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ABSTRACT--A novel dynamic friction experiment using the 
Kolsky bar concept was developed. The technique is com- 
plementary to the plate impact and other macroscopic friction 
experiments in the sense that sliding velocities and pressures 
not attainable otherwise can be investigated. The experimen- 
tal results reported in this article show that the technique pro- 
vides accurate and repeatable measurement of time-resolved 
friction. The apparatus is simpler and easier to operate than 
the plate impact facility. However, it cannot achieve the same 
level of contact pressure. Several material pairs have been 
investigated. In particular, the kinetic friction coefficient of Ti- 
6AI-4V sliding against WC/Co (cerrmet) and 4340 steel sliding 
against WC/Co were measured and compared with the val- 
ues reported by Prakash and Clifton in 1993. Atomic force 
microscopy is used to characterize the surface topography 
before and after the friction tests. 

KEY WORDS--Kolsky bar, dynamic friction, manufacturing, 
wear 

Introduction 

Contact and friction between surfaces occur in many en- 
gineering applications as well as in the response of materials 
with evolving microstructures, for example, comminution of 
brittle materials, fiber-matrix debonding in composite materi- 
als, delamination of coatings and crack propagation in bima- 
terial and multilayered materials. Despite the many excellent 
contributions in the area of friction and wear of materials, 1'2 
unified models that can accurately predict the friction behav- 
ior of surfaces in contact are not available. Some of the dif- 
ficulties in achieving such unified model are (1) the fact that 
tribology is a multiscale phenomenon affected by the surface 
geometrical structure, the surface forces and the properties of 
the surface material itself; (2) the interaction between these 
effects and surface chemistry; and (3) the lack of experiments 
capable to explore the time response of the friction event. 

A wide variety of experiments are required to fully char- 
acterize the friction phenomena. In such experiments, it is 
necessary to simulate the local conditions of pressure, tangen- 
tial and normal velocities, surface characteristics, chemistry 
and temperature present in the applications of interest. These 
conditions need to be realized in a simple geometry for which 
the local interface conditions can be easily measured. In this 
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way, mathematical models of the frictional behavior of inter- 
faces can be used to describe the phenomena. In turn, these 
models can be incorporated in computational simulations to 
gain insight into the main features associated with engineer- 
ing applications in which contact and friction between bodies 
are relevant. 

Several experimental techniques are available for the 
study of dynamic friction. It is important to differentiate 
between nano/micro-tribology and macro-tribology exper- 
iments. Nano/micro-tribology experiments include nano- 
scratching and adhesion force measurements with an atomic 
force microscope (ARM) 3 or a surface force apparatus. 4,5 In 
these tests, atomic and molecular interaction forces are mea- 
sured from which the frictional response of lubricated and 
unlubricated surfaces can be investigated. 6 

The macro-tribology experiments are divided into the fol- 
lowing groups: 

�9 Pressure-shear plate impact friction experiments 7,8 
and pressure-shear soft recovery friction experiments 9 
are employed to study time-resolved friction. The con- 
figuration uses the framework of elastic plane wave 
analysis to simplify the interpretation of the experi- 
mental results. However, the experimental procedure 
is tedious and complex. These experiments can simu- 
late local conditions of pressure and slipping velocities 
occurring in high-speed machining applications. In the 
pressure-shear friction experiment, the impact faces 
are never perfectly parallel at the moment of impact. 
This feature implies that the normal and shear waves 
generated in the flyer and the target are inclined with 
respect to the free surface of the target plate where the 
motion is being measured. This effect produces a tran- 
sient through the specimen. Such behavior leads to an 
elaborate data reduction procedure. 7 Furthermore, the 
high pressure introduced at the interface is such that 
substantial initial damage can be generated in brittle 
materials before sliding occurs, changing the surface 
properties under examination. 

�9 The modified split Hopkinson bar method, 1~ in 
which a dynamic axial force is applied to a rotating 
bar/specimen system, can be used to investigate ki- 
netic friction under impact loading. To understand the 
dynamic contact of two bodies with initial velocities, 
the corresponding reactions must be evaluated inde- 
pendently. This experimental technique allows one 
to study the kinetic friction coefficient for periods of 
10 to 20 Ixs, and the contact time is partially insuffi- 
cient before the onset of sliding to generate a strong 
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adhesion over the contact surfaces. The technique 
does not represent the conditions found in many ap- 
plications in which a steady normal pressure is ap- 
plied and a tangential force appears dynamically at the 
interface. Using this technique, Ogawa 1~ found that 
the kinetic friction coefficient in a wide sliding veloc- 
ity range is nearly constant independent of the normal 
applied force, which contradicts the findings reported 
by Anand, 11 Anand and Tong 12 and Madakson. 13 
The Kolsky bar apparatus was also used by Feng and 
Ramesh 14 in the study of lubricants. 

�9 Pin-on-disk tests 15 are designed for low-velocity fric- 
tion experiments in which the kinetic friction is eval- 
uated only in the steady-state condition. Researchers 
use pin-on-disk tests to study the mechanisms involved 
in the degradation of material surfaces in contact for 
long periods of time. This configuration does not allow 
for the study of the early frictional mechanism and the 
original surface deformation over the contact area due 
to the cyclic stressing of the tribo-components. The 
continuous contact of the two materials under study 
generates a permanent friction heating that degrades 
the original surface characteristics, resulting in diffi- 
culties in the interpretation of the obtained data. This 
experiment also depends significantly on the stiffness 
of the pin contacting the disk to prevent any vibration- 
induced effect in the tribo-system, which leads to a 
completely different frictional behavior. 

�9 Various other techniques, ranging from quasi-static 
conditions to very low sliding velocities, are primar- 
ily used for studying quasi-static frictional behavior. 
Most are designed for a specific purpose and generally 
provide data only for the tribo-system for which they 
were designed. 16 

These techniques address the response of surfaces as en- 
countered in real applications. Note that friction is a macro- 
scopically observable phenomenon containing multiscale in- 
formation. In this regard, the study of friction at the atomic 
scale is relevant to provide insight into the physics of in- 
terfacial forces. However, such study needs to be linked to 
the macroscopically observed friction phenomenon through 
a suitable model. 

In this paper, we address the friction behavior at the macro- 
scopic scale on surfaces that are contaminated by their inter- 
action with the environment. We present the design of a mod- 
ified Kolsky bar apparatus, 17 suitable for the investigation of 
dynamic friction at sliding velocities between 1 and 7 m/s, 
and contact area pressures in the range of 50 to 200 MPa. The 
experimental methodology and the formulas used to interpret 
the experimental data are presented. A discussion of the time 
evolution of interracial friction in several material pairs is pro- 
vided. The materials include A1 6061-T6, Ti-6A1-4V, 1080 
steel and SAE 4340 steel, as well as those used as machining 
tools, such as WC/Co (cermet) with 11 percent of Co. 

Dynamic Friction Experiments 
Stored-energy Kolsky Bar 

Several investigators have contributed to the develop- 
ment of the torsional Kolsky bar, originally designed by 
KolskyJ 8,19 Duffy et al. 2~ used explosive loading to initi- 
ate the loading pulse. By combining outputs from the strain 

gages on either side of the specimen and by integration of the 
strain rate versus time, a complete record of the stress-strain 
curve can be obtained easily and accurately. 2~ The explosive 
loading has the advantage of producing the shortest possible 
pulse rise time. Alternatively, a stored-torque loading sys- 
tem provides fast rising pulses. 2~ This last configuration 
was the one chosen in the design of our dynamic friction 
experimental technique. 

A stored-energy Kolsky bar, shown schematically in 
Fig. 1, was designed and built to investigate dynamic fric- 
tion and compression-shear material behavior with specimen 
recovery. It is composed of two 1 in. (25.4 mm) 7075-T6 
aluminum alloy bars. The incident or input bar is 90.5 in. 
(2.3 m) long, and the transmission or output bar is 75 in. 
(1.9 m) long. Each bar is supported along its length and 
aligned properly. They are supported by a series of recir- 
culating ball fixed-alignment bearings (INA KBZ16PP) that 
minimize the friction resistance at the supports and allow the 
bar to rotate and translate freely in both directions. The dis- 
tance between two consecutive supports is adjustable to pre- 
vent buckling. The compression or tension and Shear loading 
pulses are produced by the sudden release of the stored elastic 
energy in the incident bar, which requires both torsional and 
compression/tension actuators. The axial part of the elastic 
energy is produced by means of a hydraulic double-acting 
actuator (Enerpac RD 166), which applies a compressive or 
tensile load at one end of the incident bar. Its capacity is 
35 kips (150 kN). The torsional part of the elastic energy is 
achieved by means of a hydraulic rotary actuator (Flo-Tork 
15000-180-AICB-ST-MS2-RKH-N) located along the inci- 
dent bar. It is connected to the bar by a 3/8 in. steel key. Its 
capacity is 15000 lb.in. (1700 N.m). Changing the relative 
distance of the rotary actuator and the clamp, the duration of 
the loading pulse can be adjusted up to 650 IZS. The hydraulic 
actuators are pressurized by three hand pumps (Enerpac P- 
84). The sudden release of the stored energy is achieved 
using a C-clamp positioned between the rotary actuator and 
the specimen. 

The design of the C-clamp is crucial for good results. The 
C-clamp must be able to hold the desired torque and compres- 
sion or tension force without slippage and release the stored 
energy fast enough to produce a sharp-fronted stress pulse 
traveling toward the specimen. Some changes were done to 

2O the C-clamp design discussed in Duffy et al. However, it is 
similar to the C-clamp design discussed in Gilat and Pao. 21 
The clamp consists of a vise mechanism, shown in Fig. 1, 
The vise faces are pushed against the incident bar by means 
of a hydraulic C-clamp with a capacity of 10 tons (Enerpac 
A-20 and Enerpac RC-125 single-acting actuator). Friction 
between the bar and the vise faces generates the load required 
to counteract the one applied by the hydraulic actuators. A 
notch in the pin, used to equilibrate the C-clamp load, is de- 
signed to fracture after the desired energy is stored and no 
sliding is registered in the clamp. The clamp vises are further 
pressed in a way that the notched pin fractures, releasing the 
stored energy. This clamping technique enables the applica- 
tion of large amounts of energy while avoiding slippage of the 
bar. The same principle is used when friction experiments 
are conducted in which the axial load is applied statically, 
before arming the clamp. 

For the case of axial dynamic loading, the gripping force 
of the clamp balances the applied axial force. To prevent the 
generation of bending waves, an axial load support in contact 
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Fig. 1--Schematic of the stored-torque torsional Kolsky bar apparatus. Each station has a full strain gage bridge arrangement 
to measure torsional loads (with an alignment of 45 deg with respect to the longitudinal axis of the bar) and axial loads 
(aligned parallel to the longitudinal axis of the bar), except the bending station (half bridge), which monitors the presence of 
any spurious bending wave transmitted through the specimen 

with the clamp faces is used to equilibrate the axial load ap- 
plied to the clamp. The contact is made so that it allows both 
clamp parts to open with minimum resistance and absence of 
clamp bending. The point of contact is in a horizontal plane 
that contains the bar axis. In this way, no bending moment 
is transferred to the loading pulse due to misalignment of the 
clamp when the axial loading is applied. This device is added 
to the standard clamp configuration when a combined state 
of load is required. The C-clamp is supported from above by 
a cable and pulley arrangement to minimize the possibility of 
applying an external load other than the reaction to the stored 
load. It also allows the C-clamp to be positioned with high 
accuracy within the clamp assembly. 

The amount of energy required to achieve the desired 
strain rate or sliding velocity is a determining factor in se- 
lecting the notched-pin material and the depth of the notch. 
Pulse rise time is also affected by the choice of the material 
for the notched pin. The pin must show a minimal ductil- 
ity but be able to prevent the fracture before the clamp is 
tightened to ultimate load. The choice made for the pin ma- 
terial is aluminum 6061-T6. The clamping force determines 
the depth of the notch and fracture load required. For the 
purpose of dynamic shear studies, a 0.5 in. notch is used. 
Some researchers have used steel pins, but even brittle steels 
produce longer rise times than do aluminum alloys. 20 

In the case of friction experiments, the axial load is applied 
before gripping the clamp; that is, the friction phenomena are 
studied under static pressure conditions and a torsional pulse, 
resulting in a given amount of angular velocity. A Lagrangian 
X-t diagram, showing the elastic shear wave fronts, is shown 
in Fig. 2. Upon release of the clamp, a torsional pulse with 
constant amplitude equal to half of the stored torque prop- 
agates down the bar toward the specimen. Simultaneously, 
an unloading pulse of equal magnitude propagates from the 
clamp toward the rotary actuator. The torsional mechanical 
impedance of the rotary actuator is sufficiently large that af- 

ter reflection, the unloading wave reduces the torque in the 
incident bar to zero as it propagates back along the bar. This 
was verified in the characterization and calibration process 
of the bar. 17 The duration of the loading pulse is the time re- 
quired for the pulse to travel twice the distance along the bar 
between the C-clamp and the torsional actuator. The config- 
uration used in our tests is set to a 290 Ixs loading pulse. 

As the torsional pulse travels down the bars, it is detected 
by two strain gage stations, one on the incident bar and an- 
other on the transmitted bar. The axial pulse is detected by 
two stations, one on each bar. In the case of a static axial 
load, the gage station on the incident bar is used for measur- 
ing the axial load applied to the interface and to check that 
no axial pulse exists when the clamp is released. The sta- 
tion in the transmitted bar is used to interrogate the appear- 
ance of any bending wave or other spurious loading. Each 
station consists of a full bridge arrangement of four strain 
gages of 350 fl (MM EA-13-250BF-350) bonded using a 
cyanoacrylate-based glue (MM M-Bond 200) and protected 
with a polyurethane coating (MM M-Coat A). The bridges 
are energized with 16 VDC regulated power supply (Calex 
460-220). 

The apparatus described here is conceptually simpler than 
the one discussed by Ogawa 1~ and can easily be obtained 
through modification of the traditional Kolsky bar available 
at many research laboratories. Moreover, the apparatus can 
be used to study shear instabilities and dynamic failure of 
advanced materials when compressive or tension and shear 
pulses are applied. 

Formulas for Dynamic Friction Coefficient Calculations 

The Lagrangian X-t diagram of the compression/torsion 
bar is shown in Fig. 3. The longitudinal and torsional elas- 
tic wave fronts along the bar are shown. This wave dia- 
gram is used in dynamic torsional studies with specimen 
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Fig. 2mLagrangian X-t diagram showing shear wave fronts, gage stations and points 1-8 used in characteristics analyses 

recovery. Upon release of the clamp, two waves, lon- 
gitudinal and shear, are propagated toward the specimen 
and toward the hydraulic actuators. The length of the 
bars and the position of the actuators are selected such 
that the incident shear pulse duration can be transferred 
to the transmission bar before momentum trapping caused 
by the arrival of an unloading wave to the specimen 
from the right-hand end of the transmission bar. This 
trapping concept is identical to the one used by Clifton 
and Kumar 22 in the study of plate impact with specimen 
recovery. It should be noted that because the specimen is 
sleeved to the transmission bar, tensile loading leaves the 
specimen free to translate and rotate due to the effect of 
the reflected waves trapped in the incident bar. The same 
wave propagation history can be used in dynamic friction 
experiments. However, another possibility is to apply quasi- 
statically the axial stress and equilibrate only torsional energy 
as discussed earlier. 

The X-t diagram, shown in Fig. 2, describes the dynamic 
frictional test when a uniform quasi-static contact pressure, 
obtained by applying an axial force by means of the axial ac- 

tuator, is applied instead of the longitudinal pulse. This static 
pressure is applied to the sample before the clamp starts to 
store the torsional energy. The reason for selecting this load- 
ing procedure is that in this case the clamp needs to equilibrate 
only the torque. As a result, large-amplitude torsional waves 
and, consequently, large sliding velocities can be obtained. 
A disadvantage is that the specimen is not subjected to single 
pulses, although in practice we observed that only the main 
torque is strong enough to achieve sliding. The specimen 
geometry is shown in Fig. 4. It is composed of two disks, 
one of which has a hollowed end. 

Based on the above description of precompression, elastic 
torsional waves and measurement stations, we can infer that 
the shear frictional stress in the contact area of the sample is 
given by 

T r  . r 

~'~ - Jps (1) 

where T r  is the transmitted torque (measured at gage station 
G3), Jps is the contact area polar moment of inertia and r is 
the centerline radius. 
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Fig. 4---Friction specimen: (a) U-shaped disk attached to the incident bar, (b) disk attached to the transmission bar 
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The angular velocities of the input and output bars repre- 
sent the angular velocities at the contact surfaces. For elastic 
bars, the wave propagation phenomenon can be described by 
the following characteristic equations: 

T Jz 9C~ Jp0 = constant along dx  = +Cs, (2) 
' dt 

where T is the torque, Cs is the shear wave speed in the bar, 
p is the material density, Jp is the polar moment of inertia 
and 0 is the angular velocity. By placing gages at stations 
G1 through G3, the sliding velocity history and shear stress 
history at the sliding interfaces can be obtained. To see this, 
consider point 1 in the X-t diagram. From the initial con- 
ditions in the bar, we find that 7"1 = To~2, where To is the 
stored torque. Furthermore, the angular velocity at point 1 is 
61 = -T1/(pCsJp).  Similarly, for point 4, T4 = TO~2 and 
64 : - Z4/ (oCsJp ) = - Zl/  (OCsJp ). 

By considering points 1-2-3-4, it can be shown that T2 = 
T3 and 63 = (T2 - To)/(oCsJp). Similarly, considering 
points 5-6-7-8, we find that T5 = T7 and 67 = - T7/(oCs JP). 
The rotation jump is given by 

63 - -  67 ~-~ 7"2 + T5 - 27"1 (3) 
oCsJp 

Note that T1 = 7"I is the input torque measured at station 
G1. Moreover, T5 = Tr is the transmitted pulse measured 
at station G3. Finally, T2 is the torque measured at gage sta- 
tion G2. This station is close to the specimen but outside the 
region in which bar end effects are present. From a practi- 
cal standpoint, it is customary to place G3 symmetrically to 
G2 about the specimen. Note that in the analysis above, no 
assumptions are made about the continuity of traction at the 
sliding interfaces. Only the information measured at the gage 
stations is required to compute the history of friction. If we 
assume continuity of traction, 

then 

T ~ -  TR = T2= Tr = Ts, (4) 

63 _ 67 _ 2TT - 27"1 _ 2(T1 - TR) - 2Tl (5) 
oCs Jp pCs Jp  

03 -- 67 -- 2TR (6) 
oCs Jp " 

In general, the average sliding velocity over the contact 
area is given by 

r o  

f r2(03 -- 07)dr 

ri , (7) 
Vr -= ro 

f rdr 
ri 

where ro and ri are the outer radius and inner radius of the 
s p e c i m e n  contact  area, respect ively .  So lv ing  the integrals, a 
relation be tween  the average s l iding ve loc i ty  and the reflected 
torque is obtained, that is, 

2 (r 2 + rori + r 2) (63 67). (8) 
3 (ro + ri) 

Furthermore, replacing the values of 03 and 67 obtained from 
the reading of the torques in each gage station, and if the 
transmitted pulse is expressed as the difference between the 
incident and the reflected pulses (Tr = Tt + (--TR)), the 
average sliding velocity becomes 

2 (r 2 + rori + r~) 2TR 
Vr = 3 (ro + ri) JpOCs" (9) 

The validity of the expression (TT = Tt + (-TR)) 
was verified experimentally by measuring each torque 
independently. 17 

The relative average displacement between the surfaces in 
contact can be determined from eq (9) upon integration as 

t 

s = f vrdt, 
o 

(10) 

where t is the duration of the loading pulse. 
The normal stress in the contact area is determined by 

the static pressure applied to the specimen by means of the 
axial hydraulic actuator. The axial load (Nt) is measured 
by the strain gage station located before the clamp. The 
macroscopic normal stress is directly computed as 

NI NI 
--  - -  2 ' (11)  

~s Ac =(r 2 - r i ) 

where Ar is the contact area. 
The shear stress is computed by means of elastic wave 

propagation theory, as is the case in shear dynamic strength 
studies. Replacing the value for the polar moment of inertia 
of the sample in eq (1), we obtain 

2Trr 
Xs - x(r~ 4 _ r4 ) �9 (12) 

Then, the shear stress averaged over the contact area can 
be expressed by 

r o  

f rxsdr 
ri 

"~a - -  r o  

f rdr 
ri 

(13) 

2 (r2o + ror, + r?) 2Tr 
~a = (14) 

3 (ro + ri) x (r4o -- r4)" 

At this point, all the variables needed to compute the fric- 
tion coefficient Ix are defined. This coefficient, representative 
of a steady-state sliding velocity, is given as Ix = Xa/Crn. 

The above formulas provide a direct measurement of the 
quasi-static and kinetic frictional properties by using load 
(strain) histories detected at the output and input bars. 

Experimental Procedure 

A static axial load is applied before the clamp is pressed to 
equilibrate the torsional load. In this way, the surfaces of the 
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pair of materials to be tested are prestressed with a known 
pressure. It is very important that the surfaces in contact 
represent an annulus with small thickness, where the torsional 
stress profile can be assumed to be constant, resulting in an 
almost constant profile of relative sliding velocity along the 
radial direction. For this reason, a geometry such as the one 
shown in Fig. 4 was chosen. 

Before clamping the incident bar, it is necessary to check 
that the pressure along the contact area is uniform. This im- 
portant variable in the experiment needs to be verified using 
a nondestructive method to avoid altering the characteristics 
and cleanness of the surface. The simplest method that meets 
all these requirements is the use of pressure-sensitive film. A 
Fuji prescale pressure measurement film was used. The pres- 
sure in the contact area is usually greater than 10 MPa, so a 
medium pressure scale film is used ranging from 10 MPa 
to 50 MPa. A sample pattern obtained from an experiment 
is shown in Fig. 5. The shaded ring represents the contact 
area, and the grade of the shade represents the pressure in 
that interface. The pattern shown is quite uniform. The same 
uniformity is kept in all the experiments. If the pressure pat- 
tern is nonuniform, the samples have to be reglued to the bars 
or lapped further until a uniform pattern is achieved. 

To ensure flatness and parallelism of their surfaces, each 
sample was lapped before each test in a Lapmaster 24 lapping 
machine from Crane Co. Silicon carbide powder of 12.5 Ixm 
was employed. The specimens were cleaned using MEK, 
acetone and alcohol in an ultrasonic bath for 30 min. Through 
this surface preparation procedure, it is expected that a few 
nanometer thick oxide layers and contaminant films will be 
present from interaction of the surface with the environment. 
For a discussion of chemical species and surface analysis 
techniques, see Miyoshi 23 and references therein. 

Marking of the sample was performed to allow the study 
of surface changes in the area surrounding the mark after 
the experiment. The objective was to identify the friction 
mechanisms in the pair of materials tested. 

To analyze the surface properties, an AFM from Digital 
Instruments (Dimension 3100A model) was used. On each 
tested sample, an area of approximately 50 Ixm by 50 txm, 
about 50 tzm from the mark, was scanned. The surface pro- 
file, a three-dimensional micrograph and the average rough- 
ness height, in that area, were taken from each scan in each 
sample. 

Fig. 5qPressure  distribution along the contact area as 
recorded by pressure-sensitive film 

The most important values taken from the roughness anal- 
ysis were the root mean square roughness (Rq) and the aver- 
age roughness height (Ra). It can be argued that for some sur- 
faces, these parameters are scale independent in the sense that 
changes in statistical sample size or instrument resolution do 
not lead to different values. For details on surface roughness 
characterization, the use of fractal techniques and a discus- 
sion of how these measurements can be used in the formula- 
tion of mathematical models, see Majumdar and Bhushan. 24 
In the section analysis, the most important features are the 
profile of the section and the maximum distance between val- 
leys and peaks. The section profile is taken along the sliding 
direction. All these parameters are measured again after the 
experiment to examine the amount of roughness change and 
to infer the friction mechanisms present in the test. 

After the specimen is glued, the pressure distribution on 
the contact area checked and the surfaces cleaned, the test is 
conducted. The cleaning is performed using MEK, acetone 
and methanol to eliminate any chemical residue. 

The contact pressure is set to the desired value by means of 
the axial load actuator. Then, the C-clamp is closed and the 
torque stored to give the desired sliding speed. After releasing 
the stored energy, by breaking the clamp pin, the signals are 
recorded in the oscilloscope using the incident pulse signal 
raise ramp to trigger the scopes. A typical recording is shown 
in Fig. 6. 

Experimental Results and Discussion 

Several experiments were conducted to study the frictional 
behavior of different material pairs. For instance, aluminum 
6061-T6 (RB 97) and steel SAE 1018 (RB 89), titanium Ti 
6A1 4V (RC 33) and steel SAE 1018 (RB 89), aluminum 
6061-T6 (rough) (RB 97) and aluminum 7075-T6 (mirror 
polished) (RB 61), aluminum 6061-T6 (rough) (RB 97) and 
aluminum 7075-T6 (rough) (RB 61), titanium Ti 6A14V (RC 
33) and WC/Co 11 percent (RC 78), and SAE 4340 (RC 45) 
and WC/Co 11 percent (RC 78). 

The first four pairs were used to verify the new experimen- 
tal technique. 25 The last two pairs were used to investigate the 
sliding velocity dependence of the frictional behavior and to 

7 extend Prakash and Clifton s plate impact work. A summary 
of experimental results is given in Tables 1 and 2. In each set 
of experiments, the average sliding velocity was kept on the 
order of 2 to 5 m/s. The data are presented taking the average 
value found in each particular set of experiments. The com- 
puted standard deviation is given in parentheses. The scatter 
found in the data can be attributed to the many variables 
involved in the experiment, but after several experiments a 
trend can be predicted for each pair. The deviation falls on 
the order of 10 percent, which is acceptable for engineering 
applications. Moreover, the quasi-static friction coefficients 
measured are in agreement with data reported by different 
investigators using other test methods. 

A typical time-resolved friction coefficient is shown in 
Fig. 7 for the AI 6061-T6-Steel 1080 material pair. A 10 
moving point average was added to the data-processing pro- 
cedure to reduce the oscillations produced by data noise. 
Note that no amplification or filtering is done to the origi- 
nal signal. This curve is obtained by processing the raw data 
shown in Fig. 6 using the theoretical analysis presented ear- 
lier. The formulas were programmed using the Excel '97 

144 �9 VoI. 40, No. 2, June 2000 



TABLE 1--EXPERIMENTAL RESULTS FROM FRICTION STUDIES ON METALS 
Sliding Contact 

Materials Velocity Pressure Rq 
Pair [m/s] [MPa] [nm] IXs IXk 

A16061-T6 (RB 97) 479.24 (84'19) 
Steel 1080 (RB 89) 3.11 (0.68) 37.58 (]0.4) 504.39 (122-2) 0.421 (~176 0.33 (0.o77) 
Ti 6AI-4V (RC 33) 441.91(86.79) 
Steel 1080 (RB 89) 3.375 (0.35) 35.99 (5.5) 472.82 (6515) 0.35 (~ 0.259 (0-053) 
AI 6061-T6 (RB 97) 529.49 (89.~ 
AL7075-T6 (mirror) 3.457 (~ 43.42 (8.57) 27.12 (3.26) 0.405 (~176 0.418 (o.o57) 
(RB 61) 
A16061-T6 (RB 97) 466.51 (5]39) 
AI 7075-T6 (rough) 3.22 (o.43) 34.918 (3.5) 441.58 (46"94) 0.466 (~176 0.342 (~ 
(Rg 61) 

Standard deviations in parentheses 

TABLE 2--FRICTION BEHAVIOR OF HARD-TO-MACHINE MATERIALS AND A WC/Co TOOL MATERIAL 
Contact Sliding Friction 

Material Pressure Velocity Coefficient 
Pair (MPa) (m/s) (IX) Reference 

SAE 4340 

WC/Co 11 percent 

Ti-6AI-4V 

WC/Co 11 percent 

31.95 Static 0.478 E-P-F 
28.061 Static 0.49 E-P-F 
28.91 Static 0.4 E-P-F 
28.135 Static 0.49 E-P-F 
2010 2.9 0.233 P-C 

28.061 3 0.28 E-P-F 
28.91 3.4 0.25 E-P-F 
28.135 3.7 0.21 E-P-F 
1910 4.83 0.223 P-C 
3058 6 0.25 P-C 
2384 7.73 0.221 P-C 
1340 11 0.157 P-C 
1718 14.39 0.148 P-C 
2520 17 0.21 P-C 
2046 17.43 0.132 P-C 
40.01 Static 0.36 E-P-F 
39.01 Static 0.41 E-P-F 
37.64 0.9 0.33 E-P-F 
1590 1.35 0.255 P-C 
1575 1.38 0.25 P-C 
39.01 2 0.31 E-P-F 
40.01 3.4 0.24 E-P-F 
1715 6.17 0.232 P-C 
1820 11.2 0.22 P-C 
1576 12.93 0.168 P-C 

P-C: Prakash and Clifton 7 
E-P-F: Current study 

software from Microsoft in order to make the data reduction 
process automatic. 

A couple of features can be pointed out from the friction 
coefficient time-evolution shown in Fig. 7. Two peaks in the 
friction coefficient are found. They mark the beginning and 
the end of the pulse where the sliding velocity is rising from 
zero to sustain a constant value and then falling to the rest 
condition again. Due to this behavior, the first peak repre- 
sents the static coefficient of friction (ixs) and, after a transient 
time, the sliding velocity remains constant, providing a mea- 
sure of the kinetic friction coefficient (ixk). At the end of the 
pulse, the sliding velocity goes to zero and the coefficient of 
friction rises again toward a value corresponding to Ixs. This 
second value of Ixs is expected to be lower than the first one 
due to the changes on the sliding interfaces by the previous 
loading. Sometimes, no second peak is found as a function of 
material pair and surface roughness. A plausible explanation 

is that the amount of plasticity generated on the surfaces re- 
duces the surface roughness in such an amount that the static 
coefficient is significantly reduced. Moreover, frictional heat 
may result in material softening. The frictional response can 

13 be explained by studying the sliding process in detail. When 
the tangential load is applied, a first elastic deformation of 
the asperities and the substrate takes place. It continues until 
the shear strength of the junctions is reached. Shearing of the 
junctions now takes place, and the coefficient falls off as the 
strong junctions, which were formed during static loading 
(initial pressure), are replaced by weaker ones. The influ- 
ence of the strong junctions persists over a distance that is 
simply related to the average junction size. That behavior is 
strongly affected by the strain rate and temperature sensitivity 
of the material under study. Some models were developed 
to relate all the material properties to the friction phenom- 
ena. However, many of them fail under certain conditions. 
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The link between the time-dependent plasticity and surface 
friction is difficult to establish due to the large number of 
variables involved in friction phenomena. BA6 Some models 
have successfully incorporated material strain rate sensitiv- 
ity on the prediction of the friction coefficient, as described 
by Brechet and Estrin. 26 These models may provide valuable 
tools for further understanding the experimental observations 
discussed here. 

The actual area of contact between two solids in fric- 
tion is only a small fraction of the nominal contact 
area. 27 The asperities in contact, forming a junction, de- 

form elastically until the shear stress supported by each 
junction reaches the value of the material's yield stress. Then, 
the force necessary for sliding is determined by the stress 
needed to shear the junctions. In this context, the quasi- 
static friction coefficient is time independent. However, early 
experiments 28 showed that the quasi-static coefficient is time 
dependent. Moreover, it was suggested that this dependence 
is the very cause of the sliding velocity dependence of the 
dynamic friction coefficient. The aging of asperities is in 
part responsible for the decrease in friction coefficient with 
increasing sliding velocity. The average time for shearing of 
an asperity junction is inversely proportional to the imposed 
sliding velocity. This aging effect and, hence, the strength of 
the junctions diminishes with the increase in sliding velocity. 

The effect of sliding distance on friction depends on the 
nature of the initial deformation of the rubbing surfaces, 
which is governed by the surface finish (roughness), normal 
load, sliding velocity, material properties and environmental 
conditions. 3~ The first stage of friction, in which a quasi- 
static phenomenon is encountered, can be easily seen in the 
experimental data shown in Fig. 8. The effect of the break- 
down of asperities and the role of material response can be 
observed in this plot. They basically correlate with sliding 
distance S ~. This effect is significant when the elastic portion 
of the friction phenomena is taking place. After the plastic 
process starts, the surface is deformed enough to reduce the 
friction coefficient to the kinetic value. 

The extent of plasticity found on the contact surfaces, on 
both sides of the contact area, is a function of the thermome- 
chanical properties of the surfaces in contact, such as surface 
hardness and shear strength of each material. This can be 
seen by observing the surfaces of tested samples using atomic 
force microscopy. 25 
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Insight into the variability of the friction coefficient re- 
ported in the literature can be obtained by examining the 
effect of surface roughness. The friction coefficient history 
measured in the A1 6061-T6-A17075-T6 pair is quite differ- 
ent from the one described in Fig. 7. In this case, one of the 
surfaces in contact was mirror polished. The friction history 
shows that the static friction coefficient is smaller than or al- 
most equal to the kinetic friction coefficient. This behavior 
can be attributed to the lack of large enough asperities in the 
mirror-polished surface (as shown in Fig. 10), with an Ra on 
the order of 30 nm for the A1 7075-T6 disk. Asperities in- 
terlocking between surfaces in contact do not occur initially. 
However, when the mirror-polished surface becomes rough, 
during the sliding process, the interlocking phenomenon can 
be achieved, which slightly raises the value of the friction 
coefficient. This feature is clearly observed in the IX-time 
history shown in Fig. 9. 

The generation of asperities on the mirror-polished A1 
7075-T6 surface can be seen in the AFM surface analysis 
performed on the surfaces before and after the friction test 
(see Fig. 10). In addition, using optical microscopy, the sur- 
face roughness, introduced during the test, can be observed on 
a larger scale (see Fig. 11). In the case of the mirror-polished 
surface, many imprints are observed. These imprints are the 
origins of scratches generated when the sliding process starts 
raising the friction coefficient [see Fig. ll(a)]. The origi- 
nal rough surface shows almost no variation in morphology, 
and only a small reduction in roughness can be found. No 
deep scratches can be seen in the surface. The same behav- 
ior was found in all the samples studied in which one of the 
surfaces was mirror polished. When the same pair of mate- 
rials is tested with both sides having similar roughness, the 
value of the static friction coefficient departs from the ki- 
netic one (IXs "~ 0.466, IX~ ~ 0.342 at 3.22 m/s, reported in 
Table 1). Moreover, the static friction coefficient is higher 
than the one encountered for the case discussed previously 
(P.s ~ IXk ~ 0.41 at 3.45 m/s). This change in the frictionco- 
efficient takes place because the friction mechanism changes 
when both surfaces are rough. The interlocking mechanism 
occurs on a larger number of contact spots, resulting in a 
higher IXs. When the shear stress produced by the relative 
motion reaches a value close to the material flow stress, the 
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asperities are plowed and sheared, reducing the frictional 
coefficient. This can be seen in the micrograph shown in 
Fig. ll(b). Here, no new asperities are generated. By con- 
trast, some are eliminated. Both surfaces show a marked 
deformation with voids and scratches of the same magni- 
tude. This example shows the importance of roughness and 
plasticity in the friction phenomena. 

The last two sets of experiments were performed to com- 
plete the study started by Prakash and Clifton 7 on the effect 
of pressure and sliding velocity. They used the plate impact 
test to study the frictional phenomena of material pairs com- 
monly used as machining tools or materials that are difficult 
to machine. They found the frictional properties at very high 
contact pressures and sliding speeds. However, the accu- 
mulated sliding distance was on the order of a few microns. 
This small sliding distance is the result of the short duration 
of the pulses. The plate impact friction experiment was later 
extended by Espinosa et al. 9 to achieve specimen recovery. 
Espinosa and colleagues verified that sliding marks of a few 
microns are produced on the sliding interfaces. 

Using the modified Kolsky bar, the dynamic friction time 
response can be easily tracked for the entire loading pulse. 
Surface finishes similar to those of Prakash and Clifton 7 are 
used. The experimental results are reported in Table 2. The 
experimental values reported in Table 2 marked as P-C are 
reproduced from Prakash and Clifton. 7 When the sliding ve- 
locity is labeled as "static," it means the value corresponds 
to the static friction coefficient; otherwise, it corresponds to 
the kinetic friction coefficient. 

In each set, the samples were lapped as described previ- 
ously, and we obtained an average roughness of Ra = 389 nm 
(Rq = 483 nm) for 4340 steel, Ra = 351 nm (Rq = 442 nm) 
for Ti-6A1-4V and Ra = 88.6 nm (Rq --.= 114 nm) for WC/Co 
11 percent. The friction coefficients reported in Table 2 can 
be plotted together to examine their dependence on sliding 
velocity (see Fig. 12). The friction coefficient decreases with 
increasing sliding velocity until it reaches a quasi-asymptotic 
level at sliding speeds above 10-12 m/s. It should be noted 
that the applied pressures in the plate impact and Kolsky bar 
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tests differ on one order of magnitude. This may explain the 
lower kinetic friction coefficients measured by plate impact 
at sliding velocities of about 2 m/s. 

Analyzing the surface features on the contact area, the 
WC/Co shows little change in its surface topography, and the 
softer materials, steel and titanium, show a marked change in 
their surface properties. Note that the sliding process in the 
Kolsky bar technique and the plate impact experiment is an 
almost adiabatic process due to the high velocity applied in 
the contact area and the short loading pulses. By examining 
the AFM micrographs shown in Figs. 13 and 14, the frictional 
behavior of the material pair can be inferred. 

In the case of SAE 4340 steel sliding against WC/Co, 
the WC/Co surface shows an increase in roughness but 
not a significant change in surface topography. On the 
other hand, the SAE 4340 steel presents a reduction in 
roughness on the order of 50 percent and absence of deep 
scratches on the contact surface. In the case of Ti-tA1- 
4V sliding against WC/Co, the titanium alloy undergoes 
a surface roughness reduction on the order of 60 percent. 
Moreover, the surface shows more plastic work than the 
steel surface as evidenced by deep surface scratches. This 
seems consistent with the findings of other investigators. In 
fact, to machine titanium, low feeding velocities and low 
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A1 7075-T6 Mirror Polished 
(a) 

M 6061-T6 Rough 

A17075-T6 Rough Finish 
(b) 

A1 6061-T6 Rough 

Fig. 11--Friction surfaces for AI 6061-T6 sliding against AI 7075-T6 mirror polished and rough finished (optical micrographs) 

material/tool relative velocities must be applied to ensure a 
long life of the tool and a better surface finish of the work 
piece. This is due to the change in flow stress and hardness 
on the surface of the titanium alloy with the increase in lo- 
cal temperature without significant changes in bulk material 
properties. In the present experimental technique, the effect 
of frictional heat on changes in surface properties is difficult 
to assess because surface temperature measurement was not 
performed. Another feature to be mentioned is that WC/Co 
presents no major difference in surface topography for the two 
materials studied. Considering their wear resistance, WC/Co 
tools possess good properties for machining of materials. 32 

Concluding Remarks 
A novel dynamic friction experiment using the Kolsky bar 

concept was developed. The technique is complementary to 
the plate impact and other macroscopic friction experiments 
in the sense that sliding velocities and pressures not attainable 
otherwise can be investigated. 

The experimental results reported in this paper show that 
the technique provides accurate and repeatable measurement 
of time-resolved friction. The apparatus is simpler and easier 
to operate than the plate impact facility. However, it can- 
not achieve the same level of contact pressure and sliding 
velocity. 

In the experiments discussed here, a precompression is 
applied prior to the dynamic torque. Other possibilities exist 
if single pulses are desired to guarantee specimen recovery 
with the specimen subjected to a single pulse. In fact, si- 
multaneous storage of an axial force and a torque leads to a 
compression wave followed by a torsional wave. Total wave 
trapping in the transmission bar is then achieved, and the 
specimen is subjected to a single compression-shear pulse. 
The limitation of this approach is that the C-clamp can store 
less torsional energy, and therefore smaller sliding velocities 
can be studied. 

Due to the importance of heating in the frictional proper- 
ties of metals, future work should focus on the measurement 
of temperature history at the sliding interfaces. For that pur- 
pose, infrared photography appears to be a promising tool. 

Many parameters must be varied to study the frictional 
behavior of rough surfaces. Various combinations of sliding 
velocity, pressure and surface roughness need to be tested 
for the formulation of accurate friction models. The parame- 
ters in the experiments conducted here were kept in a narrow 
range in order to investigate the repeatability of the measure- 
ments. In this way, the obtained data could be compared with 
data reported in the literature. In-depth frictional studies in 
advanced materials will be reported in future publications. 
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