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ARTICLE INFO ABSTRACT

Article history:

A benchmark exercise was conducted to compare various friction test set-ups with respect to the mea-
sured coefficients of friction. The friction was determined between Twintex®PP, a fabric of commingled
yarns of glass and polypropylene filaments, and a metal surface. The same material was supplied to all
benchmark participants and the test conditions were prescribed, making the used set-up the most impor-
tant variable among the laboratories. Tests at ambient temperature as well as tests above the melting
point of polypropylene are part of the benchmark, in order to determine both the dry and hydrodynamic
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1. Introduction

Continuous fiber reinforced thermoplastic polymers provide
advantageous properties, like a higher stiffness to weight ratio,
compared to often used metals for structural applications. Compar-
ing with their thermoset counterparts, they provide a better frac-
ture toughness and infinite shelf live. Their ability to melt can
also be exploited for automated forming and joining processes
with relatively short cycle times, in the order of a few minutes.

An example of such a process is sheet forming of thermoplastic
composites in a hot press. The process of forming a flat laminate to
a 3D shape induces a number of different deformation mechanisms
in the laminate. These can be classified by the length scale in which
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they occur [1,2]. The microscopic deformation mechanisms are the
shear strain and elongation strain of each constituent (resin and
fiber) and the contact mechanism between them. On a mesoscopic
level the deformation may be perceived as fiber bending, resin per-
colation and transverse fiber flow. As the fiber redistribution and
the change of the ply thickness is of less importance to describe
the global deformation, we can turn to a macroscopic description
of the deformation mechanisms in terms of ply bending, in-plane
and inter-ply shear. These are the most common descriptions in lit-
erature, but other or additional definitions for the macroscopic
mechanisms may be used, for example intra-ply extension or
inter-ply rotation [1]. A delicate balance between the resistances
to these deformation mechanisms determines the forming
behavior of the laminate [3]. A precise characterization of these
deformation mechanisms is necessary to accurately describe the
composite forming process, to truly design for manufacturing in
thermoplastic composites and to deploy their full potential. As a
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result, inter-ply shear or friction between the laminate and the
tools is an often investigated mechanism and has led to numerous
different testing devices and testing methods [4-9].

Literature that deals with inter-ply shear of composite sheets
primarily focuses on wet friction, i.e. matrix in a molten state,
while literature on dry friction of composite sheets, i.e. matrix in
a solid state, is scarce. A short review of test methods of wet fric-
tion with controversial issues is presented next.

Groves began investigating inter-ply shear using a Rheometrics
Dynamic Spectrometer [4]. A stack of several plies was placed
between two parallel disk platens and subsequently subjected to
an oscillatory torsional deformation (Fig. 1a), maintaining a con-
stant temperature above the melting point of the polymeric resin.
The resistance against shear can be calculated in terms of a
dynamic viscosity from the measured torque and the rotation
angle. Groves was able to relate the dynamic viscosity to the steady
shear viscosity by describing the fluid behavior with a Maxwell
model. His experiments also indicated that the shear deformation
was not only restricted to inter-ply resin rich layers, but was also
accompanied with intra-ply shear. Typically, for this type of
composites the transverse shear stress increases with the shear
velocity. Influences of the temperature or normal pressure were
not considered, yet.

Scherer and Friedrich [5] determined the inter- and intra-ply
shear by drawing a single ply out of a stack of plies (Fig. 1b), main-
taining a constant slip velocity. A hot platen press was used to keep
the temperature constant and above melt temperature throughout
the slip process. Only slight pressure was applied to ensure contact
of the heating platens with the specimen. Also here the shear stress
increased with higher slip velocity. While Groves could not find
large differences between cross-ply and parallel ply configurations,
the experiments of Scherer et al. did show a large influence of the
lay-up of the composite. These experiments captured also the tran-
sient starting effects, showing a gradual increase of the shear stres-
ses, until a steady state situation was reached.

Morris and Sun [6] prepared specimens consisting of two outer
sublaminates and a central sublaminate. The specimen was
clamped between two heated platens, by means of a clamp. The
applied pressure was determined by strain gauges attached to the
clamp and only acted on the overlap of the sublaminates (Fig. 1c).
The central sublaminate was pulled out during the test. These
experiments led to an initial peak force which exceeds the later
steady state value, which was not observed in [5]. Both peak and
steady state stresses showed an exponential increase for increasing
sliding velocities, while they were considerably decreasing when
increasing the temperature from below the melt temperature to
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Fig. 1. Friction test set-ups in the literature.
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above the melt temperature. Against their expectations, increasing
the normal pressure led to higher shear stresses. Morris and Sun
suspected that the higher shear stress was caused by a decrease
of the film thickness and frictional contact between adjacent plies.

The measurement set-up designed by Murtagh et al. [7] is sim-
ilar to that of Scherer et al. but the intra-ply shear is prevented by
fixating the fibers of each ply, enforcing inter-ply slip between
laminate and tooling, i.e. tool-ply slip (Fig. 1d). Rather than using
the shear stress, the results were expressed in terms of the appar-
ent coefficient of friction (CoF), as it is the traditional method of
presenting friction results [10]. The determination of the CoF is
based on ASTM standard D1894 [11], which assumes a simple
Amontons-Coulomb friction behavior. Murtagh et al. investigated
the same material as Morris and Sun (AS4-PEEK), observing also
an initial peak of the CoF and the same trends in velocity and pres-
sure dependency. Increasing the temperature, however, led to an
increase of the CoF, in contrast to the earlier reported results. This
effect was ascribed to a thickness reduction of the resin rich
inter-layer.

The experimental set-up used by Lebrun et al. [8] is similar to
the one of Morris and Sun, investigating inter-ply shear as well
as tool/ply shear (Fig. 1e). The obtained results are largely in agree-
ment with the previous studies. An increase in temperature, how-
ever, was found to slightly decrease the CoF in the case of inter-ply
shear, and to increase the CoF in the case of tool/ply shear. This
contradicting observation was interpreted as an effect of Coulomb
friction caused by tool-fiber interaction.

In contrast to the previous set-ups Gorczyca-Cole et al. [9]
applied a pull-through test, meaning that the test specimen sticks
out at both ends of the test area, such that the sheared area does
not decrease during the test and the applied pressure remains con-
stant (Fig. 1f). Furthermore, a uniform pressure distribution can be
maintained. It was found that the friction behavior can be
described by the Stribeck theory, which relates the CoF exclusively
to the Hersey number, defined as:

H==", (1)

where U, #, and p, denote the shear velocity, matrix viscosity and
normal pressure, respectively.

These examples show that various custom-built set-ups were
developed to determine the inter-ply and tool/ply shear behavior,
all differing in design and sizes. Since no general standard exists
for testing thermoplastic composites at process conditions, each
research group developed their own procedure, resulting in differ-
ent results for similar materials. A benchmark exercise has been
launched on the 13th Esaform conference (2010), to clarify
whether design differences have a significant effect on the
measurement results.

2. Benchmark description

Different friction measurement devices were benchmarked by
comparing the measured dynamic CoF values. The benchmark pre-
scribes the material and the conditions to be applied, ensuring the
comparability of all results. Still, the preparation of the samples
and the detailed test procedure may vary for different devices,
due to their characteristic properties and capabilities, e.g. size or
heating power.

2.1. Material

The friction coefficient between Twintex®PP and mild steel has
been measured in this benchmark. The choice for Twintex®PP is
taken, since it is readily available, and it was subject of earlier

investigations [8,9,12]. Moreover, its relatively low melting tem-
perature is less demanding for the design of the friction test set-
up. Twintex®PP is a fabric consisting of commingled glass and
polypropylene (PP) yarns. Dry fabrics and pre-consolidated plates
were kindly supplied by Vetrotex. Further material properties of
the composite are given in Table 1. The linear count of filaments
in warp and weft direction is equal, while the warp count and
the weft count, which measures the number of fiber bundles per
length and width respectively, are unequal. Fig. 2a shows the geo-
metrical unbalance, exhibiting a larger undulation of the smaller
warp bundles than of the weft bundles.

A commercially available mild steel foil M-Tech®F was used, to
ensure equal metal surface properties for all test participants. Its
material properties are given in Table 2. Before testing, the foil
was cleaned from residual grease with an adequate solvent, e.g.
acetone.

Tests at ambient temperature were conducted with unconsoli-
dated fabric, while pre-consolidated plates were used for tests
above the melting temperature. All participating research groups
were provided with unconsolidated and pre-consolidated Twintex
from the same batch as well as steel foil.

The viscosity (77) of neat polypropylene is required for the anal-
ysis of the experimental results. Polypropylene granulate of the
same grade as the Twintex®PP matrix material was investigated
by Vanclooster [12]. He determined the limits of process tempera-
tures, reaching from the melting temperature of 165-230°C,
where the polypropylene starts to degrade. He also performed
dynamic oscillatory shear experiments to characterize the bulk
viscosity. The sinusoidal oscillation and material responses are
written in complex form, resulting in a complex viscosity notation.
The norm of the complex viscosity is plotted against the angular
frequency in Fig. 3 for different temperatures. The graphs show
plateau values 7, at low shear rates. These values are used to
characterize the temperature dependent material viscosity, used
in further analyses.

2.2. Test matrix

The test conditions are defined by temperature T, sliding veloc-
ity U, and average pressure p = N/A, where N denotes the normal
force on the friction area A. The test matrix is given in Table 3
showing a set of test parameters which form the baseline condi-
tions. Additional to the baseline conditions either the temperature,
pressure or sliding velocity was varied. The additional values are
also summarized in Table 3. The sliding direction was always par-
allel to the warp-direction (Fig. 2a). Pulling in weft-direction has a
higher risk of tearing the fabric apart [13], which can be explained
by the low undulation of the weft yarns (Fig. 2b), allowing the
warp-yarns to slide easily along the weft-direction. Experiments
were performed in triplicate for each single condition.

2.3. Criteria

Only the dynamic coefficient of friction was determined for fric-
tion at ambient temperature, since the static coefficient of friction,

Table 1
Properties of Twintex®T PP 60 1485.
Property Value
Weight % glass 60%
Areal weight 1485 g/m?
Plate thickness Approx. 1 mm
Weave type Balanced 2 x 2 twill
Warp count 377m™!
Weft count 168 m™!
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(b)

Fig. 2. 2 x 2 Twintex® glass polypropylene: (a) preconsolidated plate and (b) unconsolidated fabric.
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Table 2

Properties of the applied mild steel foil.
Property Value
Material Mild steel
Thickness 0.05 mm
Tolerance +0.005 mm
Standard EN 10139
Roughness Ry =0.2 um

viscosity [Pa-s]

200 T T |
0.1 1 10 100

shearrate [s]

Fig. 3. Viscosity measurement of neat polypropylene measured by Vanclooster
[12].

Table 3
Test matrix for ambient temperature and above melting temperature.
Parameter Dry friction Wet friction
Baseline  Additional Baseline  Additional
value values value values
Temperature (°C) 23 180 200, 220
Pressure (kPa) 20 10, 40, 100 20 10, 40, 100

Velocity (mm/min) 60 20,200,1000 60 20, 200, 1000

which may differ only slightly from the dynamic coefficient, could
not be measured by every research group. This is described in more
detail in Section 4. Both types of friction were investigated for
experiments conducted above the melt temperature.

3. Measurement devices of participants

All participants have developed their own set-up, which mea-
sures the friction force Fy between the test materials, while keep-
ing the normal force N, sliding velocity U and temperature T
constant. Differences between the set-ups are the size of the fric-
tion area A, ranging from 300 to 10,000 mm? (summarized in
Table 4), and the mechanism that distributes the normal force over
the friction area. Details about the mechanims of each set-up are
presented in the following subsections.

3.1. University of Twente

The measurement device developed at the University of Twente
[14] (Fig. 4a) operates in a universal testing machine. A flexible

pneumatic actuator supplies the normal load N in a self-aligning
system. The normal load is measured by three load cells, which
also allow to record resulting moments exerted around the center
of gravity of the contact surface. Thick blocks minimize the tool
deflection, whereas the overlapping edges are used to pre-heat
the laminate before it enters the friction area, A, of 2500 mm?.
Temperatures are measured in both blocks with multiple thermo-
couples. The homogeneity of the pressure and the temperature
field was investigated and optimized [15,16].

3.2. University of Massachusetts Lowell

The University of Massachusetts Lowell (UML) has designed a set-
up (Fig. 4b), that encloses the entire test specimen between the
pressure plates throughout the experiment. This leads to a con-
stant average pressure, since the size of the friction area remains
constant, which is 4000 mm?. However, the normal force is not act-
ing on the center of the test area, which leads to a non-uniform
pressure distribution.

The normal force, exerted by an air-spring system, is feedback
controlled by compression load cells. The measurement device
was designed to apply sliding velocities U up to 5000 mm/min
and pressures p of more than 1.8 MPa. The benchmark conditions
are at the lower end of this devices processing window, resulting
in noise in the measured data. The noise was reduced by post-pro-
cessing the data.

3.3. TU Clausthal

The experimental set-up at the Clausthal University of Technol-
ogy (Fig. 4c) consists of two parallel vertical steel plates of
10,000 mm?, which can be displaced laterally along the sides of a
horizontal base plate. Composite laminates are mounted on both
steel plates, by means of double faced adhesive tape. A moving part
intended to be pulled out during the experiment (in this case the
steel foil) is positioned and clamped between the parallel plates.
The cumulative clamping force N is applied by means of four linear
elastic compression springs. The compression of each spring can be
regulated by tightening or loosening the adjusting nuts. The set-up
is mounted in a universal testing machine equipped with a 10 kN
load cell to measure the pulling force Fy. The crosshead of the uni-
versal testing machine is position controlled and moves with a
constant velocity U.

3.4. Université d’'Orléans

The principle of the apparatus used at the University of Orléans
[17] is shown in Fig. 4d. It has been designed to characterize the
frictional behavior of fabric/fabric, fabric/steel and yarn/yarn fric-
tion. It is based on two plane surfaces sliding relative to each other,
making contact over an area of 1600 mm?. The bottom specimen is
fixed on a rigidly and accurately guided steel plate. The required
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Table 4
Dimensions of the nominal friction area A per group.
TU KU UML TU University University INSA
Clausthal Leuven Dresden of Twente of Orléans Lyon
L x W (mm x mm) 100 x 100 80 x 80 150 x 20 50 x 50 40 x 40 15 x 20
Area (mm?) 10,000 6400 4000 3000 2500 1600 300
/ ; . .
2 FIT suspension cable air-spring system N
u temperature controlled

pressure block top pressure plate

]
specimen—|{|& |
: HEe=——]

" pneumatic bellows bottom pressure plate [ — U
— composite specimen carried by three 9777777777777;‘

— steel foil compression load cells

(@) University of Twente (b) University of Massachusetts Lowell

A

2k iU ~metal shim
" _pressure plate

weight top specimen
load sensor, Fy bofh
s ottom
specimen
[ 1

(c) TU Clausthal (d) Unidversity of Orléans

climate oven 2 FfT
weight v

static specimen holder

top specimen

table carrying
bottom specimen
composite specimen

stamp with metal foil

(e) INSA Lyon (f) TU Dresden

2F f _aluminum plate

%“ plain bearing
b
= D
—pneumatic cylinder
P temperature controlled
gl;/ pressure block

~ comp051te spec1men

) KU Leuven

Fig. 4. Schematic representation of the friction test set-ups of the benchmark participants.

velocity is imposed by an electronic controlled motor. The top rotating the upper sample. In addition, the contact surfaces can
specimen is fixed on a steel plate which is linked to the load sensor. be reduced in order to achieve higher pressure contact.

A rubber damper is chosen to limit the vibrations and enable a

smoother signal. A dead weight provides the constant normal load 3.5. INSA Lyon

N. A calibration procedure determines the optimal position of the

dead weight to obtain a uniform pressure distribution on the The testing device designed at INSA Lyon is presented in Fig. 4e.
contact area. The angle between the samples can be adjusted by The top specimen is mounted under a static specimen holder,
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having a size of 300 mm?. A table carrying the bottom specimen is
displaced laterally by a pneumatic actuator. A linear variable dif-
ferential tranformer (LVDT) measures the displacement of the
table, while a load cell measures the load exerted by the actuator.
Another load sensor measures the normal load. In order to obtain
the net friction force Fy, the resistance of the table guidance needs
to be subtracted from the actuator load. The guidance resistance is
determined prior to the friction experiment, by applying only
weights on the table, which are equivalent to the normal load.
The angle between the two specimens (i.e. sliding orientation)
can be adjusted by rotating the static specimen holder. Since the
sliding velocity is governed by the air pressure we can speak of a
force controlled system.

3.6. TU Dresden

A textile friction measurement device was developed at the Uni-
versity of Dresden, which is applicable for universal testing
machines. The maximum possible sliding velocity is 1000 mm/
min. The specimen is pulled through an upper and a lower stamp
of 3000 mm?, on which a metal foil is fixed (Fig. 4f). It is possible
to regulate the normal pressure with a dead weight or with a pneu-
matic cylinder for higher pressures. A dead weight was used for the
benchmark experiments reported here. The temperature is con-
trolled by placing the entire set-up into the oven of the universal
testing machine. The devices resistance induced by the pulleys
and steel wire bending was determined, and a correction on the
pulling force was applied.

3.7. KU Leuven

Fig. 4g presents the set-up of the pull-out machine used at the
University of Leuven. It consists of two temperature controlled steel
plates, which are mounted in a frame, installed in a universal test-
ing machine. The normal force on the specimens is applied by a
hydraulic cylinder. The homogeneity and the magnitude of the
pressure and the temperature field were verified for the starting
position of the test configuration [12]. In contrast to the other
set-ups, the friction area of initially 6400 mm? does not remain
constant, but decreases while the specimen is pulled out, leading
to an increasing average pressure as the test proceeds. Simultanea-
ously, a non-uniform pressure distribution is to be expected, when
the static normal force is no longer acting in the center of the
upwards moving test area.

4. Results for dry friction
4.1. Results

Five benchmark participants have conducted dry friction mea-
surements. An example of friction measurements obtained by TU
Clausthal, University of Twente, University of Orléans and UML is
shown in Fig. 5. A steady state CoF is reached after a short start
transition. University of Twente and UML measured a gradual
increase at the start, which may be explained by the stretching
of the Twintex fabric, that is pulled. University of Orléans and TU
Clausthal mounted the fabric to the pressure plates instead, which
is a good measure to reduce the stretch of the fabric. These set-ups
were able to measure a minor friction peak, that is considered as
the initial static friction. In this paper we focus on the dynamic fric-
tion. The summarized results are presented in Fig. 6. The CoF val-
ues measured by the participants differ from 7% to 32%. The
smallest difference is observed with 60 mm/min sliding velocity
and 20kPa pressure, while the highest difference occurs at
1000 mm/min and 20 kPa. Most research groups achieved small

=== TU Clausthal University of Twente === University of Orléans == UML
0.3 7
0.25 1 P
0.2 1
™ ———
= 0.15 1
[}
Q
0.1 1
0.05 1 T~
steady state
0 T T T T d
0 10 20 30 40 50

displacement [mm]

Fig. 5. Exemplary friction measurement conducted at T=23°C; p=20kPa and
U > 200 mm/min. TU Clausthal and University of Orléans observed a minor friction
peak. The steady state friction is defined arbitrarily between 20 and 30 mm
displacement.

standard deviations with an average coefficient of variation of less
than 5 %. University of Twente, University of Orléans and TU Clausthal
measured a slight decrease of the CoF when increasing the pres-
sure at low sliding velocities (Fig. 6b). This trend, however, is not
observed anymore at high sliding velocities (Fig. 6¢).

4.2. Discussion

The low coefficient of variation indicates a high measurement
precision, which signifies a good reproducibility of repeated CoF
measurements, as it is commonly defined [18]. But it does not nec-
essarily indicate a high measurement accuracy in measuring the
true CoF. Moreover, a systematic error may be present, which
becomes clear by the systematic differences between the research
groups. Values of TU Clausthal are constantly lower than those of
the University of Orléans, while most values of UTwente lie in-
between.

Despite an uncertain offset, it can be concluded that the friction
behavior is fairly well described with the Amontons-Coulomb
model, which states that the CoF is independent of the sliding
velocity and normal force. The measured values at 20 kPa pressure
and sliding velocities between 20 and 1000 mm/min (Fig. 6),
remain between 0.26 and 0.18 without exhibiting a clear trend.

The CoFs at the highest sliding velocity of 2400 mm/min mea-
sured by INSA Lyon, are relatively low and exhibit large standard
deviations. The comparatively small nominal friction area (see
Table 4) leads to friction-forces of small magnitude, which might
lead to precision problems, if spurious (e.g. edge) effects do not
scale down with the friction area in the same degree.

In general, attention has to be paid to the structural rigidity of
the friction set-up. As it was shown by ten Thije and Akkerman
[15] a deflection of the pressure plates may have substantial influ-
ence on the pressure distribution. Likewise, misalignments of the
friction surface caused by the friction force have to be considered.
Fig. 7a shows a concept of a test set-up with a high offset from the
pressure plate support to the friction surface. The degree of rota-
tion of the plate depends on the structural stiffness in lateral direc-
tion, and will result in a pressure gradient over the friction area.
The misalignment can either be avoided by a high structural stiff-
ness, or by diminishing the rotating moment itself. The latter can
be achieved by supporting the pressure plate close to the friction
surface as shown in Fig. 7b, and is realized by University of Twente
and KU Leuven by clamping the outer specimens directly to the
support structure and not to the pressure plate (Fig. 4a and g).
Another solution to reduce the rotating moment is to adapt the
position of the normal force N, as shown in Fig. 7c. University of
Orléans has accomplished this by an optimal positioning of the
dead weight, to regulate the center of gravity of the structure
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Fig. 6. Steady state friction coefficients for dry friction experiments, (a) at p=20kPa and varying velocity, (b) at U=60 mm/min and varying average pressure, (c) at
U =840 mm/min (UML) and U = 1000 mm/min (TU Clausthal, University of Twente and University of Orléans), and (d) at U = 2400 mm/min (INSA Lyon).
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Fig. 7. (a) Misalignment due to friction force and compliant supporting structure; diminishing the rotating moment on the pressure plate by (b) a low offset from reaction

force and friction surface or (c) a repositioning of the normal force.

(i.e. dead weight, specimen holder and top specimen) (Fig. 4d). Its
positioning depends on the magnitude of the friction and the nor-
mal force and requires a calibration procedure. The set-up of INSA
Lyon, on the other hand, is relying on a stiff guidance of the static
specimen holder, since the support has comparatively high offset
to the friction surface (Fig. 4e).

Excluding INSA Lyon, the friction coefficients appear to be larger
when the friction surface is smaller. This might be caused by spu-
rious edge effects which scale with the length of the block edges
and not with the friction surface. In case of a pull-through experi-
ment, new material that is pulled into the contact area, needs to be
compressed or is subjected to additional shear. UML and TU Claus-
thal have minimized this effect by letting the metal surface enter-
ing the contact area, which is smooth and incompressible
compared to the Twintex fabric. University of Twente applies cham-
fered edges and the steel foil to guide the fabric into the contact
area. Also University of Orléans and INSA Lyon have designed their
top specimen holder with rounded edges, to reduce edge effects.

All friction testers in the benchmark have in common, that the
normal force is applied on a fixed position. Therefore, a static slid-
ing contact area allows for a better maintenance of a uniform pres-
sure. UML has a moving contact area, and a changing gradient in
the pressure distribution is conceivable. Nevertheless, the experi-
mental results for the Twintex fabric do not seem to be affected
during the tests at UML (Fig. 5).

5. Results for wet friction
5.1. Results

In contrast to the dry friction experiments of Twintex fabric, the
wet friction results show a hydrodynamic friction behavior, similar
to the findings of other researchers [8,9,19], who examined the
same material. A typical example of these friction experiments is
shown in Fig. 8, showing an initial friction peak and a tendency
towards a steady state at the end of the experiment. Both states

of friction, denoted as the peak CoF and the steady state CoF respec-
tively, are investigated in this benchmark. Fig. 9 summarizes the
peak and the steady state values of the CoF at the tested conditions.
The steady state is defined between 20 and 40 mm displacement for
measurements performed by UTwente and KU Leuven. The KU Leu-
ven results were obtained for variable conditions during the exper-
iment and required extra post processing, as will be discussed in the
next section. For TU Dresden a steady state is reached between 55
and 70 mm displacement. Both the peak and the steady state CoF
exhibit typical hydrodynamic trends, as their values increase with
increasing velocity and decreasing pressure. In general, an increas-
ing temperature leads to decreasing CoF values.

Additionally, an analytical model can be applied [19] to predict
the steady state friction. The model is based on shear flow
calculations of the thermoplastic matrix. The flow is confined by
an idealized geometry that represents the fiber bundles of the rein-
forcement and the flat metal surface. Model and experimental
results show the same trends (Fig. 9a).

University of Twente === TU Dresden === KU Leuven

CoF [-]

steady state
60 70

steady state

20 30 40 50
displacement [mm)]

Fig. 8. Exemplary friction measurement conducted at T=180°C;p = 20 kPa and
U =60 mm/min measured by three different benchmark participants, KU Leuven has
varying pressure conditions.
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Fig. 9. (a) Steady state and (b) peak coefficients of friction for the wet friction experiments. The KU Leuven steady state results were determined from Fig. 10.

5.2. Discussion

The temperature dependency of the friction is different from
Lebrun’s findings [8]. While the benchmark participants have
found a decreasing effect on the friction, Lebrun’s experiments
showed an increasing effect. What looks contradictory at the first
glance, might be explicable by slightly different test conditions.
Lebrun applies a higher average pressure and a lower pull velocity
(p =70 kPa and U = 20 mm/min). For these conditions and a matrix
viscosity at a temperature of 200 °C, the analytical model predicts a
remaining thermoplastic film thickness between the glass fabric
and the metal surface of 25 pum. This approaches the filament
diameter of the glass fibers, which is seen by ten Thije et al. [19]
as the transition point between pure hydrodynamic lubrication
and mixed lubrication. Also Lebrun assumed contact between
metal and fiber as a reason for his unexpected results.

The peak friction shows the same trends caused by velocity,
pressure and temperature variation as the steady state friction.
Murtagh, who observed the initial peak friction for APC-2 compos-
ites, was interpreting this phenomenon as an adhesive bond that
has to be overcome. He suggested that the creation of the bond
is caused by the intimate contact between the composite and the
metal surface while the set-up is heated up [7]. Morris and Sun,
who also refer to it as a yield stress, showed that the initial yield
strength can be recovered after ceasing the motion for only 10 s
[6]. Therefore, the initial peak should be largely independent of
the heat-up duration, provided that no polymer degradation takes
place. Another cause of the transient maximum stress might be the
rheological behavior of a visco-elastic fluid. The same kind of shear
stress growth, that is observed in the friction experiments, is
exhibited by many polymeric fluids upon the inception of a steady
shear flow [20]. Additionally, the subsequent stress decrease to a
steady state value might be supported by a gradual development
of the lubricating layer.

Comparing the friction data obtained by the different bench-
mark participants, a certain agreement of peak and steady state
friction values between University of Twente and TU Dresden can
be seen in Fig. 9b from their intersecting confidence intervals
(twice the standard deviation). This might be surprising when con-
sidering the example measurement of the two institutes shown in
Fig. 8. The measurement curve obtained by TU Dresden reaches the
peak and steady state values at a much later state and exhibits
more noise. This indicates stretching of the specimen, which is
heated entirely in a heating chamber. Since force and displacement
sensors need to be protected from the heat, they are placed in safe
distance to the specimen, adding an extra compliance of the trans-
mission to the measurement.

A small inconsistency in the measurements of the TU Dresden
may be suspected, since the data point at the test condition of
20 kPa, 60 mm/min and 180 °C, forms a local minimum in one of
the trend curves of the steady state and the peak CoF. This incon-
sistency does not go along with a noticeable high standard devia-
tion and may therefore be attributed to a systematic error
appearing for low sliding velocities. For such complex set-ups it
is very difficult to isolate the origin of this error, and a very strict
testing procedure may help at least for obtaining consistent
results.

The measurements obtained by KU Leuven cannot be compared
directly with the other measurements, because most tests are per-
formed at 195 °C instead of 180°C while adopting a pull-out
instead of a pull-through test configuration (compare Fig. 4a, f
and g). This implies a gradual decrease of the friction area from ini-
tially 80 x 80 mm? to 40 x 80 mm? after 40 mm displacement. The
applied normal force remains constant during the test, resulting in
a progressive increase of the average pressure. Strictly speaking, a
steady state condition is not reached as it can be seen in Fig. 8. The
measurement curve obtained by KU Leuven while applying a con-
stant normal force of around 100N remains declining after
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Fig. 10. KU Leuven. Experimental results (bold line segments) for the steady state
CoF versus the average pressure, measured at T=180°C, 195°C, 210°C and
U =60 mm/min, between 20 and 40 mm displacement. The fitted curve (Eq. (2)) for
180°C was used to determine the CoF values for p =10, 20, 40 and 100 kPa (the
square symbols), as presented in Fig. 9.

20 mm displacement, due to the pressure increase. Assuming that
the rate of pressure change is sufficiently low, a “quasi-steady
state” may be reached. Consequently, the “steady state” CoF
(between 20 and 40 mm displacement) can be plotted as a function
of the current average pressure on a double logarithmic scale, rep-
resented by the thick line segments in Fig. 10. Indeed, it appears
that the curves for different normal forces, obtained at 195 °C
and 60 mm/min sliding velocity, are well in line, meaning that
the steady state CoF is fairly independent on the displacement.
The line segments were curve fitted with a power law,

p=C(T)-p", (2)

with p as the CoF and p as the average pressure, showing good cor-
relation with the experimental results. The fitted curve for 180 °C,
was used to estimate the KU Leuven values, presented in Fig. 9 a
for U = 60 mm/min. It should be noted that we are only comparing
conditions between 20 and 40 mm displacement. Influences by the

displacement on the CoF may still be significant during the first
20 mm of displacement, and different for the various test set-ups.
The curves in Fig. 10 can be described closely by a power law. Con-
sidering, that the lines for different temperatures should not inter-
sect, the exponents have to be equal. Based on these considerations,
it was possible to extrapolate the steady state CoF for 180 °C to dif-
ferent pressures as it is done to obtain Fig. 9a.

The steady state values of KU Leuven represented in Fig. 9 are in
general higher than those of UTwente and show a stronger depen-
dency on pressure and temperature. The high standard deviation of
the TU Dresden results make it hard to distinguish the trends. A def-
inite conclusion cannot be drawn from the limited number of data
points that are compared with each other in these graphs.

For the ease of comparability, a representation of all data points
in a master curve is beneficial. The so-called Stribeck curve can be
used for this purpose [9]. It relates the CoF to a single parameter,
known as the Hersey number. Its definition (1) requires the quan-
tification of the matrix viscosity # of the neat thermoplastic resin.
Its value is approximated by the zero shear viscosity 7, (given in
Fig. 3), since the actual viscosity depends on the unknown shear
rates within the resin. In this way the effect of the temperature T
on the coefficient of friction is accounted for. The Stribeck plot of
all high temperature friction test results is presented in Fig. 11.

A Stribeck curve representation is very accurate for the applied
hydrodynamic lubrication model as indicated by the high R-value
of the exponential fit in Fig. 11a. Besides the steady state friction
predicted by the model, the measured data from UTwente and KU
Leuven are also closely approximated by an exponential function.
The data from TU Dresden on the other hand exhibits a significantly
lower R-value. The deviation from the model behavior might be
caused by effects that are not accounted for in the model, like edge
effects, uneven pressure or temperature distribution or stretching
of the composite fabric. The differences between UTwente and KU
Leuven are slightly more pronounced for the steady state than for
the peak CoF's. This might be caused by an inhomogeneous
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Fig. 11. Stribeck curve, (a) steady state and (b) peak friction.
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pressure distribution, that is likely to develop during an experi-
ment with a pull-out configuration. Ten Thije and Akkerman [15]
have shown by means of numerical models that different pressure
distributions with an identical average pressure can influence the
apparent hydrodynamic friction coefficient significantly. Therefore,
it is important to evaluate the pressure and temperature distribu-
tions of the set-up thoroughly. This poses a challenge, especially
when they are expected to be influenced by the friction dynamics.
Also edge effects can play a role, in particular at the location where
virgin material is pulled into the contact area.

6. Conclusions and recommendations

A comparison between different friction test set-ups for ther-
moplastic composites was made in a friction benchmark exercise.
All participants used the same Twintex PP material and started
from the same predefined test conditions. Two different types of
friction have been tested: dry friction at ambient temperature,
which is an Amontons-Coulomb-like friction, and hydrodynamic
friction at temperatures above the melting point of the resin. The
measurement results of the benchmark participants were fairly
consistent. For the dry friction experiments, the resulting CoFs of
the participating 7 research groups did not deviate more than 5%
from the measured average CoF. However, the results do reveal
the presence of systematic errors, since one research group mea-
sured consistently higher CoFs than another. This was attributed
to edge effects and the size of the friction surface. Uneven pressure
distributions due to the set-up design have no significant influence
on Amontons-Coulomb friction, but do play a role in the hydrody-
namic lubricated friction. The hydrodynamic friction behavior can
be described with a master curve known as a Stribeck curve. Mea-
surement data of the considered material obtained by two differ-
ent research groups are well approximated by such a master
curve, where one group uses a pull-out set-up while the other
group uses a pull-through set-up. A slightly better agreement
between the pull out and the pull through test results is observed
for the peak CoF, than for the steady state CoF, which might be
related to the development of uneven pressure distributions in
pull-out tests.

The current benchmark suggests that friction measurements
improve with certain design characteristics of the set-up. Larger
friction surfaces reduce the influence of edge effects. Also cham-
fered edges or pulling the metal foil instead of the composite mate-
rial can minimize these edge effects. To enhance the start-up
response to initial effects, the stretch of fabric has to be limited,
e.g. by fixing it rigidly to a surface and using steel foil as the inner
specimen that is pulled out. Local heating of the specimen reduces
excessive heating times and allows a more immediate measure-
ment of displacement and forces by sensors near the test specimen.

Attention should be paid to a uniform pressure and temperature
distribution. A pull through design supports uniform pressure dis-
tributions, while additional arrangements need to be made to pre-
heat the regions of the specimen material that is initially outside
but pulled in between the friction surface.
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