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ABSTRACT: Experiments were performed to better understand the sliding frictional behavior between metals 
under relatively high shear and normal forces. Microstructrual analyses were done to estimate local near-surface 
stress and strain gradients. The numerical simulation of the observed frictional behavior was based on a 
constitutive model that uses a state variable approach. 
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INTRODUCTION 

Many manufacturing operations such as metal 
forming are highly influenced by the frictional state 
between metals. Improvements in product design 
efficiency through the use of numerical simulation of 
the manufacturing process will thus depend on how 
well friction models duplicate actual behavior. 
Friction behavior during metal forming operations is, 
however, difficult to characterize and model because 
friction transients are common over the short sliding 
distances encountered during forming. This study 
combines experiment, metallurgical analysis and a 
finite element method (FEM) simulation to look at 
friction behavior within this transient regime. 

In the first part of this study, experiments were 
performed to better understand the dry sliding 
frictional behavior between metals under relatively 
high shear and normal forces and for short sliding 
distances. The friction tests were performed on a 
large area flat plate friction apparatus with copper 
samples and a steel platen. A micromechanical and 
metallurgical analysis of the deformation within near- 
surface layers was then performed on the samples to 
provide estimates of the steep local stress and strain 
gradients as a function of subsurface depth for 
comparison with friction models. These tests and 
experimental analyses also provide data on the 
repeatability of friction transients and the relevant size 
scales for modeling. 

In the second part, a numerical methodology was 
implemented to simulate the frictional behavior seen 
in this study's sliding tests. Common relations that 
define sliding resistance as being proportional to 
normal pressure are attributable to Coulomb (1785). 
Since those simple relations do not describe what is 
observed experimentally, other relationships were 
sought for the simulation. An evolving constitutive 
model for friction recently developed by Anand 

(1993) was used to simulate the observed frictional 
behavior. As originally proposed, this model was 
rate-independent and assumed isothermal and 
isotropic behavior. It uses a state variable that 
accounts for the resistance of the surface layers to 
slip. The parameters in this model can be directly 
measured from tests. 

FRICTION EXPERIMENTS AND RESULTS 

The method of friction testing and metallurgical 
analysis was described in detail in Hughes et al. 
(1994,1995). For the friction tests, moderately high 
sliding speeds (0.25 and 25 m d s )  were imposed on 
high purity (99.99%) OFE copper samples at normal 
pressures near the yield of the annealed samples. 
Results showed that the evolution and magnitude of 
the coefficient of friction appears to be a function of 
load, rate, surface cleanliness, and roughness. The 
observed coefficients of friction ranged from 
approximately 0.4 to 1.4. Plots of either the shear 
force or coefficient of friction as a function of sliding 
distance show an initial increase in the coefficient or 
shear force to a relative maximum followed by a 
decrease to an asymptotic value (Figures 1,2). These 
figures show that the evolution of sliding resistance is 
a function of the relative motion of the Cu friction 
sample and the steel platen. Figure 1 shows that the 
sliding resistance is a function of the normal load. 
The effect of normal force is further illustrated by 
plotting the average shear force and peak shear force 
as a function of normal pressure for several tests 
(Figure 3). The trend for increasing shear forces with 
increasing normal pressure is clear, even though 
Figure 3 also illustrates the scatter encountered in a 
frGtion testing. Other experiments, Figure 4, show 
the effect of rate (sliding speed). 

The effect of these variables on the microstructure 
the large near-surface stress and strain 
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iradients has been analyzed and reported previously 
(Hughes et al. 1994,1995). An example of those 
results is given here to show the relevant size scales 
of these gradients with depth below the surface. 
Figure 5 shows the gradient in the dislocation 
microstructure with depth below the surface 
following sliding. The dislocation boundaries have a 
spacing on a nanometer size scale, which indicates 
that the material has been deformed to very large 
strains (EvM > 5) at very high stresses. Figure 6 
shows estimates of the stress gradients which develop 
during sliding. Very high stresses are encountered at 
the surface and decrease with depth. High stresses 
persist at deeper depths with higher normal pressures. 
Strain gradients were shown by Hughes et al. 
(1994,1995). Comparison of these results with 
micromechanical friction models shows that asperity 
wave models (Avitzur et a1 1984 and Challen et a1 
1984) can account for some of the local gradients. 
However, additional friction mechanisms such as 
adhesion are also necessary. 

These fine-scale steep gradients in stress, strain, 
and microstructure show that the evolution of the 
frictional behavior is clearly a function of subsurface 
deformation and the near-surface state of the material. 
Conventional finite element modeling techniques can 
not sufficiently discretize the geometry to simulate the 
gradients in the structure, even if the gradients could 
be modeled easily. However the evidence that the 
friction evolution is based on deformation processes 
suggests that friction may be treated within 
conventional FEM using ideas from plasticity. 

The purpose of the next phase of the study was to 
propose a methodology that can produce a simulation 
of the frictional behavior seen in this study's sliding 
tests. In recent publications, Anand and his 
colleagues (Anand and Tong 1993, Anand 1993, 
Pisoni 1992) have proposed a " first-order" friction 
constitutive model that can simulate the interface 
sliding behavior at metal-to-metal contacting surfaces. 
Experiments by Anand and Tong (1993) and 
Courtney-Pratt and Eisner (1957) have shown a 
correlation in the type of behavior seen at contacting 
interfaces with the elastic-plastic behavior of ductile 
metals. In essence, the "stick-slip" behavior seen in 
curves of shear stress vs. sliding distance is quite 
similar to that seen by ductile metals that experience 
large deformations (J2 flow theory). The "sticking" 
or "adhering" behavior is similar in nature to the 
elastic portion of the stress-strain curve, while the 
"slipping" behavior correlates to the plastic portion. 
This suggests that a friction constitutive model can be 
developed that has similar features to those developed 
for metal plasticity. 

MODEL BACKGROUND 

necessary. 
In the papers by Anand and his colleagues a 

friction constitutive model using a state variable 
approach is developed. Though they may only 
account for first order effects, these efforts are 
representative of the state-of-the-art in the field. They 
have modeled a complex surface state by algorithms 
that simulate one class of frictional behavior well. At 
the same time the model is fairly straightforward to 
implement in finite element codes. In this work we 
will apply their approach, modify as necessary and 
suggest improvements. The details of this 
development are not repeated here, but certain 
important features are discussed. A state parameter, 
a, is introduced which ideally takes into account the 
microstructural phenomena at or near the contact 
interface. Evolution equations are written for the 
traction at the interface and a variable, s, defined as 
the slip resistance of the contact surface. As shown 
below, s is a function of the contact pressure, p ,  and 
the state parameter a. 

s = s( P ,  a) 
The state parameter a is replaced by a macroscopic 
variable us. The variable us is defined as the 
"accumulated or equivalent relative tangential slip" 
(Anand and Tong 1993). This could be interpreted as 
an observable metric of the changes taking place at the 
microstructural level. Given the functional form in 
Eqn. (1) for s, an evolution equation (ds/dt) can be 
written in terms of relationships that describe the 
change in slip resistance as a function of normal 
pressure and relative slip. These relationships are 
commonly called hardening functions. 

Critical to the development of the constitutive 
model, is the notion of a slip surJace which is similar 
to the concept of a yield su$ace in metal plasticity 
theory. In the flow theory of plasticity, the yield 
surface is the surface in stress space, within which 
there is no change in plasticity and incremental 
plasticity changes can only occur on the exterior. In 
the present context, the slip surface is similar in that 
adhering between surfaces is enforced internal to the 
slip surface. Slipping is analogous to the incremental 
plastic strain. The function 

represents the slip surface. Here, t is the traction 
vector and s is the slip resistance defined in (1).  If, 
we assume 

where z = 4- is the absolute value of the 
tangential traction ( t ~ ) ,  then if z < s, we will have 
adhering between the surfaces. If this is not the case, 
we will have a slipping action. 

f(t, s) = 0 (2) 

f(t, s) = z - s, (3) 

A complete friction constitutive model should be able 
to correlate what is occurring at the microstructural 
level (e.g., near-surface plasticity gradients) with 
observable macroscopic behavior (e.g., slip 
resistance). This model should be easily implemented 
in a finite element code and could be modified if 

CHOICE OF SLIP RESISTANCE FUNCTION 

For over two centuries engineers have utilized what 
has generally come to be known as Coulomb's law to 
describe the frictional behavior at contact surfaces. 
This states that the slip resistance is proportional to 



. 
the normal pressure. The proportional factor, p, is 
commonly called the coefficient of friction. Anand 
(1993) reviews previous studies that show that the 
slip resistance tends to saturate (reach a constant 
value) for given values of relative slip. Experimental 
results by Anand and Tong (1993) confirm this 
result. The experiments were performed in a testing 
machine that could apply simultaneous compression 
and torsion to an annular workpiece made from OFE 
copper. The tool material in contact with the 
workpiece was AIS1 A2 tool steel. The workpiece 
was initially compressed and then torqued to produce 
a relative tangential slip. In Anand‘s experiments, the 
normal pressures varied from 40 MPa to 540 MPa 
with sliding velocities that ranged from 0.0288 to 
2.88 d s .  In the paper by Anand and Tong (1993) it 
is indicated that the slip-rate sensitivity was small. 
These normal pressures were considerably higher 
than the normal pressures used in the present study. 
As presented previously in this report, the maximum 
normal pressure used here was approximately 30 
MPa, with sliding velocities that were either 0.25 or 
25 d s .  The materials used in our experiments were 
different, high purity OFE copper and hardened 4340 
steel, but to a first order they could be considered to 
be similar. The results of our experiments were 
discussed earlier in this paper (Figures 1-4). Our 
experiments and Anand‘s both show a saturation of 
shear force and the coefficient of friction with sliding 
distance. Our data, unlike Anand‘s, show a transient 
in the shear force and coefficient of friction to a 
relative maxima before decreasing to an asymptotic 
value. An important differentiation between our 
experiments and Anand‘s, in addition to the distinct 
rate and normal pressure ranges, is the deformed 
copper in our experiments is continually coming into 
contact with portions of the tool (steel platen bar) that 
have not previously been in sliding contact with the 
workpiece material. 

In spite of the differences in the experiments, it is 
possible to use the same relationship used by Anand 
and Tong (1993) that describes the slip resistance as a 
function of normal pressure, p, and the relative 
tangential slip, us. The assumed slip resistance 
function is 

s = s* ( tanh (59 ), (4) 

where, p = p(us) and s* = s*(us). An examination of 
Eqn. 4 show that at low pressures, the slip resistance 
reduces to Coulombs law and that at high pressures, 
produces a saturated value which is only a function of 
the relative tangential slip, us. 

The functional forms of p and s* can be 
determined by fitting the experimental data to 
mathematical functions. We now deviate from 
Anand’s approach in that the current experimental 
data shows a slightly different functional relationship 
with respect to us. In the paper by Anand and Tong 
(1993), s* is determined by a fit to high pressure 
(540 MPa) data, while p is obtained from a fit to low 

pressure (40 MPa) data. In this manner, p and s* 
were described by 

S* = S<y; + (S$ - s<y;)( 1 - exp(-us/u2) ) . (6) * *  The constants po, ps, u1, so, ss, and u2 were 
determined by Anand and Tong (1993) using a non- 
linear least squares fit of the low and high pressure 
data to be: 
po = 0.37, pS = 0.75, ~1 = 2.5 II~IT~, 
so = 105 MPa, s: = 215 MPa, u2 = 3.5 mm. (7) 
In the fit to the current data, due to the relatively low 
pressures as compared to Anand‘s experiments, we 
choose to fit p to a representative low pressure 
experiment (Figure 2). We must select a functional 
relationship for p that still saturates at high values of 
us, but has a functional relationship that can produce 
the transient peak seen in the present experiments. A 
relationship for p that meets this criteria and is a 
multiplicative modification of Eqn. 5 is 

* 

alsech(-us/a2) ) . (8) 
The behavior of the function in the last set of 
parentheses in Eqn. (8), containing the hyperbolic 
secant function, approaches unity for low and high 
values of us with an intermediate maximum. There 
are an additional two constants (al, a2) that must be 
obtained in fitting the experimental data. As discussed 
above the constants in Eqn. (8) are obtained by a fit to 
low pressure data in the present experiments. Using 
the “Nonlinear Fit” package within Mathematica 
(Wolfram 1994) on the experimental data for a normal 
pressure of 12.0 MPa and a sliding velocity of 25 
m d s  (Figure 2), the constants in Eqn. (8) are 
determined to be: 
po = 0.375, ps = 0.68, u1 = 8.09 mm, a1 = 0.914, 

The concept of a slip surface, slip resistance 
function (Eqn (4)), and the fit of constants to 
experimental data fully describes a friction 
constitutive model for the interface between the 
workpiece (OFE copper) and the hardened steel 
platen. In the following section, we will show results 
of calculations that use the fits to hand’s  data (Eqn. 
(7)) as well as the current data (Eqn. (7) as modified 

a2 = 33.01 mm. (9) 

by (9)). 

NUMENCAL, RESULTS 

The numerical implementation of the friction model 
was first written by Pisoni (1992). A subroutine was 
written which put a new friction interface model in the 
implicit version of the ABAQUS (Hibbitt, et al 1993) 
finite element computer code. Originally written in 
double precision for computer workstations, the 
subroutine was modified to run on the Cray YMP 
computer in single precision. 



’ Utilizing the friction constitutive model user 
subroutine in ABAQUS, the OFE copper test block 
was modeled with appropriate boundary conditions 
that simulate the action of the Sandia flat plate friction 
tester (Hughes et a1 1995). The copper was assumed 
to yield at 30 MPa and was assumed to have linear 
strain hardening simulating initial material plasticity 
(Hughes et a1 1994). The hardened 4340 steel platen 
was assumed to be an infinite rigid surface. The mesh 
of the copper block is shown in Figure 7. The 
boundary conditions noted on Figure 7 were chosen 
to simulate the effects of the fixture containing the 
copper block. 

At first, the properties of the friction interface were 
those developed by Anand as described above. The 
result for the axial force on the steel platen (rigid 
surface) is shown in Figure 8 and compared to the 
test results for a sliding speed of 25 m d s  and a 
normal pressure of 16.7 MPa. As seen in this Figure, 
the numerical simulation accurately predicts the axial 
force for relatively large sliding distances, but 
significantly under predicts the force during the initial 
motion. In addition, there is no transient behavior 
with a relative maxima in the code calculation. 

In the next series of calculations, Eqn (8) was used 
for p in the model with constants fitted to the present 
test series, Eqn. (9). The results shown in Figure 9 
are for a sliding speed of 25 mm/s and normal 
pressures of 12.0 and 16.7 MPa. The agreement 
between the experiment and the numerical analyses is 
good especially for the 12.0 MPa normal pressure. 
This is not surprising since the constants in the p 
relation were fit for that experiment. Both sets of 
numerical simulations in Figure 9 show the relative 
maxima at early times and both then decrease 
asymptotically to values similar to values seen in the 
experiments. Figure 10 shows the comparison of a 
numerical simulation using a normal pressure of 21.5 
MPa with two tests which nominally used the same 
normal pressure and the same sliding speed. These 
two tests represent the maximum range of scatter 
observed (see Figure 3). The simulation falls in the 
middle of the data range. A slow speed (0.25 d s )  
comparison is shown in Figure 11 for normal 
pressures of 17.0 and 22.7 MPa. There is good 
agreement been test and the numerical result for 17.0 
MPa as in the corresponding normal pressure case 
(16.7 MPa) at the higher sliding speed in Figure 9. 

SUMMARY AND CLOSING REMARKS 

In this study, experiments, metallurgical analysis and 
numerical simulations were performed to better 
understand the sliding frictional behavior between 
metals under relatively high shear and normal forces. 
The numerical simulation of the frictional behavior is 
based on a constitutive model recently developed by 
Anand (1993). It uses a state variable that accounts 
for the resistance of the surface layers to slip. The 
implementation of the friction constitutive model was 
in the implicit version of the ABAQUS finite element 
code. There are no inherent limitations in the model 
that would preclude its inclusion in other implicit or 

explicit time integration codes. Experimental results 
showing a rise to a maximum in shear force followed 
by a decrease as sliding continues may show the 
importance of two other parameters that were 
neglected rate and temperature. Of these two, the rate 
effects are straightforward to implement if one 
assumes a slip resistance function similar to Eqn. 4. 
An outline of a procedure that is an extension of the 
model used in this paper’s calculations is documented 
in the Appendix of Pisoni’s work (1992). The effect 
of temperature at the interface should be addressed by 
formulations in a finite element code that allow 
temperature changes due to material deformations. In 
turn, these thermal effects can cause property changes 
within the workpiece, including damage. If one 
includes the effect of temperature in the friction 
constitutive model, this model could conceivably be 
linked to material damage models such as those of 
Bammann, et a1 (1993). 
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Figure 1. Slip resistance as a function of normal load 
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Figure 3. Mean and maximum shear force vs. Mean 
normal force 
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Figure 5. Near-surface friction microstructures 
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