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Abstract

The friction development between Aluminium AA1050 and Dural AA2024 is studied. Continuous full surface rotational sliding
experiments of AA1050 over AA2024 were performed at temperatures between 150 and 350 °C and at contact pressures between
2 and 15 MPa. The required torque was measured as function of rotation angle.
A model is set up for the evolution of the friction coefficient, which takes into account temperature, normal pressure and sliding
distance. Validation of the model is done by implementation in a finite element program and reproduction of observed behaviour.
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1. Introduction

The shear stress due to friction at the interface of two contacting bodies is generally described by Coulomb’s law.
It relates the value of the shear stress zduring sliding to the applied pressure p by a friction coefficient xz 7= g p. For
AAB061 sliding on AA6061 values for static and dynamic friction coefficients in air at room temperature were quoted
as 0.42 and 0.34 [1-3]. For aluminium sliding on aluminium plate a static friction coefficient was measured of 0.57
[1-3]. For clean 99% pure aluminium in helium gas static friction coefficients of 1.62 and 1.60 at respectively 80K
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and 300K have been reported [2]. Other values for the static friction coefficient of 1.05 and 1.9 [2] and 1.35 [4] were
presented. The large variation in reported friction coefficients indicates that a constant friction coefficient is not
applicable to describe the friction of aluminum sliding on aluminum.

At high contact pressures the shear stress depends on the material’s shear strength 7, rather than on the pressure.
Tresca related the friction to the material’s shear strength through a friction factor m: 7= mz. A combination of the
Coulomb and Tresca models was suggested by Orowan [5]. Wanheim and Bay introduced a friction model for metal
forming which provides a smooth transition between a friction model with a constant Coulomb’s friction coefficient
at low forming loads and a friction factor model which depends on the material strength at high loads [6,7].

When two objects slide with respect to each other, this changes the interface conditions. The coefficient of friction
will not remain constant. In this contribution we report on evolution of friction during continuous sliding experiments
of pure aluminum on AA2024. This is in contrast to experiments and models, which deal with friction during initial
or intermittent sliding. A model will be derived and by a finite element simulation of the experiments its applicability
will be shown.

2. Experimental setup

Experiments were performed on a torsion friction tester [8,9]. The setup was adapted as shown in Figure 1(a) to
perform sliding friction experiments. An AA1050-0 disc is positioned between two AA2024-T351 parts. A steel pin
keeps the three parts aligned and the two steel blocks are connected to the friction tester. The parts are compressed
and heated. Subsequently, a rotation is applied to the lower steel block while the upper steel block remains fixed. The
stationary upper part contains 2 thermocouples located at opposite sides of the center line at a radius of 8 mm and at
2.4 mm above the surface that is in contact with the AA1050 disc, see Figure 2(c). A rotation speed of 10 rpm (=1
rad/s) is used during the experiments. In this setup the aluminium slides continuously over the same surface. In this
way the oxide layer at the AA1050/AA2024 interfaces gradually breaks up and eventually both materials will bond.
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Fig. 1. The experimental setup: (a) assembly; (b) experiment; (c) thermocouple locations.

The AA1050 discs were produced from a 2.0 mm thick rolled plate from which circular discs with a radius of 14
mm were cut. The AA2024 parts were machined from rod. The surface contacting the AA1050 in the experiment was
milled with a tolerance of 0.01 mm for its flatness and with a roughness value between 0.8 and 1.6 R, (um).

Each experiment started by removing the protective foils from both sides of the AA1050 disc and by cleaning all
aluminium parts with ethanol. Next, the parts were assembled and a normal load was applied to the setup, see Figure
2(b). The sample was heated till it reached a temperature of 10 °C above the required temperature of the experiment.
The sample was let to cool down after switching off the heater and as soon as the desired temperature was reached, a
rotation angle ® was applied. The torque, displacement in axial direction, temperature and normal force were recorded.

The temperature at the interface rises during the experiment as a result of the heat produced by friction. Based on
applied work and taking heat conduction into account, the temperature rise near the interface is estimated at 7 °C per
half a revolution (i.e. 180°) at the outer radius of the interface. The order of magnitude of the temperature rise is
confirmed by readings of the thermocouples during the experiments.
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3. Model of the shear stress at the interface

The stress in the aluminium disc is a combined shear and pressure. At low pressure there will be slip at the interface,

at high pressures, the whole disc may yield while torqued. Below the yield strength of the disc the maximum shear
stress is determined by Coulombs law:

Tnax = HP - (1)

The friction coefficient at the start of the experiment is . It corresponds to a friction coefficient for an interface
that has not significantly been deformed and where no bonding has yet occurred. The shear stress corresponding to
op is plotted in figure 2a as a solid straight line. During the experiment a gradual increase of the friction coefficient
is expected, which is indicated by a bundle of dashed straight lines.
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Fig. 2. (a) Evolution of the expected nominal shear stress zm; (b) the yield strength of AA 1050-O as function of temperature [10].

The onset of plastic deformation is determined by the von Mises yield criterion:

Tz,/(aj—pz)/S, )

where oy is the yield strength of the AA1050. This is indicated by the ellipse in figure 2a. When deformation occurs,
the yield stress will rise due to hardening. This is also shown in figure 2a by a series of concentric dashed ellipses.
After some time during a test the shear stress is assumed to be determined by the intersection of the Coulomb friction

line and the yield ellipse. Of both of these the level increases due to sliding at the interface as well as plastic hardening
of the AA1050 specimen.

4. Experimental results

At a temperature of 200 °C a wide range of experiments with different applied pressures and different applied
rotation angles was performed. Of two representative settings torque vs. rotation angle plots are shown in figure 3.
More experiments were performed at T = 150, 250, 300 and 350 °C.

By visual inspection, of each specimen can be determined whether it has plastically deformed or not. The results
for T =200 °C are presented in figure 3c. Here also both the yield envelope and the initial friction cone with z = 0.5
are plotted. The model as presented in Section 3 appears valid.
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Fig. 3. Experimental results at T = 200 °; (a) torque vs. angle at applied pressure p = 4.3 MPa; (b) torque vs. angle at p = 10.8 MPa. Mys is the
toque required for yielding, whereas M is the torque to overcome friction; (c) maximum measured torques for all applied pressures and rotation
angles. Squares indicate plastically deformed samples.

5. Evolution of the friction coefficient

The development of the shear stress at the interface, as function of the rotation 6, is measured through the torque:

RD
M (0) = IZﬂfzr(r,Q)d r. @3)
R:

When sliding occurs, the interface deforms due to ploughing, which results in a strong increase of the shear stress
[11]. Therefor the shear stress is assumed as a function of pressure p, temperature T and sliding distance s:

t 0 ) (2 e S
=M oM exp( RT j(l exp( LD “

where parameter b is a constant and L a reference sliding length. The term p/oy is a measure for the asperity flattening
at the interface. The term describing dependence on sliding distance follows from deconvolution of the torque signal
(figure 3) [12], which indicates that the dependence on sliding distance saturates. The Arrhenius thermal activation Q
is included since diffusion-like phenomena are expected to play a role in interface bonding.

For application of the model to circumstances of varying pressure and temperature, Eq. (4) is written as a rate
equation for the coefficient of friction s due to sliding as it irreversibly evolves:
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The parameters b, n, Q and L of the friction model have been fitted to the results of the tests performed at T = 150,
200 and 250 °C, using an analytical solution of Eqg. (3), assuming constant pressure. The numerical values are given
in Table 1. The fitted value for the activation energy appears to be unrealistically low. This indicates, that probably
diffusion doesn’t play a role. However for a proper fit a temperature dependence in addition to that of the yield stress
is required.

Table 1. Parameters of the friction model Eq. (4) fitted from experiments.

Parameter b n Q L
value 25 0.67 9100J/mol 0.002m

6. Finite Element implementation

To verify whether the fitted values also apply when plastic deformation of the test specimens occurs, the model has
been implemented as an evolving friction law in contact elements of an in-house ALE finite element code [13,14].
The coefficient of friction is determined as x = max(uo, ), where gy is the initial coefficient and 44 is the coefficient
of friction as it evolves according to Eq. (5). The used values of w4 are summarized in Table 2.

Table 2. Initial coefficient of friction values used in the finite element model.
Temperature 150°C 200°C 250°C 300°C 350°C
Initial coefficient of friction 0.3 0.5 0.6 1.0 1.0

The AA2024 parts are modeled with elastic behavior. The AA1050 disk is modeled with elasto-plastic material
behavior with von-Mises yielding and Voce hardening with a saturation flow stress of 3 times the initial yield stress:

0y (&y) =0, +20,(1-exp(-¢,,/0.01)), (6)

based on data from [15,16]. Temperature dependence of the AA1050 yield stress is shown in figure 2b.
6.1. Results

The torque vs. rotation results of the simulations are plotted together with experimental results for all experiments
in figure 4. Overall they have a reasonable correspondence. After an initial small elastic deformation, sliding starts
with initial coefficient of friction . Due to sliding, gradually the evolving sliding friction coefficient y increases
from outer radius inwards to a level above the initial one. Finally the friction becomes high enough to induce massive
yielding of the disk.

7. Conclusions

In this contribution we show results from continuous sliding experiments of AA1050 on AA2024. A model for
continuous sliding friction has been assumed and parameters for this model have been obtained by fitting to
experiments. Finite element simulations with this model implemented in a contact element render the experimental
results.
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Fig. 4. Torque vs. rotation angle, experimental and finite element model results at different temperatures and applied pressures.
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