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Abstract

A new version of an original tribometer has been developed to measure friction coefficients under high pressures in quasi-
static conditions. This study describes the design of the new tribometer device and aims to cancel any defects noted in the
previous release. This configuration, combined with the improvement of the tribometer’s guidance stiffness, increases the
sliding distance from 1 to 30 mm while keeping a normal pressure accuracy and creates possible pressure tests ranging from
500 to 2000 MPa. In order to validate the assembly and to simulate testing conditions in severe plastic deformation processes
of metals, two tribo-pairs consisting of interstitial free steels and aluminum alloy (Al 1050) samples sliding on 45NiCrMo16
steel matrices were tested. New results on the friction coefficient evolution throughout a sliding length of 10 mm were noted
and all tests revealed good reproducibility for the whole pressure range.

Keywords Dry friction - High pressure - Severe plastic deformation

1 Introduction

Tribological aspects occur in most part of material forming
processes, whether or not desired. They play a leading role
in forces to apply or even in the final roughness of a work-
piece depending on contact pressure [1], sliding velocity or
length [2].

Severe Plastic Deformation (SPD) techniques are gen-
erally used to produce grain refinement in metals in order
to increase the yield strength or to perform surface treat-
ments for instance. In addition, observations show that some
materials produced with SPD processes under specific con-
ditions exhibit improved tribological features. Many studies
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show a real enhancement of friction properties between two
materials rubbing against each other involving one obtained
through the SPD process [3]. Indeed, the use of a mate-
rial produced via an SPD technique such as High Pressure
Torsion (HPT) for instance, leads to an overall increase in
wear resistance [4] and a decrease in friction coefficients [5].
Chegini and Shaeri [6] and Abd EI Aal et al. [7] reported
similar observations by increasing the number of Equal
Channel Angular Extrusion (ECAP) passes, respectively,
on Al-7075 alloy and on different Al-Cu alloys.

Nevertheless, SPD processes are also affected by con-
tact conditions. In the most popular of them such as ECAP
HPT, friction between sample and dies or anvils significantly
influences the back-pressure value and the plastic strain dis-
tribution in the sample [8, 9]. In a single pass of HPT, the
hydrostatic pressure generates an extremely large amount of
strain, higher than in other SPD processes, which leads to
an average grain size which is smaller than those produced
by ECAP [10] and to strengthening mechanisms [11]. Most
SPD technique are conducted in static mode but in order to
obtain different materials properties, some SPD processes
involve a dynamic mode. Verleysen et al. [12] for example
studied a new dynamic HPT technique inspired by torsional
split Hopkinson bar (TSHB) setups.

Numerical studies performed on the ECAP process
pointed the sensitivity of this SPD technique on friction
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and the strong influence to this phenomenon on the distri-
bution of stresses in the die corner [13] and on the billet for
aluminum alloy [14]. However, despite these observations,
experimental characterization of dry friction occurring dur-
ing SPD processes is rarely investigated. As a consequence,
there is a clear need to characterize the dry friction coef-
ficient in representative SPD working conditions, i.e., for
a couple of materials for which a sample is confined under
high hydrostatic pressure, and considering a low sliding
velocity for different contact lengths and various degrees of
initial roughness of the matrices (die and anvil).

Designing an experimental device with all these charac-
teristics involves many difficulties to overcome and some
studies were carried out in this regard. In order to apply a
high hydrostatic pressure [15], techniques to confine a sam-
ple have been adapted for the investigation of friction [16]
between a couple of materials made up of aggregate material
and steel for low sliding velocity [17]. Xinghua et al. [18]
also developed an experimental method to characterize fric-
tion properties of sheet metal under high contact pressure.
Unfortunately, the pressure in those studies does not exceed
100 MPa. With a view to studying IF steel sample rubbing
between two 45NiCrMo16 steel matrices, Pougis et al. [19]
proposed an original device specially designed to meet SPD
specifications of their own ECAP and HTP setups to inves-
tigate dry friction evolution under high pressures ranging
from 200 MPa to 1 GPa and for low sliding velocities of a
few centimeter per minute with various initial surface rough-
ness of the matrices.

The goal of this study is to present an updated version of
this original device considering that the first experimental
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Fig. 1 Working principle of the tribometer
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results highlighted some limitations of this tribometer.
Improvements were made to this tribometer not only to
make it better suited to the SPD processes such as ECAP or
HPT but also to ensure better reproducibility of the measure-
ments. The initial sliding distance was extended to 10 mm
under higher apparent normal pressures (up to 2 GPa) with a
view to obtaining dry friction coefficient values representa-
tive of the operating conditions in SPD processes. A few
tests for a couple of steel materials were first performed to
demonstrate the validity of changes and provide new results
for the highest normal pressures (2 GPa).

2 Material and Methods
2.1 The Pougis et al. Configuration

The design and the description of the operation of the device
are precisely reported in the article published by Pougis et al.
[19]. Figure 1 describes the working principle of this tribom-
eter that consists of pressing a sliding cylindrical specimen
constrained in a bore machined in the plunger between two
fixed matrices. Then, the sliding is induced by applying a
force on the plunger using a standard testing machine.
Nevertheless, although its efficiency has been generally
satisfactory some issues emerged during its use and were
notified. The most representative are reported here. In Pou-
gis et al.’s configuration, the apparent normal pressure was
applied by two sets of instrumented screws-nut system (1-2)
located on both sides of the investigated tribo-pair of materi-
als. Each set is manually and independently driven, leading

Application of the tangential force
Ft with a standard test machine

Sliding for the specified distance &
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to a possible dissymmetric loading (Fig. 2). Thus, the com-
bination of the standard screw-thread value and the short
distance 9 (see Fig. 2) makes the precise adjustment of the
normal load very challenging. In addition, the parallelism
between the two jaws (3) during the loading phase is also
quite difficult to ensure easily. This requirement is manda-
tory to impose uniform pressure onto the sample (6) and to
avoid any undesirable contact between the moving plunger
(4) and the matrices (5). Another angular misalignment can
be also noted between the two jaws in the perpendicular
direction (Fig. 2). It mainly depends on the dimension v,
which is the position of the sample throughout the test with
respect to the loading plane defined by the two axes of the
screws. The farther the sample is from this plane, the greater
the misalignment. Consequently, the friction length was lim-
ited to a short distance (maximum value of 1 mm) to ensure
the stability of the initial experimental parameters all along
the friction test.

The maximum normal pressure (manually applied on the
sample) mostly depends on the mechanical strength of the
screw-nut assemblies allowing an apparent normal pres-
sure close to 1 GPa. Considering that the manually applied
forces on the two screw-nut assemblies must be strictly iden-
tical and considering what the necessary operating clear-
ances need to be, this inevitably leads to angular deviations
between the jaws’ surfaces. As a result, consistency and
symmetry of loading at the sliding interfaces cannot be fully
guaranteed with this configuration. Pougis et al. observed
a drop in the normal load from 0.2 to 36.5% throughout
the test depending on the normal pressure that was initially
applied. The strongest variations which were observed for
low pressures can be mainly explained by a lack of guidance

Fig.2 Pougis’s configuration:
illustration of the dissymmetric
phenomenon and of the angular
misalignment loading phenom-
enon

solution for the mobile parts as well as by the device stiff-
ness weakness, which means that the higher the applied
pressure, the stiffer the tribometer device. Moreover, to avoid
any parasite contact between the surfaces of the matrices
and the plunger that may change the friction conditions at
the interface, the apparent normal pressure remains limited
to 1 GPa.

Although the previous version of the tribometer device
has provided first results highlighting the influence of main
parameters on dry friction, the working conditions are lim-
ited by the tribometer device design itself. These values of
the friction path length and the apparent pressure are too far
from those observed in SPD processes where the confined
sample slides from a few millimeters to several centimeters
in length under an apparent normal pressure up to 2 GPa.
The new architecture developed for the new tribometer nota-
bly aims to eradicate most of these issues while improving
its ability to perform dry friction tests close to the conditions
of SPD processes, with greater accuracy and repeatability.

2.2 Architecture of the New Tribometer Device

While keeping the general working principle, the design of
the new tribometer device aims to cancel any defects noted
in the previous release and to meet several major require-
ments where a confined cylindrical sample slides between
two massive jaws supporting the matrices.

The lack of stiffness and the excessive operating clear-
ances of the mobile jaws with the fixed frame are strongly
reconsidered. In this new version (Fig. 3), the guidance of
the mobile jaw (7) is now ensured by three massive circular
columns (2) rigidly fixed to the structure (6). The one (2)

N° |Part N° [Part
Screw with strain gauges 4 | Plunger

2 | Nuts Matrices

3 | Jaws 6 | Sample
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Fig.3 CAD view of the new
tribometer device
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8

Cut view

Sample

underneath the mobile jaw (7) does not contribute to guid-
ance but contributes to increasing the stiffness of the struc-
ture by minimizing the bending displacements. This solution
enables the mobile part to shift keeping the parallelism of
the jaws surfaces while avoiding angular deflections. This
technical solution is obviously mechanically constraining
but it is often used in other engineering fields (e.g., with
universal testing machine) in order to meet these geometrical
requirements.

@ Springer

As previously stated, owing to the difficulty of manu-
ally balancing the compressive forces on each side of the
mobile jaws, the two independent screw-nut assemblies did
not make it possible to apply a strictly uniform normal pres-
sure at the sliding interfaces. This former configuration is
now substituted by a single hydraulic actuator located on
the loading axis of the tribometer and sample. The major
consequence of these changes is easily controllable pres-
sure (Fig. 4).
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Fig.4 Comparison between the
previous and the new tribometer
device

Previous version

Previously, the apparent normal pressure was checked
throughout the friction path by means of strain gauges
glued on each screw-nut system. This measurement proce-
dure has now been improved in a robust way by means of a
high capacity force sensor positioned close to the specimen
which transmits the normal force signal to a DEWETRON
signal conditioner (DEWE-3020 with DAQP-STG condi-
tioner). This configuration, combined with the improvement
in guidance stiffness, increases the sliding distance from 1
to 30 mm while keeping normal pressure accuracy. All the
characteristics of the original tribometer device are listed
in Table 1. Test results on IF steel and Al alloys performed
with this new device are presented in the following section.

3 Results and Discussion

3.1 Comparison Between the Two Setups

With a view to comparing the two existing tribometer
devices, several tests have been performed with the same

experimental parameters. The matrices are made of ground
45NiCrMol16 steel (EN10027, AISI 6F7), heat treated to

New version

achieve 440 HV and the samples are IF steel (whose com-
position in weight percentage is: 0.0018C, 0.095 Mn, 0.026
Cu, 0.023 Cr, 0.06 Al, 0.046 Ti, Fe balance). The samples
dimensions are 5 mm in diameter and 10.8 mm in length
(sample surfaces polished with a 2400 grade silicon paper).
All tests were carried out at room temperature (20 °C) in dry
conditions. The tribometer was put on a tensile-compression
testing machine. The axe of the mandrel was aligned with
the one of the plungers of the tribometer. The displacement
of the plunger was driven by the mandrel of the testing
machine at 5 mm/min. Those tests are called displacement-
controlled tests (DC) and they aim to determine the kinetic
friction coefficient p.

A typical recording of the measured forces evolution
during a test is presented in Fig. 5. By the means of the
hydraulic actuator, the normal force acting on the specimen
is initially set to 20 000 N corresponding to a pressure at the
sample surface close to 1 GPa (for a 5 mm sample diameter).
Once the test is started and after a short transient period
a continuous drop of about 20% of this normal force is
observed over the duration of the test. This can be explained
by the rubbing and the consecutive wear of the specimen
against the matrices throughout the 10 mm displacement.

Table 1 Characteristics of the

new tribometer device Sliding length

Pressure
Normal force
Tangential force
Speed

Up to 30 mm

Up to 2 GPa (5 mm diameter specimen)
<40 kN

Depends on the load cell

Tensile-compression testing machine 0-10 mm/s
Dynamic tensile-compression testing machine Up to 10 m/s
Drop weight impact testers Up to 16 m/s
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Fig.5 Typical recorded forces and calculated coefficient of friction
with respect to the cross-head displacement of the testing machine
(#IF-1)

The constant velocity (5 mm/min) of the cross-head of the
testing machine results in a steady increase wear of the spec-
imen. This leads to a reduction in length of the specimen
and consequently a drop of the applied normal force (con-
sidering the single hydraulic actuator acting on the mobile
jaw is not being controllable during the test). Despite this,
the tangential force and the coefficient of friction achieve a
stable phase from 6 to 10 mm.

Figure 6 shows the results of the three tests carried out on
the new tribometer device. These three tests with a sliding
length of 10 mm indicated a steady state of the coefficient
of friction from 8 to 10 mm with an average of 0.62. To
compare these results with the previous study an average
curve of those three tests on a sliding length of 1 mm has
been calculated and represented in Fig. 7 with the friction
coefficient evolution of the previous device. Figure 7 shows
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Fig.6 Evolution of the friction coefficient for IF steel under
1000 MPa at a sliding speed of 5 mm/min

@ Springer

o S
— o )
O ) G

Coefficient of friction

o
=

0.05 /I ——New device
s = = =Previous device
0 1 1 1 I
0 0.2 0.4 0.6 0.8 1
Displacement of the cross-head of the testing machine (mm)

Fig. 7 Value of the coefficient of friction with respect to the displace-
ment for both the previous device and the new device

a similar evolution of the coefficient of friction on 1 mm
sliding length for the new and the previous device. Further-
more, the stabilizing period at the beginning of the test is
approximately 25% shorter for the new tribometer device
(approximately 0.2 mm and 0.15 mm for the previous and
the new device, respectively). This can be explained by a
greater adjustment and precision of the different guiding
parts of the new tribometer.

3.2 Application to ECAP

In order to extend our results, a study on a 1050 aluminum
alloy, a material commonly used in the ECAP process,
has been conducted. In fact, the new tribometer in a ten-
sion—compression machine and DC-test setup matches the
ECAP process where the sample rubs against the canal.
Since it is difficult to find data about the coefficient of fric-
tion between the sample and the canal, this tribometer device
can estimate it for the first millimeters at the beginning of
the ECAP process.

The sample dimensions and the matrices material (ground
45NiCrMo16 steel) remained unchanged at a sliding dis-
tance of 10 mm and at a sliding velocity of 5 mm/min.
Experimental measurements of the coefficient of friction
were performed at room temperature, in dry conditions. Two
tests were run for repeatability for each chosen pressure level
(500, 1000 and 2000 MPa).

Figure 8 reveals good reproducibility of the results for all
the tested pressures even for the highest pressure of 2 GPa.
For each pressure level the coefficient curve is divided into
a transient zone and a plateau. As the pressure increases,
the stabilized coefficient of friction decreases. It can also be
noticed that using the new device, the higher the pressure,
the shorter the transient zone.
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Fig.8 Calculated curves of coefficient of friction under different con-
tact pressures for 1050 aluminum alloy at a sliding speed of 5 mm/
min (— test 1; --- test 2)

4 Conclusions

An enhancement of the previous experimental setup from
Pougis et al. has been developed. The purpose of this setup
is to measure the friction coefficient under high pressure
including in severe plastic deformation process condi-
tions (quasi-static, dry sliding). The couple of materi-
als chosen to compare the two existing tribometers were
45NiCrMol6 (grounded matrices) and IF Steel (sample).
A new sample made of Al alloys with a range of pressure
between 500 MPa and 2 GPa also have been investigated.
The results of the present investigations lead to the main
following conclusions:

— In the new setup the guidance of the mobile jaw is now
possible. This solves the lack of stiffness affecting the
previous setup. With this new solution, the displacement
of the mobile part is made possible while keeping the
surfaces of the jaws parallel and avoiding angular deflec-
tions.

— The previous loading device was an assembly of two
independent screw-nuts where applying a strictly uniform
normal pressure at the sliding interfaces was not possible.
This assembly was substituted by a unique hydraulic cyl-
inder, which resulted in distributing normal pressure onto
the sample more evenly and controlling it more easily.

— The sliding length of the new setup can go up to 20 mm
and reveals good reproducibility of the results for all the
tested pressures. It also confirms the previously sug-
gested fact that the tribometer is more easily controllable
at high pressures.

— The kinematic friction coefficient pg depends on the slid-
ing length and seems to become steady between 10 and
15 mm. Further investigations will confirm this point.
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