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Abrasive wear limits the lifetime of many machine components. Most empirical models relate the abrasive 
wear resistance to material hardness. In reality, however, other material properties are also influencing as 
scratch abrasion damage follows from a highly complex stress trajectory upon scratching. Numerical 
(finite element) simulation of scratch abrasion requires the use of a material damage model, which 
translates this stress trajectory into material degradation and removal. Most damage models include the 
first two stress invariants. However, fully incorporating the complex stress trajectories that occur during 
scratch abrasion  may require damage models with dependence of the third deviatoric parameter (Lode 
angle). This paper serves as an a-priori study to evaluate the stress states that may occur during scratch 
abrasion. Three mechanisms (ploughing, wedging, cutting) are considered. Hereto, the results of an 
extensive parametric study using elastic-plastic finite element simulations of a scratch indentation process 
are discussed. Complex, non-proportional variations in stress state values are observed to occur during 
scratch abrasion. Distinct stress state trajectories are identified for the three abovementioned mechanisms. 
These variations are critically discussed to motivate a selection of suitable damage models for rigorous 
finite element analysis of the wear processes associated with scratch abrasion. 
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1. Introduction 

Two-body abrasive wear occurs when two surfaces with similar or different material properties slide 
against each other [1]. Scratch abrasion testing serves as a tool to examine two-body abrasive wear at the 
level of single roughness peak or interaction with a sharp particle. Further focussing on ductile metallic 
materials in this paper, scratch abrasion involves three major governing damage mechanisms which are 
cutting, wedging and ploughing [2,3]. Ploughing implies that a shallow groove is formed without the 
generation of wear particles, unless repeated sliding occurs [2,3]. In the case of wedging [2,3], wedge-like 
wear particles are formed at the tip of the groove. In the case of cutting [2,3], long curled ribbon-like wear 
particles are formed. Accurately forecasting the severity and mode of abrasion wear either by experiments 
or simulations is an open issue [1,3–8], because the occurrence of (and interactions between) governing 
failure mechanisms is/are highly sensitive to specific operating conditions, material properties and 
material characteristics.  

Several experimental studies [2,3,9,10] have investigated the mechanisms of scratch abrasion. 
Investigating new materials solely on an experimental basis is practically infeasible due to the large 
number of influence factors, scatter inherent to the results, costly, time-consuming sample preparation and 
analysis. Numerical analysis bypasses these limitations and allows for extensive parametric studies, 
supported by a limited set of experimental data for model validation. Numerous efforts towards numerical 
analysis of scratch abrasion have been undertaken using mesh based finite element modelling (FEM) 
[6,7,10–13], and meshless methods such as smooth particle hydrodynamics (SPH) [14], and the material 
point method (MPM) [15]. However, despite this multitude of numerical work, the stress states in scratch 
abrasion have not been identified in detail, although it is believed that this is crucial information when 
considering damage models to accurately predict all damage mechanisms.  

In continuum damage modelling, each element is assigned with a value of damage, whose evolution is 
governed by the stress and/or strain state acting on the material. Elements are considered to be removed as 
their damage value reaches a critical value. Hence, continuum damage modelling has the potential to 
describe (abrasive) wear, which is also associated with material loss. 

The majority of ductile damage models [16–20] are based on invariants of the stress tensor. These 
invariants are often expressed in terms of stress triaxiality which relates to hydrostatic stress (first 
invariant of the stress tensor), von Mises stress (function of the second invariant of the deviatoric stress 
tensor) which relates to the development of plasticity, and Lode angle parameter (function of the 
normalized third invariant of the deviatoric stress tensor) which characterizes the deviatoric stress state. 
The majority of continuum damage models is solely based on hydrostatic and von Mises stress. A well-
known example is the Johnson-Cook (J-C) ductile damage model, which has been used for metal cutting 
simulations [16], under the assumption [21] that the Lode angle parameter is constant and equal to zero 
(equivalent to 2D plane strain conditions).  Also some studies includes damage on metal cutting [22–26] 
but are limited to two-dimensional (plane strain) cases. It may be questioned whether the complex three-
dimensional processes involved with scratch abrasion (for which simplifying conditions such as 2D plane 
strain are hard to justify) can be described by models that do not take into account all invariants of the 
three-dimensional stress state. 

Recent damage models which include all three stress tensor invariants on damage (e.g., (Modified) Bai-
Wierzbicki, Modified Mohr-Coulomb) [17–20] predict that material failure (ductility) is highly affected 
by the Lode angle parameter. These damage models are considered as state-of-the-art models as the effect 

Jo
urn

al 
Pre-

pro
of



of all three invariants are included. With the advantage of providing a more rigorous description of 
material failure comes the disadvantage of increased complexity and calibration effort. As a noteworthy 
characteristic, many of these state-of-the-art ductile damage models assume a cut-off value [27] of stress 
triaxiality of -0.33 below which failure strain is infinite, which has been based on experimental results of 
round bar compression tests. Additionally, the nature of the loading (proportional or not) also influences 
the ductile damage significantly [28–34]. 

From the above, the selection of a suitable continuum damage model (as simple as possible but as rigorous 
as needed) requires a thorough investigation of the stress trajectory acting on the material. Doing so for 
scratch abrasion is the subject of this paper. Hereto, the stress tensor invariants and plastic deformations is 
mapped within elastic-plastic simulations of scratch abrasion for a variety of scenarios (different materials 
and degrees of penetration), covering ploughing, and scenarios that would in reality lead to wedging and 
cutting. For this purpose, an experimentally validated finite element model [35,36] is used. The observed 
structural responses are critically discussed to motivate suggestions for a selection of suitable damage 
models for different modes of scratch abrasion. This paper serves as an a-priori study towards further 
research that will involve damage modelling to describe material loss.   

2. Materials and methods  

2.1 A brief discussion on basic definitions 

State-of-the-art ductile damage models [17–20] are developed based on first invariant �� of the Cauchy 

stress tensor [σ], and the second and third invariants (�� and ��) of the corresponding deviatoric stress 
tensor [S] by including following equations, 

 

 �� = 13 �� = 13 tr����� = 13 ��� + �� + ���, (1) 

 �� = �3�� = �32 ��� ∶ ��� = �12 ���� − ���� + ��� − ����+ ��� − �����, (2) 

 � = �272 ����/� =  92 ��� ∙ ��� ∶ ���#�/� = �272 det �������/�

= �272 ��� − ������ −  ������ −  ������,  (3) 

 ��� = ��� − �����, (4) 

  
where ��� is the identity tensor, ��, ��, �� are principal stresses, �� is the mean/hydrostatic stress, 
and �� is the Mises equivalent stress The majority of ductile damage models [17] include effects 
of the hydrostatic stress and von Mises stress on failure strain, in terms of their ratio which is 
referred to as stress triaxiality & [16,27,37]. 
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 & =  ���� . (5) 

The influence of the third stress tensor invariant on the failure strain ()*  has been included in ductile 

damage models in recent years, and the Lode angle parameter [17] is introduced as a function of the 
normalized third deviatoric stress invariant by Eq. (6), 

 +̅ =  1 − 2- arccos 2���3�
 (6) 

where � is the third invariant of the deviatoric stress tensor. It can be found that this parameter includes 
the influence of ratios between deviatoric stresses [38]. The schematic representation of the stress vector 
including the definition of Lode angle in the space of principal stresses is shown in Fig. 1.  

 
Fig. 1. Schematic representation of stress vector in the space of principal stresses ���, ��, ��� 
Notably, from [38] it is known that Lode angle parameter can be alternatively expressed as the following 
function of ratios between principal stresses: 

 +̅ =  1 − 6 ∗ +-  (7) 

where + is Lode angle and 6 is a ratio between principal stresses, which can be expressed as:   

 + =  cot7� � 2√3  16 − 12#� (8) 

 6 =  �� − ���� − �� (9) 

From now on, stress triaxiality & and Lode angle parameter +̅ are referred to as stress state parameters. 
Various experimental test configurations are associated with different stress states as summarized in [17]. 

2.2 Simulation matrix based on the effect of hardness on the degree of penetration 

Jo
urn

al 
Pre-

pro
of



As is common in scratch abrasion experiments and numerical simulations, in this work, each 
simulation case was identified by the so-called degree of penetration in Eq. (10), which is a measure for 
contact severity of a spherical-tip indenter on a flat plate, and explicitly depends on the normal load 9, 
the material hardness HV30 and the radius of the spherical indenter tip R. [2,3]  

 => =  ?  -@A3029 #�� −  -@A3029  ?� − 1#��
 (10) 

Although radius ? is originally developed for a spherical tip, studies [7] have been performed for the 
conical tip as well. Degree of penetration is related to the depth of the groove during scratch and, as a 
result, serves as a metric of the severity of the contact. Hence, it allows to identify the damage 
mechanisms that will occur upon scratching according to the wear mode diagram put forward by [2,3].  

In this study, five materials with different hardness values ranging from 100 − 700 HV30 are selected to 
investigate a wide spectrum of metallic materials. These selected materials and the respective load levels 
are highlighted as circles in Fig. 2. Along with this, the degree of penetration at which the different 
abrasion modes are experienced is shown in Fig. 2 for a representative load level with a tip radius of ? = 100 BC. The wear mode diagram of [2,3] is copied in Fig. 2, allowing to associate simulated stress 
state trajectories with a hypothesized failure mechanism. For aluminium alloy, simulation case with a 
maximum normal load of 25 N is not highlighted in Fig. 2 (in order to follow the convention of the 
boundaries). In the literature [2,3], the boundaries are defined based on the experimental and theoretical 
investigation tests of abrasion mechanisms. These boundaries are copied in Fig. 2.  

2.3 Material selection methodology 

The considered materials are based on 4 criteria.  

1) Different hardness level as discussed earlier in Section 2.2.  

2) Materials with the same level of hardness [39,40] (AISI O1 and AISI D2 steel) but with a 
different abrasion resistance [39,41–43].  

3) Experimentally [35] (scratch) tested martensitic steel (MS) which was also used for 
validating the finite element model [36].  

4) Finally, materials, (X65 steel and Al2024-T351 aluminium alloy) [22,31,44] for which, the 
ductile failure using the state-of-the-art methodology was investigated extensively for other 
applications 

It should be noted that the aluminium alloy was used for calibration of material parameters in the ductile 
damage model (with Lode angle influence), (Modified) Bai-Wierzbicki where the cut-off value of stress 
triaxiality of -0.33 is calculated.  
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Fig. 2. Wear mode diagram adopted from [2,3] highlighted with simulations for the present study. For 
each investigated material, different degrees of penetration have been achieved by simulating different 
normal indentation loads. 

3. Numerical model  

3.1 Description of the scratch model 

This study makes use of a previously developed and experimentally validated finite element model 
[36] of a two-body scratch abrasion event. An example contour plot (von Mises stress) of a scratch 
simulation is shown in Fig. 3. The model consists of a 3D deformable conical indenter with artificially 
high elastic modulus that enables it to behave like a rigid body. Symmetry boundary conditions are 

assumed, reducing the cost of the FE model. A constant tip radius of 100 μm and a cone angle of 120° are 
used to model the indenter geometry. The indenter is attached to a reference point with the help of a multi-
point constraint (MPC), which serves to control the indenter movement.  

The abraded specimen is modelled as a 3D homogeneous, deformable elastic-plastic material with 
isotropic hardening. The specimen has sufficient dimensions to avoid boundary effects on the results [45]. 
As shown in Fig. 4, the abraded region of interest has a structured mesh which is denser than regions 
remote from the scratch line. Both indenter and specimen are modelled with 8-node linear brick elements 
with reduced integration (C3D8R in ABAQUS). An element-based surface-to-surface contact interaction 
with a mechanical constraint formulation using penalty contact algorithm is defined between the indenter 
and the specimen. For the majority of simulations documented in this paper, a friction coefficient of 0.1 
was arbitrarily defined to the contact [7]. Other influencing factors such as mass scaling effects, 
computational power optimization study, and mesh design are detailed in the previously validated finite 
element model [36]. The model is considered as quasi-static. This consideration was verified with the 
output of internal (IE) and kinetic (KE) energy, where kinetic energy (KE) was found to be less than 1 % 
of the internal energy of the model for all simulations performed. These energy outputs were obtained 
using specific target time increment (TTI) value that was carefully chosen [36], which verifies the validity 
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of the mass scaling. The ABAQUS/Explicit (version 6.14) solver was used for this study. For all the 
simulations in this paper, a scratch length of 2.5 mm and a sliding speed of 0.5 mm/s were modelled. 

 
Fig. 3. Contour plot of von Mises stress from the numerical simulation. (Material: martensitic steel 
(MS) and 25 N normal load)   

 
Fig. 4. Cross-section on the specimen with finer mesh in the region of interest  

3.2 Material model  

The elastic properties and hardness values of the selected materials and the indenter are listed in Table 
1. Vickers hardness was obtained with an indentation load of 30 kgf or 294 N. The plastic part of the 
stress-strain curves was modelled by the Johnson-Cook (J-C) plasticity model, in which thermal and strain 
rate effects were neglected: 
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 �� = GH + IJ>K ,LMN O, (11) 

where �� is von Mises stress, and J>K ,LM is equivalent plastic strain. The parameter A is the yield strength of 

the material, B is the strain hardening modulus and P is the strain hardening exponent, all of which are 
material-dependent constants. Notably, neglecting thermal and strain rate effects in Eq.(11) essentially 
reduces the J-C plasticity model to Ludwik’s [46] plasticity model. J-C parameters for the plasticity model 
were referred for each material available in the literature [22,31,35,39,40,44]. Values are given in Table 2 
and the resulting true stress-true strain curves are shown in Fig. 5. 

Table 1 Material properties of the indenter and specimens. 
  Elastic modulus Poisson’s ratio Hardness, 

Vickers HV30 
  GPa -  
 
 
Specimens 
 

Martensitic steel 209 0.3 433 
X65 210 0.3 221 
AISI D2 203 0.3 676 
AISI O1 211 0.3 676 
Al2024-T351 73 0.33 137 

Table 2 Johnson-Cook plasticity model parameters for specimens 
  A B n 

 
  MPa MPa - 
 
 
Specimens 
 

Martensitic steel 1356 350 0.1 
X65 420 220 0.1 
AISI D2 762 150 0.45 
AISI O1 851 100 0.2 
Al2024-T351 352 440 0.42 
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Fig. 5. Stress-strain curves of investigated materials 

4. Results  

4.1 Variability of stress state output along the scratch line 

The following sections will show the calculated stress states at the surface of the scratch, in a brief time 
period around the passage of the indenter. To simplify post processing, results were extracted from one 
element, centrally located within the scratch line, throughout the entire scratch simulation. Depending on 
the moment at which output is regarded, information is obtained on the stress state at different distances in 
front of the indenter, right below the indenter, and at different distances behind the indenter.  

To justify this single element based approach, it is important to evaluate the potential variability of stress 
output for different positions along the scratch line (bearing in mind that the von Mises stress contour plot 
of Fig. 3 shows a certain degree of variability in the scratch region). This variability was confirmed to be 
negligible relative to the trends that will be evaluated further on. As an example, Fig. 6 shows that 
neighbouring points show similar trends of the stress state evolution. The elements were positioned at 
locations of maximum and minimum von Mises stress values along the scratch, as shown in a contour plot 
of Fig. 7. The evolution of stress triaxiality and corresponding plasticity development is similar for both 
elements. In particular, the stress state and equivalent plastic strain is very similar when the indenter is 
right above each element. From now onwards, results within a single element along the scratch line are 
investigated and considered to be representative for the entire scratch in steady state (i.e., with exception 
of the running in and running out stage).  
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(a) (b) 

Fig. 6. Evolution of stress triaxiality (a) and Lode angle parameter (b) at two different positions within 
the scratch.  

 
Fig. 7. Contour plot with locations of maximum and minimum von Mises stress values along the 
scratch.  

4.2 Case study: detailed analysis of stress tensor invariants and individual stress components 

Prior to putting focus on evolutions of stress tensor invariants (particularly, stress triaxiality and Lode 
angle parameter), this section illustrates how individual stress tensor components contribute to their tensor 
invariants. For the sake of this illustration, focus is given to the link between stress components and Lode 
angle parameter, which is less intuitive compared to links with stress triaxiality and von Mises stress. 

For martensitic steel, for the simulation associated with cutting mode, the evolution of individual stress 
components at a given location as the indentation takes place is shown in the Fig. 8 (a). First obvious 
observations of this figures are the large (absolute) magnitudes of the simulated stresses, and the 
complexity of the stress trajectories as the indenter passes by. The large magnitudes of stresses are due to 
the large local stress concentration associated with scratch indentation, along with the absence of a 
continuum damage formulation within the currently used material model. The latter would likely trigger 
damage and material loss, relaxing the observed stress levels. The complexity of the stress trajectories 
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provides a first indication that the stress state trajectory of the abraded material is non-proportional. This 
indication will be scrutinized further on.  

For this particular case, the influence of individual shear stress components is significantly less compared 
to the normal stress components when the indenter is close to the material. This suggests that the normal 
stress components can be considered as approximately equal to the principal stress components, allowing 
to understand the evolution of Lode angle parameter. 

Close to the indenter, ��� < ��� ≈ ��� and, assuming that these values represent principal stress, 
STSU ≈

STSV ≈ 0.74. The Eq. (7), indicates a Lode angle parameter around -0.52. In other words, for the shown 

example, as the absolute values of normal stress strongly exceed those of shear stress near the indentation 
point, and as the ratios between normal stresses are roughly constant in that region, a relatively constant 
value of Lode angle parameter is predicted. This observation is indeed confirmed by the trajectory of Lode 
angle parameter, shown in Fig. 8 (b). 

Subsequently, as the indenter moves away, the relative contribution of shear stress to the overall stress 
state increases as normal stress values drop in magnitude. This causes a shift in Lode angle parameter, 
which eventually turns positive and ends around a value of 0.5.  

The complexity of the stress trajectories in this example indicates the potential need for ductile damage 
models to consider Lode angle parameter effects, in addition to stress triaxiality effects, and to consider 
that both dimensionless stress state characteristics may be non-proportional throughout the scratch 
abrasion event. Further analysis based on the stress state invariants is the subject of the next sections. 

  
(a) (b) 

Fig. 8. Stress tensor components with Lode angle parameter from the simulation associated with cutting 
mode (a). Ratio of principal stresses with Lode angle parameter (b).  

4.3 Evolution of stress state invariants 

4.3.1 Load level associated with ploughing 

Stress state trajectories for simulations at low indentation loads (3 N for steels and 2 N for Al) 
associated with ploughing (as hypothesized from Fig. 2) are shown in Fig. 9. The graphs neglect stress 
states associated with an equivalent plastic strain of zero (linear elastic deformation prior to arrival of the 
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indenter) or a constant equivalent plastic strain (indenter travelling far away and no longer influencing the 
stress state). 

In front of the indenter, at the onset of plasticity, the level of stress triaxiality is −0.5 and the Lode angle 
parameter is −0.5. As the indenter approaches, equivalent plastic strain increases drastically with stress 
triaxiality decreasing slightly and reaching a peak negative value between -0.8 and -1.3 when the indenter 
is just above the element. At the same time, Lode angle parameter increases between -0.5 and -0.25. 
Contrary to the case study of Section 0 (associated with cutting), Lode angle parameter appears to 
significantly change throughout a scratch event associated with ploughing. 

Behind the indenter, equivalent plastic strain increases slightly and eventually reaches a constant value, 
while stress triaxiality increases drastically from values down to -1.3 up to -0.25. At the same time, the 
Lode angle parameter keeps increasing from -0.25 up to +0.25. From both perspectives of stress triaxiality 
and Lode angle parameter, the stress state evolution is non-proportional over the entire indentation process 
(both ahead of and behind the indenter).  

(a) (b) (c) 
Fig. 9. Evolution of stress state parameters for simulations associated with ploughing (for different 
materials) 

4.3.2 Load level associated with wedging  

Stress state trajectories for simulations associated with wedging (indentation load 15 N for steels and 
10 N for Al) are shown in Fig. 10. As the applied load to analyse the wedging mode is higher than the 
ploughing mode, the figure shows increased equivalent plastic strain levels compared to Fig. 9. Further, 
stress triaxiality drops to lower values when compared with ploughing, reaching levels down to -2.5 when 
the indenter is above the element. Remarkably, the Lode angle parameter is nearly constant (+̅  ≈  −0.5) 
up to indenter arrival (at which point a large fraction of the equivalent plastic strain has developed). This 
was not the case for the simulations associated with ploughing.  

After the indenter passed by, equivalent plastic strain further increases to eventually reach a constant 
value, while stress triaxiality increases drastically from -2.5 to 0.25 (negative to a positive value). The 
Lode angle parameter increases from -0.5 to 0.6. This shows that the element experiences a complex stress 
state as the indenter goes away from the element. Notably, the stress trajectory behind the indenter for 
these simulations is expected to be of little practical relevance, as the damage mechanism of wedging 
(which is not simulated in this study) takes place ahead of the indenter and will likely have a profound 
influence on the stress state behind the indenter. 

The observation of a near-to-constant Lode angle parameter of around -0.5, and subsequent increase of 
this parameter, is in line with the case study documented in Section 0. The stress state is dominated by 
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compression in the near vicinity of the indenter. As the indenter travels away, the magnitude of 
compressive normal stresses drop, and the relative contribution of shear stress increases.  

The loading history for stress triaxiality is highly non-proportional both in front of and behind the 
indenter. Meanwhile, the loading history concerning Lode angle parameter is nearly proportional in front 
of the indenter but turns highly non-proportional behind the indenter. 

(a) (b) (c) 
Fig. 10. Evolution of stress state parameters for simulations associated with wedging (for different 
materials) 

4.3.3 Load level associated with cutting  

Stress state trajectories for simulations (25 N for all materials) associated with the cutting are shown in 
Fig. 11. 

As the applied load to analyse the cutting mode is the highest among all the three modes, it comparatively 
shows the highest levels of equivalent plastic strain. The level of stress triaxiality decreases more severely 
than for the other two modes, reaching extremely low peak values down to -3.0 beneath the indenter. 
Similar to wedging, the Lode angle parameter is nearly constant (around -0.5) except for the aluminium 
alloy, which is discussed in more detail in Section 5.3.  

Apart from the increased levels of plasticity developed, the stress state trajectories associated with cutting 
appear similar to those associated with wedging. The discussion of the trajectories in Section 4.3.2 
therefore applies to this section as well. 

Contrary to reported studies on metal cutting [21], Fig. 11 shows that the Lode angle parameter deviates 
from 0, the value theoretically associated with 2D plane strain. This observation confirms that the three-
dimensional nature of a scratch abrasion problem introduces a particular level of complexity in its 
structural analysis. 
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Fig. 11. Evolution of stress state parameters for simulations associated with cutting (for different 
materials) 

4.4 Effect of friction 

As the abrasion modes involve contact interaction and a relative movement between the indenter and 
the specimen, frictional effects contribute to the development of stresses in the scratched body. The 
transition between different abrasion modes was shown in references [2,7] to be dependent on the 
frictional coefficient. To check the sensitivity of the above stress state calculations on friction coefficient �B�, the effects of increased (0.2) and decreased (0.01) friction coefficient was analysed for the martensitic 
steel (MS), Fig. 12. Differences in stress triaxiality and Lode angle parameter when the indenter is just 
above the element are quantified in Table 3 and Table 4.  

For ploughing mode (from Table 3 and Table 4), when comparing with the reference friction coefficient of 
0.1, decreasing the friction coefficient causes lower triaxiality and higher Lode angle parameter, and the 
opposite occurs when increasing the friction coefficient .  

For wedging and cutting mode, only the results in front of the indenter are important as that is where the 
associated damage takes place. For wedging and cutting mode, for the stress state in front of the indenter, 
comparing with the reference friction coefficient of 0.1, decreasing or increasing friction causes higher 
stress triaxiality. Meanwhile, for wedging, Lode angle parameter is increased when friction is increased or 
decreased. But, for cutting mode, the influence of friction on Lode angle parameter is with absolute 
difference of 0.02 and 0.06 upon decreasing and increasing friction. These observations can be seen in 
Table 3 and Table 4.  

Fig. 12, Table 3 and Table 4 allow to reflect on the relevance of adhesion in ploughing and wedge 
formation cases. Above data shows that, the interfacial shear strength due to adhesion forces, represented 
by the adhesive coefficient of friction has a larger influence on the stress state for cases of ploughing and 
wedging in comparison to cutting. This observation is in line with the literature [2,3], stating that the 
occurrence of wedging at low indentation loads depends on the value of the adhesive coefficient of 
friction. Instead, at higher loads, cutting is deemed to occur irrespective of the adhesive friction 
coefficient, which may indicate a relatively lesser influence of the latter. Nevertheless, the implications of 
these differences are to be investigated in further work, when material loss will be accounted for by 
damage modelling. 

(a) Ploughing (b) Wedging (c) Cutting 
Fig. 12. Effect of friction on the evolution of stress state parameters for simulations associated with 
different modes for martensitic steel (MS). 
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Table 3 Comparison of different friction coefficients on stress triaxiality beneath the indenter 

Friction 
coefficient 

 0.1 
(Reference) 

0.01 0.2 

   Obtained 
result 

Absolute 
difference 

Obtained 
result 

Absolute 
difference 

Simulations 
cases 

Ploughing -1.02 -1.15 0.13 -0.80 0.22 
Wedging -1.52 -1.40 0.12 -1.39 0.13 
Cutting -1.94 -1.89 0.05 -1.85 0.09 

Table 4 Comparison of different friction coefficients on Lode angle parameter beneath the indenter 

Friction  0.1 
(Reference) 

0.01 0.2 

   Obtained 
result 

Absolute 
difference 

Obtained 
result 

Absolute 
difference 

Simulations 
cases 

Ploughing -0.22 -0.08 0.14 -0.31 0.09 
Wedging -0.47 -0.34 0.13 -0.33 0.14 
Cutting -0.48 -0.50 0.02 -0.42 0.06 

4.5 Effect of indenter load on stress trajectory 

The previous sections have focused on a limited set of load levels for various materials. Strong 
differences in stress state trajectories were observed between load levels associated with different abrasion 
mechanisms (ploughing, wedging, cutting). To capture the evolution of stress state trajectories ranging 
from low to high indentation loads more sensibly, additional simulations with different load levels 
(between 5 N and 50 N) have been performed for the martensitic steel (MS), Fig. 13. Irrespective of load 
level, the minimum stress triaxiality occurs just beneath the indenter and the value decreases as load 
increases. The effect of load on the Lode angle parameter trajectory is more nuanced. In case of lower 
normal load levels up to 10 N, associated with ploughing, Lode angle parameter consistently increases 
monotonically as the indenter moves. Regarding normal load levels of 15 N or higher, all assumed to be 
associated with the cutting mode, trajectories of the Lode angle parameter decrease first, and then 
increase, and again there is consistency between the shape of the stress state trajectories. Although this 
does not fully (but does to a large extent) agree with the literature [2,3], it must be pointed out that this is 
indicative rather than exact in its predictions of wear mechanism under the simulated circumstances.  

In the transition region between ploughing and cutting (in this case between 12.5 N and 15 N), it appears 
that there is a very strong transition of stress state trajectories. Literature [2,3] suggests that these 
simulations fall under the wedging regime on condition of sufficiently high adhesive friction. Note that for 
low adhesive friction, transition between ploughing and cutting occurs without formation of adhesive 
wedges to the front of the indenter. The literature [2,3], as such, indicates that the occurrence of wedging 
may be considered as a transitional mechanism between the extremes of ploughing and cutting, but highly 
depends on the adhesive forces between two mating materials. This will be scrutinized in further work, 
when material loss will be simulated by damage modelling. 
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Fig. 13. Evolution of stress state parameters for simulations associated with various loads from 5 N up 
to 50 N for martensitic steel (MS) 

5. Discussion 

5.1 Considerations for selecting a suitable damage model 

The following discussion on the stress state holds irrespective of the simulated material, and is based 
upon an overall impression of Fig. 9 - Fig. 11. By definition, ploughing mode experiences damage only 
when repeated sliding occurs [3,6], which is beyond of the scope of the present work. Therefore, the stress 
state trajectories in front of and behind the indenter are equally important (neither of both should trigger 
element removal upon damage modelling). As a result, a plasticity model (without damage formulation) 
which accounts for negative stress triaxiality, both negative and positive Lode angle parameter, and non-
proportionality during plasticity is potentially suitable to characterize a single scratch event under a 
ploughing mode. Repeated ploughing would require the introduction of a damage formulation.  

By definition, wedging and cutting involves damage within a single scratch as material is removed during 
the indentation process. So, the validity of the currently simulated stress states (which did not involve 
material loss) is limited (particularly behind the indenter) and only the stress state in front of the indenter 
is further regarded. For these two modes, this a-priori study indicates that a damage model which accounts 
for extremely low negative stress triaxiality, negative Lode angle parameter, and non-proportionality 
(given the observed variations in stress triaxiality) would be suitable to simulate the damage. Compared to 
stress triaxiality, the observed degrees of non-proportionality in terms of Lode angle parameter were far 
less pronounced, as Lode angle parameter was around -0.5 ahead of the indenter for most simulated cases 
associated with wedging and cutting. This creates opportunity for the selection of (simplified) damage 
models that are incapable to capture effects of variable Lode angle parameter.  

A continuum damage model which can trigger all three investigated scratch abrasion mechanisms 
simultaneously should be able to cover large ranges of stress triaxiality and Lode angle parameter, and 
should accommodate effects of non-proportional loading. The observations suggests that a less rigorous 
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damage model assuming a fixed level of Lode angle parameter may be suitable when the analysis is 
confined to cases involving wedging and/or cutting. 

5.2 Observation regarding the assumed cut-off value of stress triaxiality for damage development 

Irrespective of the tested materials and abrasion modes that involve damage (wedging, cutting), the 
development of plastic strain as the indenter approaches is associated with stress triaxiality values below -
0.5. This can be seen in Fig. 9 - Fig. 11. This observation is in contradiction with earlier theoretical 
considerations and experiments which show the existence of a negative cut-off value of -1/3 for the stress 
triaxiality in ductile damage, involving a Lode angle parameter of -1.0. This cut-off value, below which no 
damage is developed, is implemented as a constraint in most of the state-of-the-art damage models [47]. 
Applying those models to the cases investigated in this paper would not allow to accurately trigger any 
damage development in front of the indenter, i.e., would describe cutting or wedging inaccurately. This 
seeming contradiction deserves further investigation. At this point, it is hypothesized that the Lode angle 
parameter (which approximates -0.5 in front of the indenter for cases of wedging or cutting) may alter the 
cut-off stress triaxiality value.  

5.3 Effects of individual constitutive material parameters on stress state trajectories 

For martensitic steel (MS), the mean scratch depth (MSD) was obtained experimentally by averaging 
the scratch depth at three different locations from the scratch profiles [36]. For all the simulations, the 
mean scratch depth (MSD) was extracted by comparing the deepest level of the scratch with the level of 
the undeformed surface from the simulation output for different loads and materials, and results are shown 
in Fig. 14. It should be noted that the model is assumed homogeneous with bulk material properties. 
Hence, the effect of material heterogeneity which has been shown [48,49] to cause divergence between 
numerical and experimental results for low loads is not considered.  

Clearly, it can be observed that the mean scratch depth for a given load level is higher when the yield 
strength of the material is lower, which is in line with expectations. Less intuitively clear, from Fig. 11, 
the Lode angle parameter for the aluminium prior to indenter arrival is strongly different from -0.5. In that 
way, this single result deviates from all other stress state trajectories in the same figure. The constitutive 
properties of the simulated aluminium differ from those of the simulated steels in various respects 
(Young’s modulus, level of yield strength, strain hardening behaviour). This raises an interesting question 
as to which constitutive parameter(s) contribute to the deviating behaviour of the aluminium alloy, noting 
that multiple characteristics are distinct from those of the simulated steels: it has a lower Young’s 
modulus, the lowest strength of all simulated materials and the most pronounced strain hardening 
behaviour. 

In an attempt to resolve this question, virtual materials were created, for which one distinct property was 
changed compared to the aluminium alloy. The properties of the virtual materials are listed in Table 5 and 
Fig. 15 depicts their stress-strain curves. Virtual material 1 (VM1) is stiffer in the linear elastic region, but 
its plasticity curve is unaltered. The two other virtual materials (VM2 and VM3) have the same elastic 
modulus (E) of the reference aluminium alloy with distinct plastic properties.  
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Table 5 Properties of virtual materials based on aluminium 

Materials Changed 
variable 

Elastic 
modulus, 

(E) 

Yield 
strength, 

A 

Strain 
hardening 
modulus, 

B 

Strain 
hardening 
exponent, 

n 
  GPa MPa MPa - 

Al2024-T351 Reference 73 352 440 0.42 
Virtual material 1 2×E 146 352 440 0.42 
Virtual material 2 2×A 73 704 440 0.42 

Virtual material 3 0.5×B 73 352 220 0.42 

      
 

 
Fig. 14. Comparison of mean scratch depth from low to high loads for different materials. 
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Fig. 15. Stress-strain curves of virtual materials based on Al2024-T351 (“Al”) as a reference. 

For each virtual material, abrasion events with load levels associated with all three damage mechanisms 
were simulated and the results are shown in Fig. 16. Prior general observations on stress state for the loads 
associated with all three modes for previously tested materials hold for the virtual materials as well. 
Further, the following is observed: 

• Comparing the reference material with VM1, Young’s modulus appears to be of relatively 
little influence to the stress triaxiality and Lode angle parameter trajectories. This makes sense 
since scratch abrasion is essentially a plasticity dominated event.  

• When increasing yield strength, less plasticity development can be expected. This is confirmed 
since VM2 consistently shows less equivalent plastic strain development than the other 
materials. The stress triaxiality evolution for ploughing is very different compared to the 
reference material. At the other extreme, for cutting, the simulated triaxiality trajectories 
appear to be insensitive to the yield strength. In contrast, the evolution of Lode angle parameter 
is similar to that of the reference material for ploughing, but at the same time, dissimilar for 
wedging and cutting mode. The increased yield strength appears to shift the Lode angle 
parameter towards -0.5. In other words, yield strength may be a parameter that contributes to 
the different observations between the steels and aluminium alloy analysed above. 

• Judging from the comparison between the reference material and VM3, decreased strain 
hardening implies higher plasticity development. The level of stress triaxiality appears to be 
sensitive to strain hardening as well, the most pronounced differences occurring under 
ploughing. Similar to the effect of increased strength, decreased strain hardening tends to shift 
Lode angle parameters for cutting (prior to indenter arrival) to -0.5. A similar observation, 
however, cannot be made for the curves associated with wedging. 
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(a) Simulations associated with ploughing 
 

(b) Simulations associated with wedging 
 

(c) Simulations associated with cutting 
Fig. 16. Evolution of stress state parameters for virtual materials for simulations associated with different 
abrasion mechanisms. Reference material Al2024-T351, is plotted with bold solid line 

6. Conclusions 

The stress state experienced by material undergoing scratch abrasion is non-proportional. Different 
stress states, which would occur in reality for different abrasion mechanisms (ploughing, wedging, 
cutting) show distinct patterns in the trajectories of stress triaxiality and Lode angle parameter. Whereas 
ploughing is mostly accommodated by strong variations in Lode angle parameter, material undergoing 
wedging and cutting shows a fairly invariable Lode angle parameter as the indenter approaches, but 
pronounced variations in stress triaxiality. 

Upon scratching, most plasticity is induced in front of and beneath the indenter, where the equivalent 
plastic strain is accumulated mainly through a compressive stress state. Further plasticity is introduced to a 
relatively lesser extent behind the indenter, typically associated with less compression. The effects of both 
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stages of scratch abrasion (in front of or behind the indenter) on damage development in terms of stress 
state parameters are yet to be explored.  

Stress state trajectories and indentation depth are influenced by the plastic constitutive properties of the 
material. Both yield strength and strain hardening behaviour appear to affect the trajectories of stress 
triaxiality and Lode angle parameter in distinct ways for different abrasion mechanisms, as documented in 
the paper. The observations highlight the complexity of the problem and the necessity for detailed stress 
trajectory characterization to analyse distinct cases of scratch indentation. 

The results challenge the often reported existence of a cut-off value of stress triaxiality of -0.33, below 
which no ductile damage develops [47]. It may be that the value (or, more fundamentally, the presence) of 
this cut-off is affected by the stress state trajectory, which is non-proportional and involves combinations 
of normal and shear loading. Further research on this observation is required.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acknowledgement 

Authors would like to thank Gent University for the financial support to perform this research work. 

 

Jo
urn

al 
Pre-

pro
of



Bibliography 

[1] M.A. Moore, A Review of Two-Body Abrasive Wear, Wear. 27 (1974) 1–17. https://doi.org/10.1016/0043-
1648(74)90080-5. 

[2] K. Hokkirigawa, K. Kato, An experimental and theoretical investigation of ploughing, cutting and wedge 
formation during abrasive wear, Tribology International. 21 (1988) 51–57. https://doi.org/10.1016/0301-
679X(88)90128-4. 

[3] K. Hokkirigawa, K. Kato, Z.Z. Li, The effect of hardness on the transition of the abrasive wear mechanism of 
steels, Wear. 123 (1988) 241–251. https://doi.org/10.1016/0043-1648(88)90102-0. 

[4] J. Hardell, A. Yousfi, M. Lund, L. Pelcastre, B. Prakash, Abrasive wear behaviour of hardened high strength 
boron steel, Tribology - Materials, Surfaces & Interfaces. 8 (2014) 90–97. 
https://doi.org/10.1179/1751584X14Y.0000000068. 

[5] J.D. Gates, Two-body and three-body abrasion: A critical discussion, Wear. 214 (1998). 
https://doi.org/10.1016/S0043-1648(97)00188-9. 

[6] M. Barge, G. Kermouche, P. Gilles, J.M. Bergheau, Experimental and numerical study of the ploughing part of 
abrasive wear, Wear. 255 (2003) 30–37. https://doi.org/10.1016/S0043-1648(03)00159-5. 

[7] M. Woldman, E.V.D. Heide, T. Tinga, M.A. Masen, A Finite Element Approach to Modeling Abrasive Wear 
Modes, Tribology Transactions. 60 (2017) 711–718. https://doi.org/10.1080/10402004.2016.1206647. 

[8] P. Wechsuwanmanee, J. Lian, J. Sukumaran, Á. Kalácska, H.B. Hamouda, P. De Baets, S. Münstermann, 
Finite Element Model in Abrasion Analysis for Single-Asperity Scratch Test, in: M. Abdel Wahab (Ed.), 
Proceedings of the 7th International Conference on Fracture Fatigue and Wear, 2019: pp. 768–779. 
https://doi.org/10.1007/978-981-13-0411-8_68. 

[9] K.-H.Z. Gahr, Wear by hard particles, Tribology International. 31 (1998) 587–596. 
https://doi.org/10.1016/S0301-679X(98)00079-6. 

[10] A. D’Acunto, G. Le Coz, A. Moufki, D. Dudzinski, Effect of Cutting Edge Geometry on Chip Flow Direction 
– Analytical Modelling and Experimental Validation, Procedia CIRP. 58 (2017) 353–357. 
https://doi.org/10.1016/j.procir.2017.03.327. 

[11] M. Barge, H. Hamdi, J. Rech, J.-M. Bergheau, Numerical modelling of orthogonal cutting: influence of 
numerical parameters, Journal of Materials Processing Technology. 164–165 (2005) 1148–1153. 
https://doi.org/10.1016/j.jmatprotec.2005.02.118. 

[12] M. Ben Tkaya, H. Zahouani, S. Mezlini, Ph. Kapsa, M. Zidi, A. Dogui, The effect of damage in the numerical 
simulation of a scratch test, Wear. 263 (2007) 1533–1539. https://doi.org/10.1016/j.wear.2007.01.083. 

[13] M. Lindroos, Experimental and Numerical Studies on the Abrasive and Impact Behavior of Wear Resistant 
Steels, Tampere University of Technology, 2016. 

[14] M. Varga, S. Leroch, S.J. Eder, M.R. Ripoll, Meshless microscale simulation of wear mechanisms in scratch 
testing, Wear. 376–377 (2017) 1122–1129. https://doi.org/10.1016/j.wear.2016.11.023. 

[15] M. Varga, S. Leroch, S.J. Eder, H. Rojacz, M.R. Ripoll, Influence of velocity on high-temperature 
fundamental abrasive contact: A numerical and experimental approach, Wear. 426–427 (2019) 370–377. 
https://doi.org/10.1016/j.wear.2018.12.013. 

[16] G.R. Johnson, W.H. Cook, Fracture characteristics of three metals subjected to various strains, strain rates, 
temperatures and pressures, Engineering Fracture Mechanics. 21 (1985) 31–48. https://doi.org/10.1016/0013-
7944(85)90052-9. 

[17] Y. Bai, T. Wierzbicki, A new model of metal plasticity and fracture with pressure and Lode dependence, 
International Journal of Plasticity. 24 (2008) 1071–1096. https://doi.org/10.1016/j.ijplas.2007.09.004. 

Jo
urn

al 
Pre-

pro
of



[18] Y. Bai, T. Wierzbicki, Application of extended Mohr–Coulomb criterion to ductile fracture, International 
Journal of Fracture. 161 (2010) 1–20. https://doi.org/10.1007/s10704-009-9422-8. 

[19] P. Kubík, F. Šebek, J. Hůlka, J. Petruška, Calibration of ductile fracture criteria at negative stress triaxiality, 
International Journal of Mechanical Sciences. 108–109 (2016) 90–103. 
https://doi.org/10.1016/j.ijmecsci.2016.02.001. 

[20] J. Lian, A generalised hybrid damage mechanics model for steel sheets and heavy plates, RWTH Aachen 
university, 2015. 

[21] Y. Abushawashi, X. Xinran, P.A. Viktar, FEM simulation of metal cutting using a new approach to model chip 
formation, International Journal of Advances in Machining and Forming Operations. 3 (2011) 71–92. 

[22] J. Liu, Y. Bai, C. Xu, Evaluation of Ductile Fracture Models in Finite Element Simulation of Metal Cutting 
Processes, Journal of Manufacturing Science and Engineering. 136 (2013) 011010-011010–14. 
https://doi.org/10.1115/1.4025625. 

[23] K. Li, X.-L. Gao, J.W. Sutherland, Finite element simulation of the orthogonal metal cutting process for 
qualitative understanding of the effects of crater wear on the chip formation process, Journal of Materials 
Processing Technology. 127 (2002) 309–324. https://doi.org/10.1016/S0924-0136(02)00281-9. 

[24] M.R. Movahhedy, M.S. Gadala, Y. Altintas, Simulation of Chip Formation in Orthogonal Metal Cutting 
Process: An Ale Finite Element Approach, Machining Science and Technology. 4 (2000) 15–42. 
https://doi.org/10.1080/10940340008945698. 

[25] V. Schulze, N. Boev, F. Zanger, Simulation of Metal Cutting Process with Variable Cutting Thickness During 
Broaching, Procedia CIRP. 1 (2012) 437–442. https://doi.org/10.1016/j.procir.2012.04.078. 

[26] O. Pantalé, J.-L. Bacaria, O. Dalverny, R. Rakotomalala, S. Caperaa, 2D and 3D numerical models of metal 
cutting with damage effects, Computer Methods in Applied Mechanics and Engineering. 193 (2004) 4383–
4399. https://doi.org/10.1016/j.cma.2003.12.062. 

[27] Y. Bao, Prediction of ductile crack formation in uncracked bodies, Massachusetts Institute of Technology, 
2003. 

[28] S. Basu, A.A. Benzerga, On the path-dependence of the fracture locus in ductile materials: Experiments, 
International Journal of Solids and Structures. 71 (2015) 79–90. https://doi.org/10.1016/j.ijsolstr.2015.06.003. 

[29] N. Thomas, S. Basu, A.A. Benzerga, On fracture loci of ductile materials under non-proportional loading, 
International Journal of Mechanical Sciences. 117 (2016) 135–151. 
https://doi.org/10.1016/j.ijmecsci.2016.08.007. 

[30] D. Morin, L.E. Blystad Dæhlia, T. Børvik, A. Benallal, O.S. Hopperstada, Numerical study of ductile failure 
under non-proportional loading, European Journal of Mechanics / A Solids. 74 (2019) 221–241. 
https://doi.org/10.1016/j.euromechsol.2018.11.001. 

[31] M. Paredes, J. Lian, T. Wierzbicki, M.E. Cristea, S. Münstermann, P. Darcis, Modeling of plasticity and 
fracture behavior of X65 steels: seam weld and seamless pipes, International Journal of Fracture. 213 (2018) 
17–36. https://doi.org/10.1007/s10704-018-0303-x. 

[32] B. Wu, X. Li, Y. Di, V. Brinnel, J. Lian, S. Münstermann, Extension of the modified Bai-Wierzbicki model for 
predicting ductile fracture under complex loading conditions, Fatigue & Fracture of Engineering Materials & 
Structures. 40 (n.d.) 2152–2168. https://doi.org/10.1111/ffe.12645. 

[33] T. Fras, C.C. Roth, D. Mohr, Dynamic perforation of ultra-hard high-strength armor steel: Impact experiments 
and modeling, International Journal of Impact Engineering. 131 (2019) 256–271. 
https://doi.org/10.1016/j.ijimpeng.2019.05.008. 

[34] X. Xinke, P. Hao, Y. Bai, Y. Lou, L. Chen, Application of the modified Mohr–Coulomb fracture criterion in 
predicting the ballistic resistance of 2024-T351 aluminum alloy plates impacted by blunt projectiles, 

Jo
urn

al 
Pre-

pro
of



International Journal of Impact Engineering. 123 (2019) 26–37. 
https://doi.org/10.1016/j.ijimpeng.2018.09.015. 

[35] K. Pondicherry, J. Vancoillie, J. De Pauw, J. Sukumaran, D. Fauconnier, P. De Baets, Design and development 
of a novel electrochemical abrasion-corrosion tester, Tribology International. 131 (2019) 652–660. 
https://doi.org/10.1016/j.triboint.2018.10.005. 

[36] K.S. Pondicherry, D. Rajaraman, T. Galle, S. Hertelé, D. Fauconnier, P. De Baets, Optimization and validation 
of a load-controlled numerical model for single asperity scratch, TRIBOLOGY LETTERS. 68 (2020). 
https://doi.org/10.1007/s11249-020-1283-3. 

[37] J.R. Rice, D.M. Tracey, On the ductile enlargement of voids in triaxial stress fields∗, Journal of the Mechanics 
and Physics of Solids. 17 (1969) 201–217. https://doi.org/10.1016/0022-5096(69)90033-7. 

[38] M. Basaran, Stress state dependent damage modeling with a focus on the lode angle influence, RWTH Aachen 
University, 2011. 

[39] L. Bourithis, G.D. Papadimitriou, J. Sideris, Comparison of wear properties of tool steels AISI D2 and O1 with 
the same hardness, Tribology International. 39 (2006) 479–489. 
https://doi.org/10.1016/j.triboint.2005.03.005. 

[40] M. Algarni, Mechanical Properties and Microstructure Characterization of AISI “D2” and “O1” Cold Work 
Tool Steels, Metals. 9 (2019) 1169. https://doi.org/10.3390/met9111169. 

[41] Harvinder Singh, Ramandeep Singh, Rupinder Singh, Comparison of Wear Properties of AISI D3 and O1 
Steel with the Same Hardness, in: Asian Review of Mechanical Engineering, 2016: pp. 14–17. 

[42] S. Jagarlamudi, Abrasive wear behaviour of engineering materials and coatings, University of Wallongong, 
1994. 

[43] A.S.M.A. Haseeb, Md.A. Islam, Md.M.A. Bepari, Tribological behaviour of quenched and tempered, and 
austempered ductile iron at the same hardness level, Wear. 244 (2000) 15–19. https://doi.org/10.1016/S0043-
1648(00)00404-X. 

[44] S.H. Hashemi, Strength–hardness statistical correlation in API X65 steel, Materials Science and Engineering: 
A. 528 (2011) 1648–1655. https://doi.org/10.1016/j.msea.2010.10.089. 

[45] J.L. Bucaille, E. Felder, G. Hochstetter, Mechanical analysis of the scratch test on elastic and perfectly plastic 
materials with the three-dimensional finite element modeling, Wear. 249 (2001) 422–432. 
https://doi.org/10.1016/S0043-1648(01)00538-5. 

[46] P. Ludwik, Book, in: P. Ludwik (Ed.), Elemente der Technologischen Mechanik, Springer, Berlin, Heidelberg, 
1909: pp. 7–10. https://doi.org/10.1007/978-3-662-40293-1_1. 

[47] Y. Bao, T. Wierzbicki, On the cut-off value of negative triaxiality for fracture, Engineering Fracture 
Mechanics. 72 (2005) 1049–1069. https://doi.org/10.1016/j.engfracmech.2004.07.011. 

[48] V. Seriacopi, E.F. Prados, N.K. Fukumasu, R.M. Souza, I.F. Machado, Mechanical behavior and abrasive 
mechanism mapping applied to micro-scratch tests on homogeneous and heterogeneous materials: FEM and 
experimental analyses, Wear. 450–451 (2020) 203240. https://doi.org/10.1016/j.wear.2020.203240. 

[49] L.A. Franco, A. Sinatora, Material removal factor (fab): A critical assessment of its role in theoretical and 
practical approaches to abrasive wear of ductile materials, Wear. 382–383 (2017) 51–61. 
https://doi.org/10.1016/j.wear.2017.04.006. 

 

Jo
urn

al 
Pre-

pro
of



Stress state investigation associated with abrasion; ploughing, wedging & cutting. 

Abrasion imposes non-proportional stress triaxiality and Lode angle.  

Damage is predicted at stress triaxiality levels lower than -0.33. 

3D nature of stress state causes Lode angle parameter to differ from zero.  

Requirements for suitable continuum damage model for abrasion are presented. 
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