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Abstract: The determination of residual stresses is an important issue when it comes to material
failure analysis. The variation of global indentation properties, due to the presence of residual stresses,
can serve as a guideline for the size and direction of such stresses. One of these global indentation
properties, the material hardness, is unfortunately invariant of residual stresses when metals and
alloys are at issue. In this situation, one has to rely on the size of the indentation contact area for
residual stress determination. For other materials such as ceramics and polymers, where elastic
deformations are of greater importance at indentation, such invariance is no longer present. Here,
this variation is investigated based on finite element simulations. The aim is then to determine
how the indentation hardness is influenced by the principal residual stress ratio and also discuss
if such an influence is sufficient in order to determine the size and direction of such stresses in
an experimental situation. It should be emphasized that this work does not suggest a new approach to
residual stress determination (by indentation testing) but investigates the applicability of previously
derived methods to a situation where the surface stress field is not simplified as equi-biaxial or
uniaxial. For simplicity, but not out of necessity, only cone indentation of elastic-perfectly plastic
materials is considered.

Keywords: residual stress determination; hardness; correlation of indentation properties; principal
stress influence; relative contact area

1. Introduction

An extremely important contribution to the understanding of indentation testing, and other
related contact mechanics-based testing, was presented by Johnson [1,2]. In summary, it was concluded
in these studies that the mechanical behavior of global indentation properties can be correlated based
on a single parameter (here and below named the Johnson parameter) and that the mechanics of the
indentation problem is very much dependent on the combination of the material and geometrical
quantities included in this parameter. The Johnson parameter will be discussed in more detail in the
next section.

The analyses by Johnson are pertinent to initially stress-free materials. Later it has been shown [3-5]
that it is possible to also include indentation of residually stressed materials in Johnson'’s single
parameter correlation. A very important conclusion was presented by Pharr et al. [6,7], saying that
indentation hardness is invariant of residual stresses for metals and alloys. This is not so however for
another global indentation quantity: the relative contact area. This feature can be used for determining
residual stresses [8-12].

The results of the Pharr et al. [6,7] study is concerned with metals and alloys where plasticity
dominates the deformations around the indentation contact zone. However, this is not so in the case of
such materials as ceramics and polymers where elastic and plastic deformations are of equal magnitude
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at the indent. In such a situation, residual stresses do indeed influence hardness values [13,14] and
consequently this quantity could be used for residual stress determination.
The results in [13,14] can be summarized as follows:

e  When elastic deformations around the contact region are in the same order as plastic ones; then the
hardness is dependent on residual stresses.

e In case of equi-biaxial surface stresses, correlation with the Johnson parameter is accurate and
produces a general relation with corresponding stress-free results when residual stresses are
appropriately accounted for.

e In case of uniaxial surface stresses, correlation with the Johnson parameter is not good and in
such a situation; the hardness variation is not a good tool for an experimental determination of
residual stresses.

Obviously, there is a fundamental difference in mechanical indentation behavior between
equi-biaxial and uniaxial surface stresses. Accordingly, it is of interest to investigate this feature also
for other types of surface stress fields (deviating from equi-biaxial or uniaxial). This is also the aim of
the present investigation.

In doing so, previous finite element results [12] and additional finite element simulations performed
presently will be revisited within the question at issue above. For simplicity, but not out of necessity,
only cone indentation (Figure 1) of elastic-perfectly plastic materials is considered. Strain-hardening
effects could easily be incorporated into the analysis based on the representative strain concept [15].
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Figure 1. Schematic of the geometry of cone indentation where a represents the true contact radius.
In the present investigation = 22°. The nominal contact area Aoy = 7th?/(tanP)? where & is the
indentation depth.

Finally, it should be mentioned that the discussion above has been restricted to features related to
sharp indentation. This is the most straightforward interpretation of the results and this study will
be entirely devoted to such indenter geometry. Having said this, it is important to emphasize that
quite a few important contributions concerning spherical and other blunt indenters (including cones
with a rounded tip), as a tool for residual stress determination, has been previously presented [16-20],
just to mention a few.
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2. Theoretical Background

The analysis by Johnson [1,2] defined the fundamentals for a general analysis of indentation
testing. Specifying to sharp indentation on classical elastoplastic materials a general correlation
parameter could be defined as:

A = Etanp/((1 — v2)oyg) )

In Equation (1), E is the Young’s modulus and v is Poisson’s ratio, 3 is the angle between the
(sharp) indenter and the undeformed surface, and oy is the material flow stress at a representative
value of the equivalent (accumulated) plastic strain ¢,. Based on the parameter / three regions or
levels of contact behavior can be defined. These levels, as shown in Figure 2, are:

1.  Level I: Dominating elastic deformations, i.e., low indentation load, where an elastic contact
analysis is sufficient.

2. Level II: Elastic and plastic deformations are of equal magnitude.

3.  Level III: Plastic deformations are dominating in the contact region.

In level II, it was determined by Johnson [1,2] that in this region
H~InA @
while in level III, Tabor [21] showed that at sharp indentation
H-= Carep (©))

For a Vickers indenter C ~ 3 and ¢p, ~ 0.08 (Tabor [2]) and for a cone indenter C ~ 2.54 and ¢p ~ 0.11
(Atkins and Tabor [22]). The latter case is specified for a cone indenter with an angle of 22° between
the indenter and the undeformed surface being at issue here, see Figure 1. In Equations (2) and (3),
H is the material hardness defined as the average contact pressure between indenter and material.

At level Il conditions, and also at substantial parts of the level II region in Figure 2, the hardness
is, as stated above, invariant of residual stresses. However, this is not so for the relative contact area:

CZ = A/Anom (4)

where A (true contact area) and Ay, (nominal contact area) are projected areas (Figure 1). This quantity
can indeed be related to an equi-biaxial residual stress o5 according to:

c? = X(0res = 0) — 0.35In(1 + (Foes/y)) (5)

where c?(0yes = 0) is the value on the relative contact area at indentation of a virgin (unstressed material)
and F is a constant that takes on different values at tension and compression. For simplicity but not
for necessity ideal plasticity, with a yield stress oy, is here assumed. The Equation (5) was originally
proposed by Rydin and Larsson [5] based on the similar mechanical behavior between contact induced
stresses in an unstressed material or contact induced stresses in a material with a properly chosen
apparent initial yield stress. Rydin and Larsson [5] suggested an apparent yield stress:

Oy,apparent = Oy + Foyes (6)
(0 being the initial yield stress of the material) in /A in Equation (1), according to:
A= Etanﬁ/(ay,apparent(l - Vz)) ()

This makes it possible to rely on a universal c>-curve, shown schematically in Figure 2, regardless if
residual stresses are present or not. This curve can be used to determine o,,s when c%(0res = 0) is known.
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Figure 2. Normalized hardness, H= H/oy, and area ratio, 2, as functions of InA, defined by Equation (1).
Schematic of the correlation of sharp indentation testing of elastic-ideally plastic materials. The three
indentation levels, I, Il and III, are also indicated. Approximately, level II contact initiates at /A = 3 level
Il contact at A = 900. The H-curve flattens out at (approximately) A = 30.

When elastic and plastic deformations are of equal size, invariance of hardness is lost. This is
pertinent to the linear variation regime of the normalized hardness, H/oy, in Figure 2. It was recently
shown by Larsson [13] that it is possible to correlate the influence from residual stresses on hardness
values, in essentially the same way as for the relative contact area 2, when the residual stresses are
equi-biaxial. This correlation is, again as for ¢, based on Equations (6) and (7) and is explicitly shown
in Figure 3, and obviously very good agreement with a universal curve is achieved. Corresponding
results [14] were then presented for a uniaxial stress state and unfortunately, correlation with a universal
curve was not good.
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Figure 3. Results for equi-biaxial residual stress fields. Normalized hardness, H/oy, as function of In/,
defined by Equation (7) with the yield stress oy, replaced by 6y apparent in Equation (6). The straight line
represents Equation (7). (O), stress-free results taken from Larsson [17]. (@), hardness values taken
from [12] with and without residual stresses. (x), hardness values taken from [14] with and without
residual stresses.
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Based on the results in [13,14], it can be concluded that the influence from residual stresses on the
indentation hardness is quite different in an equi-biaxial situation compared to a uniaxial situation.
This indicates that a more general approach to the problem is of substantial interest and this will be
attempted presently. In doing so, a more general residual surface stress state will be investigated.

3. Numerical Analysis

In this section, the present finite element simulations of the cone indentation problem are described.
It is then important to emphasize that, due to the fact that uniaxial residual stress states are considered,
axisymmetric conditions are lost and a full three-dimensional (3D) solution has to be sought for. Similar
analyses have been previously performed [13] and, accordingly, concerning details of the numerical
approach of this article is referred to.

Quasi-static cone indentation of elastic-ideally plastic pre-stressed materials is analyzed
here. Frictionless contact is assumed in all simulations. Concerning the constitutive description,
the rate-independent Prandtl-Reuss equations for classical plasticity are relied upon accounting
for large deformations. Ideally, plastic conditions are assumed throughout the entire analysis and
accordingly plastic deformation is initiated and maintained when the equivalent stress.

o = 0y ®)

When elastic loading or unloading is an issue, a hypoelastic formulation of Hooke’s law is used.

The material hardness is, as stated above, defined as the average contact pressure during loading
according to:

H=F/A )

where F is the indentation load and A is the projected contact area. In this context, it should be mentioned
that if the residual stresses are homogeneous as assumed presently, the problem is self-similar with no
characteristic length and, as a result of global indentation properties, such as hardness and relative
contact area, are independent of indentation depth.

As indicated above, the residual stress field is defined by the principal residual surface stresses
o1 and o,. For a general surface stress state, the contact area will become ellipsoidal with semi-axes
a1 # ay. Accordingly, a three-dimensional finite element analysis is required at uniaxial residual loading.
Clearly, since surface residual stresses are at issue the principal stress o3 = 0.

The boundary value problem schematically outlined above was solved using the multi-purpose
finite element program ABAQUS [23]. The full indentation procedure, starting at initial contact between
indenter and material, was modelled. Approximately 100,000 eight-node hybrid solid elements (element
type C3D8H in ABAQUS [23]) were used to discretize the material while the conical indenter was
assumed to be rigid. Due to existing symmetries only one quarter of the material needs to be modelled.
The resulting finite element mesh is shown in Figure 4, where for clarity only the mesh details close
to the contact region is shown. Residual (applied) stresses are enforced by prescribed boundary
displacements leading to a homogeneous residual stress state prior to indentation. Note that no
distinction is made between residual and applied stresses in this analysis. The applied pre-stresses are
kept within the elastic limit regardless of the ratio between the principal residual surface stresses o1
and oy. Accordingly, these stresses are given by Hooke’s law in a homogeneous situation. Indentation
loading was applied by controlling the transversal displacement of the rigid indenter.
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Figure 4. Finite element mesh, close to the region of contact, used in the numerical simulations.
The coordinate Y corresponds to X, in Figure 1. The finite element mesh, modelling a quarter of the
material accounting for symmetries, is shown observed obliquely from above.

4. Results and Discussion

In this section, the results for uniaxial (6, = 0) and equi-biaxial residual stresses (01 = 0y) are
presented. Accordingly, these results will be compared with the corresponding ones for other values
on the ratio 01/0y. The present results are, unless otherwise stated, derived for the case of:

A=34 (10)

where the Johnson [15,16] parameter / is given by Equation (1). This value was chosen to ensure that
the stress-free material experienced level III contact (the material hardness is given by Equation (9))
while the behavior entered the level Il regime in presence of tensile stresses. This is based on the result
for the equi-biaxial case that In /A = 3 constitute an approximate border between level II and level III
indentation (with A defined according to Equations (6) and (7)), and a clear hardness dependence at
higher tensile stresses (lower values on /A when accounting for the change in yield stress) [14] (Figure 3).

The results are presented using the ratios 01/0,, and 0,/0,, where again 01 and o, are the principal
residual surface stresses with o3 = 0. It should also be mentioned that in the present situation a direct
comparison between uniaxial and equi-biaxial results is rather straightforward based on the equivalent
stress o,, see [14]. In short, this is due to the fact that the value on the equivalent stress o, is the
same (0, = 0ys) for both these residual stress systems (obviously, this refers to a situation prior to
indentation). In order to relate the residual stress fields, in other biaxial cases, to the material yield
stress also ((07es)e/0y) is used to describe the present results. In this case, (07es)e is the Mises equivalent
stress derived based solely on the residual surface stress field.

It should be emphasized that compressive stresses will increase /A, when again defined according
to Equations (6) and (7), leading to a more pronounced level 1II (rigid-plastic) situation pertinent to the
material hardness, which is not of direct interest presently. Accordingly, compressive residual stresses
are not included in detail in the present analysis.
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It seems appropriate to start this presentation with some basic previous results that will form the
basis of the discussion. Before presenting explicit results, it should be mentioned that in the present
situation a direct comparison between uniaxial and equi-biaxial results is rather straightforward based
on the equivalent stress o.. As already stated above, this is due to the fact that the value on the
equivalent stress (0yes)e is the same ((0res)e = 0ves) for both these residual stress systems (obviously,
this refers to a situation prior to indentation). The explicit results are shown in Figure 5 where the
non-dimensional hardness is depicted as function of the stress ratio (07s/0,). Note that in Figure 5 and
below, Hj is the hardness for the residual stress-free case. It is very clear from what is shown in Figure 5
that the hardness is far more influenced by an equi-biaxial residual stress ;s than a corresponding
uniaxial one. For example, at (0res/0y) = 1, the hardness value is reduced (compared to the stress-free
hardness Hy) with around 18% in the equi-biaxial case but with only approximately 6% in the uniaxial
one. In practice, it would be very hard, if not experimentally impossible, to accurately determine o5
based on the small variation, in the uniaxial case, from the stress-free results.
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Figure 5. Nondimensionalized hardness, H/H, as a function of the residual stress ratio, ares/ay. Hyis
the residual stress-free hardness. (- - -), H/Hy = 1. Results from [14]. (O), numerical results for
uniaxial residual stresses, 01 = 0y, and o, = 0. (@), numerical results for equi-biaxial residual stresses,

01 = 02 = Ores-

Below are the results pertinent to residual surface stress states that depart from the strictly uniaxial
and equi-biaxial. The reason for this is that equi-biaxial, but not uniaxial, stress states are experimentally
determinable in a practical situation. It is then of interest to determine at what combination of principal
residual stresses indentation experiments is a realistic alternative. In doing so, results for the particular
case are:

01 = Ores = 207 (11)

which are in between the two extreme cases discussed above. In this context, it should be mentioned
that based on Equation (11) then,
(Gres)e = 31/20765/2 (12)

The results pertinent to Equations (11) and (12) are now presented in Figure 6, together with the
results shown in Figure 5. Specifically, the cases 05 = oy and oyes = 0y/2 are investigated.

As can be seen in Figure 6, the new results fall essentially between the results for uniaxial and
equi-biaxial stress states. In particular, it can be seen that the results for the stress state in Equations (11)
and (12) indicate that experimental determination is practically achievable also in this case. This is
indeed encouraging and deserves to be investigated further.
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Figure 6. Nondimensionalized hardness, H/Hy, as a function of the residual stress ratio, ores/0y. Hy is
the residual stress free hardness. (- - -), H/Hy = 1. (O), numerical results from [14] for uniaxial residual
stresses, 01 = 0res and 0p = 0. (A), present numerical results for the case 01 = 065 = 207. (®), numerical
results from [14] for equi-biaxial residual stresses, 01 = 02 = Gyes.

The hardness sensitivity (to residual stresses) is evaluated also for other values on the ratio:
k=0 2/01 (13)

The numerically derived results are shown Figure 7 for the case 01 = oyes = 0. It can be seen that
at k = 0.25, the influence from residual stresses on the hardness value is small and it seems appropriate
to conclude that k = 0.5 constitutes an approximate lower bound for the practical applicability of the
present approach. For k-values smaller than 0.5, the influence from residual stresses is so small that it
would be difficult to measure any relevant changes of the material hardness in an accurate manner.
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Figure 7. Nondimensionalized hardness, H/Hj, as a function of the stress ratio k in Equation (13).
H)j is the residual stress-free hardness. (- - -), H/Hy = 1. (@), present numerical results for the case
01 = Opes = Oy.

The corresponding results for the case 01 = gyes = 09y/2 are shown in Figure 8. As could be expected,
the practical applicability of the present approach is then very doubtful. Indeed, it can be argued that
only in the case of equi-biaxial stresses any degree of accuracy of results can be expected.

It should be emphasized that the results above are only valid for the A-value specified in Equation
(10) (In A = 3.4). Correlation of the hardness variation with In /A has been attempted previously [13,14]
and as stated above, this correlation is acceptably accurate for equi-biaxial stresses but not so for
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uniaxial ones. As this state of affairs is in direct agreement with the results presented in Figures 6-8,
correlation and accuracy deteriorate with decreasing values on k; this feature will not be dwelled
upon further.
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Figure 8. Nondimensionalized hardness, H/Hj, as a function of the stress ratio k in Equation (13).
H) is the residual stress-free hardness. (- - -), H/Hy = 1. (@), present numerical results for the case
01 = Ores = Uy/2~

Instead, the /A-dependence will be illustrated for a specific case, namely In A = 5.7. This is done in
Figure 9, where selected results for uniaxial and equi-biaxial stresses are presented. From what could
be expected from the initial discussion in this subchapter, the A-dependence is essentially non-existent
(within the numerical accuracy) also at very high values on residual stresses (in the order of the material
yield stress). It should be emphasized though that for values on In /A smaller than 3.4, the hardness
variation will be more pronounced in particular when it comes to range of values on k.
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Figure 9. Nondimensionalized hardness, H/Hj, as a function of the residual stress ratio, Ores/Oy for
the case In A = 5.7. Hy is the residual stress free hardness. (- - -), H/Hy = 1. (O), numerical results for
uniaxial residual stresses, 01 = 055 and 0, = 0. (@), numerical results for equi-biaxial residual stresses,

01 = 02 = Oves-

Further, values on A corresponding to rigid plastic contact, such as In A = 5.7, residual stress
determination by indentation has to rely on the relative contact area c? in Equation (4). Corresponding
results for equi-biaxial stresses, to the hardness results in Figure 9, for this quantity for In A = 5.7,
are shown in Figure 10. Clearly, the A-dependence is strong, which is encouraging. Such dependence
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has been shown previously [3-8], but here it is directly compared with the corresponding situation for
the material hardness and established for a particular value on A.
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Figure 10. Normalized relative contact area, RCA = %/ cy?, as a function of the residual stress ratio,
Ores/0y for the caseln A =5.7. c02 is the value on the relative contact area at residual stress-free conditions.
(---), ¢/ cy? = 1. (O), numerical results for equi-biaxial residual stresses, 01 = 07 = Gres.

The nature of different types of residual stresses is of course a matter of basic importance for
the present work. For one thing, when it comes to equi-biaxial residual stresses, such a situation
can result from temperature loading of thin films or coatings on thick substrates. For more involved
cases, for example residual stresses in bearings, gears, and cam-followers (with among other things
implications for the onset of fatigue), studies presented in [24-26] are referred to.

As a final comment, it should be emphasized that the present results are also of interest for other
types of contact problems, i.e., the concerns of scratching and scratch testing where correlation using
the Johnson [15,16] parameter A also is a major issue, cf. [27-30].

5. Conclusions

The effects from the residual principal stress ratio on the material hardness is analyzed and
discussed. The analysis is restricted to the cone indentation of elastic and ideally-plastic materials.
The most important findings can be summarized as follows:

e  The material hardness dependence on residual stresses is highest for equi-biaxial stresses and less
for uniaxial ones. Other values on the principal stress ratio yield results that lie between these
two extremes.

e  Atresidual stresses well below the material yield stress, it can be argued that only in the case of
equi-biaxial stresses any degree of accuracy of results can be expected with the present approach.

e  For values on the Johnson parameter A higher than the one presently investigated (In A = 3.4),
the hardness dependence on residual stresses vanishes rapidly. A better alternative for this
purpose is then to use the relative contact area, here denoted c2.

From a practical point of view, the most important outcome of the present investigation is the fact
that the approach presented is reliable for equi-biaxial stresses. In other types of residual stress states,
the limitations are obvious and accurate predictions can be expected essentially at stresses approaching
the material yield stress.

Funding: This research received no external funding.
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Lubricants 2019, 7, 50 11 of 12

References

1 Johnson, K.L. The correlation of indentation experiments. J. Mech. Phys. Solids 1970, 18, 115-126. [CrossRef]

2. Johnson, K.L. Contact Mechanics; Cambridge University Press: Cambridge, UK, 1985.

3.  Carlsson, S.; Larsson, PL. On the determination of residual stress and strain fields by sharp indentation
testing. Part I. Theoretical and numerical analysis. Acta Mater. 2001, 49, 2179-2191. [CrossRef]

4. Carlsson, S.; Larsson, P.L. On the determination of residual stress and strain fields by sharp indentation
testing. Part II. Experimental investigation. Acta Mater. 2001, 49, 2193-2203. [CrossRef]

5. Rydin, A, Larsson, P.L. On the correlation between residual stresses and global indentation quantities:
Equi-biaxial stress field. Tribol. Lett. 2012, 47, 31-42. [CrossRef]

6.  Tsui, T.Y; Oliver, W.C.; Pharr, G.M. Influences of stress on the measurement of mechanical properties using
nanoindentation. Part I. Experimental studies in an aluminum alloy. J. Mater. Res. 1996, 11, 752-759.
[CrossRef]

7. Bolshakov, A.; Oliver, W.C.; Pharr, G.M. Influences of stress on the measurement of mechanical properties
using nanoindentation. Part II. Finite element simulations. . Mater. Res. 1996, 11, 760-768. [CrossRef]

8. Suresh, S.; Giannakopoulos, A.E. A new method for estimating residual stresses by instrumented sharp
indentation. Acta Mater. 1998, 46, 5755-5767. [CrossRef]

9. Lee, Y.H.; Kwon, D. Estimation of biaxial surface stress by instrumented indentation with sharp indenters.
Acta Mater. 2004, 52, 1555-1563. [CrossRef]

10. Lee, Y.H.; Kwon, D. Stress measurement of SS400 steel beam using the continuous indentation technique.
Exp. Mech. 2004, 44, 55-61. [CrossRef]

11.  Larsson, P.L. On the mechanical behavior at sharp indentation of materials with compressive residual stresses.
Mater. Des. 2011, 32, 1427-1434. [CrossRef]

12.  Larsson, P.L.; Blanchard, P. On the invariance of hardness at sharp indentation of materials with general
biaxial residual stress fields. Mater. Des. 2013, 52, 602-608. [CrossRef]

13. Larsson, PL. On the influence from elastic deformations at residual stress determination by sharp indentation
testing. J. Mater. Eng. Perform. 2017, 26, 3854-3860. [CrossRef]

14. Larsson, PL. On the variation of hardness due to uniaxial and equi-biaxial residual surface stresses at
elastic-plastic indentation. J. Mater. Eng. Perform. 2018, 27, 3168-3173. [CrossRef]

15. Larsson, P.L. Investigation of sharp contact at rigid plastic conditions. Int. J. Mech. Sci. 2001, 43, 895-920.
[CrossRef]

16. Swadener, J.G,; Taljat, B.; Pharr, G.M. Measurement of residual stress by load and depth sensing indentation
with spherical indenters. J. Mater. Res. 2001, 16, 2091-2102. [CrossRef]

17.  Huber, N.; Heerens, J. On the effect of a general residual stress state on indentation and hardness testing.
Acta Mater. 2008, 56, 6205-6213. [CrossRef]

18.  Bocciarelli, M.; Maier, G. Indentation and imprint mapping method for identification of residual stresses.
Comput. Mater. Sci. 2007, 39, 381-392. [CrossRef]

19. Buljak, V;; Maier, G. Identification of residual stresses by instrumented elliptical indentation and inverse
analysis. Mech. Res. Commun. 2012, 41, 21-29. [CrossRef]

20. Buljak, V.; Cochetti, G.; Cornaggia, A.; Maier, G. Assessment of residual stresses and mechanical
characterization of materials by “hole drilling” and indentation tests combined by inverse analysis.
Mech. Res. Commun. 2015, 68, 18-24. [CrossRef]

21. Tabor, D. Hardness of Metals; Cambridge University Press: Cambridge, UK, 1951.

22. Atkins, A.G.; Tabor, D. Plastic indentation in metals with cones. J. Mech. Phys. Solids 1965, 13, 149-164.
[CrossRef]

23.  ABAQUS. User’s Manual, version 6.9; Hibbitt, Karlsson and Sorensen Inc.: Pawtucket, RI, USA, 2009.

24. loannides, E.; Harris, T.A. A new fatigue life model for rolling bearings. |. Trib. 1985, 107, 367-377. [CrossRef]

25. Johns-Rahnejat, PM.; Gohar, R. Point Contact Elastohydrodynamic Pressure Distribution and
Sub-Surface Stress Field. Available online: https://www.researchgate.net/publication/331997998_Point_contact_
elastohydrodynamic_pressure_distribution_and_sub-surface_stress_field (accessed on 30 April 2019).

26. Gohar, R.; Rahnejat, H. Fundamentals of Tribology, 2nd ed.; Imperial College Press: London, UK, 2012.

27. Bucaille, J.L.; Felder, E.; Hochstetter, G. Mechanical analysis of the scratch test on elastic and perfectly plastic

materials with three-dimensional finite element modeling. Wear 2001, 249, 422-432. [CrossRef]


http://dx.doi.org/10.1016/0022-5096(70)90029-3
http://dx.doi.org/10.1016/S1359-6454(01)00122-7
http://dx.doi.org/10.1016/S1359-6454(01)00123-9
http://dx.doi.org/10.1007/s11249-012-9959-y
http://dx.doi.org/10.1557/JMR.1996.0091
http://dx.doi.org/10.1557/JMR.1996.0092
http://dx.doi.org/10.1016/S1359-6454(98)00226-2
http://dx.doi.org/10.1016/j.actamat.2003.12.006
http://dx.doi.org/10.1007/BF02427977
http://dx.doi.org/10.1016/j.matdes.2010.09.004
http://dx.doi.org/10.1016/j.matdes.2013.05.098
http://dx.doi.org/10.1007/s11665-017-2816-2
http://dx.doi.org/10.1007/s11665-018-3393-8
http://dx.doi.org/10.1016/S0020-7403(00)00056-4
http://dx.doi.org/10.1557/JMR.2001.0286
http://dx.doi.org/10.1016/j.actamat.2008.08.029
http://dx.doi.org/10.1016/j.commatsci.2006.07.001
http://dx.doi.org/10.1016/j.mechrescom.2012.02.002
http://dx.doi.org/10.1016/j.mechrescom.2015.02.003
http://dx.doi.org/10.1016/0022-5096(65)90018-9
http://dx.doi.org/10.1115/1.3261081
https://www.researchgate.net/publication/331997998_Point_contact_elastohydrodynamic_pressure_distribution_and_sub-surface_stress_field
https://www.researchgate.net/publication/331997998_Point_contact_elastohydrodynamic_pressure_distribution_and_sub-surface_stress_field
http://dx.doi.org/10.1016/S0043-1648(01)00538-5

Lubricants 2019, 7, 50 12 of 12

28. Bucaille, ].L.; Felder, E.; Hochstetter, G. Experimental and three-dimensional finite element study of scratch
test of polymers at large deformations. J. Trib. 2004, 126, 372-379. [CrossRef]

29. Wredenberg, F,; Larsson, P.L. Scratch testing of metals and polymers—Experiments and numerics. Wear
2009, 266, 76-83. [CrossRef]

30. Bellemare, S.; Dao, M.; Suresh, S. A new method for evaluating the plastic properties of materials through
instrumented frictional sliding tests. Acta Mater. 2010, 58, 6385-6392. [CrossRef]

@ © 2019 by the author. Licensee MDP], Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1115/1.1645535
http://dx.doi.org/10.1016/j.wear.2008.05.014
http://dx.doi.org/10.1016/j.actamat.2010.07.060
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theoretical Background 
	Numerical Analysis 
	Results and Discussion 
	Conclusions 
	References

