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ABSTRACT

After the cessation of RT/Duroid 5813, manufacturing
tests were performed by CNES and ESA/ESTL in order
to find an alternative material. Although PGM-HT was
selected as the best candidate, limitations about its
tribological capabilities to replace RT/Duroid 5813 were
later pointed out. Today, the predictability of the
tribological behaviour of those materials is not fully
overcome. The motivation to this work is to
complement studies of self-lubricating materials by
coupling experimental analyses with numerical
modelling, in order to predict their tribological
behaviour. A Discrete Element Method is chosen to
construct the numerical material, because it allows to
represent wear and the third body generation at the scale
of the ball/retainer contact. An underlying role of the
adhesion between components in controlling the
tribological properties of the transfer film has been
observed.

INTRODUCTION

The accomplishment of spacecraft missions strongly
depends on the reliability of mechanisms. This
reliability in turn, depends on the life and functionality
of their components parts: here lays the importance of
space tribology. A recent example is the Juno mission
to Jupiter, which has been stuck in making long laps
around the planet because of “sticky valves” [1].

In space applications, design of the components and of
the lubricants must be robust not only to endure the
conditions of space, but also the rigours of the launch
environment. Both liquid and solid lubricants can be
used for space applications. Where temperature and
contamination issues exclude the use of fluid lubricants,
solid lubrication is used [2]. Self-lubricating composite
materials are an example of dry lubricants. They are
usually used as the retainer material of ball bearings.
The composite is involved in forming a composite
transfer film from the cage to both balls and races by
intermittent sliding contact at balls/cage contact all
along lifetime, so the retainer material itself provides
lubrication to the bearing by a mechanism known as

double transfer (see Fig.1) [3][4][5]. Among those
materials RT/Duroid 5813 and PGM-HT are known for
their use in space applications. After the cessation of
RT/Duroid 5813 manufacturing, PGM-HT was selected
as the best replacement option [6]. Nevertheless, after
tribological expertise on lifetests carried out by Sicre et
al [3], it was concluded that the performance of PGM-
HT as a replacement for Duroid should be improved.
For PGM-HT as for RT/Duroid 5813 its composition
remain still not fully known, despite the fact that the
importance of the composite microstructure on the
tribological performances has been previously pointed
out [3][4][7][8], the role and impact of the different
constituents on the degradation and lubrication
mechanisms remain not well understood (as the size of
the fillers, the microstructure, or the volume fraction).

In this work, it is proposed to couple an experimental
and a numerical approach in order to complement the
on-going studies that investigate self-lubricating
materials with a focus on PGM-HT composite. An
accurate simulation of the double transfer mechanism is
not an easy task: the whole mechanism should be
represented (for example the bearing and its
solicitations), the degradation of the composite material
and the evolution of the debris within the system.
Despite modelling the whole system is desired, it is
possible to have a local approach to identify the possible
scenarios of double transfer mechanisms. For such a
model, Discrete Element framework appears as the most
appropriate tools to describe third body flows [9] (from
material degradation to wear). An equivalent numerical
approach has already been used in the context of C/C
composites [10]. In the present work, the approach is
extended to self-lubricating composites. As a first
approach a single contact is taken into account, and only
an elementary volume of the cage/ball contact is
considered. A meshless strategy is used, and the volume
is discretized with circular rigid bodies. Consisting of
independent elements, a discrete element modelling
must integrate interaction laws between the elements to
enable to describe both the overall mechanical
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Figure 1 — (a) Scheme of the double transfer mechanism. The zones 1, 1°, 2 and 2’ are used as a reference to point the orientation of

the ball and the contact ball/cage. A first contact is made between the cage and the ball: see zone 1°; then the ball transfers the

transfer film (also known as third body) to the races. (b) Zoom of the contact cage-ball. (c) Scheme of the mechanical boundary
conditions applied on a composite (PGM-HT) numerical sample of size L, under tribological conditions, with a force F applied on

the top, and a shearing speed v applied in the bottom representative of the speed of the ball.

behaviour of materials [9] (as elastic modulus, density
or Poisson's ratio) and the local tribological behaviour
(detachment, agglomeration of third body particles).
Such laws must be included in a composite geometric
model of the proportions and shapes of its components
(matrix and / or reinforcements and / or fillers...).
Experiment analyses are carried out to inform the
model. X-Ray tomography and Atomic Force
Microscopy (AFM) analyses are made to identify the
volume fraction of the components (fibre, MoS, and
PTFE) and the adhesion between them, respectively.
Constituent data obtained from experimental analyses
are shown in Section 2. Then, model hypothesis are
presented and are related to the experimental results in
Section 3. Finally, results obtained by DEM simulations
are shown in Section 4.

2. EXPERIMENTAL CHARACTERISATIONS

In order to create the numerical sample, several
information is necessary: 1) the composite composition
(from a material and a geometrical point of view), 2) an
estimation of the size of the representative element
volume and 3) the interaction laws and adhesion values
between the different elements of the model. To fulfil
the three previous points, three characterisations are
realised: 1) observations by Scanning Electron
Microscopy (SEM), 2) observations by X-ray
tomography and 3) adhesion measurements by atomic
force microscopy (AFM). The sample of the self-
lubricating material used for observation is cylindrical,
and has a length of 12 mm, and a diameter of 7 mm.
The material observed was PGM-HT, produced by JPM
Mississippi (USA). This sample is the same that the
one used in [4] for the tribological testing (same batch,
same machining process and it is also preconditioned in
vacuum). In order to determine the microstructure and
the composition of the composite, two techniques of
observations have been wused: Scanning Electron
Microscopy and X-ray Tomography. With SEM it was
possible to have information about the fibres diameter,
length, and chemical composition. With X-ray

tomography it was possible to build the numerical
sample (see section 3.1).

2.1 Microstructure and Composition Studies

For the microstructure analyses SEM observations are
carried out. To this end, samples are cut perpendicularly
to the axis of the cylinder, at room temperature. Then,
the surfaces generated after cutting are observed in a
SEM FEI, XL30 (see Fig. 2). It is observed by SEM that
fibres of PGM-HT have a diameter of about 20 pm, and
their length is of about 100 um. Regarding MoS,
particles, their size could reach 100 um. These results
validate the observations made in literature about PGM-
HT [3]. It has in fact a coarser microstructure than
RT/Duroid 5813 (in which the fibre length can reach
300 um and their diameter can be smaller than 3 pm,
while the MoS; particles have a size of about 10 um).
EDX analyses are carried out on the fibres of PGM-HT
in order to identify their components. The following
elements were found: Si, Al, O, S, and Ca. According to
the chemical composition and to SEM observations, it
appears that PGM-HT is composed of E-glass fibres.

After these first characterisations, an X-ray Tomograph
High resolution (type tomograph RX Solutions
EasyTom Nano — with a resolution of 0.7 u m per pixel)
is used in order to build a realistic 3D image of the
microstructure of PGM-HT, and to be able later to build
a realistic morphological representation of this
composite. For the X-ray analyses, samples of
0.5x0.5x0.5 mm’ are cut at room temperature. 3D
volumes are reconstructed (see Fig 3.) through the
Imagel software and its extension Fiji. Under X-ray, the
white areas indicate the presence of MoS,, light grey
areas indicate the presence of glass or mineral fibres
(according to the composite), and the black areas are
related to the PTFE matrix. X-ray tomography not only
allows to visualize in the bulk and in 3D, but also to
measure the volume fractions of the components. It
appears that the PTFE represents two-thirds of the
composites, while glass a quarter and MoS, a tenth.
Moreover thanks to such observations, it is possible to



have an estimation of the size of the numerical sample,
also known as the representative element volume
(REV).

100pm 20um
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Figure 2 - Internal Structure (sample prepared by
rupture at room temperature) of PGM-HT, observed in a
SEM with a GSE detector controlled pressure. On the right
side: zoom of a fibre.
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Figure 3 — Images obtained by X-ray tomography of a PGM-
HT (white: MoS,, light grey: fibre, dark grey: PTFE (Matrix)).

The representative element volume (REV) is defined as
the volume that should ensure the representative of the
whole material. It should contain a high amount of
information on the microstructure as the material micro-
heterogeneities (fibres, inclusions, etc.), and should be
representative of the macroscopic material response
[11][12]. The REV size has been selected according to
the volume fraction of the heterogeneities (fibres and
MoS,). To do so, 10 REV sizes were tested: from 30 to
380 pm, and the volume fraction of the components is
measured. A sample size (or REV size) of 280 pm is
chosen because with is it is found a good compromise
between the simulation time and the microstructure
information.

2.2 Adhesion  Interaction Between

Components

To identify the adhesive behaviour of the different
components of the composite, AFM measures are
carried out. In the AFM analysis the adhesion force can

Composite

be obtained as an output. To perform such measures, a
spherical bead of a diameter of 20 pum replaced the
sharp tip. This bead was placed on the AFM’s cantilever
(see Fig. 4). Two bead materials are used: the steel used
in ball bearings (AISI 440C) and borosilicate. The latter
is

a reference material representative of glass fibres (since
E-glass fibres has a high percentage of silica (56%) and
it also has bore oxide (~6%)). AFM tests were carried
out on the bulk material, and it was ion milled in order
to avoid cutting pollution due to PTFE flowing (that can
result from cutting with a blade). Once the samples were
cut, each component of the composite was identified
(PTFE, fibre and MoS,) by a comparison with its optical
view (see Fig. 5). Afterwards, each constituent was put
in contact either with the stainless steel AISI 440C bead
or with the borosilicate bead.

In Fig. 6 the mean adhesion force for each component
of PGM-HT after ion milling is shown. For the AISI
440C bead the pull-off force is higher for PTFE
(350150 nN) and smaller for fibres (85+£8 nN).
Nevertheless, for the borosilicate bead the pull of force
is higher for PTFE (320£180 nN) and smaller for MoS,
(180+70nN). In both cases, with the exception of PTFE,
the components had higher adhesion with the
borosilicate bead than with the AISI 440C bead. It is
also interesting to note that the error of the PTFE
adhesion measurements is considerably higher if it is
compared to the other components. This is due to the
fact that the PTFE in the composite is not 100% pure, it
is the result of the mixture of different components ( as
stabilizers, flame retardants, etc. This effect can also be
a consequence of the fabrication process of the
composite, in which debris of MoS,; and fibres might get
mixed with the matrix). Overall, the values of adhesion
measured by AFM permit the construction of a
representative numerical model from a point of view of
the components’ interaction. In fact, in the model the
laws used to represent each material use the adhesion
values between the components as an input. Thanks to
the different results obtained in the previous section it is
now possible to fulfil the numerical model with relevant
information.

3. BACK TO THE DISCRETE ELEMENT MODEL
3.1 Building the geometry of the numerical sample
The numerical geometry was built from X-ray
tomography images (see Fig. 7-left). The three
components of the composite were identified and
represented numerically (see Fig. 7-right).

Table 1. Results obtained for PGM-HT from -ray tomography and from SEM observations.

PGM-HT
Composite As seen in X-ray  Volume Fraction (%) Size (um) Chemical Components
Elements Tomography (Fig. 1)
Lubricant MoS, The white phase 10£2 20<L<100 Mo, S
Fibres E-glass The light grey phase 24+3 60<L<150; $=20um Si, AL O, S, Ca
Matrix PTFE The dark grey phase 66+6 - F,C
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1.1.1 Figure 6 — AFM mean results of pull-off force for
PGM-HT.

They were identified through the ImageJ software and
its extension Fiji, in which a manual threshold tool is
used to segment the grey scale images into the features
of interest: white (MoS,), the light grey (fibres), and the
black areas (PTFE). Once the components were
identified, the images were transformed into numerical
images, and discrete particles were deposed. Such
discrete particles were assigned in order to identify each
component of the sample (see Fig. 6-centre). Once the
heterogeneous geometry was created, laws that
emulated the material properties were added to the
model.

3.2 Emulating materials properties
In the composite material there are three different
components (glass fibres, PTFE and MoS;), and each of

then are represented numerically. An interaction law is
used to emulate the material properties in the numerical
model. For example glass fibres are known as fragile
(see Fig. 7-right). Consequently, an interaction law that
represents fragile materials is added to the model.

3.2.1 Representing the Behaviour of Glass Fibres
In order to represent glass fibres Cohesive Zone Model
(CZM) is used. CZM is a type of interaction law that
has been used previously to represent fragile bodies in
DEM models. For example, CZM is successfully used
to represent fragile carbon/carbon composites, and to
study the wear mechanisms of these materials [10].
CZM is based on the following parameters: the
decohesion energy w (the surface under the curve of
Fig. 8), the normal interaction stiffness C,, the viscosity
associated with the evolution of inter-particle adhesion
A. In Fig. 8 an example of a typical CZM graph is
shown, in which 7" is the elastic stress limit and &, is the
distance that defines the elastic range (without damage).
The intensity of the inter-particle damage is
characterized in this model by /5, it takes a value
between 0 and 1: 1 if there is no damage, and 0 if the
link is totally damaged. For the purposes of this work,
the initial interactions are perfectly intact (f = 1) and
the normal and tangential stiffness are considered equal.
As a result, the local model is defined by two
parameters: C, and w. [10]

3.2.2  Representing the behaviour of PTFE

PTFE is known as a ductile material (see Fig. 9—a). In
order to represent PTFE, a specific law based on two
parameters is used (see Fig. 9-b). Such parameters are
the distance of attraction X that defines the attraction
area of each element, and the attraction intensity force
y, that represents the constant force in opposition to
element separation. With the use of long distances of
attraction (x > d, in which d is the discretisation
diameter), a network of interaction is generated within
the particles [5] and the cooperative movements of the
particles are promoted, allowing then to emulate the
plasticity of the material. In order to explain the chart of
Fig. 9-b, the reacting force between two particles will be
as “Force”, and the distance between the particles as
“distance”.

100 ym

40 um

Fragile Rupture

Figure 7 — A X-ray Tomography observation (left) used to build the numerical sample (centre) of PGM-HT. And (right) the fragile
rupture of the fibre.
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If element attraction areas do not overlap, there is no
interaction between elements (Force = 0 and distance >
X), as shown in zone 3 of Fig. 9-b. If element attraction
areas do overlap, and the distance between the bodies is
not equal to zero (0 < distance < X), an attraction force
that decreases inversely proportional to the distance
between two elements acts on each element, as shown in
zone 2 of Fig. 9-b. This force can reach a maximal value
of y. Finally, if the distance between elements is equal
to zero, a repulsive force acts on each element to avoid
penetration as shown in zone 1 of Fig. 9-b.

To observe the global behaviour of a medium managed
by the previous interaction law, a compression test on a
circular sample (of a diameter of 0.1 mm) is performed.
The sample is compressed until a deformation of 25% is
reached, and it is made of a collection of elements of
diameter equal to d (see Fig.10)). After testing different
parameters (as the cohesion and the elasticity under
compression, discretization size, etc.) in order to make
the model representative of the behaviour of PTFE, it
was found that the cohesion parameter “y ” has a strong
influence on the plastic plateau of the curves: when the
material cohesion decreases, the plastic plateau is found
for smaller zones of stress (see Fig.11). With respect to
the effect of parameter “k”, it is observed that its effect
is less marked on the stress-strain curves. Nonetheless,
it is still possible to observe at the leftmost part of the
curve a certain influence on the slopes of the curves. For
instance, the criteria selection for the representativeness
of the material will be based on the zone of its plastic
plateau. A value of v = 0.4 N is selected because the
plastic plateau obtained is in the same order of
magnitude that the plastic plateau obtained for PTFE in
experimental tests [13]. A discretization size of 3e-3
mm is selected because with it is obtained a good

Force (N)

compromise between the material representation and the
simulation time.

3.2.3 Representing the behaviour of the MoS,
Tedstone et al were able to build the stress-stress curves
for MoS, [14]. They observed a plastic behaviour in the
stress-strain curve of MoS, and calculated the
compressive  stress required to obtain plastic
deformation in MoS,. For the purpose of this work, the
behaviour of MoS, is represented at a microscopic
scale. A compression test on a circular sample is also
performed in order to observe the global behaviour of a
medium managed by the previous interaction law. The
sample of MoS, has the same dimensions than for the
case of PTFE, and it is also compressed until a
deformation of 25% is reached. After testing different
distances of interaction “X”: X=2d, X=d, X=d/10, and
X=d/20 (in which d is the discretization diameter) a
value of X=d/10 was selected because it is thought to be
a good compromise to represent both the plasticity of
MoS, and its interlayer sliding behaviour (that creates a
sort of fragile failure). For MoS,, higher cohesion
values were tested: 125y < vy <20 (as for PTFE, y
=4e-1 N). It was found that cohesion values of 150 vy
was accurate to represent the plastic plateau of MoS, as
reported in [14].

4. TRIBOLOGICAL SOLLICITATIONS

4.1 Model description

Once the geometry of the sample was created and that
the material properties were emulated. (as shown in
section 3.1.1 and 3.1.2 respectively), tribological test
were performed. The simulated system is two-
dimensional (see Fig. 7, and see simulation parameters
in Tab. 2). The sample for tribological tests is informed
with the values of interaction between the components
measured by AFM shown in Fig. 6. To do so, the mean
values of adhesion resulting from AFM analyses were
used as an input. Additionally, different properties were
studied numerically as complement to the experimental
measurements. For example, the effect of having three
different kinds of matrices: a matrix with a lower
cohesion ( v /10), a “reference” cohesion ( » ), and
another with a higher cohesion (10y). The sample is
composed of 9000 rigid particles (this number of

X @ X

Ductile Rupture

20 pm

(@)

(b)

Distance(mm) |

. Reference
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Figure 9 — (a) Representative chart of the Interaction law used. (b) Interaction of the particules at a distance X = d.
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a sort of brittle behaviour is induced. tested to represent PTFE.

Figure 12 — Stress-strain curves for
PTFE samples. Influence of

particles is considered to give a good compromise
between the material representation and the simulation
time). A polydispersity of 20% is considered in order to
prevent crystallization effect in the discretization [15].
The material is sheared between two parallel rough
walls, of length L, distant from L. Periodic boundary
conditions are applied along the shear direction (lateral
boundaries): No particles get out of the contact (wear
flow is equal to zero). The wall’s roughness is made
with a set of grains with the same size polydispersity
than the sample discretization. The upper wall,
summited to a pressure P (see values in Table 2), is
connected to the packing with the same interaction law
that the PTFE matrix (see section 3.1.2.2). The lower
wall moves with a constant speed V, interacts with the
packing according to the unilateral cohesive law, with
Coulomb friction. The material used for this wall is
AISI 440C.

Table 2 - Simulation parameters (nominal values) for
tribological solicitations.

Average particle diameter (d) 3e-3 mm
Polydispersity (on diameter) 20%
Sample Height and Length (L) 0.3 mm
Pressure (P) 50 MPa
Speed (V) 2 mm/ms
Time step (dt) 2e-6s
Simulation time (t) 0.16s

v 4e-1N

4.2 Results

4.2.1 Stress Profile

In discrete media, the notion of internal moments is
used for the calculation of the stress tensor. These
tensors are calculated for the volume of the sample, v.
They are named o;; and are estimated between two

particles i and j, and for a contact «, as follows [16]:
1 N,
oij = - gy LI ®T )

In which [ is the inter-centre vector between the
particles, r is the reaction force at the contact, and N, is

the total number of contacts. It is possible to calculate
these tensors for different areas of the media. In Fig. 13
(a) the distribution of the component o |, of the stress
tensor for P= 50MPa for the matrices tested is shown.
When the cohesion of the matrix is higher, it resists
more to shear. This resistance creates an action-reaction
effect within each layer, which resists to their
deformations and increases the deviations in the stress
profiles. So, these deviations are related to the resistance
of the material to shear. In Fig. 13 (a) it is possible to
observe the images of the simulation for the three types
of matrices tested. It is possible to observe that the
matrix with the lower cohesion (matrix(Q) is almost
completely sheared along the sample height. Instead, if
the cohesion of the matrix increases, the material is
subjected to higher stresses that may lead to a higher
internal damage, and to a higher presence of fibres in
the 3" body. In order to study the effect of changing the
cohesion of the other components and to compare them
with those obtained for the matrix, the cohesion of
MoS, was changed, as well as the interaction between
the matrix and MoS,. The lower values of cohesion
correspond to the subscript “0” and the higher values
correspond to the subscript “2”. It can be seen that
varying the cohesion of MoS, and the interaction
between matrix-MoS, has a smaller effect than the
matrix in the stress that is inside the material Fig. 13 (b).
These results confirm the theory of composite materials
in which the primary role of the matrix is “to act as a
medium for transferring the load to the components”,
apart of holding the components together [17].

4.2.2 Internal Damage in the composite

In order to study the internal damage inside the
composite, the evolution of the interactions between the
matrix and fillers are studied. In Fig. 14 it is possible to
observe the evolution of the interactions matrix-MoS,
and matrix-fibre. It is observed that when the matrix
cohesion increased, the interactions between the matrix
and the components of the composite were smaller than
for the low cohesion matrix. As it was mentioned
previously, when the cohesion of the matrix is higher
the material resists more to be sheared, and the stress



inside the material increases and the damage is
promoted. This leads to a reduction of the interaction
between the matrix and the fillers.

100 ‘”ﬁ‘ " o= c0_matrix0 1 ¢3_mos2_0
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Figure 13 —Distribution of the component o ;, of the stress
tensor for: (a) a matrix with low cohesion c0_matrix0, another
with an intermediate cohesion ¢l _matrix1, and an highly
cohesive matrix: ¢2_matrix2, and (b) for the rest of the
COIl’lpOIleIltS.

4.2.3 Third body

The cohesion of the matrix has also an influence on the
third body composition. A low cohesive matrix is
completely sheared and the third body is of the length of
almost all the sample size. If the material is completely
sheared, this it is not interesting for applications as a
cage material because a non stable third body layer is
formed. What it is interesting is a material capable to
generate a stable third body, and to provide a good
lubrication while it is degraded. When an intermediate
matrix cohesion is used, the third body is found to be a
mixture of MoS,, PTFE, and small particles of fibre (see
matrix1). This type of third body composition has also
been observed in experimental work carried out by [4]:
« the third body is a material composed of a mix of
PTFE, MoS, and fragmented glass fibres ». When the
matrix cohesion increases, the presence of bigger
particles of fibre and MoS, in the third body is
promoted. This is due to the fact that when the matrix
cohesion is higher, the interactions between the matrix
and the fillers are more susceptible to damage. This will
promote detachment of big particles of the fillers (MoS,
and Fibres) from the matrix to the third body. In Fig. 15
images at the end of the simulation for the three types of
matrix are shown. It is possible to observe that for the
matrix with the highest cohesion value (matrix 2), a big
fibre particle is present in the third body layer.

This was not observed for the matrices with smaller
cohesion. The evolution of the interactions between the
matrix and the metal surface are studied. In Fig. 15 it is
observed that when matrix cohesion is low (matrix 0),
the interactions matrix-metal remain with almost no
variation. This is because the whole material is being
sheared. When the matrix cohesion increases, the
number of interactions between the matrix and the the
metal decreases. This is due to the fact that the material
is being degraded : the fillers come out of the bulk
material and start also to interact with the metal surface,
so the third body is a mixture of matrix and fillers.
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Figure 14 — Evolution of the interactions (a) matrix-fibre and
(b) matrix-mos2 for Matrix 0 (lower cohesion value), Matrix 1
and matrix 2 (higher cohesion value).

5. CONCLUSIONS AND LESSONS LEARNED

This work is focused on the study of self-lubricating
materials by coupling experimental analyses with
numerical modelling. With the experimental analyses
information about the material is obtained. Such
information is used to inform the model with realistic
data (as the material geometry, volume fraction,
interaction between the components, etc.) With the
numerical tests, the objective is to be able to have a
predictability of the behaviour self-lubricating materials
in order to understand the Iubrication mechanisms of
self-lubricating materials (as the connection between the
experimental and the numerical samples can be
effectively made in terms of the proportions and shapes
of its components). Since in previous work the
importance of the composite microstructure (and fibre
length) on the tribological performances of self-
lubricating materials is pointed out [3][4], with this
technique it is possible to study the role and impact of
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Figure 15 — Images at the end of the simulation time for the three matrices rested. Matrix 0 with the lower cohesion, matrix 1 with
an “intermediate” cohesion, and matrix 2 with the higher cohesion.




the different constituents and microstructures.
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Figure 15 — Evolution of the interactions (a) matrix-metal for
Matrix 0 (lower cohesion value), Matrix 1 and matrix 2
(higher cohesion value).

For example, in previous DEM studies with self-lubricating
materials [5] it has been observed that the fibre length and
the microstructure does have an effect on the third body
composition, particularly on the presence of fibres in the
third body. With these studies it is also possible to verify
that the matrix has an important role in the load transfer
and also in the third body composition. Moreover, it is
possible to reproduce some behaviours observed
experimentally, as the presence of a mix of PTFE, MoS,
and fragmented glass fibres in the third body composition.
From a numerical point of view, it is possible to calibrate
the numerical parameters in order to ensure an appropriate
representativeness of the materials. This is achievable by
carrying out numerical tests (as traction, compression,
shearing tests, etc.), and by comparing the results with
those obtained experimentally. Further studies of DEM are
on-going and they are targeted to represent the double
transfer of such self-lubricating materials. Such studies will
be able to provide further information about the influences
of parameters as the microstructure and the matrix cohesion
in the generation and quality of the double transfer layer.
Similarly, it is envisaged study in those tests the effect of
having different atmospheres (as vacuum, air). This is
possible by informing the model with adhesion values
between the components resulting from different
atmospheres.
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