact.

When two solids are brought together, actual physical contact
occurs at only a small number of discrete contact points. The
normal load between the two solids is supported by these
discrete areas. The number and size of the contact points
increase with increasing applied load. Adhesion between two
bodies in contact occurs at the contact spots and “ cold welds”
are formed. Tangential motion of one body with respect to the
other deforms or shears material in the contact spots and results
in further asperity contact. Frictional forces develop because of
the ability of the contact spots to resist this deformation. (Wear
results from material fracture due to excessive straining in the
contact spot region.) During contact spot shearing, energy is

dissipated into the deformation zone and then removed from




the deformation zone by thermal conduction into the material
substrate.

As sliding velocity increases, the rate of energy
dissipation in the deformation zone exceeds the conduction rate
out of the deformation zone, causing the deformation zone
temperature to rise. As sliding velocity increases still further,
the temperature of the entire surface of a slider may reach the
melting point, at which point a liquid interface is formed
between the sliding surfaces, greatly reducing the frictional
forces observed and the coefficient of friction. The liquid
interface behaves as a hydrodynamic bearing. Viscoshearing of
the liquid film dissipates energy which causes intense heating of
the slider surface and results in surface melting. Surface
recession occurs, providing an influx of melted material from
the slider surface equal to the efflux from the interface due to
slider motion, and a steady-state hydrodynamic interface is
established. The development of this hydrodynamic fluid layer
depends upon the material properties of the slider and guider,
the sliding velocity, the normal load, and possibly the geometry
of the slider.

At hypervelocity, if a fluid interface forms, velocity
gradients in the interface will increase, as will the frictional
force, energy deposition, surface recession, slider wear, and
interface temperature. At some velocity, it is likely that the

temperature of the interface region becomes so high that the
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interface material is vaporized, with a resultant drop in viscosity
and frictional force. If a fluid interface does not form, asperity
contact continues to occur at very high velocities. The
apserities, however, can no longer come into contact in a steady
or quasi-steady mechanical mode. Instead, they impact

generally in an oblique manner, generating shock stresses.

Barber and Bauer termed the point at which the impact-induced stress
is equal to the ultimate strength of the material the “hypervelocity sliding
threshold velocity.” They felt that the hypervelocity sliding threshold
velocity, as was impact stress, was related to the asperity impact velocity, the
angle of impact, and the density and shock speed of the materials involved.
They also felt that hypervelocity asperity impact would be a discrete,
localized, violent event resembling a microscopic explosion that would be
expected to produce a small crater in the surface of the material. The center of
mass of this explosion would travel at approximately one-half of the slider
velocity. Due to the relative motion of the slider, a tear-shaped crater would
result rather than a simple, hemispherical shape.

Barber and Bauer found little quantitative data to support their theory.
However, they felt that the conclusion drawn by Graff and Dettloff [4,23],
generally that a minima of both sliding velocity and normal load were
required to initiate gouging, confirmed the existence of a sliding threshold
velocity. Additionally, they felt that instances of railgun rail gouging at the
Australian National University (ANU) [1,47] further confirmed the existence

of a threshold sliding velocity. It was felt that the onset of gouging, which
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was experienced at the ANU at velocities as low as 300 m/s (962 ft/s),
corresponded to the point at which asperity impact would produce stresses
exceeding the ultimate strength of copper. It was also felt that the cessation of
gouging at approximately 1.1 km/s (3,529 ft/s) corresponded to the full

development of a fluid layer at the slider guider interface.
2.1.4 KRUPOVAGE, 1984 - HOLLOMAN AIR FORCE BASE [15]

In reviewing earlier work on gouging, Krupovage disagreed with the
mechanism of gouging proposed by the Ohio State investigators [4,23]. He
felt that omitting projectile-slider point-of-impact damage from consideration
in the study of gouging was a mistake, stating that these impact regions
should have been investigated further. He also pointed out that in addition to
gouging, another rocket sled phenomenon observed to begin at velocities
exceeding 1,524 m/s (5,000 ft/s) was the loss of sled material in the forward
area of the sleds due to aerodynamic heating.

After describing gouging experienced in a number of rocket sled runs
with different sled types and test conditions, Krupovage concluded generally
that rocket sled gouging is caused by debris which has become trapped in the
sled slider (shoe) and rail interface and does not result solely from the load
imparted to the rail through the slider. This debris was thought to originate

either from a loss of slider and/or sled material due to aerodynamic heating

or from sources external to the sled.




2.1.5 BARKER, TRUCANO, AND MUNEFORD, 1987 - SANDIA NATIONAL
LABORATORIES [8,9]

Barker et al., as did Graff and Dettloff [4,23] and Barber and Bauer [1],
felt that gouging was an impact phenomenon and developed a theory and
computer model accordingly. The theory of Barker et al. states generally that
high pressure acts to deform the parallel (slider-guider) surfaces which
impinge on each other in a continuous interaction that can produce gouges.

Barker et al. initially conducted a “parameter study” to try to quantify
the physical conditions that must exist when gouging takes place and to
verify the validity of assumptions made for the computer model. Among the

findings of this parameter study were the following:

1. The frictional surface heating of a 30 mm (1.18 in) diameter steel
projectile sliding at 3 km/s (9,843 ft/s) in a barrel with a nominal
curvature of 1 mil per 10 in (25.4 cm) would be expected to result in
surface melting of the projectile after 0.002 seconds (0.6 m (1.97 ft)) of
travel and to a depth of 0.67 mm (0.026 in).

2. The impact of a steel asperity traveling at 2 km/s (6,562 ft/s) against
a stationary steel asperity will generate a shock pressure of about 400
kbar (5,800 ksi), which is 40 times higher than the 150 ksi (10 kbar)

yield strength of typical heat treated steel.
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3. Based on a 6.0 km/s (19,686 ft/s) sound speed in steel and a 12.7
mm thick slider (sled shoe), it would take about 4.2 microseconds after
an asperity impact for the first relief wave to arrive at the asperity (this
is the round trip travel time of a sound wave from the asperity to the
nearest free surface, i.e. the top of the slider/sled shoe). If the slider is
traveling at 25 m/s (82 ft/s), the first pressure relief would come after
about 1 mm of travel; if the slider is traveling at 2.0 km/s (6,562 ft/s),
the first pressure relief would come after about 8.4 mm (0.33 in), of
travel. Considering the higher pressures involved at the higher speed,
it is not surprising that gouging does not occur at 25 m/s (82 ft/s) but
may occur at 2.0 km/s (6,562 ft/s).

The gist of the parameter study was that at the conditions under which
gouging may exist, because of the microasperity impact interaction between a
slider and guider, extreme local deformation, heating, melting, and possibly
vaporization may occur. Barker et al. suggested that this type of interaction
would continue until the slider-guider gap increased enough to cause
separation or until passage of the slider from the point of interaction. Their
feeling was that conditions permitting, a microasperity impact would result
in the development of a growing high-pressure interaction region. This
would cause a self-sustaining reaction leading to the formation of a gouge.
Barker et al. termed this “PIT” for Parallel Impact Thermodynamics.

Based on “PIT,” Barker et al. developed and tested a two-dimensional
model using the CSQ hydrodynamic computer code and a three-dimensional

model using the CTH hydrodynamic computer code. To function properly,
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the two-dimensional model required a gap between the slider and guider,
and both the two and three dimensional models required a “gouge initiating
asperity” and a normal load. The normal load was generated by giving the
leading edge of the slider a 45 degree angle to impart downward motion to
the asperity during impact. Barker et al. determined that both models
confirmed the validity of “PIT.”

By varying the simulation parameters, Barker et al. found that
increasing the slider yield strength with respect to the guider, increasing the
slider/guider separation distance, using a plastic slider, decreasing the “angle
of attack” between the slider and guider, and decreasing the normal load
between the slider and guider would all reduce the tendency to gouge. Based
on these findings, Barker et al. designed a laminated rocket sled shoe
comprised of alternating layers of plastic and high-strength, high-toughness
steel and with a leading edge angle of 10 degrees. Backing steel with low
density, low modulus plastic was intended to allow release waves to arrive
earlier and decrease the pressu