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Abstract 

In the present study plate-impact pressure-shear friction experiments are 

conducted to study the phenomena of high-speed slip interfaces. By using a CH tool-

steel/Ti-6Al-4V tribo-pair and appropriate selection of the flyer and target plate 

thicknesses, the experiment has been effectively used to investigate the frictional 

response of sliding interfaces to sudden variations in slip velocity. During the transition 

form State1 to State 2, the unloading longitudinal wave reduces the normal pressure at 

the frictional interface from 1 = 1.3 GPa to 2 = 0.325 GPa in approximately 5-10 ns. 

The arrival of the unloading shear wave results in a change in the applied shear stress at 

the frictional interface while maintaining the same normal pressure. Thus, State 3 is an 

exclusive measure of the shear stress versus slip velocity relationship of the frictional 
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interface at constant normal pressure. A change in the applied shear stress at the interface 

results in a sharp drop in slip velocity, V3. Corresponding to this drop in slip velocity is 

an initial rapid decrease in the friction stress followed by a slow rise in friction stress to a 

new steady state level of 3. In order to describe the frictional memory effects of the 

transition from State 2 to State 3, a rate and state variable model based on Ruina-

Dieterich slip law (Dieterich, 1979; Ruina 1983) has been utilized. By using appropriate 

parameters, the model predictions are found to be in a good agreement with the 

experimental results.  

 

1.0 INTRODUCTION 

The frictional response of material interfaces subjected to variations in slip rate and 

normal stress are important in the characterization of slip weakening including dynamic 

rupture during earthquakes.  In order to explain laboratory observations on rock friction, 

Dieterich (1979) and Ruina (1983) introduced a rate and state variable constitutive law, 

known as Dieterich-Ruina law, to model variations in frictional resistance due to its 

dependence on slip-rate and on the evolving properties of the asperities in contact.  In 

this friction law, the dependence on the contact asperity population properties was 

represented as the evolution of a state variable or variables (Dieterich, 1979, 1981; Rice 

and Ruina, 1983; Ruina, 1983; Dieterich and Kilgore, 1994; Tullis, 1994; Dieterich and 

Kilgore, 1996; Marone, 1998).  

 The most general dependence of frictional strength   on normal stress   and 

sliding velocity V , can be written in the form 
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     , , ,F V V   , (1) 

 

where the curly brackets denote memory dependence. 

 

 The dependence of friction stress on sliding speed at low speeds of up to a few 

/mm s  and at constant normal stress is well studied for a range of materials.  A 

logarithmic dependence of friction stress on sliding speeds is seen, that is generally 

attributed to thermally activated creep at asperity contacts.  Furthermore the experiments 

show a positive instantaneous dependence on velocity in this range of sliding velocities, 

i.e. / 0F V   . The dependence of friction, at constant normal stress, on the sliding 

velocity is often written empirically in the form 

 

    * * *ln / ln /a V V b V L      , (2) 

 

where *  and *V  are reference values;   is a state variable that describes the evolution of 

the sliding surface; and  a , b  and L  are material parameters. From the aforementioned 

positivity of the instantaneous dependence on sliding velocity it follows that 0.a    The 

term  *ln /V V  is generally attributed to thermally activated creep at the asperity contacts 

(Heslot et al., 1994, Chester, 1994, Baumberger, 1997, Sleep, 1997, Baumberger et al., 

1999, Lapusta et al., 2000). It has been observed that a and b are generally of order 0.02 

to 0.04 of *  for a wide range of materials, and a b  is of the order 0.01.   
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 Based on the work of Dieterich (1979), Ruina (1983) introduced two widely used 

empirical laws for the evolution of the state variable.  In one form, called the Dieterich-

Ruina ageing (or slowness) law, the state variable is interpreted as an effective time of 

contact of surface asperities.  State evolution by this law is described by the equation 

 

 1-V /L  . (3) 

 

An important feature of this law is that friction evolves logarithmically with time even 

under stationary contact  0V  .  Hence it is called the ageing law.  Another widely used 

state evolution law, referred to as the Ruina-Dieterich slip law is given by 

 

    / lnV L V /L     (4) 

 

Here, state evolves only during slip, i.e. 0V  .   

 

 Earthquake ruptures, however, involve sliding speeds three orders higher than 

those studied in the past.  The form of the velocity dependence at such higher sliding 

speeds is not currently well understood.  In this paper, we will make an attempt towards 

the description of the velocity dependence of friction at such high speeds.  In view of 

this, in the present study plate-impact pressure-shear experiments are conducted to study 

the phenomena of high-speed slip interfaces. By using a CH tool-steel/Ti-6Al-4V tribo-

pair and appropriate selection of the flyer and target plate thicknesses, the experiment has 

been effectively used to investigate the frictional response of sliding interfaces to sudden 
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changes in applied shear stress. The unloading shear wave results in a change in the 

applied shear stress at the frictional interface while maintaining the same normal pressure, 

and thus allows the study of frictional memory effects due to slip rate variation. By using 

Ruina-Dieterich slip law (Dieterich, 1979; Ruina 1983), appropriate parameters that 

describe the memory effects of slip rate are characterized. 

 

2.0  PLATE IMPACT PRESSURE SHEAR FRICTION EXPERIMENT 

2.1 Experimental Configuration 

 

The schematic of the plate impact pressure-shear friction experiment is shown in Fig. 

1. The experiment involves the impact of a flyer plate mounted on a projectile with a 

stationary target plate. Impact takes place at an angle  relative to the direction of 

approach, while the impacting plates are flat and parallel. This results in pressure-shear 

loading at the flyer-target (tribo-pair) interface. During the experiment the impact 

velocity, and the normal and transverse particle velocity history of the free surface of the 

target plate are measured by laser interferometry.  These measurements are used to infer 

the normal and shear tractions, slip speed, and slip distance at the frictional interface.  

 

In the pressure-shear friction experiments reported here, the impact velocity and the 

skew angle of the projectile are controlled such that the flyer and target plates remain 

elastic during impact.  Also, all measurements of the normal and transverse components 

of particle velocity at the rear surface of the target plate are made before the arrival of the 

unloading waves at the monitoring point.  In view of this, during the time interval of 

interest, the impacting plates can be considered to be essentially infinite in their spatial 
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dimensions and the tribo-pair to be modeled as a semi-infinite half plane sliding on 

another semi-infinite half-plane.  This simplification in the tribo-pair geometry allows 

one-dimensional elastic wave theory to be used in the interpretation of the experimental 

results. 

 

 

 

Figure 1: Schematic of the plate-impact pressure-shear friction experiment. 

 

A 82.5 mm bore single-stage gas gun at Case Western Reserve University is used 

to conduct the plate impact pressure-shear friction experiments. Using this gas gun, a 

fiberglass projectile carrying the flyer plate is accelerated down the gun barrel by means 

of compressed nitrogen gas.  The rear end of the projectile holds a sealing O-ring and a 

plastic key which slides in the key-way in the barrel to prevent rotation of the projectile. 

Impact occurs in a target chamber that has been evacuated to 50 m of Hg to reduce the 

air cushion between the flyer and the target at impact. The velocity of the projectile is 
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measured to an accuracy of 1 percent or better, by recording the times at which a series of 

voltage biased thin wires are shorted out by contacting the flyer.  To ensure the 

generation of plane waves with wave-fronts sufficiently parallel to the impact face, the 

flyer and the target plates are carefully aligned to be parallel to within 210-5 radians by 

using an optical alignment scheme developed by Kim et al. (1977).  The actual tilt 

between the two plates is measured by recording the times at which four, isolated, 

voltage-biased pins, that are flush with the surface of the target plate, are shorted to 

ground. The acceptable level of tilt in the experiments is of the order of 0.5 mrad. 

 

 An argon-ion laser with wavelength of 514.5 nm is used to provide a coherent 

monochromatic light source for laser interferometry.  Both the normal and transverse 

particle displacements are measured using the combined normal and transverse 

displacement interferometer (NDI, TDI) introduced by Kim et al. (1977).  Using this 

interferometer the normal displacement of the rear surface of the target plate is measured 

by combining a reference beam and a beam reflected from the target such that one peak 

to peak variation of the intensity of the light corresponds to a displacement of /2, where 

 is the wavelength of the laser light in use.  The TDI is based on the phase difference 

between two Nth order beams diffracted from a grating deposited on the rear surface of 

the target. The TDI sensitivity is given by v = d/2n, where d is the pitch of diffraction 

grating and n is the order of diffracted beams used (in our case n = 1).  The interference 

signals from the NDI and TDI are detected by photo-diodes having a rise time of less 

than 1 ns.  The output of the photo-diodes is amplified by wide band amplifiers and then 

recorded on high speed digital oscilloscopes.  A digital data processing program is used 
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to process the interferometer signals and to calculate the normal and transverse particle 

velocities. 

 

 

2.2 Tribo-Pair Materials and Specimen Preparation 

 

 The tribo-pair materials employed in the present investigation comprises a tool 

grade (D3) Carpenter Hampden steel and commercially available Ti-6Al-4V alloy. The 

Carpenter Hampden tool-steel represents the target plate while the Ti-6Al-4V alloy 

represents the flyer. The physical properties of these materials are shown in Table 1. The 

Carpenter Hampden steel plate is 71 mm in diameter and approximately 6 mm in 

thickness while the Ti-6Al-4V plate is 76 mm in diameter and approximately 13 mm in 

thickness.  Both sides of the target and the flyer are ground flat using a surface grinder. 

Four copper pins, isolated electrically from the target, are placed in slots near the 

periphery of the impact face. The first contact of any one of these pins with the flyer 

provides the triggering signal for the recording system. Moreover, as mentioned earlier 

these pins are used to determine the tilt between the target and flyer faces at impact.  

 

 Both the specimen and the flyer are lapped flat on both sides to within 2-3 

Newton’s rings over the diameter. Lapping is performed on a Lapmaster machine using 

14.5 m aluminum oxide powder in mineral oil. A Hommel T500 diamond stylus 

surface profile measurement device is used to determine the surface roughness profiles of 

the lapped target and the flyer plates. The flyer and the target surfaces are polished on 

Texmeth cloth using 3m diamond paste.  This procedure allows the surface roughness 
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of the Carpenter Hampden steel plate to be 0.02 m (RMS) without losing its flatness. 

The corresponding ranges for the flyer plates are 0.07 m for Ti-6Al-4V. 

  

 Flyer Material 

Ti-6Al-4V alloy 

Target Material 

CH Steel 

Longitudinal Wave Speed CL, mm/s 6.225 5.98 

Transverse Wave Speed CS, mm/s 3.151 3.264 

Acoustic Impedance ρCL, GPa/mm/s 27.58 45.50 

Shear Impedance ρCS, GPa/mm/s 13.96 24.90 

Mass Density ρ, kg/m3 4400 7612 

Young’s Modulus E, GPa 110 207 

Shear Modulus , GPa 40.4 81.1 

Tensile Strength σ, MPa 950 2758 

Thermal Conductivity k, W/mK 6 42.3 

Thermal Diffusivity α, m2/s 2.6×10-6 12.2×10-6 

Specific Heat Cp, J/kgK 522 422 

Melt Temperature, 0C 635 1400 

 

Table 1: Material properties of the tribo-pair materials used in the experiments. 

 

In order to measure the combined normal and transverse particle displacement at 

rear surface of the target plate a holographic diffraction grating of 600 lines/mm is used. 

To fabricate the grating, one side of the target plate is lapped to a flatness of 2-3 

Newton’s rings over the diameter and then polished to a mirror finish using 3 m 

diamond paste. After being cleaned the surface is coated with a thin layer of Shipley 

Microposit Photo resist S1813. The coated plates are then exposed to blue laser light (as 

the coating is sensitive to ultra-violet light). Two beams of laser are made to intersect on 
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the surface of the target such that they generate approximately 600 lines/mm. The grating 

is then developed in a mixture of one part of Shipley Microposit developer 303A and 

four parts of de-ionized water. The quality of the grating is checked by monitoring the 

diffracted beams from the grating surface.  

 

3.0 DESIGN OF THE EXPERIMENT: WAVE PROPAGATION IN THE TARGET 

AND FLYER 

 

 To investigate the dynamic sliding characteristics of frictional interfaces, the 

thickness of the flyer and the target plates are designed such that the time for longitudinal 

wave propagation through the thickness of the flyer plate is greater than the 

corresponding round-trip time of the shear waves in the target plate and the unloading 

waves generated at the lateral boundary.  Under these conditions, when the longitudinal 

wave reflected from the free surface of the target plate arrives at the target/flyer interface, 

the normal pressure at the frictional interface is changed instantaneously. Since the 

longitudinal impedance of the flyer plate is less than the longitudinal impedance of the 

target plate, it results in a step drop in the applied normal pressure.  Also, when the shear 

wave reflected from the target free surface arrives at the frictional interface it produces a 

new frictional state while maintaining the same normal pressure. Thus, three distinct 

dynamic friction states are obtained in the experiment.  

 

 The wave propagation in the target and flyer is illustrated schematically in the 

time-distance diagram shown in Fig. 2. The abscissa represents the spatial position of the 

wave front at any particular time and the ordinate represents the temporal location of the 
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wave front. At impact, both longitudinal and shear waves are generated at the tribo-pair 

interface and travel through the thickness of the flyer and the target plates.  In Fig. 2 the 

longitudinal wave fronts are represented by solid lines and the shear wave fronts are 

represented by dashed lines. The slope of the solid line represents the inverse of the 

longitudinal wave speed and the slope of the dashed line represents the inverse of the 

shear wave speed in the material.  In State 1 the tribo-pair interface is under a 

compressive pressure 1, and depending on the friction stress a shear stress 1 is 

transmitted across the interface.  Thus, State 1 allows investigation of dynamic sliding 

characteristics of the frictional interface under constant normal pressure.  The first arrival 

of the compressive wave at the rear surface of the target plate is denoted by the letter A.  

Upon reflection from the rear surface of the target plate an unloading wave is generated 

which propagates back towards the tribo-pair interface. When this unloading wave 

arrives at the frictional interface it reduces the applied normal pressure from 1 to 2.  

The corresponding friction stress is denoted by 2.  The new frictional state hence 

produced is called State 2 and allows investigation of dynamic sliding characteristics of 

the frictional interface subjected to sudden changes in normal pressure.  The first arrival 

of the shear wave at the rear surface of the target plate is denoted by the letter B.  The 

shear wave reflects from the free surface of the target plate and arrives at the frictional 

interface to produce a change in the applied shear stress while maintaining the same 

normal stress.  This new friction state is denoted as State 3.  The corresponding friction 

stress and slip velocity in State 3 are denoted by 3 and 3V , respectively. Thus, State 3 

allows the investigation of the interfacial friction-stress versus slip-velocity relationship 

at constant normal pressure. 
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For the Ti-6Al-4V/CH steel tribo-pair employed in the present experiments the 

duration of State 1 is approximately 1900 ns, followed by State 2 of duration 1600 ns and 

State 3 of duration 300 ns. During the transition from State 1 to State 2 the normal 

pressure 2 10.33s s»  

 

 

 

Figure 2: Wave propagation in flyer and target plates—time distance diagram showing 

the position of stress wave fronts. 

 

 

4.0 WAVE-ANALYSIS OF PRESSURE-SHEAR FRICTION EXPERIMENTS: 

CALCULATION OF INTERFACIAL TRACTIONS, SLIP VELOCITY AND SLIP 

DISTANCE 
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 Using the method of characteristics for 1-D hyperbolic wave equations, the 

components of traction at the frictional interface, the slip velocity and the accumulated 

slip displacement can be related to the normal and transverse components of the 

measured free surface particle velocity history of the target plate, and the shear and 

longitudinal impedances (c1) and (c2), respectively.  

 

STATE 1: 

 

 Before impact the flyer and the target plates are unstressed.  The target is held 

stationary while the flyer is accelerated to a velocity oV .  From the knowledge of the 

angle of inclination  of the projectile, the initial normal and transverse particle 

velocities, uo and vo, respectively, of the flyer plate are given by 

 

      coso ou V q=  and  sino ov V q= .                                    (5) 

 

 When the flyer impacts the target, both normal and transverse components of 

particle velocity are imposed on the impact face of the target. A longitudinal compression 

stress wave with wave-speed 1c  and a shear (transverse) stress wave with a wave speed c2 

propagate into the flyer and target plates.  From one dimensional analysis of the 

governing hyperbolic partial differential equations the stress and the particle velocity 

relations which hold along the characteristics are given by 
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1 1( ) ( )f f oc u c us r r+ = ;  along 1

dx
c

dt
=                                   (6) 

 2( ) constantc vt r = ; along  2

dx
c

dt
=  .   (7) 

 

In Eqs (6) and (7),  and   are the normal and shear stresses, u and v are the normal and 

transverse components of the particle velocity,  is the mass density, and (c1) and (c2) 

are the longitudinal and shear impedance of the impacting plates, respectively. 

 

 Using Eqs. (5) to (7) along with the initial conditions, the components of traction 

at the interface between the flyer and the target can be expressed as 

 

( )2
1( ) ( )

2
t
a

c
t v t

r
t = ,                                        (8) 

 

                  
( )1

1( ) ( )
2
t
a

c
t u t

r
s = .                                              (9) 

 

 In Eqs. (8) and (9), ( )av t and ( )au t  are the transverse and the normal particle 

velocities at the rear surface of the target plate and the subscripts f and t refer to the flyer 

and the target plates, respectively. 

 

 Based on the elementary definition of friction between two dry contact surfaces 

under no slip condition, the coefficient of static friction, s, satisfies the inequality 
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                                                             .s
t

m
s

³                                                              (10)                               

 

 For a fully elastic impact with no-slip at the interface, Eq. (10) provides a lower 

bound for the static coefficient of friction, s. When slipping occurs at the flyer-target 

interface, the measured free surface velocity of the target plate can be used along with 

Eqs (8) and (9) to obtain the coefficient of kinetic friction 

 

                                                            k( ) .t
t

m
s

=                               

(11) 

 

 From the knowledge of the impact velocity oV , skew angle , the shear 

impedances of the flyer and the target plates, and the measured free-surface transverse 

velocity va(t), the slip velocity in State 1 can be expressed as 

 

( ) ( )
( )

2 2t f

2 f

c c
sin (t)a

2 c
1 o= vV V

r r
q

r

+
-
é ù
ê ú
ê úê úë û

.                                    (12) 

 

 The accumulated slip distance can be obtained from Eq. (12) by integrating the 

slip velocity in time 
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1

0

( )
t

slip V t dtd = ò .                                                (13) 

 

STATE 2: 

 

 When the compressive longitudinal wave reflects from the free surface of the 

target plate it reduces the compressive normal stress at the interface from 1 to 2 

 

   2 1

( ) ( )

( ) ( )

L f L t

L f L t

c c

c c

r r
s s

r r

é ù-ê úë û=
é ù+ê úë û

.                                                  (14) 

 

 For the Ti6Al4V/CH tool-steel  tribo-pair employed in the present experiments 

the ratio 2 1 0.33   .  

 

 The friction stress and slip velocity can be obtained by solving the characteristic 

relations for State 2, and can be expressed as 

 

  
( )2

2( ) ( )
2
t
b

c
t v t

r
t = ,                                                       (15) 

 

and 

 
( ) ( )

( )
2 2

2
2

sin ( ).
2
t f

o b

f

c c
V V v t

c

r r
q

r

é ù+ê ú= - ê ú
ê úë û

                                         (16) 

STATE 3: 
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 When the shear wave, reflected from the free surface of the target plate, arrives at 

the tribo-pair interface it produces a change in friction state by altering the applied shear 

stress at the tribo-pair interface while maintaining the same normal stress.  Thus, the 

measurements made during State 3 are a direct probe of the relationship between the 

friction stress and slip velocity at constant normal pressure.  The corresponding relations 

for interfacial tractions and slip velocity can be obtained by solving the characteristic 

relations for State 3, and can be expressed as 

 

   
( )2

3( ) ( ( ) ( ))
2
t

c a

c
t v t v t

r
t = - ,                                         (17) 

 

  3 2s s= ,                                                               (18) 

 

( ) ( )
( )

( ) ( )
( )

2 2 2 2

3
2 2

sin ( ) ( ).
2 2
t f t f

o a c

f f

c c c c
V V v t v t

c c

r r r r
q

r r

é ù é ù- +ê ú ê ú= + -ê ú ê ú
ê ú ê úë û ë û

              (19) 

 

 

5.0 EXPERIMENTAL RESULTS AND DISCUSSION 

 

Table 2 summarizes the experiment used in the present study.  Ti6Al4V was used as the 

flyer plate while Carpenter Hampden tool-steel plate was used as the target.  The impact 

velocity for the experiment was 95 m/s while the skew angle  was 35o.  By appropriate 

selection of the flyer and target plate thicknesses the tribo-pair interface was subjected to 

step changes in normal pressure and step changes in applied shear stress  
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Shot 

# 

Skew angle q  

(deg.) 

Impact velocity  

V (m/s) 

Roughness of Ti-

6Al-4V alloy (flyer) 

( mm ) 

Roughness of CH 

tool-steel (target) 

( mm ) 

9702 35 95 0.07 0.02 

 

Table 2: Summary of pressure-shear friction experiments on Ti-6Al-4V and CH tool-steel 

tribo-pair. 

 

 Figure 3 shows the free surface normal and transverse velocity history for Shot 

9702. The abscissa represents the time after impact.  The compressive longitudinal wave 

arrives at the rear surface of the target at approximately 1100 ns. Upon arrival of the 

longitudinal wave the normal particle velocity jumps to 55.8 m/s.  The rise time 

associated with this jump is approximately 10 ns.  The second step rise in normal particle 

velocity occurs at approximately 2900 ns, and is due to the arrival of the reflected 

longitudinal wave from the tribo-pair interface.  This level of the normal particle velocity 

is consistent with the normal pressure drop at the frictional interface during the transition 

from State 1 to State 2.  Thereafter, the normal particle velocity remains constant since 

the transition from State 2 to State 3 involves a change in the applied shear stress at the 

frictional interface while maintaining the same normal pressure.  

 

 The first arrival of shear wave at the free surface of the target plate occurs at 

approximately 1900 ns. The latter arrival of the shear wave relative to the longitudinal 

wave is consistent with lower wave speed of the shear wave as compared to the 

longitudinal wave.  The drop in free surface transverse particle velocity at approximately 
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3600 ns is due to the step drop in normal pressure and indicates the beginning of State 2. 

With the drop in normal pressure a smaller level of transverse particle velocity is 

transmitted across the friction interface.  The following rise in the free surface transverse 

particle velocity at approximately 5250 ns indicates the beginning of State 3.  Since the 

levels of the transmitted particle velocity in the three states are much lower than their 

corresponding no-slip predictions, the frictional interface is understood to be in a state of 

dynamic slip. 
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Figure 3: Normal and transverse free surface particle velocity history at the rear surface 

of the target plate—Shot 9702. 

 

 Figure 4 shows the history of the interfacial normal pressure, friction stress, and 

interfacial slip velocity as a function of time for Shot 9702. These quantities are obtained 
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from the measured normal and transverse free surface particle velocity profiles depicted 

in Fig. 3 in conjunction with Eqs..(8) to (19). During State 1, the normal pressure 1 at 

the frictional interface is 1.3 GPa. Immediately after the application of pressure-shear 

loading, the frictional interface jumps to a state of steady state sliding characteristic of 

the surface roughness and the applied normal pressure. In this steady state the transmitted 

shear stress 1 is approximately 0.18 GPa and the slip velocity V1 is 34 m/s.  The steady 

state continues up-to 1800 ns, when the arrival of the unloading normal wave from the 

free surface of the target plate results in a step drop of normal pressure. During the 

transition form State1 to State 2, the unloading longitudinal wave reduces the normal 

pressure from 1 = 1.3GPa to 2 = 0.325GPa in approximately 5-10 ns. It is interesting to 

note that the corresponding friction stress 2 does not follow this step drop in normal 

stress. Instead, the friction stress gradually approaches a new steady state level 

characteristic of the current state of the frictional interface. At the reduced normal 

pressure the steady state friction stress is reduced to 0.06 GPa and the slip velocity V2 

increases to approximately 48 m/s. State 2 continues up to approximately 3300ns, at 

which time the reflected shear wave from the free surface of the target plate arrives at the 

tribo-pair interface (State 3). The arrival of the unloading shear wave results in a change 

in the applied shear stress at the frictional interface while maintaining the same normal 

pressure. Thus, State 3 is an exclusive measure of the shear stress versus slip velocity 

relationship of the frictional interface at constant normal pressure. It is interesting to 

observe that a change in the applied shear stress at the interface results in a sharp drop in 

slip velocity, V3. Corresponding to this drop in slip velocity is an initial rapid decrease in 

the friction stress followed by a slow rise in friction stress to a new steady state level of 
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3. The steady state level for State 3 is difficult to interpret in the present experiment 

because of the relatively short time window available for State 3 (only 0.3s).  
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Figure 4: Normal pressure, friction stress and slip velocity at the tribo-pair interface—

Shot 9702. 

 

 

Estimation of the Parameters in the State and Rate Dependent Friction 

Laws 
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In order to estimate a , we will make use of the experimental results which describe the 

transition from State 2 to State 3 in Figure 4.   From Equations  (5) to (19), the shear 

stress  and the sliding speed V  at the interface when the reflected shear wave reaches 

the interface can be shown to be 

 

  3 2 1 2      ss ss ssA B V V , (20) 

     

where A  and B  are constants and depend upon the transverse acoustic impedance of the 

flyer and the target plates. If   2 f
c  and  2 t

c  denote the transverse acoustic 

impedance of the flyer and target plates, respectively, then 

 

 
 

   
2

2 2

2
f

f t

C
A

C C



 



, (21) 

 

 
   
   

2 2
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f t
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. (22) 

 

For the combination of flyer and target materials employed in Shot 9702, 0.718A  , and 

8.945B  .  

 

Further, we assume a friction law with a logarithmic dependence in velocity V  as 

described in Equation (2), and a state variable   of the form described in Equation (4) is 

operative at the interface 
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    3 2 2 2 2 2ln / ln /ss ss ssa V V b V L       , (23) 

and 

    / ln /V L V L    . (24) 

 

Combining  (20) and (23), and eliminating the state variable  , the equation governing 

the evolution of slip velocity V  can be shown to be  

 

          2 2 2 1 2/ / ln / ss ss ssa V B V V L b a V V A B V V             
 . (25) 

 

The quantity  b a  can be determined from the steady state response of the interface.  If 

3
ss denotes the shear stress and 3

ssV  denotes the sliding speed at steady state, according to 

Eq. (23), 

 

    3 2 2 2 3ln /ss ss ss ssb a V V     . (26) 

 

 In Experiment Shot 9702, 1 179ss   MPa, 2 63ss   MPa, 3 73ss   MPa, 

1 34.5ssV  m/s, 2 47.5ssV  m/s, and 3 32ssV  m/s.  This gives  b a =0.078.   

 Figures 5 show the experimental results and computational results from Eqs. (23) 

and (25), which describe the frictional memory effects of the transition from State 2 to 

State 3.  Simulations with a=0.01, 0.25, 0.75, and a characteristic length of L=5 μm  are 
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shown in figure 5. It is noted that L=5 μm  with a=0.25 provides a reasonably good fit to 

experimental data.  
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Figure 5: The experiment and computational results which describe the transition from 

State 2 to State 3 when 5L  m  and a=0.01, 0.25, 0.75. 

 

 

 

 

 

6.0 SUMMARY AND CONCLUSIONS 
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 In the present study plate-impact pressure-shear experiments are conducted to 

study the phenomena of high-speed slip at metal-on-metal interfaces. By using a CH tool-

steel/Ti-6Al-4V tribo-pair and appropriate selection of the flyer and target plate 

thicknesses, the experiment has been effectively used to investigate the frictional 

resistance of sliding interfaces to step changes in normal pressure and step changes in 

applied shear stress.  

 

 During the transition form State1 to State 2, the unloading longitudinal wave 

reduces the normal pressure from 1 = 1.3GPa to 2 = 0.325GPa in approximately 5-10 

ns. It is interesting to note that the corresponding friction stress 2 does not follow this 

step drop in normal stress. Instead, the friction stress gradually approaches a new steady 

state level characteristic of the current state of the frictional interface. State 2 continues 

up to approximately 3300ns, at which time the reflected shear wave from the free surface 

of the target plate arrives at the tribo-pair interface (State 3). The arrival of the unloading 

shear wave results in a change in the applied shear stress at the frictional interface while 

maintaining the same normal pressure. Thus, State 3 is an exclusive measure of the shear 

stress versus slip velocity relationship of the frictional interface at constant normal 

pressure. It is interesting to observe that a change in the applied shear stress at the 

interface results in a sharp drop in slip velocity, V3. Corresponding to this drop in slip 

velocity is an initial rapid decrease in the friction stress followed by a slow rise in friction 

stress to a new steady state level of 3.  
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 In order to describe the frictional memory effects of the transition from State 2 to 

State 3, a model based on Ruina-Dieterich slip law (Dieterich, 1979; Ruina 1983) has 

been developed. By using this model and appropriate parameters, computational results is 

in a good agreement with the experimental results, and L=5 μm  with a=0.25 provides a 

reasonably good fit to experimental data.  
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