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Abstract: When dealing with joints and bearings, high pressures localised at the contact interface
lead to residual plastic strain. The present paper combines numerical simulations and experimental
tests to investigate the role of the material constitutive law in the indentation process. Numerical
indentation tests between similar materials showed a good agreement with the experiments when
classical material laws recovered from tensile-compressive tests on bulk samples were accounted
for. On the other hand, when simulating indentation between different materials in contact, the
comparison between the numerical and experimental results highlighted the limits of using classical
material laws. Bilinear material laws were then derived for different steel materials (ASP 2060 PM,
100Cr6, 440C, Marval X12, and Z15 CN17-03) in contact with a ceramic indenter, leading to the
correct simulation of the residual indentation profiles (error less than 5%). The proposed approach to
determine suitable material laws for indentation between dissimilar materials can be further applied
when dealing with applications involving contacts undergoing local plastic deformation.

Keywords: indentation; contact mechanics; elasto-plastic behaviour; material law; numerical
model analysis

1. Introduction

Several components of mechanical systems are subject to high stress–strain concentra-
tion at contact interfaces, such as wheel–rail contacts [1–7], contact engagement between
gear teeth [8–10], or rolling elements [11,12]. One of the ever-present examples concerns
rolling bearings, in which the mechanical elements withstand different kinds of loads and
kinematics. In particular, the reduction of the bearing dimensions for lightening purposes
and the increase in the transmitted power and loads introduce concerns in a reduced con-
tact area [12–15]. Developments in numerical modelling [16–18] and increased computing
capabilities allow for simulating the contact conditions in order to recover the contact stress
and strain distributions, which are the origin of several bearing failures [12,19–21].

The Hertz contact theory [22] (limited to the elastic field) and recent adaptations of
this theory [23] are no longer valid because of the failure of their main hypotheses, as high-
lighted by Wu et al. [24]. In this context, where the contact is characterised by high plastic
deformations, it is necessary to use finite element models (FEMs) [25,26] or semianalytical
models [27–30] in order to predict the behaviour of high-loaded elasto-plastic contacts.

Recently, many authors have dealt with the behaviour of bearings undergoing high
loads and, consequently, high plastic deformations. In their work, Lacroix et al. [31]
demonstrated the importance of the bearing deformation assumption, highlighting that
when the deformation is neglected, an overestimation of permitted loads occurs. The work
by Kogut et al. [32] showed the evolution of a frictionless contact between a rigid flat
surface pressed on a sphere with elastic–plastic behaviour, in which the contact surface can
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withstand three different regimes (elastic, elasto-plastic, and fully plastic) as a function of
a dimensionless parameter (plasticity index). Chaise et al. [18] investigated the influence
of a moving load and the hardening rule (isotropic and kinematic) on the residual profile
due to a sphere pressed on an elastic–plastic flat substrate. The results report that a moving
load applied on a material with the kinematic law allows for leaving a deeper profile. In
the case of the isotropic hardening law, a larger plasticisation is obtained when one body
has only elastic behaviour and the other is characterised by the elasto-plastic material law.
Studies by Brizmer et al. [33] explored the influence of Poisson’s ratio and two different
friction conditions (perfect slip and full stick) when a sphere is in contact with a rigid flat
sample: a larger Poisson’s ratio implies a higher contact pressure due to a less compressible
material and influences the evolution of the plastic region in the stick condition, while the
effects on the plastic region are negligible in the slip condition.

Nevertheless, when using finite element models for investigating contact issues [34–36],
material laws obtained by classical stress–strain experiments on bulk samples (volumetric
samples) are often introduced as material properties [37]. In fact, available mechanical
properties are generally obtained from tensile or compression tests; hence, they represent
the strain and stress response within the bulk of the sample. On the contrary, when dealing
with high-load contacts in reduced contact areas, the plastic deformation occurs in a zone
restricted and constrained to the neighbourhoods of the surfaces in contact [17], where
discontinuity in material properties can occur, especially when the solids in contact have
different material properties.

Consequently, the stress and strain distributions [17,38] around the contact area can
be different from those obtained by tests on a continuous media. In the literature, several
techniques and methods have been proposed to investigate and estimate the material
properties at the contact interface: parallel rheology [39], micropipette aspiration [40], or
nanotechnology tools, such as atomic force microscopy [41], which is based on conducting
continuous force–distance curves [42]. In any case, parallel rheology and micropipette
aspiration have been applied to cellular systems, rather than to solid materials. On the
other hand, nanotechnology tools, such as raw AFM (Atomic Force Microscopy) analysis,
are time-consuming techniques and relatively more expensive with respect to classical
tensile or indentation tests for metallic materials. In this context, the need to define material
laws representative of the material response under indentation solicitation arises, providing
insights for simulations of several industrial applications. Hence, this work focuses on
the analysis of the elastic–plastic behaviour of metallic materials under indentation loads
imposed by indenters of either the same or a different (ceramic) material.

2. Indentation Analysis: Materials and Method
2.1. General Approach

First, numerical models representing the indentation process in both 3D and 2D are
presented, validating the results from the 2D model by comparison with results from the
3D model. Second, the residual profiles obtained by the simulations with stress–strain
laws coming from bulk tests are compared with experimental indentation tests when
a ceramic indenter is loaded on a metallic surface. The results highlighted the need to
consider different material laws to match the experimental residual plastic profiles when the
indenter material is different from the indented one. Consequently, starting from a simple
bilinear elasto-plastic material law defined by a reduced number of parameters (elastic
modulus, yield stress, and tangent modulus), a parametrical analysis is performed. For each
different metallic material, the corresponding elasto-plastic law parameters are identified to
simulate the effective residual plastic profile obtained by the ceramic indenter. Finally, the
comparison of experimental and numerical results obtained by the ceramic indenter with
the ones obtained by an indenter of the same metallic material is performed to highlight
the effect of the material discontinuity at the contact on the strain and stress distribution.
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2.2. Geometry and Boundary Conditions

Both 3D and 2D axisymmetric models were developed using Ansys software to sim-
ulate experimental indentation tests. The geometry of the model (Figure 1) comprised a
sphere (representing the indenter) and a cylindrical sample (representing the indented
material sample). The sphere diameter was equal to 5.56 mm, while the diameter of the
base and the height of the cylindrical sample were equal to 10.00 mm. The indenter was
clamped in a support during the indentation experimental tests. Consequently, the spher-
ical sector of the sphere surface, which was clamped into the support, was constrained
along the X- and Z-axes in the model, while a displacement was imposed along the Y-axis
to simulate the experimental indentation procedure for 3 different loads: 150, 500, and
2200 N. The lower base of the cylindrical sample was constrained with a plane constraint to
represent the experimental boundary condition where the sample lies over the indentation
table. The 2D axisymmetric model and the 3D model had equivalent boundary condi-
tions. To retrieve the residual indentation profile, the indenter was first moved against
the sample both experimentally and numerically to apply the indentation load and was
subsequently removed.
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Figure 1. 3D (left) and 2D axisymmetric (right) models of the indentation test.

The indentation tests were carried out using an hydraulic traction-compression ma-
chine with a capacity of 10 kN. Once the indentation test was carried out, a measurement
of the residual indentation profile was made for the different tested materials at each tested
load. The profile measurements were performed using a SURFASCAN 2D profilometer
(SOMICRONIC, Saint André de Corcy, 01390, France) equipped with an ST 178 sensor with
a radius of 0.002 mm and a pyramidal angle of 90◦. For each material and load configura-
tion, at least 4 measurements were performed. Before performing each indentation test, a
grinding process was applied to the indentation profile, ensuring a roughness parameter
Ra in the range 0.8–1.2 µm. Five different materials belonging to different material families
were tested: ASP 2060 PM, 100Cr6, 440C, Marval X12, and Z15 CN17-03.

• ASP 2060 PM is a tungsten-molybdenum-vanadium-cobalt speed steel made according
to powder metallurgy;

• 100Cr6 is a common low-alloyed chromium steel;
• 440C is a martensitic stainless steel;
• Marval X12 is a precipitation-hardening martensitic stainless steel;
• Z15 CN17-03 is a ferritic-martensitic stainless steel, subjected to a carburising

heat treatment.
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Their hardness values, based on the Rockwell scale, were measured and equal to 67,
63, 58, 45 and 58, respectively. Their mechanical properties (elastic modulus, yield stress,
ultimate stress, elongation at break, and others) were found from the data sheet recovered
from the tensile or compression test [43]. The hardness was used as a leading criterion to
select the mechanical properties from the different data sheets found for the same material.
Table 1 shows the material properties used for the indentation simulations. It should be
noted that not all the found material hardness values matched exactly with the measured
ones; hence, the reliability of these data should be considered with caution. In any case,
the scattering between material properties coming from bulk tests was not relevant to the
obtained results.

Table 1. Mechanical bulk properties from the tensile or compression tests.

ASP 2060 100Cr6 440C Marval X12 Z15
Elastic Modulus [GPa] 250 210 200 195 215

Ultimate Tensile Stress [MPa] 4300 3100 1965 1430 1410
Yield Tensile Stress [MPa] 3800 1034 1865 1385 1200

Elongation [%] - 5 4 10.5 16
Hardness [HRC] 67 60–66 58 31 46

2.3. Validation of the 2D Model

A preliminary mesh convergence analysis was performed on the 3D model by varying
the element sizes in the refined area at the contact interface; different element sizes were
used for the sample surface: 0.100, 0.050, 0.010, and 0.001 mm. The indenter elements were
set to 0.200, 0.060, 0.020, and 0.002 mm, respectively. The percentage error between the
finest and the coarsest mesh, evaluated in terms of the directional deformation along Y,
the equivalent von Mises stress, and the maximum shear stress, was lower than 2%. The
element size of 0.010 mm for the sample was then chosen for the numerical simulations
to both save computational time and have a smooth stress and strain distribution at the
contact interface. The 2D axisymmetric model was then validated by comparing the results
with those obtained from the 3D model; the aim was to ensure the reliability of the 2D
axisymmetric model to preserve computational effort for the parametrical analyses. The
verification of the reliability of the 2D axisymmetric model was needed because of the
tangential components of the contact forces; it is not ensured that forces are only radial,
since circumferential components can occur as well and affect the axial symmetry of the
loads and results. The mesh convergence analysis allowed defining the following contact
element dimensions for the two solids in contact: 0.020 mm on the indenter and 0.010 mm
on the sample. The Lagrange multiplier method was imposed at the contact interface.

The equivalent (von Mises) stress, the maximum shear stress, the deformation along
the Y-axis, the equivalent plastic strain, the contact pressure distribution, and the residual
indentation profiles were used to compare the results. The numerical validation of the 2D
axisymmetric model was carried out by comparing results obtained with 150 and 2200 N
loads. As an example, Figure 2 shows the equivalent total strain distribution obtained with
the 3D and 2D models, respectively, for a load of 2200 N. A good agreement, in terms of
maximum value and strain distribution for both the sphere and the sample, was achieved.

Figures 3a and 3b show, respectively, the comparison of the contact pressure distribu-
tions when a load of 2200 N was applied and the comparison of the residual indentation
profiles calculated at the end of the unloading phase, together with the percentage error.
The results indicated that under the worst loading case, the contact pressure distribution
and the residual indentation profiles coincided; the percentage error stayed below 3.5%,
allowing for validating the 2D axisymmetric model. For the presented analysis, a friction
coefficient of 0.3 was applied at the contact. Nevertheless, the influence of the friction
coefficient on both the 3D and 2D axisymmetric models was analysed in the 0.05–0.8 range,
and the results showed a negligible effect of the variation of the friction coefficient.
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2.4. Elasto-Plastic Bulk Law vs. Experimental Indentation with Ceramic Indenter

For the numerical indentation tests, the mechanical properties are described in Table 1
and were obtained by tensile–compression mechanical tests on the bulk of the material. In
the following, the elastic–plastic material law obtained by the tensile and compression tests
will be referred as the “bulk material law”.

The introduction of the stress–strain curves obtained by such material properties for
the simulation of the indentation tests provided the residual indentation depths shown in
Table 2, which reports both the numerical and experimental residual indentation depths
together with the percentage error.
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Table 2. Residual indentation depths from experimental data and numerical analyses with
stress–strain curves recovered by tensile or compression tests. Standard deviation (SD) is reported
for the experimental results.

Experimental Depth (SD) [µm] Numerical Depth [µm] Relative Error (%)

2200 N 500 N 150 N 2200 N 500 N 150 N 2200 N 500 N 150 N

100Cr6 7.34 (1.93) 1.97 (0.27) 7.34 (1.93) 11.40 1.92 - 35 2.5 -
440C 14.23 (0.52) 3.90 (0.50) 14.23 (0.52) 17.24 2.70 0.29 21 −30 −89

Marval 28.55 (0.58) 7.88 (1.79) 28.55 (0.58) 25.25 4.29 0.95 −12 −37 −75
Z15 38.00 (1.17) 8.86 (0.34) 38.00 (1.17) 27.49 5.71 1.30 −28 −36 −70

It can be observed that, for the tested materials, the relative error between the results
from experimental tests and those from the numerical simulations ranged between 2.5%
and 89%. The reason for the large difference between the numerical and experimental
results is mainly attributed to the nonappropriateness of the used stress–strain curves,
which were derived from classical mechanical tests where the deformation process was
applied to a continuum media (sample bulk). In contrast, the indentation tests involved the
overall deformation of two solids in contact with the discontinuity of the material properties
at the contact interface. Superficial properties or property gradients, concentration of local
high stresses and gradients, and discontinuity on the stress distribution at the contact
interface were not accounted for by the material bulk properties.

For this reason, a different stress–strain curve, able to correctly reproduce the exper-
imental indentation process, needs to be developed to correctly simulate the superficial
contact stress distribution and, consequently, the residual indentation profiles.

3. Bilinear Material Law for Ceramic on Steel Indentation
3.1. Parametrical Analysis

As a first step toward the definition of a reliable stress–strain material law for ceramic
on steel indentation, a parametrical analysis was developed to investigate how the indenta-
tion profiles varied with respect to the variations of the main law variables and to identify
the most influential parameters on the indentation process. A reference material, the 100Cr6
steel, with the stress–strain bulk material law in Figure 4, was accounted for.
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The input parameters considered were the elastic modulus (E), the yield stress (σy),
and the tangent modulus (Et), while the residual profile depth and width were the consid-
ered output parameters. A load of 2200 N was applied and then removed to analyse the
indentation profile due to the residual plastic strain. The parametrical analysis was carried
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out by varying the elastic modulus, yield stress, and tangent modulus by ±20%. The analy-
sis was performed by modifying the reference bilinear stress–strain response (orange curve)
in Figure 4. The bilinear isotropic hardening model is defined by the following equations:

σ(ε) =

Eε for 0 ≤ ε ≤ σy
E

σy + Et

(
ε − σy

E

)
for ε ≥ σy

E

where σy, E, and Et represent the yield stress, Young’s modulus, and the tangent modulus,
respectively.

Bilinear stress–strain curves were adopted in this work to reduce the number of
parameters and to provide easily implementable material laws.

3.1.1. Influence of the Elastic Modulus

The elastic modulus had a slight influence on the variation in the residual depth and
width (Figure 5). A larger elastic modulus value leaves a deeper profile because it tends
to concentrate the stress field and increase the local plastic deformation, while the width
tends to decrease with the increase in the material stiffness.
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3.1.2. Influence of the Yield Stress

The yield stress had a large influence on the variation in the indentation residual
profiles (Figure 6). A quasi-linear decreasing trend of the depth, with the increase in
the yield stress, can be observed. This larger influence was due to the close relationship
between yield stress and the plasticisation of the material.
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3.1.3. Influence of the Tangent Modulus

The tangent modulus had a large influence on the variation in the indentation residual
profiles (Figure 7). In fact, this parameter acted directly on the plastic behaviour and
the material hardening. It is possible that a decrease in the tangent modulus allows for
obtaining deeper and slightly larger profiles.
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3.2. Bilinear Material Laws Identification

Once the sensitivity analysis was completed, the stress–strain curves that allowed
obtaining residual indentations in agreement with the experimental data were retrieved.
The experimental residual depths were considered to be the reference for the research into
more suitable bilinear material curves to input in the FEM software.

The optimal material law for each material was searched with an iterative approach,
accounting for the sensitivity analysis presented above. Because of the negligible effect on
the residual indentation profile, the elastic modulus was fixed, as provided by the tensile
and compression tests on the bulk. The bilinear stress–strain curve was then completely
defined by the optimisation of the two other parameters, the yield stress σy and the
tangent modulus Et, which are the degree of freedom for optimisation. Table 3 shows the
mechanical properties found for the bilinear stress–strain curves of the tested materials
under indentation with the ceramic indenter.

Table 3. Mechanical properties of the bilinear stress–strain curves for the tested materials indented
by ceramic indenter.

ASP2060 100Cr6 400C MarvalX12 Z15

E (GPa) 250 210 200 195 215
σy (MPa) 1922 1100 955 810 797
Et (GPa) 91.4 99.4 57.4 16.5 7.1

The residual depths, obtained numerically by the identified material laws, are reported
in Table 4 and compared with the experimental results. The percentage error between
the numerical and experimental residual depths was always less than 5%, except for the
lowest load (150 N), due to the measurement uncertainty caused by small indentation
depths, which were comparable with the surface roughness. Additionally, the residual
indentation depth for the 100Cr6 could not be recovered experimentally because it was
comparable with the surface roughness. Except for the measurement incertitude at low
loads, the defined bimaterial laws allowed a low scattering (less than 5%) between the
numerical and experimental residual indentation depths.
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Table 4. Experimental and numerical residual depths obtained using the bilinear stress–strain curve
reported in Table 3. Standard deviation (SD) is reported for the experimental results.

Experimental Depth (SD) [µm] Numerical Depth [µm] Relative Error (%)

2200 N 500 N 150 N 2200 N 500 N 150 N 2200 N 500 N 150 N

ASP 2060 6.29 (0.85) 1.23 (0.47) 0.95 (0.04) 6.41 1.20 0.17 2 −2 −82
100Cr6 7.34 (1.93) 1.97 (0.27) ----- 7.65 1.92 ----- 4 −2 -----
440C 14.23 (0.52) 3.90 (0.50) 2.73 (0.15) 14.68 3.77 1.06 3 −3 −61

Marval 28.55 (0.58) 7.88 (1.79) 4.12 (0.58) 29.88 7.55 2.18 4.6 −4 −47
Z15 38.00 (1.17) 8.86 (0.34) 4.40 (1.97) 36.37 8.88 2.56 −4 0.2 −58

The numerical indentation profiles were then compared with the residual indentation
profiles measured experimentally. The numerical and experimental indentation profiles
matched in both depth and form for the different tested materials and loads. As an example,
Figure 8 shows the comparison of the experimental and numerical residual indentation
profiles for the 100Cr6 and the Z15 materials for a 2200 N indentation load (ASP 2060, 440C
and Marval materials results are reported in the Supplementary Materials).
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4. Effect of the Indenter Material

This section describes the experimental and numerical analyses that were carried out
to investigate the elasto-plastic material law most suitable for the indentation process when
the indenter is made of a harder material than the indented solid (ceramic, Si3N4) or the
same material (steel, 100Cr6) as the indented solid.

To investigate the material response within a larger range of plastic strain, the numeri-
cal and experimental tests were performed as a function of three different loads: 1500, 2500,
and 3600 N. The numerical model used for simulating the elasto-plastic indentation is the
same as that described in Section 2. The stress–strain material laws used in the numerical
simulations are reported in Figure 9. For the bilinear material law, Young’s modulus, the
yield strength, and tangent modulus are those reported in Table 3 for the 100Cr6 material
by the parametrical analysis (Section 3.2).
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4.1. Ceramic on Steel Indentation Tests

Figure 10 shows the indentation results in terms of the residual indentation profiles
obtained considering the ceramic indenter (Si3N4) pressed against the steel sample (100Cr6).
The blue curve represents the experimental indention profile, while the red and green curves
represent the numerical indentation profiles recovered using the bilinear material law and
the bulk material law, respectively. The results in the figure highlight the consistency
between the experiments and numerical results obtained using the bilinear law, confirming
the representativeness of the bilinear law for larger plastic fields. On the other hand, the
residual indentation depths recovered using the bulk law confirmed the overestimated
values for the higher loads obtained in the previous section.
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The residual depth overestimation derived from the bulk material law was investigated
by looking at the strain and stress distributions recovered numerically while the maximum
indentation load (3600 N) was applied. Figure 11 shows the numerical results obtained
with the two material laws: the bulk law (a) and the bilinear law (b). The equivalent plastic
strain distribution highlights a different plastic behaviour within the material substrate
for the two analysed laws. The steel sample showed an overall similar distribution in
term of the plastic strain, but with higher values in the case of the bulk material law with
respect to the bilinear law, as highlighted by the profiles in Figure 11c (plastic strain as a
function of the depth coordinate computed at the middle of the contact surface). Moreover,
looking at the stress distributions in Figure 11d, the bulk law results confirmed the excessive
yielding of the material when the stress exceeded the value of the yield strength for the
bulk law, highlighting an almost perfectly plastic behaviour. On the other hand, the
bilinear law allowed the sample to be more resilient in terms of deformation, thanks to the
hardening behaviour in the larger plastic ranges. Therefore, when the indentation process
occurs between dissimilar materials (ceramic indenter and 100Cr6 sample), a discontinuity
in the stress–strain fields occurs at the interface, leading to a nonuniform and localised
stress distribution.
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4.2. Steel-on-Steel Indentation Tests

To investigate the bi-material effect in the indentation process, the numerical and
experimental indentation tests were then performed using the same material (100Cr6)
for both the indenter and the indented solid. The experimental and numerical results,
in terms of residual depths, are reported in Figure 12. In this case, the bilinear material
law overestimated the residual indentation depth for all the tested loads, while the bulk
material law exhibited consistency with the experiments, contrary to what happened in the
case of the ceramic on steel indentation.
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Moreover, when considering the plastic strain distribution on the steel indenter (not
present on the ceramic indenter in Figure 11 because of the ceramic higher yield stress),
the numerical indentation results obtained with the same materials showed a symmetric
distribution (between the indenter and indented solid) of the plastic strain with respect to
the contact interface (Figure 13). In this case, even if the plastic strain reached the maximum
value in the case of the bulk law, the residual indentation depth for the bulk law would be
lower than the bilinear law and in agreement with the experimental indentation results, as
shown in Figure 12.
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In the case of indentation with the same material (100Cr6 on 100Cr6), the plastic
region occurred both in the sphere and in the indented sample. The continuity of the
mechanical properties on the two sides of the contact interface can explain the consistency
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between the experiments when using a classical bulk law obtained experimentally by
tensile and compression tests on a continuum bulk sample of the tested material. In fact,
the stress and strain distributions obtained when performing compression tests on a bulk
sample are representative of the ones obtained in the case of contact indentation when the
indenter and indented solid had the same material properties. On the contrary, a harder
indenter modifies the strain and stress distributions in the surface and subsurface, and the
elasto-plastic material law obtained by tensile and compression tests is no more reliable.

5. Conclusions

In this work, numerical and experimental analyses of an indentation process were
performed to identify elasto-plastic material laws able to predict the real indentation
responses of different steel materials (ASP 2060 PM, 100Cr6, 440C, Marval X12, and Z15
CN17-03). While bulk material laws (from tensile–compression tests) were shown to be
reliable in simulating residual indentation between solids of the same material (errors lower
than 5% for 100Cr6), they were inadequate for simulating indentation between dissimilar
materials (up to 37% error in the simulated residual indentation profile). Consequently, a
combined numerical and experimental approach was defined to identify bilinear elasto-
plastic material laws able to correctly simulate the indentation process between dissimilar
materials. A parametrical analysis allowed us to define the parameter of the material law
for each tested material, obtaining simulation results with a percentage error lower than 5%
in the residual indentation profile. On the one hand, the results from this work highlighted
the unsuitability of using the material laws obtained by tensile–compression tests on bulk
samples when simulating plastic contacts between dissimilar materials. On the other
hand, a practical approach to obtain simplified constitutive laws for simulating indentation
between dissimilar materials is proposed here. The findings of this work can be useful
for industrial applications characterised by contact interfaces with localised high-contact
pressure and contact plastic strain (gears, bearings, coatings, composite materials, etc.). As
a future step, the proposed approach will be applied to other families of materials and more
complex constitutive laws to extend the obtained results to a larger variety of applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/lubricants11100438/s1, Figure S1: Numerical and experimental
residual indentation profiles for the 440C material under an indentation load of 2200 N; Figure S2:
Numerical and experimental residual indentation profiles for the ASP 2060 PM material under an
indentation load of 2200 N; Figure S3: Numerical and experimental residual indentation profiles for
the Marval X12 material under an indentation load of 2200 N.
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