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Abstract

The transport of granular material often generates severe damage. Understanding the correlation between the friction
particle geometry and wear mechanisms is of primary importance for materials undergoing abrasive wear. The aim of thi
to investigate the effect of particle geometry on wear mechanisms and the friction coefficient. Numerical and analytical sim
and experimental results have been compared. The process to be studied is the scratch made by a rigid cone with diffe
angles on a 5xxx aluminium alloy (Al–Mg) flat surface. A scratch test was used and the wear mechanisms were obs
different attack angles. A numerical study with a finite element code was made in order to understand the effect of attack
the friction coefficient. The contact surface and the friction coefficient were also studied, and the results compared to the
and Tabor model. The superposition of the numerical, analytical and experimental results showed a better correlation be
wear mechanisms and the friction coefficient. It also showed the importance of the model hypothesis used to simulate t
phenomenon.To cite this article: S. Mezlini et al., C. R. Mecanique 333 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Étude expérimentale, numérique et analytique de l’usure abrasive : corrélation entre mécanismes d’usure et coefficie
de frottement.Le transport de matériaux granulaires génère souvent des endommagements sévères des surfaces avec l
sont en contact. La compréhension de la corrélation entre le coefficient de frottement, la géométrie des particules et les m
d’usure est très importante pour maîtriser l’usure abrasive. L’objectif de cette étude est d’étudier l’effet de la géométrie
cules sur les mécanismes d’usure et le coefficient de frottement lors d’un contact glissant sur une surface plane. Des s
numériques et analytiques ont été comparées avec les résultats expérimentaux. Des essais de rayages ont été réalisés
d’aluminium–magnésium du type 5xxx en utilisant des cônes rigides avec différentes géométries. Ce test permet de préc
de l’angle d’attaque sur les mécanismes d’usure. Un code de calcul par éléments finis est utilisé pour étudier l’effet d
d’attaque sur le coefficient de frottement. La surface de contact et le coefficient de frottement ont été aussi étudiés et le
ont été comparés avec le modèle de Bowden et Tabor. La superposition des résultats numériques, analytiques et exp
montre une bonne corrélation entre les mécanismes d’usure et le coefficient de frottement. L’importance des hypothèses
utilisées pour simuler le phénomène de rayage a été aussi mise en évidence.

Pour citer cet article : S. Mezlini et al., C. R. Mecanique 333 (2005).
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1. Introduction

When granular materials are transported, damage to the aluminium sheets used for the tipper of trucks, is
This degradation is caused by the sliding of the transported sand and gravel particles. When analysing this
caused in service, various morphologies and wear mechanisms corresponding to mild and severe abrasion ar
This damage is probably caused by the variation of loading conditions (pressure, sliding velocity and abrasiv
during unloading of the granular material [1].

Most studies show that there are five fundamental wear modes: adhesive, tribochemical, fatigue, abra
erosive wear. Our study focuses on the abrasive wear mode, which can be expressed as the sum of three
cutting, ploughing and wedge formation [2]. In addition to the different operating conditions, such as normal lo
sliding velocity, abrasive wear mechanisms are strongly related to the angularity of the abrasive particle [3–5

Our study consists, on the one hand, in an experimental simulation of a rigid cone with different attack
sliding against a 5xxx aluminium alloy sheet, and on the other hand, in a numerical and analytical simulat
rigid cone sliding against a soft flat surface. By comparing the simulated and experimental results we were
show the importance of the model hypothesis.

2. Experimentation

An aluminium alloy sheet is damaged by sliding, granular material. Scanning Electronic Microscopy (SE
servations of the transported granular material show that the particles have different shapes (Fig. 1). We pa
distinguish two groups of particles: the first one contains gross particles, which have a rounded shape (Fig. 1
second group contains small particles with greater angularity (Fig. 1(b)). The particle’s abrasiveness therefore
from one particle to another, and the effect also depends on the orientation of the particle with respect to th
surface. To simulate the effect of the particle geometry on abrasive wear mechanisms, rigid cones with differe
angle were used (Fig. 1).

Fig. 1. SEM observations of transported granular material: (a) rounded particles, (b) sharp particles.

Fig. 1. Observations au MEB du matériau granulaire transporté : (a) particule ronde, (b) particule aiguë.
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Fig. 2. Scratch tester.

Fig. 2. Test de rayage.

Table 1
Experimental materials

Alloy designation
(AFNOR)

Chemical composition
(Weight %)

Condition Vickers micro-
hardness (Hv500g)

5xxx Mg (3–4.5) annealed 69

Fig. 3. SEM observations of aluminium alloy scratches for an attack angle: (a) 30◦ and (b) 60◦.

Fig. 3. Observations au MEB des rayures sur des alliages d’aluminium pour des angles d’attaqus : (a) 30◦ et (b) 60◦.

For this, a scratch test was used (Fig. 2). This test, already described in [6], produces scratches usin
indenter. The sample surface is positioned so that it is parallel to the indenter motion by a specific, autom
controlled process.

To simulate the operating conditions, different attack angles, i.e. 5, 15, 30, 45 and 60 degrees, were sele
normal load was set at 1 N. The scratch length and sliding velocity were set respectively at 3 mm and 250 µm/s.

Annealed 5xxx (Al–Mg) was tested. The properties of this alloy are detailed in Table 1.
For each test, the wear mechanisms were investigated using SEM observations. Figs. 3(a) and 3(b) show

mechanisms obtained by a conical indenter respectively for 30◦ and 60◦ attack angles. For the 30◦ attack angle, the
material is pushed primarily to the side of the scratches, so a wedge is formed to the side and in front of the ind
this case, all the materials are pushed to the sides or to the front of the indenter without any loss of material. H
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Fig. 4. Variation of experimental apparent friction coefficient with attack angle.

Fig. 4. Variation du coefficient de frottement expérimental apparent en fonction de l’angle d’attaque.

Fig. 5. Comparison between apparent friction coefficient for 1 and 5 N normal load against attack angle.

Fig. 5. Comparaison entre le coefficient de frottement en fonction de l’angle d’attaque pour l’effort normal de 1 et 5 N.

for the 60◦ attack angle, we have a transition of wear mechanisms from ploughing to cutting. Fig. 3(b) shows
mechanisms with the formation of chips in front of the indenter.

When analysing wear mechanisms in relation to different attack angles, three regions can be distinguishe
the attack angle is below 30◦, a ploughing mechanism occurs whereas for an attack angle greater than 60◦, a cutting
mechanism dominates. For intermediate attack angles a transition from ploughing to cutting wear mecha
been observed.

For each test, the apparent friction coefficient(µ = Ft/Fn) was also measured. Fig. 4 presents the variation o
mean apparent friction coefficient with the conical attack angle. It shows that the friction coefficient increase
attack angle of the conical indenter increases. In fact, increasing the attack angle generates the transition o
mechanism from ploughing to cutting. This transition is accompanied by the severe plastic deformation nece
generate a chip and damage the aluminium surface.

Similar results (friction coefficient and wear mechanisms) have been obtained for two normal loads, 1 a
(Fig. 5).

3. Analytical modelling, scratch test, and comparisons with experimental results

Usually, scratch models consider ploughing and plastic behaviour for a simple shaped rigid indenter (cone
or pyramid) in contact with a flat surface [7,8].

Here, we consider the model proposed by Bowden and Tabor [9]. This model was developed for a rigid
indenter. It considers that the tangential force is split into two parts: the first one (Fp) is necessary to plastically defor
the material and the second one (Fa) corresponds to the adhesion energy between the indenter and the materi
tangential force (Ft) can then be expressed as:Ft = Fp + Fa.
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Fig. 6. Comparison between analytical and experimental apparent friction coefficients against attack angle.

Fig. 6. Comparaison entre le coefficient de frottement analytique et expérimental en fonction de l’angle d’attaque.

Fp andFa depend on the indenter’s geometry, the material’s properties and test conditions. Bowden and
model allows the apparent friction coefficient to be calculated by neglecting the adhesive component (Fa). So the
friction coefficient can be expressed as:µ = Ft/FN = Fp/FN.

If the forces have been expressed with the flow pressure, the friction coefficient can be expressed aµ0 =
(Ap/As)(Hp/Hs).

HereAp andAs are the surfaces of the contact projected in the normal and the tangential directions;Hp andHs are
the hardness in the normal and the tangential directions respectively.

If Hp = Hs, the apparent friction coefficient can be expressed as:µ = ( 2
π
)cotθ (θ is the semi-angle of the tip).

Fig. 6 presents the comparison between experimental and analytical apparent friction coefficients obtaine
previous equation. It shows that the two curves have the same tendency and increase as the attack angle
However, the relative difference between experimental and analytical values is important for a small attac
(attack angle less than 30◦). This phenomenon is probably caused by the absence of the adhesive componen
model. This result will be discussed in the following part.

In this Note the aim is to study the correlation between wear mechanisms and apparent friction coefficie
correlation between hardness and wear resistance has been studied in a previous work [1].

4. Numerical modelling scratch test

In this Note, the material’s behaviour is modelled using large deformation and elastoplastic theory. More
cally, the plastic flow is described via the Von Mises plasticity criterion. The material’s characteristics are repr
tive of 5xxx aluminium alloy used to transport granular material, namely, a Young modulus of 70 GPa, a Poiss
of 0.3 and a constant yield stressσ0 of 140 MPa. A linear and non-linear elastic plastic behaviour have been us
shows that the apparent friction coefficient depends slightly with the law behaviour. A rigid conical indenter w
to model the indenter.

The meshes are particularly refined near the indenter, but also are sufficiently large to approximate a sem
solid [10,11] (Fig. 7). Loading is achieved by monitoring the indenter quasi-static displacement (dynamic
are neglected), which is first pushed vertically into the volume to investigate the indentation, and then it is
horizontally to investigate the ploughing. Two models with and without remeshing have been used, respective
ABAQUS/Explicit and ABAQUS/Standard. The same friction coefficient has been obtained for the two model

The contact between the indenter and the surface is assumed to be a contact with local friction coefficientµs.
The present study aims to better understand friction phenomena and particularly to correlate the friction co

to the geometry of the indenter and wear mechanisms. Many authors have studied the sliding contact of an
against a flat substrate [10,11]. They have also studied the effect of work hardening on a scratch test [12].

In this part, the correlation between indenter geometry (attack angle) and friction parameters, particul
apparent friction coefficient, was studied. To study this phenomenon different attack angles (5, 15, 30, 45
degree) were selected. The contact between indenter and the surface is assumed to be frictionless. The resu
to a local friction coefficientµs = 0.1 are discussed.



S. Mezlini et al. / C. R. Mecanique 333 (2005) 830–837 835

ere are
when the

d state.
friction

ts were
alytical
Fig. 7. Mesh used in numerical simulation.

Fig. 7. Maillage utilisé pour la simulation numérique.

Fig. 8. Numerical apparent friction coefficient versus sliding distance for attack angle of 30◦.

Fig. 8. Coefficient de frottement numérique apparent en fonction de la distance de glissement pour un angle d’attaque de 30◦.

Fig. 8 shows the variation of the apparent friction coefficient versus the scratch length. It shows that th
two states: the first corresponds to an incubation period and the second one represents the stationary period
friction coefficient remains constant. In this work, the average friction coefficient is calculated from the secon

Fig. 9 represents the evolution of the friction coefficient versus the cone’s attack angle. It also shows that the
coefficient increases as the attack angle increases.

5. Comparison between experimental analytical and numerical modelling scratch test

In order to validate the analytical and numerical model, the experimental and modelled friction coefficien
compared. Fig. 10 shows the variation of the friction coefficient with the attack angle for the experimental, an
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Fig. 9. Variation of numerical friction coefficient with attack angle.

Fig. 9. Variation du coefficient de frottement numérique en fonction de l’angle d’attaque.

Fig. 10. Correlation between friction coefficient and wear mechanisms for different attack angle.

Fig. 10. Corrélation entre coefficient de frottement et mécanismes d’usure pour différent angle d’attaque.

and numerical simulations. It shows, in each case, that the friction coefficient increases as the attack angle in
also shows that for an attack angle below 30◦, the numerical model correlates better with the experimental curve
the analytical model. This result is probably due to the absence of the adhesive component in the analytic
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(Fa = 0). However, for an attack angle over 60◦, the analytical model correlates better with the experimental c
than the numerical model.

To explain this, wear mechanisms and the friction coefficient were correlated. For an attack angle bel◦,
ploughing mechanism has been shown to occur (Fig. 10). Therefore, the adhesive component is not neglecte
Bowden and Tabor model hypothesis is not proven. However, the introduction of local friction coefficient (µs = 0.1)
in the numerical model yielded better correlation with the experimental results.

For an attack angle over 60◦, the cutting mechanism dominated. This mechanism requires severe plastic de
tion to generate chips. So, the adhesive component can be neglected relative to that used to plastically d
material and to generate chips. The analytical model hypothesis is proven, so the analytical model correla
with the experimental results. For small attack angle wear mechanisms are similar to the one observed in ex
tations. However, for large attack angle differences in wear mechanisms between numerical and experimenta
are observed. In experimental study and for a high attack angle, cutting wear mechanism with plastic deform
been observed whereas, in numerical simulation only ploughing, wedge formation and plastic deformation h
occurred.

Another point is that, for the numerical model, we consider that there is no damage. This can explain the di
between experimental and numerical results obtained for wide attack angle. However, SEM observation co
this hypothesis and so limits the application of the numerical model for a wide attack angle (over 60◦).

6. Conclusions

In this Note, analytical and numerical simulations of the scratch phenomenon have been investigated. A
test was used to simulate the effect of particle geometry on damage to aluminium sheets. The experimental s
carried out to determine the friction coefficient and wear mechanisms for different attack angles. The vari
attack angle shows that there is a transition of wear mechanisms from ploughing for a small attack angle to cu
a big attack angle.

A correlation between wear mechanism and friction coefficient has also been revealed. It shows that incre
attack angle provokes both the transition of the wear mechanism from ploughing to cutting, and an increas
friction coefficient.

A comparison between the experimental, analytical and experimental friction coefficient models shows th
small attack angle, the numerical model correlates better than the analytical model. This is due to the analytic
hypothesis, which neglects the adhesive effect. However, for a wide attack angle, the analytical model correla
than the numerical model. This result is due to the neglect of the adhesive component in the cutting mechanis
the hypothesis of analytical model is proven). Moreover, in the numerical model, we consider that there is no
This consideration limits the numerical model’s application when a wide attack angle is used. The numerica
can be improved by taking into account the damage phenomenon when the cutting mechanism occurs.
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