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Effect of Temperature on the Process of Hypervelocity Gouging
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The sliding interface of a � yer/target system is subject to immense forces caused by dynamic loads and impact of
the � yer with the target. In addition, tremendous heating caused by aerodynamic and frictional effects is produced
at the interface. The buildup of the temperature caused by external heat sources is important for an understanding
of any impact environment between the � yer and the target. Under these severe loading conditions the material
in both the � yer and the target will experience large unstable nonlinear deformations known as gouging. To
successfully model the gouging phenomenon, the tangential impact and thermal heating caused by aerodynamic
� ow and frictional heating must be properly handled. Previous gouging analysis has not accounted for thermal
pro� les present in the system prior to impact. The hydrocode CTH is employed to solve the gouging problem
through the proper modeling of the applicable physics. Results of simulated gouges at elevated temperatures are
presented along with a discussion of the mechanics involved and the in� uence of elevated temperature states.

Introduction

I N � eldsdealingwith hypervelocitysliding,a damagemechanism
known as gouging can occur under certain loading conditions.

Gouging is a failuremode found in metals undergoinghypervelocity
sliding contact and is characterized by the permanent deformation
and damage of a target caused by the sliding impact of a � yer. At
hypersonic speeds the impact of the � yer on the target can cause
a teardrop shape of material (Fig. 1) to be gouged away from the
surface of each material in a matter of microseconds.

A facility experiencing particular problems with gouging is the
HollomanHigh Speed Test Track (HHSTT) facilityat HollomanAir
Force Base, New Mexico. This is a ground-based test facility de-
signed to test items under simulated free-� ightconditions.Testing is
conductedusing rocket-propelledsled vehiclesguided by steel slip-
pers that ride oncontinuoussteel rails.Currently,users of the facility
have requirements to conduct tests at up to 3 km/s (10,000 fps). To
achieve such velocities,a $20 million investigationand engineering
effort has been performed to overcome a variety of challenges, in-
cluding gouging, which often leads to catastrophic system failure.
Figure 2 showsa photoof the Super Road Runnerrocketwith itsma-
jor parts identi� ed. This sled uses a narrow-gauge dual-rail system
(as opposed to wide gauge or monorail con� gurations) and set the
world land speed recordof 2.869km/s (6416mph) on 30 April 2003.
For hypervelocitytesting portions of the test track are enclosed in a
helium-� lled tent to reduce aerodynamic drag and heating.

Gouge development can be described as follows: surface imper-
fections, whether preexisting or caused by contact, provide some
initial deformation of the parallel surfaces. This deformation can
locally arrange the materials in such a way as to introduce a normal
component of the hypervelocity impact in a small region. Under
this condition inertial forces are so great that the materials exhibit
� uidlike behavior, and the impact-inducedpressure sustains a local
region of plasticity. The plastic � ow in this area leads to the devel-
opment of material jets that impinge on each other in a continuous
interaction, initiating the gouge. Progressive growth of the material
jets will cause the gouge to grow further, ending when the materials
are no longer in contact.
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This developmentof the gouge is characterizedby extreme local
deformation, heating, melting, and possibly vaporization. A � uid
boundary layer between the materials can be created. Overall, the
gouge development can be characterized by � uid-like interaction
and mixing of the materials. Some current applications of hyper-
velocity sliding include rocket sleds, rail guns, and two-stage gas
guns.

Because of the extreme loadingconditions,large nonlineardefor-
mations, shock-wavepropagation,and high strain rates produced in
gouging, classical Hamiltonian solution methods are not adequate
to model the phenomenon.Furthermore, laboratoryand � eld testing
have not yet produced a method of studying the actual development
of the gouge and the mechanics involved. Because of these issues,
numerical methods are employed to develop techniques that can
be used to predict gouging phenomena at velocities up to 3 km/s.
Hydrocodes (or hydroram codes) are numerical programs specif-
ically designed for problems involving high energy, explosives,
material incompressibility, shock propagation, nonlinear response,
and large deformations.Hydrocodeshave been used successfullyto
model high-velocitygouging.1¡5

Thermal Sources and Effects
Gouging is affected by a combination of conditions, including

material properties, velocity, and loading conditions. Heating of
the materials involved modi� es their material properties, including
lowering their yield strengths. Previous research has indicated that
decreasing material yield strength lowers the materials resistance
to gouging.4;5 In addition, the presence of a thermal gradient will
induce thermal strain, which can also effect gouge development.

Until now, gouging simulations have considered only room-
temperaturematerials.However, in many applicationsthe materials
might be at highly elevated temperatures before and during the de-
velopment of gouging. The buildup of the temperature caused by
external heat sources is important for an understanding of any im-
pact environmentbetween the � yer and the target. In a hypervelocity
impact scenario there are two primary external heat sources. One
source is aerodynamicheating from the � ow around the � yer, which
for the application of rocket sleds has been studied by Korkegi and
Briggs,6;7 and Lofthouse et al.8 Air� ow around the � yer can pro-
duceheatingcausedbyaerodynamicshockcompressionandviscous
boundary-layer� ow. If the � yer and target are part of a larger, com-
plex geometry, the components might also be subject to re� ected
and interacting shock waves that can result in localized severe ther-
mal and structural loads. The other major contribution to heat input
is frictional heating caused by sliding contact between the � yer and
target.Krupovageand Rassmussenhaveperformedan investigation
of hypervelocity frictional heating for the HHSTT.9 These studies
showthat the systemcanbe subjectto extremeheatanddemonstrates
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Fig. 1 Gouge representation (U.S. Air Force, H. Newcomb).

Fig. 2 Super Road Runner (U.S. Air Force photo, H. Newcomb). hy-
pervelocity sled parts: a) guiders (targets), b) slippers (� yers), c) pay-
load, d) third-stage rocket motor, and e) second-stage rocket motor.

the need for the study of temperature effects on the developmentof
gouging. Internally, material shock heating and strain energy will
also produce heat. Other heat sources can be present depending on
the speci� c application.

Predicting the Thermal Environment
Even though temperatures at the sliding interfaces between the

� yer and target are considerablyhigher than room temperature,only
room temperature has been considered as an environmental condi-
tion in previous studies concerning material properties and compu-
tational simulationsof gouging.No considerationhas been given to
the effects of elevated temperatures. Raising the material tempera-
tures in the computationalmodel can be used to determine whether
gouge initiation and development mechanisms are affected. Ele-
vated temperature solutions can also serve as the basis for further
studyof the interactiveeffect of � yer and targetmaterials and can be
used to determine if there exists a relationship between � yer prop-
erties, gouging onset velocity, and target properties. For example,
Mixon10 attributed the observation that the number of gouges per
100 ft is signi� cantly higher after peak velocity then before to � yer
deterioration,but this can also be partly the result of increasing� yer
temperature.

In the � yer assembly there are three main sources of heat: the
aerodynamicheating from the � ow around the � yer (including both
stagnation near the leading edge and � ow over the contact surface
prior to impact), frictional contact between the � yer and target, and
oxidation of the materials.

Aerodynamic Heating
The aerodynamicmodelof theair� owbetweenthe � yer and target

prior to impact for application to the HHSTT developedby Korkegi
and Briggs6;7 consistedof a laminar stagnationregion at the leading
edge of the � yer followed by a separate turbulent boundary layer
on the � yer and target merging into a Couette � ow asymptote. The
researchers concluded that the air� ow through this gap is shock
compressed to high pressuresand temperaturesresulting in high lift
loads and high heat rates to the contact surface of the � yer. They
estimated the heat rates and pressure distributions along the gap

Fig. 3 Sled test velocity pro� le.10

Fig. 4 Shock wave and aerodynamic heating of sled.

from Mach 4 to 10 on the contact surface of the � yer are of the same
order as that encounteredat the stagnationpoint of the leading edge
on reentry vehicles, a magnitude of about 108 J/m2-s.

At the leading edge of bodies in aerodynamic� ow, a point where
the air� ow changes velocity to match that of the body is known
as a stagnation point. At these points the air temperature can in-
crease drastically. An example of a 2.5-km/s sled test pro� le from
the HHSTT is shown in Fig. 3 depicting sled velocity and adiabatic
stagnationtemperaturevs distance traveledand time. The burn peri-
odsof the three rocket stagesare alsoshown alongwith the transition
from air to a helium environment. The helium-enclosed section of
the track greatly reduces aerodynamic forces and heating and re-
duces the Mach number from what would have been 10 in air down
to Mach 3 in the helium. For this high-speed run a peak stagnation
temperature of over 900 K is reached. Figure 4 shows an example
of shock waves produced by the hypersonic sled, and the high-
temperature stagnation points at component leading edges appear
whitebecauseof heating.The circledarea in thisphoto is the leading
edge of the slipper and gives some indicationof the intense heating
that is experienced.

Because the HHSTT rail is within 3 ft (0.91 m) of the ground,
� ow around a dual-rail sled can be trapped between the sled and the
trough between the rails.11 Also, because of the complex geometry
precedingthe � yergap the � yer is subjectto re� ectedand interacting
shock waves that can result in severe thermal and structural loads.

Frictional Heating
An investigation of the frictional heating by Krupovage and

Rassmussen9 related frictional heating to the energy developed by
friction between the � yer and target. They found that the power de-
veloped by friction is directly proportional to the material friction
coef� cient, bearing pressure, and relative velocity. The rate of en-
ergy produced by friction is the product of the frictional force and
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the sled velocity, where the frictional force can be written as the
product of the normal force and coef� cient of friction. This empir-
ically determined friction has been shown to be a direct function of
the sliding velocity.9 Thus the frictionalheating can be expressedas

Pw D C f Nv (1)

where Pw is the rate of work (or energy) developed by the sliding
friction, N is the normal force, v is the relative velocity, and C f is
the coef� cient of friction (which is a function of sliding velocity).

A similar approach to calculate the change in energy at the inter-
face caused by friction considersnormal force data from an analysis
performed at the HHSTT using a software tool known as DADS
(Dynamic Analysis and Design System) from LMS CADSI. DADS
is a program that numerically solves the dynamic equations of mo-
tion of a system comprisedof masses, springs,dampers, and various
force elements. The total change in energy in this case will be de-
termined by the frictional force (i.e., C f N ) times the distance the
� yer moves. We assume that all of this energy is converted to heat
(a worst-case assumption because some amount will convert into
plastic work and noise), and that half of the energy is transferred
into the target and the other half into the � yer. So then the amount
of energy imparted to the � yer is

1E� yer D 1
2 w D 1

2
C f Nd (2)

Using the de� nition of speci� c heat, which is temperaturedepen-
dent, the change in temperature can be determined by solving for
the left-hand side of

Z T

T0

cvdT D
1E� yer

m
D

C f N d

2m
(3)

The next several paragraphsdescribehow numbers were selected
to solve Eq. (3). The speci� c heat of the a � yer made of VascoMax
300 steel is known at four temperatures as shown in Table 1.

A linear � t of these points is used for the expression of cv inte-
grated in Eq. (3).

The normal force N between the rail and slipper is calculated
by DADS using the Hertzian contact formulation of impact theory.
Examining DADS data, the average normal force of the � nal stage
over the length of the run is 9200 N. The total distance d of this
simulated run is 4171 m.

Although C f is dependent on velocity and possibly other system
parameters, test track engineershave found that usingC f D 0:1 pro-
vides results with suf� cient correlation between DADS predictions
and actual results in terms of sled position vs time.

The largest contact area of the � yer is the upper surface,which is
10.16 cm wide by 20.32 cm long. For the given material and a 5-s
run time, a time-dependent diffusion study shows that 90% of the
thermal energy is contained within 1.27 cm of the thermal source
at the surface. If we assume that this depth of steel over the upper
surface area absorbs this energy, the mass used in the equation will
be 2.1 kg.

With these � gures the estimated temperature of the effected mass
is 1323 K. If it is considered,however, that only portionsof the � yer
will be in contact, it is observed from Eq. (3) that lowering effected
slipper mass increases the temperature.At the test track the contact
surfaces tend to be small at any given time, such as contact along a
line. Using the current curve � t for cv , if one assumes a total contact
surface over the run is one-quarter of the area just suggested, the
temperature increases to 2595 K above the 2310 K melting point of
the material. However, because the speci� c heat is extrapolated in

Table 1 Speci� c heat of VascoMax 300 steel19

Temperature, K Speci� c heat cv , J/gK

298 0.360
422 0.481
598 0.599
700 0.585

this temperature range, and because it is dif� cult to determine how
much contact area there really is, this analysis was performed only
to get a rough estimate of the � yer temperature and was not carried
out with any more � delity than described.

Chemical Reactions
At suf� ciently high temperatures there are several additional ef-

fects that need to be considered to predict the temperature accu-
rately. For air temperatures over 1000 K (M > 3) the vibrational
energy within the molecules is increased, causing the speci� c heat
of theair to increasewith temperature.At higher temperatures,start-
ing at 2500 K (M > 6), the molecules begin to dissociate and even
ionize, causing the gas to become chemically reactive, and the spe-
ci� c heat becomes a function of both temperatureand pressure.The
temperature-dependent speci� c heat yields a gas temperature that
is lower than that predicted using the constant speci� c heat for low
temperature. Besides their effect on the gas temperature, chemical
reactions can also result in severe erosive oxidation of sled compo-
nents. Once oxidation is initiated, the additional energy produced
by the chemical reaction is usually suf� cient to cause complete
breakdown and erosion of the material within milliseconds,9 and
the byproductsof such erosion are then also found in the boundary
layer. These problems have been greatly alleviated through the use
of the helium environment,but are still problematic in track sections
or tests where helium is not used.

Many hydrocodes have some capabilities to handle high-energy
burn conditions,and these can have applicationsto the reactive � ow
around the � yer. However, this scenario is not considered as part of
this work.

Numerical Background
Gouging initiatesunder severe thermal and bearingpressurecon-

ditions caused by heating and surface contact of the � yer as it im-
pacts the target.The hydrocodeCTH has provento have theabilityto
solve adequately the gouging problem.1¡3;5;12;13 CTH and other hy-
drocodeshave a number of nonlinearmaterial models, and equation
of state are capable of handling three-dimensional, multimaterial
problems.

CTH is a family of codes developed at Sandia National Labora-
tories for modeling complex multidimensional,multimaterial prob-
lems that involve large deformationsand strong shocks.A two-step,
second-order-accurate Eulerian � nite volume solution algorithm is
used to solve the mass, momentum, and energy conservationequa-
tions.CTH containsmodels for material strength,fracture,porosity,
and high explosive detonation and initiation.14

In the gouging problem behavior of the system deformation is
a major concern. Therefore, it is important to model properly the
materials involved and solve the thermodynamics and material re-
sponse. Material modeling can be categorized into three areas: the
equation of state, the constitutive relations, and failure models.15

Equation of State
When shock-wave dynamics are involved, the effects must be

related through an equation of state (EOS). The equation of state
provides a relationship between pressure, density, internal energy,
and entropy of a material. In the hypervelocity regime the form of
the equation of state is important in predicting the dynamics, and
several forms of the equation of state have been specialized for
this purpose. Although simple forms can actually be representedas
an equation, tabular models allow the use of sophisticated models
that are too complicated to be incorporated into analytic formu-
las, and a good tabular EOS can give valid results over a much
wider density– temperature range than analytic models by consid-
ering a number of chemical and physical phenomena that affect
material behavior, such as electronic structure,nuclear thermal mo-
tion, phase transitions, chemical reactions, and thermal electronic
excitation and ionization.16 For iron and ironlike alloys chart D
to the three-halves power (CTH) contains a tabular model devel-
oped by Sandia National Laboratories known as the SESAME tab-
ular EOS for iron. This particular model includes four solid phases
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(alpha, gamma, epsilon, delta), melting, and vaporization.It agrees
well with most experimentaldata, including impact and penetration
experiments and wave pro� le measurements, which show multiple
shock behavior.16

Constitutive Equations
When a hydrocode is employed to model material deformation

and failure, constitutive models are used to de� ne the equations
for the stress and deformation relationships in a material. To solve
the high-speed, high-temperature, large-deformation, high-strain-
rate gouging problem, advanced models need to be considered that
can include these effects. The Johnson–Cook model represents an
empirical relationship for the yield stress Y (Ref. 17):

Y D [A C B." p/n].1 C C P"/[1 ¡ .T ¤/m ] (4)

where A, B, C , n, and m are empirically determined material con-
stants, " p is the equivalent plastic strain, and T ¤ is the homologous
temperature.T ¡ Tr /=.Tm ¡ Tr /, where T is temperature,Tr is room
temperature, and TM is the melt temperature. This model is essen-
tially a mathematical � t to experimental data. The effective stress
¾eff is compared to the yield stress Y . When ¾eff < Y , the material
is totally elastic, and no viscoplastic behavior is consdered. When
¾eff > Y , the material has entered the viscoplastic region, and the
Johnson–Cook model is initiated.

The Steinberg–Guinan–Lund (SGL) model predicts the vis-
coplastic response of various materials, mostly metals, based on
thermallyactivateddislocationmechanics.14 This model againcom-
pares the effective stress to a yield stress function. The strain rate-
dependent form of the SGL model de� nes the yield stress as

Y D
£
YT .P" p; T / C YA f ." p/

¤
[G.P; T /=G0] (5)

where the yield strength at the Hugoniot elastic limit YA and the
work-hardening function f ." p/ comprise the athermal component,
YT is the thermally activated stress component, G is the shear mod-
ulus, T is the temperature, P is the hydrostatic pressure, G0 is the
room temperature and zero-pressure initial shear modulus, and " p

is the equivalent plastic strain.18

Modeling Technique
In additionto thenumericalconsiderationsdiscussedearlier, there

are several physical aspects that will affect development of goug-
ing. These include the horizontal and vertical velocities, material
properties, initial temperatures, and geometry.

The model scenario is intended to describe the gouging that oc-
curs from hypervelocitysled runs at the Holloman High Speed Test
Track. During hypervelocity impact, it should be remembered that
geometry could affect the behavior of shock-wave propagation and
re� ection, which can greatly in� uence the problem. The initial ge-
ometry shown in Fig. 5 is based on the slipper of a high-speedsled.
Because CTH is an Eulerian � nite volume code, the computational
grid remains � xed while the materials pass through it, and all grid

Fig. 5 Oblique impact scenario.

locationswhere calculationswill be performedneed to be in place at
the beginningof the simulation.Figure 5 shows the entire computa-
tional space,which is 7.50 cm (2.95 in.) wide and 5.52 cm (2.17 in.)
high. It contains a 2.54-cm (1.0-in.)-thick by 4.37-cm (1.72-in.)-
long � yer with a 0.2-cm (0.079-in.)-radius chamfer on the leading
edge in contact with a target. An actual sled slipper can be up to
8 in. long, but the model was shortened to conserve computational
processing time because the gouge initiates near the front of the
� yer, and the initiation is currently of more interest than the prop-
agation of the gouge through the entire � yer. The target is modeled
as half-space (in� nitely deep, in� nitely wide). Dictated by the loca-
tion of the computationalboundaryon the left, right, and bottom, the
part of the target that lies within the computational space is 2.76 cm
(1.09 in.) thick by 7.5 cm (2.95 in.) long.The boundaryconditionon
these sides is a sound-speed-basedabsorbing condition simulating
a semi-in� nite medium such as a half-space. The remainder of the
computationalspace is void. No calculationsare performedfor cells
containingvoid until one or more of the materials moves into them.

The model is a two-dimensionalplane-strainsimulation that cal-
culates the conditions along the centerline of the gouge. Experi-
mental gouges are fairly symmetric, and the plane-strain problem
simulates conditions along the plane of symmetry.

To initiate an oblique impact event, the � yer is given a horizontal
velocity component of 2.0 km/s (6562 ft/s) and a vertical compo-
nent of 50 m/s (164 ft/s) as initial conditions. The DADS analysis
has shown that expected vertical impact velocities range from 2 to
2.5 m/s. However, the � yer mass used in the simulations is much
less than the mass of an actual sled. The kinetic energy of a 227-kg
(500-lb) sled moving at 1 m/s is equivalent to the model’s 89.77 g
� yer at 50.26 m/s, which is why 50 m/s was chosen. Because the
two materials are already in contact along the � yer length, this ini-
tial condition represents the instant that any gap between the two
materials is closed and the impact begins.

HHSTT sled slippers are typically constructed of a high strength
steel such as VascoMax 300,19 and so the � yer is modeled using
the tabular SESAME EOS for VascoMax 300. Sandia created this
EOS using the same EOS for iron but with a density scaling factor.
The � yer also uses the Steinberg–Guinan–Lund constitutive model
created for VascoMax 250 steel with the yield strength increased to
that of VascoMax 300.

The HHSTT rails are made of 1080 steel crane rail. The rail is
also usually coated with a primer or epoxy, but such coatingsare not
modeled in this effort.Coatings,however,greatly increasethegouge
threshold velocity at the test track, and the modeling of these has
been consideredby Schmitz et al.5 As demonstratedby the Johnson–

Cook and Steinberg–Guinan–Lund models, advanced constitutive
models typically use certain material properties that are particular
to the model and must be determinedexperimentallywith the model
in mind. However, no material data for applicable high-strain-rate
constitutiveequationswere available for 1080 steel, and so iron was
chosen as a surrogate target material. Even so, Steinberg–Guinan–

Lund material data were not available for iron, and so the Johnson–

Cook viscoplastic model for iron is used here instead. Similarly,
Johnson–Cook material data were not available for the intended
� yer material, and so two different constitutive models were used.
The target also uses the SESAME iron EOS. A summary of the
constitutive model constants used is given in Table 2.

After a studyon theeffectof grid size, the resultingcomputational
mesh is composed of about 54,000 rectangular cells: the ones near
the gouging region being most re� ned at 0.005 cm on a side, and
the coarsest cells near the boundary are 0.08 cm on a side. Further
re� nement of the mesh does not signi� cantly alter the solution.
An additional negative velocity about half of the � yer velocity was
imparted to bothmaterialsto keepthegougecenteredin the regionof
the most re� ned cells, but maintained the relative velocity between
the � yer and target. This step is the equivalent of moving the grid
along follow the gouge.

Methods for Implementing Thermal Environment
To implement elevated temperature models into numerical cal-

culations, three methods of increasing � delity have been prepared.
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Table 2 Material constants

Johnson–Cook target: iron Steinberg–Guinan–Lund Flyera: VascoMax300

Model constant Value Model constant Value

½b
0 7.850 g/cm3 ½0 8.129 g/cm3

A 1:7526£ 109 g/cm s2 G0 7:18 £ 1011 g/cm s2

B 3:8019£ 109 g/cm s2 Y0 1:56 £ 1010 g/cm s2

C 0.06 A 2:06 £ 10¡12 cm s2 /g
n 0.32 B 3:15 £ 10¡4 1/K
m 0.55 ¯ 2.0
TM 1835.7 K n 0.5

Ymax 2:5 £ 1010 g/cm s2

°0 1.67
a 1.2

Tm0 2310 K

aConstants not listed are zero.
bNot used in Johnson–Cook model; listed for reference.

For each of these methods, it is assumed that during the gouging
event itself the heating rate from friction or aerodynamics is neg-
ligible. This assumption is used because gouging initiates and de-
velops in a matter of microseconds, a much smaller timescale than
the diffusion rate of the materials involved. This being the case,
the temperature state before the impact is estimated and imposed
as an initial condition immediately prior to impact. During the im-
pact event, changes in temperature state as a result of deformation
and state changes are still dealt with via the equation of state and
conservationequations.

The three methods vary the initial temperature state of the � yer
and target. The � rst method uses a constant temperature in the � yer.
The second method uses a distribution. The third method uses the
distribution in the � yer, as long as a distribution in the target.

The simplest method used here assumes that the � yer has arrived
at a uniform, steady-statetemperatureequal to the heat sources.Fur-
thermore, the target can be said to be at room temperature because
the heat source (movingwith the � yer) is at the impact region for too
small of a time for heat to be conducted into the target. To establish
a possible temperature regime, the test pro� le in Fig. 3 has been
considered. At 3 km/s in helium, the stagnation temperature would
be 1200 K. A source strength temperature range of 298 to 2500 K
has been examined.

To improve the � delityof this model, a two-dimensionaltransient
heat-transfer solution is employed within the � yer, considering the
effects of stagnation temperature,air� ow between the � yer and tar-
get, and friction as heat sources. Analytical efforts by Korkegi and
Briggs6;7 show that the heat � ux from each of these sources is of
similar magnitude.For this reason the sources are assumed to be the
same in the model. Because the frictional heating only occurs when
the � yer is in contactwith the target and is replacedby aerodynamic
heating in the gap while not in contact, these sources at the contact
surface are treated as only one source that is present throughout
the length of the run. This thermal model is simply the � yer with a
temperature source along its bottom and front edges.

The variation of temperature with time of a two-dimensionalbar
is governed by the heat-conductionequation20

@u

@t
D ®

³
@ 2u

@x2
C

@2u

@y2

´
; t > 0 (6)

where ® is the thermal diffusivity, de� ned as

® D ·=½cv (7)

Here, · is the thermal conductivity, ½ is the density, and cv is the
speci� c heat of the material.

For VascoMax 300 a maraging steel from which many � yers are
made, · , ½ , and cv , are temperature dependent. To simplify, these
valuesare taken to be constant,and theirvaluesat 700 K (the average
temperatureduring the helium phase of the sample HHSTT run) are

·700K D 3:0807 £ 106 g cm/s3K

cv700K D 8:583 £ 106 cm/s2K

½700K D 7:9173 g/cm3

Fig. 6 Time-dependent � yer temperature pro� le at 5 s.

Using these values in Eq. (7), the thermal diffusivity is

®700K D 4:5118 £ 10¡2 cm2/s

The heat equationcan now be solved usinga simple � nite difference
algorithm:

un C 1
i; j D un

i; j C ®.1t= l2/
£¡

un
i ¡ 1; j ¡ 2un

i; j C un
i C 1; j

¢

C
¡
un

i; j ¡ 1 ¡ 2un
i; j C un

i; j C 1

¢¤
(8)

where u is the temperature;1t is the time step; l is the length of the
� nite differencecell; and n, i , and j are the time and spatial indices.
Using 735 cells, the resultingtemperaturepro� le in the � yer after 5 s
is shownin Fig. 6, wherewhite representsthe sourcetemperatureand
each consecutive color contour indicates a drop in temperature. In
this case the contact surface is at the source strength temperature,
while the temperature drops away from the surface. For the CTH
model the � yer contained 10 bands of temperatures, each consecu-
tive band having a 10% drop in source strength.These temperatures
are set as initial conditions. When setting the initial temperature of
a material in CTH, the EOS packagealso reads in the initial density
and calculates the equilibriumpressure. In this case, for the selected
temperature the equilibrium density for zero pressure was looked
up in the tabular EOS using BCAT (a companion code to CTH for
EOS) and then also used as an initial condition. This method does
not capture the internal stresses caused by the thermal gradient.

The third method, further re� ning the initial temperature model,
is to consider temperature in the target as well. Although the heat
source is present over the impact area of the target for only a short
period of time, analysis of the heat conduction shows that a very
shallow heated layer is created. Considering the heated � yer to be
the thermal source for target heating, Baker et al.21 developed a
steady-state solution of thermal pro� les generated in a target for
high-speed sources. A term ¸ representing the ratio timescales for
velocity and diffusion is de� ned by

¸ D ½vcv l=2· (9)

where v is the � yer velocity and l is the � yer length. Because the
velocity is very high compared to the rate of thermal diffusion,
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Fig. 7 Steady-state target temperature solution.

¸ is expected to be very large. Then the ratio of the steady-state
temperaturedistributionin the target and the sourcestrengthis given
by

uss.»; ´/ D ¸´

¼

Z 1

0

e¡¸.» ¡ &/ f .&/
K1.¸R/

R
d& (10)

where » and ´ are nondimensionalizedcoordinates attached to the
source, & is the nondimensionalized time, K1 is the second kind
modi� ed Bessel’s function of order one, and R is a function of the
coordinates.

Determining ¸ using Eq. (9) and applying the material properties
for 1080 steel, the material the HHSTT rail is made from

½ D 7:85 g/cm2; cv D 5:024 £ 106 cm2/s2K

l D 4:34 cm; · D 4:774 £ 106 g cm/s3K

v D 2 £ 105 cm/s

we get

¸ D 3:61 £ 106

For a unit nondimensionalizedsource strength, solving Eq. (10)
resultsin thetemperaturepro� le displayedin Fig.7. The actualdepth
of this pro� le is very shallow, and the size of the y axis is magni� ed
2000 times vs the length of the x axis to show detail. Each color
shade represents a 10% decrease from the source temperature.

Because the penetration depth of a 10% of the source tempera-
ture is less than the size of the smallest computationalcell, a worst-
case approximationof one cell layer at the target surface was given
the source temperature as an initial condition. Because the thermal
source is applied to unheated portions of the target so quickly, the
described target temperature pro� le is considered to be a tempera-
ture shock. In writing the initial conditions for the target in CTH,
this was accomplished by prescribing the elevated temperature to
the desired area but retaining the room temperature density. Ther-
modynamicequilibrium,enforcedthroughthe EOS, resultsin a high
initial pressure in these areas.

Results of Elevated, Uniform Temperature Environment
At room-temperature conditions (298 K) gouging generally ini-

tiates at the leading edge of contact. The � yer slightly penetrates
into the target, developing a horizontal hypervelocity impact at the
leading edge of the � yer. Because of the high velocity and the high
resulting strain rate, the material in this region begins to exhibit
� uid behavior.The plastic � ow in this area creates material jets that
impinge on each other, creating an increasing area of interaction
between the � yer and target. The center of this interaction region
moves from its point of origin at the average speed of the two mate-
rials or at abouthalf the speed of the � yer. Details of the mechanical
process can be found in the papers by Laird et al.12 and Laird.13

Fig. 8 Maximum gouge depth vs time for various uniform � yer
temperatures.

Fig. 9 Gouge initiation with 2500 K � yer at 2.0 ¹s.

In the material presented, numerical simulations have been per-
formed using source temperatures of 298, 500, 1000, 1500, 2000,
and 2500K. At zero pressurethe meltingpoint of the � yer is 2310K.
Considering a � yer with a uniform temperature distribution, repre-
senting a steady-statethermal condition, the maximum gouge depth
vs time is shown in Fig. 8 for the various temperatures.Compared to
the room temperature case at 298 K, as the temperature of the � yer
is increased to 500 K there is very little difference in the progres-
sion of the maximum gouge depth, except for a very small tendency
toward the onset of jet formation beginning sooner and the slope
of the high-rate region being slightly steeper. After an increase to
1000 K, the linear growth rates are still similar, and the earlier start
of the high-rate onset and the increased slope of the high-rate re-
gion become more pronounced, and the trend continues at 1500 K.
Further increases to 2000 and 2500 K begin to reverse the trends
of the high-rate region. Here, the onset of the higher rate begins to
occur more slowly, although the slope remains slightly steeper than
at lower temperatures. At 2500 K the onset point of 6.0 ¹s is even
slower than the 4.0 ¹s onset at room temperature.

After studying the development of gouges at high temperatures,
two separategouge-initiatinginteractionsare apparent.One is at the
leading edge, where a small amount of target material is pushed in
front of the target. The other is behind the leading edge, where the
� yer has penetratedinto the targetbecauseof the verticalcomponent
of the impact.Both cases create a situationwhere the contact surface
of thematerialshasa horizontalcomponentthat can lead to gouging.
Figure 9 shows the material interfaceat 2.0 ¹s for a 2500 K slipper,
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Fig. 10 Gouge initiation with 2500 K � yer at 2.5 ¹s.

where it can be seen that a very small amount of the target has been
deformed in front of the � yer leading edge, and about0.6 cm behind
the leading edge the � yer has penetrated 0.004 cm into the target.
By 2.5 ¹s the latter penetration has taken the form of a gouge-
initiating instability as seen in Fig. 10. The continuinginteractionat
the leading edge then develops into a gouge several microseconds
later, resulting in multiple gouges. As the gouges grow larger than
the distance between them, they will coalesce into a single gouge.

Over the temperature range studied, both these gouge-initiating
mechanisms are present and are colocated at the moment of impact
but differ in their movements after impact. The interaction at the
leading edge remains at the leading edge, moving at the speed of
the � yer,until it is large enoughto initiatea gouge.Once thegouge is
formed, its center travelsabouthalf the speedof the � yer in the same
direction,which can be thought of as the averagevelocityof the two
materials. The material interaction caused by the initial penetration
of the � yer into the target (as seen on the left in Fig. 9) also begins
at the leading edge but then moves along the target at a rate that
is near half of the � yer velocity but decreases with temperature.
At room temperature the penetration interaction moves at the same
speedas the leading-edgeinteraction,and the two phenomenaoccur
together, initiatinga singlegouge. At higher temperatures,however,
the penetration interaction tends to move slower. Figure 10 shows
that at 2500 K the x location of the penetration-initiatedinstability
(x D 3:95 cm) is actually behind the original location of the leading
edge at impact (x D 4:25).

In addition to the separation of the two initiating mechanisms,
the higher temperatures also delay the onset of the leading-edge
gouge and accelerate the onset of the penetration gouge. Therefore
as the � yer temperature increases, the penetration gouge initiates
sooner than the leading-edge gouge. Because the size of a gouge
increases with time, the size of multiple gouges with respect to
each other depends on when they initiate. In the case of the 2500 K
� yer, the leading-edgegouge is delayedenoughthat the penetration-
induced gouge is always larger. Figure 11 shows fully developed
double gouges at 2500 K, where the leeward gouge, having been
the � rst initiated, is larger than the leading gouge. In this � gure the
y direction is magni� ed to show gouge detail, and the white areas
are voids that have opened between the materials. But at 1500 K
the two gouges initiate at similar times and develop at similar rates.
This double gouging is shown at 6 ¹s in Fig. 12, also magni� ed in
the y direction.

Gouging can be described as a surface layer mixing of the two
materials.Although � uidlike motion and � uid mixing can be seen at
low temperatures, it becomes more pronounced as the temperature
is increased. Figure 13 shows details of the � yer/target mixing at
1500 K caused by a double gouge.

Fig. 11 Double gouges in 2500 K � yer at 23.0 ¹s.

Fig. 12 Double gouge formation in 1500 K � yer at 6.0 ¹s.

Fig. 13 Material mixing for 1500 K � yer at 10 ¹s.
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Fig. 14 Pressure pro� le at 4.5 ¹s for � yer initially at 298 K (left) and
1000 K (right).

Figure 14 shows a comparison of pressure pro� les between the
298 K case and 1000 K case at 8.0 ¹s. At 298 K the high-pressure
region is smaller in size, but at about 8 GPa (1160 ksi) it is of
a slightly higher magnitude than the 1000 K case. It can also be
seen that the higher-temperaturecase has a larger gouge. An inter-
esting point is that the higher temperature has the effect of accel-
erating the growth of the gouge. At 5.0 ¹s the lower-temperature
gouge will have a similar size and shape and will be just start-
ing � yer jet formation as the 1000 K sample has at 4.5 ¹s as
in Fig. 15.

The resulting temperature at 4.5 ¹s for both the 298 and 1000 K
cases is shown in Fig. 16. In the 298 K case all heating is caused by
shock and strain heating. In the 1000 K case, although the � yer is at
an elevated temperature,the maximum temperatureis similar to that
for the 298 K case, about 1500 K (2240 ±F). Higher temperatures
lower the yield stress of the materials, leading to less resistance
to gouging. While the room temperature gouge has reached higher
temperatures contributing to weakening of the material, the heated
� yer provides a jump-start to reaching higher temperatures, leading
toward similar behavior and deformation as the unheated case, but
at an earlier time.

The effect of the � yer temperature on yield stress can be seen in
Fig. 17. Here, the yield stress of the materials at 4.5 ¹s is shown at
both 298 and 1000 K. The materials generally have a higher than
normal yield stress because they have been work hardened by the
initial plastic stress wave and deformation in the interaction region.

Fig. 15 Material plots for 298 K � yer at 5.0 ¹s (left) and 1000 K � yer
at 4.5 ¹s (right).

Althoughvery little differenceis seen in the target, the yield stressof
the � yer is decreased overall because of the increased temperature,
as expected.

Clearly, elevated � yer temperatures affect the onset and sub-
sequent developmentof gouging. Even as low as 500 K, the higher
temperature aids in the initiation of gouges and accelerates their
growth. Above 1500 K growth is further accelerated; however, ini-
tiation is delayed.

Flyer Temperature Pro� les and Elevated
Target Temperature

To improve upon the sophistication of the temperature environ-
ment, a time-dependent � yer temperature pro� le has also been im-
plemented as described earlier. With a 500 K source temperature
there is very little difference between the three cases of uniform
� yer, time-dependent� yer pro� le, and � yer pro� le with target tem-
perature, as shown in Fig. 18. At 1000 K there is also no change,
and at 1500 and 2000 K results for all three cases are still very
similar. This indicates that the use of a temperature pro� le does not
affectgougedevelopmentbelow2000K and that only the conditions
within 0.1 cm of the surface signi� cantly affect the gouge. But these
results also show that the target temperature, con� ned to within
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Fig. 16 Temperature pro� le at 4.5 ¹s for � yer initially at 298 K (left)
and 1000 K (right).

0.005 cm of the surface, did not have any effect. Either the layer
was too thin to in� uence events, or altering the target at this point
does not change anything. Gouging involves interaction and mix-
ing between two materials. Because gouging is dependent on the
plasticity of both materials, if one material has conditions or prop-
erties that prevent it from participatingin gouging gouging will not
occur, even if the other material has conditions or properties that
allow it to gouge. In this case it might be that the � yer is the mate-
rial most resistant to gouging, and so creating conditions that make
the target more susceptible (such as heating it) makes little or no
difference.

At 2500 K the situation changes, and all three temperature envi-
ronments produced different results. Using the temperature pro� le
in the � yer caused gouging to initiate a microsecondsooner that the
uniform � yer, as shown in Fig. 19. This temperature is above the
melting point of both the � yer and target materials. In the uniform
temperaturecase the � yer material is completelymelted. In the case
of the � yer pro� le, only the surface is melted, whereas the interior
is still solid.

Using the � yer pro� le in conjunction with the target temper-
ature resulted in immediate gouging. This is primarily because
at 2500 K the pressure in the target is so great that it causes
the target to rise upward so much and so rapidly that the � yer
impacts this part of the target horizontally sooner than horizon-
tal impact would have developed as a result of target surface
penetration.

Fig. 17 Yield stress at 4.5 ¹s for� yer initiallyat 298K (left) and 1000K
(right).

Fig. 18 Maximum gouge depth vs time for 500 K source temperature.

Fig. 19 Maximum gouge depth vs time for different thermal enviorn-
ments with a 2500 K source strength.
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Conclusions
The initial temperature state of a � yer/target system in a sliding

impact scenario has been determined analyticallyand implemented
as an initial condition to a numericalgougingsimulation.The initial
temperature pro� les are highly dependent on assumptions made
about the heat source. Based on the constitutive equations used, it
is expected that the yield stress will be decreased, and this is likely
to increase the tendency to gouge.

Successful modeling of gouging should include modeling the
temperature environment, as the � yer temperature has proven to
have a signi� cant affect on the material yield stress and its resis-
tance to gouging. As the � yer temperature increases above ambient
temperature,the tendency is that gouginginitiates soonerand grows
faster during an oblique impact, until the temperaturesapproach the
melting temperature, where the onset of gouging begins to get de-
layed. Higher temperatures lower the yield stress of the materials,
leading to less resistance to gouging. Even as low as 500 K, the
higher temperature aids in the initiation of gouges and accelerates
their growth.Detail of the temperatureenvironmenthas proven to be
not as important. Inclusionof a thermalpro� le or target temperature
did not signi� cantly in� uence events until the source temperature
was above the melting temperature.

Elevated temperatures affect the mechanism of gouge initiation.
At room temperature the gouge develops at a location based on
the small target hump initially at the leading edge of the � yer. At
high temperatures however, multiple gouges are observed, some
of which develop away from the leading edge at a point where
� yer penetration caused by the vertical component of impact is the
greatest.At the temperaturesstudiedbetween 298 and 2500 K, both
thesemechanismsare present.At the start time thesephenomenaare
colocated near the leading edge. The leading-edge instigated inter-
action always moves along the target at the same speed independent
of temperature. At lower temperatures the penetration interaction
moves at the same speed, and the two phenomena occur together.
At higher temperatures, however, the penetration interaction tends
to move along the target more slowly, physicallyseparating the two
mechanisms. The higher temperatures hinder the initiation of the
leading-edge gouge, whereas initiation of the penetration gouge is
acceleratedby it, exceptfor the2500K case,which is abovethemelt-
ing point of the � yer,where the initiationof both gougesare delayed.
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