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Gouging—an obstacle to the development of hypersonic rocket sled test techniques—was mechanistically investigated through
experimental and theoretical analyses. Typical gouges were analyzed using macroscopic and microscopic experiments to in-
vestigate the evolution of gouging. Quasistatic compression and Hopkinson bar experiments were performed to systematically
study the thermoviscoplastic properties of U71Mn rail steel under wide ranges of the strain rate and temperature. �e critical
condition for gouging was derived based on a thermoviscoplastic constitutive model supplemented by a three-variable criterion
for an adiabatic shear instability. �e results showed the following. (1) Adiabatic shear bands (ASBs) form when stress reduction
under the combined action of frictional heating and high-speed deformation exceeds the strain-hardening e�ect of the rail
material. (2) �e nonuniform deformation of the edges of ASBs leads to the generation of cracks that split the rail surface. As the
ASBs expand, the cracks grow and coalesce, eventually causing the material to peel o�, forming gouges. (3) �e relationships
among the temperature, strain rate, and strain at the onset of gouging can be determined based on the critical condition for the
formation of ASBs in rail steel.

1. Introduction

Rocket sled tests are a type of ground method for testing
products during the whole ballistic process (including
launch, �ight, and impact) to evaluate whether factors such
as their structural reliability and performance meet the
design objectives. Speci�cally, in a rocket sled test, a product
is examined in a simulated environment with the sameMach
and Reynolds numbers as those in a real dynamic �ight
environment, where it is propelled by a rocket engine at a
high velocity on a speci�cally constructed high-precision rail
[1]. Figure 1(a) shows a photograph of a standby rocket sled
waiting to be launched on a rail. Slippers are an important
component of a sled that wraps around the rail head to
enable rail travel at high velocities. To ensure smoothmotion
along a rail, a gap is left between the slippers and the rail, as
shown in Figure 1(b). As a result, the sled is not always in
contact with the rail and can �y in a free state and impact the
rail at a well-de�ned frequency.

When the traveling velocity of a rocket sled approaches
the hypersonic velocity, “raindrop”- or “spindle”-shaped
gouges sometimes appear on the surface of the rail in contact
with the slippers of the sled. �is phenomenon �rst began to
garner attention during rocket sled tests conducted in the
United States in 1968 and was subsequently referred to as
gouging [3, 4]. �e occurrence of gouging sharply deteri-
orates the mechanical environment and, in severe cases, can
even lead to rail fracture and the failure of a rocket sled test.
�erefore, gouging signi�cantly impedes velocity increases
in rocket sled tests and has become a key issue facing the
development of hypersonic rocket sled techniques that must
urgently be addressed [5–7].

�rough a metallographic examination of the gouges
formed on a rocket sled rail made of AISI 1080 steel, Gerstle
found that gouging is a thermomechanical event with sharp
temperature changes accompanied by a phase change in the
rail material [8]. Barber and Bauer found that when the
traveling velocity of a sled reaches a certain value, the stress
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formed from the impact of its slippers on the rail exceeds the
limit strength of the rail material, thereby inducing gouging
[9]. .ey defined the critical velocity at the onset of gouging
as the “gouging threshold velocity.” Mixon statistically
analyzed data (e.g., sled velocities at the onset of gouging as
well as the locations, quantities, and sizes of gouges) ob-
tained from different rocket sled tests and, on this basis,
inferred that the traveling velocity of the rocket sled, rail
surface roughness, frictional heat, and impact force are the
principal factors that induce gouging [10]. Using numerical
analysis methods, Tachau et al. studied gouging in rocket
sled rails, analyzed the causes and development of gouging,
and put forward methods to mitigate gouging from material
and structural perspectives [5, 6, 11–13].

.e formation of adiabatic shear bands (ASBs) is con-
sidered one of the most important failure mechanisms of
materials under impact loading [14–16]. An ASB typically
forms under the action of a very large shear strain (100–102),
which occurs in an almost flat narrow region (100–102μm) of
the material over a very short time (100–102μs) and is ac-
companied by severe local temperature rises (that can be as
high as 103 K) [17, 18]. Several scholars have studied the ASB
from the perspective of continuummechanics and proposed
different adiabatic shear instability criteria. In the mid-
1950s, Zener attributed the formation of ASBs to a ther-
moplastic instability that occurs locally in a material when
the thermal softening effect exceeds strain- and strain-rate-
hardening effects [19]. .is concept quickly became a cri-
terion for the initiation of adiabatic shear. In 1964, Recht
noted that a local adiabatic shear instability occurs when the
strain rate exceeds a critical value, which was used to es-
tablish a critical strain-rate criterion for adiabatic shear [20].
In 1973, Culver established a critical strain criterion [21].
However, both the strain rate and strain criteria are single-
variable criteria that fail to comprehensively account for the
effects of the temperature, strain, and strain rate on the
critical condition for adiabatic shear. In 1987, Xu noted that
the critical condition for adiabatic shear at a given ambient
temperature depends on both the strain and strain rate [22].
Xu also studied the thermoviscoplastic properties and adi-
abatic shear deformation of a titanium alloy at high strain
rates and correspondingly established a two-variable crite-
rion that includes two critical control quantities, namely, the
strain and strain rate. On this basis, in 1989, Bao

incorporated the variation in the ambient temperature to
derive a three-variable criterion that depends simultaneously
on the strain, strain rate, and ambient temperature. .e use
of this criterion produced theoretical predictions in good
agreement with experimental results [23].

An in-depth analysis of the conditions under which
gouging occurs in a hypersonic rocket sled test was per-
formed in this study: instead of only performing a phe-
nomenological analysis and numerical simulation, gouges
found on a rail made of U71Mn steel after a hypersonic
rocket sled test were analyzed using macroscopic and mi-
croscopic methods to determine the evolution process for
gouging. .en, quasistatic compression and Hopkinson bar
experiments were performed to systematically investigate
the dynamic mechanical properties of U71Mn rail steel over
wide ranges of strain rates (0.0005 s−1–8000 s−1) and tem-
peratures (25°C–800°C). On this basis, a thermoviscoplastic
constitutive model was established and subsequently used in
combination with a three-variable criterion for adiabatic
shear instability to derive the critical condition for the oc-
currence of gouging in a U71Mn rail. It is hoped that the
results of this study can provide a theoretical basis for future
investigations on methods to mitigate gouging and, thereby,
to promote the development of hypersonic rocket sled test
techniques.

2. Macroscopic and Microscopic
Analysis of Gouges

A hypersonic rocket sled test was conducted on a U71Mn
rail. .e slippers of the sled were produced using
30CrMnSiNi2A steel. Gouging occurred when the traveling
velocity of the sled reached 1740m/s. After the test, multiple
gouges were discovered on the rail. .ese gouges were
subsequently analyzed from macroscopic and microscopic
perspectives to shed light on the initiation and evolution of
gouging. Table 1 summarizes the chemical composition of
U71Mn rail steel. .e average hardness of the rail was 291
Brinell hardness (HBW).

2.1. Macroscopic Analysis of the Gouges. Figure 2 shows the
morphology of two typical gouges. .e gouges in
Figures 2(a) and 2(b) are referred to as Gouges 1 and 2,

Product

SlipperRail

Rocket

(a)

Slipper

Rail

(b)

Figure 1: Rocket sled test system [2]. (a) A rocket sled waiting to be launched. (b) Mode of connection between a slipper and a rail.
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respectively. Gouge 1 formed on the top surface of the rail,
and Gouge 2 formed at the junction of the top and lateral
surfaces of the rail. .e dimensions of the two gouges were
approximately 150mm× 26mm× 1.5mm and
196mm× 13.5mm× 1.8mm.

.ese two gouges displayed a similar “raindrop” shape.
Gouging occurred at the sharp tip and ended at the arc tail.
Clear scratches were visible at the starting point of each
gouge. .e surface of each gouge was uneven and contained
traces of the melted metal. .e arc-shaped tail of each gouge
rolled up because of an accumulation of melts. A macro-
scopic analysis revealed that the gouges were induced by the
impact of the slippers on the steel rail during high-velocity
flight and that the evolution of gouging was accompanied by
a sharp increase in the temperature.

2.2. Microscopic Analysis of the Gouges. .e initiation of
gouging involves high-velocity, high-pressure, and high-
temperature complex actions. Consequently, it is difficult
to find suitable mechanical parameters to describe this
phenomenon. .erefore, studying the microstructure
surrounding the gouges has become an important means
to investigate the evolution process of gouging.

.ree samples (denoted as Samples 1–1, 1–2, and 1–3)
were prepared from Gouge 1 to analyze the metallo-
graphic structure. Figure 2(a) shows the sampling sites.
Samples 1–1, 1–2, and 1–3 were taken from the starting
location of the gouge, the widest part of the gouge, and the
location where the friction between the slipper and the rail
continued after gouging stopped, respectively. Sample 1–2
was first subjected to a transverse metallographic exam-
ination, after which it was transected and then subjected
to a longitudinal metallographic observation (the trans-
verse and longitudinal directions refer to the directions
perpendicular and parallel to the traveling direction of the
sled, respectively).

An analysis of Figure 3 shows that a bright white
structural layer (BWSL) formed on the metallographic
surfaces of Samples 1–1, 1–2, and 1–3. However, the BWSL
on the surfaces of Samples 1–1 and 1–3 was thinner than that
on the surface of Sample 1-2. In addition, the pearlite and
ferrite underneath the BWSL in Samples 1–1 and 1–3 did not
undergo notable plastic deformation, whereas a 338.55 μm-
thick plastic deformation layer formed beneath the BWSL in
Sample 1-2.

3. Investigation of the Thermoviscoplastic
Properties of U71Mn Rail Steel

Gouging is a complex process of material failure that de-
pends on factors such as high temperatures and high strain
rates. .e flow stress response of U71Mn rail steel is highly
sensitive to temperature and strain rate. .erefore, ther-
moviscoplastic analysis of U71Mn rail steel is a prerequisite
for studying gouging in U71Mn rails [24]. Owing to its
simple form and clearly defined parameters, the Johnson-
Cook constitutive model is often used to describe the
thermoviscoplastic behavior of materials [25–27]. Quasi-
static compression and Hopkinson bar experiments were
performed to determine the mechanical properties of
U71Mn rail steel. Quasistatic compression experiments at
room temperature were carried out according to standard
GB/T 7314-2017, and Hopkinson bar experiments at room
temperature were carried out according to standard GB/T
34108-2017. At present, there are neither high-temperature
quasistatic compression experiment standards nor high-
temperature Hopkinson bar experiment standards. Since the
quasistatic compression experiment at room temperature
and the high-temperature quasistatic compression experi-
ment are very similar, this paper still refers to standard GB/T
7314-2017 when carrying out the high-temperature quasi-
static compression experiment. .e high-temperature

Table 1: Chemical composition of U71Mn rail steel (wt. %).

C Si Mn P S
Measured 0.726 0.231 1.296 0.018 0.005
YB/T 5055-2014 0.65∼0.76 0.15∼0.58 0.70∼1.40 ≤0.035 ≤0.030

Direction of travel

1-1
1-2 1-3

(a)

Direction of travel

(b)

Figure 2: Morphology of typical gouges. (a) A gouge formed at the top rail surface. (b) A gouge formed at an edge of the rail.
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Hopkinson bar experiment involves synchronically assem-
bled technology. When carrying out the high-temperature
Hopkinson bar experiment, the experimental technology
described in the literature [28] was referred to. On this basis,
a Johnson-Cook constitutive model for U71Mn rail steel was
established.

An LVF 100-1000 HH electrohydraulic servo universal
material testing machine was used to perform quasistatic
compression experiments on U71Mn rail steel at various
strain rates (0.0005 s−1, 0.01 s−1, and 0.1 s−1) and tempera-
tures (25°C, 200°C, 400°C, 600°C, and 800°C). .e testing
machine was capable of providing a load of ±100 kN and was
equipped with an actuator with a stroke of ±75mm. Cy-
lindrical test samples with a size of ∅5mm× 5mm were
prepared. .e displacement–loading mode was used.

U71Mn rail steel was subjected to dynamic compression
experiments on a split Hopkinson bar system at high strain
rates (800 s−1, 3000 s−1, and 10000 s−1) and temperatures
(25°C, 200°C, 400°C, 600°C, and 800°C). Experiments were
conducted on three samples for each set of conditions.
Cylindrical test samples with dimensions of ∅5mm× 5mm
were prepared at 800 s−1 and 3000 s−1 strain rates, and cy-
lindrical test samples with dimensions of ∅2mm× 2mm

were prepared at a 10000 s−1 strain rate. Under different
strain rate conditions, different dimensions were produced
for the incident, transmission, and impact bars used in the
split Hopkinson bar system. .e specific dimensions are
shown in Table 2.

Within one-dimensional elastic wave propagation the-
ory, the strain rate _ε(t), strain ε(t) and stress σ(t) of a sample
can be expressed as follows:

_ε(t) � −
2C0

ls
εR,

ε(t) � −
2C0

ls


t

0
εRdt

σ(t) �
A0

As

EεT,

, (1)

where A0 is the cross-sectional area of the bar, E is the elastic
modulus of the bar, C0 �

���
E/ρ


(where ρ is the density of the

compression bar) is the velocity of elastic longitudinal waves
in the bar, As is the initial cross-sectional area of the sample,

100µm

(a)

100µm

(b)

50µm

Direction of travel

338.55µm

(c)

100µm

(d)

Figure 3: Metallographic structure of Samples 1–1, 1–2, and 1–3. (a) Sample 1–1. (b) Transverse ground surface of Samples 1–2. (c)
Longitudinal ground surface of Samples 1–2. (d) Samples 1–3.
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ls is the initial length of the sample, and εT and εR are the
strains due to the transmitted and reflected waves at the end
of the sample, respectively.

3.1. Effects of the Strain Rate on the Flow Stress. Figure 4
shows the true stress-strain curves of U71Mn rail steel at the
experimental temperatures of 25°C, 200°C, 400°C, 600°C, and
800°C and different strain rates. Figure 5 shows the effects of
the strain rate on the flow stress of U71Mn rail steel at ε� 0.1.
.e determined impact of the strain rates on flow stress is
approximated at other strain values. Figure 4 shows that
when U71Mn rail steel is subjected to quasistatic com-
pression, the flow response of the material is only sensitive to
the strain rate at the experimental temperatures of 600°C and
800°C. When U71Mn rail steel is subjected to dynamic
compression, the specimen deforms but is not damaged.
.erefore, the drop in the stress-strain curves corresponding
to the 800 s−1, 3000 s−1, and 10000 s−1 strain rates indicates
unloading and not fracture. At the experimental tempera-
tures of 25°C, 600°C, and 800°C, the flow stress approxi-
mately increases with the strain rate. However, at
experimental temperatures of 200°C and 400°C, the flow
stress at a strain rate of 10000 s−1 is less than the flow stress at
a strain rate of 3000 s−1.

Sample 1–1 was taken from the starting point of the
sharp tip of the gouge, where slight gouging occurred.
Sample 1–3 were taken from an area where no gouging
occurred but where notable traces of friction were visible.
.erefore, compared to Sample 1–2, which was taken
from a severely gouged area, Samples 1–1 and 1–3 were
only mildly impacted by the slipper. From this analysis, it
can be inferred that the impact or frictional action of the
slipper on the rail was the cause of the formation of a
BWSL and that the thickness of the BWSL was related to
the intensity of the interaction between the slipper and the
rail.

When a slipper slides at a high velocity on or violently
impacts a steel rail in a cold state, the heat generated from the
sliding friction or impact causes a sharp increase in the local
surface temperature of the steel rail, which in turn causes the
pearlite to transform into austenite. However, as a result of
the rapid heat transfer through the steel rail itself, the
austenitized structure is quenched and therefore transforms
into a martensitic structure. High hardness is a main
characteristic of martensitic structures. To more accurately
determine whether the BWSLs on the surface were mar-
tensitic in nature, a micro-Vickers hardness tester was used
to measure the hardness of the bright white surface struc-
tures and matrix structures. .e average hardness values for
the bright white surface structures and matrix structures

were found to be 805 and 286 HV0.3, respectively. Based on
these hardness measurements, the bright white surface
structures can be further determined to be martensitic.

ASBs at an angle of approximately 45° to the direction
opposite to the traveling direction of the sled can be
observed in the metallographic image of the longitudinal
ground surface of Sample 1–2 (Figure 3(c)). .ese ASBs
were phase-change shear bands with a width that tended
to be uniform and undisturbed. .e morphology of the
original structure could no longer be distinguished at the
center of the ASBs. In addition, elongated pearlite and
ferrite grains surround the ASBs, whereas both the strain
rate and the increase in the temperature were very high.
As the matrix surrounding the ASBs underwent a small
deformation and had a low temperature, the edges of the
ASBs underwent uncoordinated deformation and were
highly susceptible to microcracking, as shown in the
metallographic image of the transverse ground surface of
Sample 1–2 in Figure 3(b). .e cracks divided the surface
of the rail and propagated and grew as the ASBs extended,
eventually causing the surface material to fall off con-
tinuously, creating gouges.

3.2. Effects of the Temperature on the Flow Stress. Figure 6
shows the true stress-strain curves of U71Mn rail steel at
strain rates of 0.0005 s−1, 0.01 s−1, 0.1 s−1, 800 s−1, 3000 s−1,
and 10000 s−1 and different experimental temperatures.
Specifically, as the experimental temperature increased, the
flow stress decreased rapidly, i.e., U71Mn rail steel displayed
strong thermal softening. However, at strain rates of
0.0005 s−1, 0.01 s−1, and 0.1 s−1, the stress-strain curves of
U71Mn rail steel at 400°C did not decrease as expected.
Instead, a large part of or the entire stress-strain curves
exceeded the stress-strain curves at 25°C and 200°C. .is
phenomenon resulted from a third type of strain aging of the
material. To intuitively analyze the third type of strain aging
phenomenon, the stress-strain curves at different temper-
atures are converted into the curves of flow stress as a
function of temperature, as shown in Figure 7. .e flow
stress peaks at strain rates of 0.0005 s−1, 0.01 s−1, and 0.1 s−1

all appear at 400°C. However, as the strain rate increases, the
peak stress gradually decreases.

To study the causes of the third type of strain aging
phenomenon of U71Mn rail steel at high temperature, the
microstructure of the samples after the quasistatic com-
pression experiment at a strain rate of 0.0005 s−1 was ob-
served. .e optical microstructure of U71Mn rail steel,
shown in Figure 8, is mainly flaky pearlite and sorbite.
Figure 8 indicates that with the increase in the experimental
temperature, the pearlite is deformed, fractured and refined

Table 2: Specifications for split Hopkinson bar system device.

Strain rate (s−1)
Incident bar Transmission bar Impact bar

Diameter (mm) Length (mm) Diameter (mm) Length (mm) Diameter (mm) Length (mm)
800 19 1200 19 1100 15 250
3000 19 1200 19 1100 19 150
10,000 5 400 5 400 5 80
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Figure 4: True stress-strain curves of U71Mn rail steel at different temperatures. (a) Experimental temperature: 25°C. (b) Experimental
temperature: 200°C. (c) Experimental temperature: 400°C. (d) Experimental temperature: 600°C. (e) Experimental temperature: 800°C.
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after the sample is compressed; its lamellar spacing gradually
becomes smaller, and it gradually becomes a fibrous
structure. When the experimental temperature reached
400°C, the flaky pearlite was broken and dissolved into the
matrix in a granular form, which enhanced the strength of
the matrix and hindered the dislocation movement of the
U71Mn rail steel. .erefore, in a certain temperature range,
the flow stress of U71Mn rail steel does not decrease but
rather increases with the increase in temperature.

3.3. Development of a Johnson-Cook Constitutive Model.
.e Johnson-Cook constitutive equation is an empirical
model that accounts for the effects of the strain rate, strain,
and temperature on the plastic flow stress and is given as
follows:

τ � A + Bc
n

(  1 + C ln _c
∗

(  1 − T
∗m

( , (2)

where c is the equivalent plastic strain; _c∗ � _c/ _c0 ( _c is the
equivalent plastic strain rate, and _c0 is the reference strain
rate and is set to 1 in this study);T∗ � (T − Tr)/(Tm − Tr) (T
is the current temperature, Tr is the reference temperature
and is set to room temperature, i.e., 25°C in this study, and
Tm is the melting point of the material and is set to 1469°C in
this study);A is the initial yield stress; B and n are parameters
used to account for the strain-hardening effect; C is a pa-
rameter used to account for the strain-rate effect; and m is a
parameter used to account for the temperature-softening
effect.

First, the parameters in the first term (i.e., A, B, and n) of
the Johnson-Cook constitutive model are determined by
fitting the true stress–strain curve of U71Mn rail steel at a
temperature of 25°C and a strain rate of 0.0005 s−1 obtained
from the quasistatic compression experiments (Figure 5):

τ � A + Bc
n

− NY, USAes: (d). (3)

Setting T to 25°C (i.e., T � Tr) simplifies the Johnson-
Cook constitutive model to.

τ � A + Bc
n

(  1 + Cln _c
∗

( . (4)

.e parameter C is determined by fitting the true stress-
strain curves of U71Mn rail steel at an experimental tem-
perature of 25°C and different strain rates.

Once the parameters A, B, n, and C have been deter-
mined, the parameter m can be expressed as follows:

m �
ln 1 − τ/ A + Bc

n
(  1 + Cln _c

∗
(  

lnT
∗ . (5)

.e parameter m can then be determined by fitting the
true stress-strain curves of U71Mn rail steel at a constant
strain rate and different temperatures.

.e above fitting procedure was employed to yield a
preliminary value for each parameter in the Johnson-Cook
constitutive model for U71Mn rail steel. On this basis, the
method of least squares was used to further optimize the
values of the parameters of the model. Table 3 summarizes
the final values of the parameters in the Johnson-Cook
constitutive model for U71Mn rail steel.

4. Analysis of the Critical Condition for the
Initiation of Gouging

Macroscopic and microscopic analyses showed that the
gouges that occurred during the hypersonic rocket sled tests
were caused by the adiabatic shear instability. .erefore,
studying the adiabatic shear instability criteria for rail steels
is very important for understanding the initiation and
evolution of gouging.

Assuming that the shear stress τ of a material is a general
function of the shear strain c, strain rate _c, and temperature
T, the critical condition for adiabatic shear can be expressed
as follows:

dτ
dc

�
zτ
zc

+
zτ
z _c

d _c

dc
+

zτ
zT

dT

dc
. (6)

.e plastic work W done by external forces during the
deformation of a material is expressed as follows:

W � 
c

0
τ dc. (7)

Under high-velocity impact, the heat generated in a
material due to plastic deformation is unable to diffuse
rapidly to the surrounding environment within a short
period of time, resulting in an increase in the local tem-
perature of the material. Denoting the plastic work-to-heat
conversion coefficient by η yields.

ηW ≈ Q. (8)

where Q is the heat generated when the material undergoes
plastic deformation.

Plastic work is related to the adiabatic temperature in-
crease at a high strain rate through the following equation:
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Figure 5: Effects of the strain rate on the flow stress of U71Mn rail
steel at ε� 0.1.
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Figure 6: True stress-strain curves of U71Mn rail steel for different strain rates. (a) Strain rate: 0.0005 s−1. (b) Strain rate: 0.01 s−1. (c) Strain
rate: 0.1 s−1. (d) Strain rate: 800 s−1. (e) Strain rate: 3000 s−1. (f ) Strain rate: 10000 s−1.
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η
c

0
τ dc � ρCvΔT, (9)

where ρ and Cv are the density and constant-volume specific
heat capacity of the material, respectively.

.en,

∆T �
η

ρCv


c

0
τ dc. (10)

.erefore, the adiabatic condition dT/dc can be
expressed as follows:

dT

dc
�
ητ(c, _c, T)

ρCv

. (11)

.e Johnson-Cook constitutive equation is used to de-
rive the critical condition for adiabatic shear in U71Mn rail
steel. zτ/zc, zτ/z _c, and zτ/zT are given below:

zτ
zc

� nBc
n− 1 1 + C ln _c

∗
(  1 − T

∗m
( , (12)

zτ
z _c

�
C

_c
A + Bc

n
(  1 − T

∗m
( , (13)

zτ
zT

� −m
T
∗m− 1

Tm − Tr

A + Bc
n

(  1 + C ln _c
∗

( . (14)

During gouging, the strain rate depends collectively on
the line-of-flight and vertical velocities of the sled when the
slippers impact the rail. Relevant research shows that the
vertical velocity of a sled does not exceed 3m/s. .erefore,
compared to the line-of-flight velocity, the effects of the
vertical velocity on the strain rate are negligible. During a
rocket sled test, the rocket engine is in operating mode and

continuously provides a thrust throughout the slipper-rail
interaction, and the impact of the slippers of the sled on the
rail is an instantaneous process. .erefore, the line-of-flight
velocity of the sled can be considered constant. In other
words, the strain rate can be assumed to be constant. .en,
zτ/z _c � 0. .erefore, equation (6) can be simplified to.

dτ
dc

�
zτ
zc

+
zτ
zT

dT

dc
� 0. (15)

Substituting equations (11) and (12), (14) into equation
(15) yields.

1 + C ln _c
∗

(  nBc
n− 1 1 − T

∗m
(  −

mη A + Bc
n

( T
∗m− 1τ(c, _c, T)

ρCv Tm − Tr( 
  � 0.

(16)

.e strain rate is greater than 1 during the slipper-rail
interaction. .erefore, 1 + C ln _c∗ > 0. .en, equation (16)
can be simplified to.

nBc
n− 1

A + Bc
n

( 
2 −

mη 1 + C ln _c
∗

(  T − Tr( 
m− 1

ρCv Tm − Tr( 
� 0. (17)

Equation (17) is an algebraic equation with three
variables, namely, the strain c, strain rate _c, and ambient
temperature T, that represents a curved surface in a three-
dimensional space with c, _c, and T as the coordinate axes.
Substituting the values of ρ (7800 kg/m3) and Cv

(500 J/(kg·K)) of U71Mn rail steel, as well as η (1) cor-
responding to a high-velocity impact of slippers on
U71Mn rails, into equation (18) yields the critical con-
dition for gouging in U71Mn rails under impact by the
slippers of a rocket sled during a hypersonic test, as shown
in Figure 9.

Due to the considerable frictional and aerodynamic
heat generated due to the slipper-rail interaction, there is
an increase in the temperature of the slippers and the rail
surface in local areas prior to gouging. According to
Briggs, when a sled travels at a velocity of ≤6Ma, the
effects of aerodynamic heat in the slipper-rail gap are
negligible relative to the frictional heat at the slipper-rail
interface [29]. .erefore, based on the basic equation of
heat transfer (equation (18)), the temperature increase
due to slipper-rail friction can be numerically simulated to
calculate the surface temperature of the rail at the onset of
gouging:

ρCv

zT

zt
�

z

zx
λx

zT

zx
  +

z

zy
λy

zT

zy
  +

z

zz
λz

zT

zz
  + ρQT,

(18)

where QT is the intensity of the internal heat source in the
object (unit: W∙kg− 1) and λx, λy, and λz are the heat transfer
coefficients of the material along the x-, y-, and z-directions,
respectively (unit: W·m−1°C−1).

Based on the boundary conditions for the hypersonic
rocket sled test considered in this study, the increase in the
surface temperature of the U71Mn rail due to frictional
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Figure 7: Effects of temperature on the flow stress of U71Mn rail
steel at ε� 0.1.
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heat when the traveling velocity of the sled reached
1740m/s (i.e., at the onset of gouging) was calculated.
Under this condition, the surface temperature of the rail

was found to be 560°C. .e cumulative strain required for
the initiation of gouging at a strain rate of 10000 s−1 was
found to be 0.388.

20 µm
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20 µm
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Figure 8: Microstructure of U71Mn rail steel at different experimental temperatures and a strain rate of 0.0005 s−1. (a) Experimental
temperature: 25°C. (b) Experimental temperature: 200°C. (c) Experimental temperature: 400°C (d) Experimental temperature: 600°C. (e)
Experimental temperature: 800°C.
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5. Conclusion

In this study, the macroscopic and microscopic morphol-
ogies of the gouges on a U71Mn rail after a hypersonic rocket
sled test were analyzed. Quasistatic compression and
Hopkinson bar experiments were performed to study the
thermoviscoplastic behavior of U71Mn rail steel. Based on a
three-variable criterion for adiabatic shear instability, the
critical condition for the initiation of gouging in U71Mn
rails was derived. .e following conclusions can be drawn
from this study:

(1) .e high-velocity impact of the slippers on the rail
led to the formation of ASBs at an angle of ap-
proximately 45° with respect to the direction op-
posite to the traveling direction of the sled in the rail.
.e nonuniform deformation at the edges of these
ASBs resulted in crack initiation. As the ASBs ex-
tended, the cracks propagated and grew, thereby
separating the surface material of the rail into several
pieces. Upon crack coalescence, the surface material
of the rail fell off, eventually leading to the formation
of gouges.

(2) .e flow stress response of U71Mn rail steel is highly
sensitive to the temperature and strain rate. .e
experimental results show that the strain rate had
different effects on the flow stress of U71Mn rail steel
at different temperatures, that is, the flow stress of
U71Mn rail steel decreased rapidly as the experi-
mental temperature increased.

(3) .e increase in the temperature due to slipper-rail
friction can be numerically simulated using the basic
equation of heat transfer to calculate the rail surface

temperature. .en, based on the critical condition
for the formation of ASBs in U71Mn rails, the re-
lationship between strain rate and strain at the onset
of gouging can be determined.
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