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Abstract: Correlation of sharp contact problems is investigated with the focus on rigid-plastic contact
behavior pertinent to engineering metals and alloys. The aim is to determine relations between the
contact hardness and constitutive parameters suitable for material characterization. This is performed
by using a solution approach where the transition zone between elastoplastic and rigid-plastic contact
behavior is analyzed, especially as regards the size of the plastic zone. This approach is applied to
three different cases: (1) sharp indentation of von Mises plastic materials; (2) sharp indentation of
Drucker–Prager plastic materials; (3) sharp scratching of von Mises plastic materials. Established
finite element simulations are used in order to verify the analysis of these three cases. In addition,
based on the suggested approach, new results concerning the constitutive parameter dependence of
the relative contact area, pertinent to case (2) above, are presented and compared with finite element
simulations. All of the results are valid for metals and alloys but also for elastic–plastic crystalline
materials where the contact deformation regime is close to the rigid-plastic one.

Keywords: hardness; contact area; rigid-plastic contact; finite element simulations; correlation
relations; metals and alloys

1. Introduction

Sharp contact experiments are performed for determination of the material properties
of the tested materials. It is also possible to determine field variables such as for example
residual stresses. Global quantities determined during a normal indentation test are
hardness, H, and the indentation load, F, versus indentation depth curve, h. In case
of scratch testing, the hardness is divided into a normal component and a tangential
component. The normal hardness values are defined as the mean contact pressure here and
in the sequel. Another global quantity of importance at contact testing is the area of contact.
However, the hardness is the parameter most often used for material characterization.

At sharp indentation of elastic or standard (von Mises) elastoplastic materials relations
between contact quantities and material properties are available and results by Sneddon [1],
Tabor [2] and Johnson [3,4] have been verified using finite element simulations. The state
of the art as regards correlation of sharp indentation of standard elastoplastic materials will
be discussed below.

For other types of sharp contact problems, similar types of efforts exists. It has been
shown by for example Bucaille [5] and Wredenberg and Larsson [6] that corresponding
relations, as present at normal indentation testing, exist at scratching with a sharp indenter.
Furthermore, normal indentation of materials described by Drucker–Prager plasticity [7]
have been analyzed by, for example, Narasimhan [8], Zhang et al. [9] and Fornell et al. [10].
The latter studies, [8–10], are devoted towards elastoplastic contact when elastic and plastic
deformation in the contact region are of the same magnitude. Such analyses are of great
interest presently.
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When material characterization by sharp contact testing is at issue, rigid-plastic contact
is most often considered. In such a situation, the actual correlation relations will include
only the constitutive parameters pertinent to the plastic behavior and, furthermore, their
functional form are rather simple. Accordingly, it was already found by Tabor [2] that at
rigid-plastic sharp normal indentation, the relation applies at ideal plasticity where σy is
the material yield stress. At strain-hardening plasticity, σy is replaced by σrep, which is the
material flow stress at a representative value of the effective (accumulated) plastic strain
εp. For most sharp indenters the constant C takes on values close to three. It was shown
in [6,11] that Equation (1) also applies at scratching of classical elastoplastic materials but
with a somewhat lower value on C.

H = Cσy (1)

A recent very interesting investigation was presented by Dahlberg et al. [12]. In this
study sharp indentation of Drucker–Prager [7] rigid-plastic materials were examined based
on an approach similar to the one presently relied upon. In short, the elastoplastic solution
presented in [8] was then further developed to include also rigid-plastic contact. This
approach will be generalized in the present investigation.

Johnson [3,4] suggested based on cavity expansion solutions that the contact behavior
is determined by the value on the (Johnson) parameter.

Λ = Etanβ/((1 − ν2)σrep) (2)

In Equation (2), E is Young’s modulus and ν is Poisson’s ratio, β is the angle between
the (sharp) indenter and the undeformed surface and σrep is the material flow stress at
a representative value of the effective (accumulated) plastic strain εp. Three indentation
levels are noticeable as depicted in Figure 1 and they are denoted level I (elastic contact) Λ
< 3, level II (elastic–plastic contact where H ~ lnΛ) and level III (rigid-plastic contact). In
level III, Equation (1) according to Tabor [2] is valid or, at strain hardening.

H = Cσrep (3)
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Material characterization based on the contact area is much more involved, cf., e.g., [13–15].
Indeed, such an approach is sometimes not of much practical use when generality is aimed
at but can, when characterization is at issue, be a valuable complement to the hardness
values. This feature will be mentioned below and discussed in more detail at the end of
this paper.

Normally, when determining relations in the spirit of Equation (1) or Equation (3)
for rigid-plastic contact, extensive experimental series are required in combination with
dimensional considerations. However, a more general approach would be beneficial, and
this is suggested and outlined presently. In short, to be discussed in more detail below,
what is required in the analysis is a solution to the level II contact problem presenting at
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least the constitutive parameter dependence in this region and the value for the plastic
zone size in the level III contact region. Three illustrative examples of the usefulness of the
proposed approach are discussed. These three examples concerns (1) sharp indentation of
von Mises plastic materials, (2) sharp indentation of Drucker–Prager plastic materials, and
(3) scratching of von Mises plastic materials. In order to verify the theoretical approach,
these results are compared with results from previous finite element simulations. Remem-
bering the wealth of results available pertinent to sharp indentation of materials, no further
finite element simulations were deemed necessary for this verification.

When it comes to problem (1), this is of course a very well-studied problem, as evident
from the discussion above. Problem (2) is less investigated but rests on the results pertinent
to cavity expansion models, as outlined above and in detail in Sections 3 and 4 below. In
these chapters, Problem (3) is also discussed in some detail. It should be emphasized that
for the scratch problem, no fundamental cavity expansion solution exists, but instead the
analysis is based on relations derived finite element results.

As for the advantages of the presently suggested approach, this concerns the fact
that it eliminates the need for time-consuming numerical and/or experimental efforts to
determine empirical rigid-plastic contact relations. Indeed, the dependence of constitutive
parameters are directly determined as will be hopefully evident from the analysis below.

In the final part of this study, new results are presented based on the suggested ap-
proach. These results concern the constitutive parameter dependence of the relative contact
area, pertinent to case (2). These results are compared with finite element simulations.

Concerning the application of the present results, these are pertinent to metals and
alloys. However, they are also directly relevant for elastic–plastic crystalline materials as
well as for powder materials [16,17] where the contact deformation regime is close to the
rigid-plastic one.

2. Problem Formulation

The problem at issue concerns sharp indentation of elastoplastic materials, pressure-
sensitive or not. The contact loading is either normal (for example indentation), see Figure 2
at cone indentation, or tangential (for example scratching), see Figure 3.

In the simplest case, at conical indentation, a sharp rigid conical stylus with an angle
of 22◦, between the indenter and the undeformed surface, see Figure 2, is used. The angle
22◦ is chosen in the present study as being the same as the corresponding angle at Vickers
(sharp pyramid indenter with quadratic base) indentation. This indenter geometry will
be adhered to throughout the investigation. It should be emphasized though that this is
not a limitation of the present approach as the (sharp) indenter geometry only enters the
equations through the Johnson parameter in Equation (2). In the presentation below, h is
the normal indentation depth in the X2 direction (Cartesian coordinates are introduced
in Figure 2, and A is the normally projected contact area between indenter and material.
Quasi-static conditions are assumed and the dimensions of the contact region are very
small compared to the size of the indented material specimen. Based on these restrictions,
the problem is self-similar with no characteristic length present (as in most sharp contact
problems) and this ensures that the (normal) hardness as well as the ratio h/

√
A (where

√
A

should be interpreted as a characteristic contact length) are constant during the loading
sequence of an indentation test on homogeneous and local materials. Here, and in the
sequel, the normal hardness is defined as

H = F/A, (4)

where F is the normal contact load, see Figure 2. The tangential hardness is defined
correspondingly, tangential load divided by tangential contact area, but this quantity is not
of immediate interest presently.
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It now seems appropriate to once again consider the results in Figure 1. It is obvious
that there is a rather sharp transition between the level II and level III contact regions. This
indicates that the dependence of plastic constitutive properties in the rigid-plastic (level III)
region can be determined from studying this transition zone and, in particular, relevant
analytical solutions pertinent to level II contact. Such solutions are most frequently based
on varieties of the expanding cavity solution as presented by, for example, Johnson [3,4], for
classical elastoplastic materials. Some actual results are shown in Figure 4, taken from [15],
and it can then be seen that the transition zone between level II and level III contact is in
a practical case sharper than what is schematically seen in Figure 1. Accordingly, with
a proper scaling on the vertical axis, this would give a direct indication of the behavior
(parameter dependence) in the rigid-plastic region. This is also the basis for the present
approach.
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of elastic–ideally plastic materials. (- - -), (H/σy) = 2.55. (O) numerical results from Larsson [15]. The
full straight line indicates the linear behavior at level II contact.

Regarding the constitutive behavior, classical von Mises and Drucker–Prager elasto-
plasticity is assumed to prevail with a yield condition

σe + 3ασh− σ(εp) = 0 (5)

where σe is the von Mises effective stress, σh is the hydrostatic stress, α is the pressure-
sensitivity factor (α = 0 defines classical von Mises elastoplasticity) and σ(εp) is the flow
stress in pure shear. The fundamental contact behavior for both classical von Mises and
Drucker–Prager elastoplasticity materials is well described by the results shown in Figure 4.
At Drucker–Prager elastoplasticity, associativity of the flow rule is assumed. Large deforma-
tion theory was relied upon because such effects are significant at many contact problems,
cf., e.g., [11,18]. At elastic loading, or unloading, a hypoelastic formulation of Hooke’s
law was used. Kinematic hardening effects were not included in the analysis as only the
loading part of the indentation test was of primary interest. The strain hardening behavior
are based on a power law assumption according to

σ(εp) = σ0(1 + (εp/ε0))n (6)

where σ0 is the initial yield stress in pure shear, εp is as previously stated the effective
plastic strain and ε0 and n are material constants describing the plastic hardening.

In summary, the present analysis is restricted to quasi-static conditions and classical
elastoplasticity and, as a result, strain rate effects are not included. Frictionless contact
is assumed as a first approximation. The investigation is focused on level III contact
conditions where the influence from elasticity on the hardness behavior is negligible.
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3. Theoretical Foundation

In the case of classical von Mises plasticity it was shown by Johnson [3,4] that at
elastic–plastic (level II) sharp indentation the material hardness is well described by the
relation

Ĥ = C1 + C2 ln Λ (7)

where
Ĥ = H/σrep (8)

The derivation leading to Equation (7) rests on the similarity of the stress fields at sharp
indentation and taking advantage of the analysis of expansion of a pressurized spherical
cavity in an elastic–ideally plastic material. The solution to the latter problem (in the
context of indentation testing) was originally proposed by Bishop et al. [19] and the effect
from plastic strain hardening is accounted for by the representative stress σrep. It has been
shown with the aid of finite element calculations, cf., e.g., Larsson [20], that the constants C1
and C2 in Equation (7) are not strictly independent of the strain-hardening characteristics.
However, as the present investigation concerns rigid-plastic (level III) indentation this issue
will not be dwelled upon further. It should be emphasized that at Λ-values pertinent to the
transition between level II and level III indentation Equations (3) and (7) obviously yield
similar results.

The analysis by Johnson [3,4] was extended to pressure-sensitive materials, described
by classical Drucker–Prager elastoplasticity, by Narasimhan [8] and further discussed by
Zhang et al. [9] and Fornell et al. [10]. The resulting expression for the hardness (mean
contact pressure) in the case of cone indentation yields

Ĥ = H/σy = (1/3α)
(
(1 + 2α)2rp

2q − 1
)

(9)

at ideally plastic material behavior where q = 3α/(1 + 2α). In (11),

rp = rp/a (10)

is the radius of the plastic zone, rp, nondimensionalized by the radius of contact a. It should
be noted that elastic effects are included in (9) only through rp. As suggested by Larsson
and Olsson [21], rp is defined as the plastic zone depth in the negative X2-direction normal
to the surface, see Figure 2.

As it stands, Equation (9) describes the hardness at level II cone indentation accounting
for pressure sensitivity through α but not for strain hardening. However, the latter feature
can be accounted for in the same way as in case of von Mises plasticity with a representative
stress measure σrep.

A further contact problem of interest here concerns scratching of materials. For
simplicity, but not out of necessity, only the normal components at scratching will be
discussed presently. The hardness as a function of Λ is shown in Figures 5 and 6, taken
from [11], with the result pertinent to contact at all levels. Again, a curve similar to the
normal indentation results in Figure 1 are found with a fairly sharp transition between
level II, described by an equation in the spirit of Equation (7), and level III, described by
an equation according to Equation (3) utilizing the concept of a representative stress. It
should be noted though that, contrary to the situation at standard normal indentation, the
representative stresses at level II and level III contact are taken at different representative
values of the effective (accumulated) plastic strain εp.
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Having now discussed the three contact situations immediately at issue in the present
study, and being representative for many similar problems in contact mechanics, it seems
appropriate to discuss the present solution approach for rigid-plastic contact problems. In
doing so, two important features should be directly stated, namely:

1. The solution to the level II problem can be derived in many contact situations from
the spherical cavity expansion solution, see for example [3,8]. This will give a semi-
analytical expression for the hardness, among other variables, as function of Λ, or
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alternatively rp, and constitutive parameters pertinent to the material at issue. It
should be emphasized that these variables are constant at sharp contact of materials
with no characteristic length in the material model.

2. A similar semi-analytical expression cannot be derived at level III contact as then a
solution corresponding to the cavity expansion solution is not available. However,
based on the fact that there are no characteristic length present in the problem for
example rp can be easily determined from a very limited number of finite element
calculations. Such calculations are nowadays a standard issue even at sharp contact.

Accordingly, level III contact conditions are enforced by introducing the rigid-plastic
value on rp into the cavity expansion solution. The material parameter dependence in the
rigid-plastic solutions are then immediately available. It should be emphasized that from
experience, for simplicity, this can be achieved for ideally plastic material behavior, and
strain hardening can be introduced, as in case of von Mises plasticity, in a standard manner
solely by replacing the initial yield stress σy with a representative stress σrep.

4. Results and Discussion

In this section, the three previously listed contact problems will be analyzed and
discussed based on the solution approach described above. These three contact problems
concern the following:

1. Sharp indentation of von Mises plastic materials.
2. Sharp indentation of Drucker–Prager plastic materials.
3. Scratching of von Mises plastic materials.

Furthermore, at the end of this section, new results are presented based on the sug-
gested approach. Here, the constitutive parameter dependence of the relative contact area,
pertinent to case (2) are determined. These analytical results are then compared with finite
element simulations with the numerical approach outlined in, for example, [15].

The first contact problem, sharp indentation of von Mises plastic materials (1) above,
is of course extremely well known. This was also the perhaps first example of using the
so-called cavity expansion solution in order to determine the behavior at level II contact
(Johnson [3,4]). This will result in Equations (7) and (8). In this rather straightforward
example, it is not difficult to determine the constitutive parameter dependence in the level
III contact regime. According to Johnson [3,4], Equation (7) can instead be expressed using
the plastic zone size ratio rp as

Ĥ = K1 + K2 ln rp. (11)

It has been shown by Larsson and Olsson [21] that at rigid–ideally plastic contact,
rp approximately takes on the value 2 which, when inserted into Equation (11), with the
choice of parameters K1 and K2 according to Johnson [3,4], would give

Ĥ = 2.71 (12)

at the transition between level II and III contact. This is close to the experimentally and
numerically determined standard value, at cone indentation [14,22],

Ĥ = 2.55 (13)

and the difference can be well explained by the approximate nature of the parameters K1
and K2 utilized in [3,4].

By use of Equations (1) and (8) and the concept of a representative stress, the following
relation for the rigid-plastic (level III) hardness results:

H = 2.55σrep (14)
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where the representative stress is evaluated at an effective stress being 0.15 according to
Larsson [14] (Atkins and Tabor [22] suggest the strain value 0.11 based on experimental
results).

In short, for this particular contact problem, the constitutive parameter dependence
at rigid plasticity can be directly achieved from an analytical level II solution, most often
given by the cavity expansion model, and knowledge about the size of the plastic zone at
rigid ideal plasticity. The latter quantity can be determined in a straightforward manner
from FEM simulations.

With the solution approach now outlined for a (somewhat) simple contact problem,
more involved solutions will be determined. In particular, this concerns sharp indentation
of Drucker–Prager plastic materials where pressure sensitivity is the main new feature. In
this case, the extended cavity expansion solution results in Equation (9) for the hardness at
level II contact. Again, elastic effects are included in Equation (9) only through rp.

With the cavity expansion solution now at hand, it is just required to introduce the
rigid–ideally plastic solution for rp. Based on finite element simulations, Dahlberg et al. [12]
presented a solution for this quantity for which excellent agreement with simulations was
found using the curve-fitted relation

rp= 1.724 + 2.468α+ 13.61α2. (15)

By introducing Equation (15) into Equation (9), the rigid-plastic hardness becomes

Ĥ = (1/3α)((1 + 2α2(1.724 + 2.468α+ 13.61α2)
2q − 1). (16)

where, again, q = 3α/(1 + 2α). It was shown by Dahlberg et al. [12] that predictions using
Equation (16) gives very good agreement with corresponding results from finite element
simulations for all investigated combinations of strain hardening and pressure sensitivity,
which further strengthens the reliability of the presently presented solution approach. It
should be noted in passing that these two effects are separable according to Equation
(16). It was shown, based on finite element simulations by Dahlberg et al. [12], that this
is indeed the case in a general situation, and that Equation (16) could be very accurately
approximated by a quadratic function

Ĥ = 2.55(1.010 + 2.046α+ 21.87α2). (17)

Finally, an example with both normal and tangential loading is presented. This
example deals with scratching of von Mises plastic materials using a sharp conical indenter.
For simplicity and clarity, only the normal hardness component will be addressed here.
The main features concerning the behavior of global contact quantities are similar to the
normal indentation problem, and the basic structure of the relations (3) and (7) applies for
level II and level III contact. In the level II contact regime, it was shown by Larsson [11]
that high accuracy of predictions were found from the relation

Ĥ = 0.75 + 0.583 ln Λ (18)

as visualized in Figure 5 and with Λ defined in the same way as at normal indentation
(Equation (2)).

Contrary to the other two contact cases discussed above, a straightforward relation
between Λ and rp is to the authors knowledge not available at scratching. This is not a
major problem though as it is clear from Figure 5 (and Figure 6) that the transition between
level II and level III contact is rather sharp and occurs at approximately lnΛ = 2.65. Inserting
this value into Equation (18) yields

Ĥ = 2.30. (19)
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which is very close to the rigid-plastic value

Ĥ = 2.35 (20)

derived in [11] (using finite element simulations) and visualized in Figure 6. Most likely,
even better agreement between (19) and (20) would be found if the plastic zone size, at
level III contact, had been determined from finite element simulations. However, this was
deemed unnecessary for the present purpose.

Accordingly, the presently suggested method works well for all the three cases studied
above. This ensures some generality of the approach as these cases includes both advanced
elastoplasticity models as well as tangential loading. Again, what is required in the analysis
is: (1) A solution to the level II contact problem presenting at least the constitutive parameter
dependence in this region. The so-called cavity expansion model achieve this result in
many cases. (2) The value for the plastic zone size in the level III contact region. Note that
at sharp indentation this value is constant at rigid plasticity and, for example, only a single
finite element simulation is required for this purpose.

It should be clearly stated that so far, no new results or relations concerning indentation
based constitutive characterization have been presented. Instead, a novel constitutively
general approach for this purpose is suggested and validated. It seems appropriate though
to finalize this paper by also presenting some new results derived using the present method.
These results concern, as mentioned repeatedly above, the behavior of the (relative) contact
area at sharp indentation of Drucker–Prager plastic materials, case (2) above.

The relative contact area at indentation is defined as

c2 = A/Anom (21)

where A is the normally projected contact area between indenter and material and Anom is
the corresponding nominal projected contact area resulting if the material neither sinks-in
nor piles-up along the contact boundary. Accordingly, if c2 < 1, the resulting contact area is
smaller than what could be expected from purely geometrical considerations, and the other
way around if c2 > 1. At material characterization, this quantity is less useful as elastic
effects are more pronounced than for the hardness. Essentially, this means that rigid-plastic
values are achieved at much higher values on Λ in Equation (2), cf., e.g., [13–15]. Despite
this, c2 values can serve as a guideline at constitutive characterization, and furthermore, for
many metallic materials, truly rigid plasticity is a very good approximation. It should be
noted in passing that the fact that the relative contact area is more sensitive to elastic effects
than the hardness indicates that the the three levels defined in Figure 1 could actually be
splitted into four. The last level would then correspond to a situation where all global
indentation quantities (hardness and relative contact area) are given by the plastic material
properties alone. However, as the material hardness is of most interest here, this will not be
discussed further in the present study.

The constitutive dependence of the relative contact area at sharp indentation of
Drucker–Prager plastic materials have not been presented previously and is derived here
based on the suggested approach. For simplicity, only ideally plastic results are discussed
in detail. It has already been stated above that strain-hardening and pressure-sensitivity
effects are separable, cf. also [12]. Furthermore, based on Equation (17), a relation

c2(n = 0, α) = c2(n = 0, α = 0)(1.010 + 2.046α + 21.87α2) (22)

could be suggested for the rigid-plastic solution at ideal plasticity (n = 0). The value c2 (n = 0,
α = 0) takes on the value 1.63 as determined in for example [15]. This relation, Equation
(22), is compared with finite element calculations and as shown in Table 1, the agreement is
excellent between the two sets of results as the difference is 3% or less. Accordingly, the
present approach can be successfully used for other parameters than the material hardness.
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Furthermore, the results in Table 1 have not previously been published and constitute a
very helpful complement for material characterization at indentation testing.

Table 1. The relative contact area c2 determined for a Drucker–Prager plastic material. Rigid plasticity
(n = 0) is assumed.

Pressure Sensitivity Factor α FEM Solution Equation (22)

0 1.70 1.65

0.06 2.01 1.97

0.1 2.35 2.34

0.15 2.89 2.95

0.2 3.63 3.74

Finally, it should be emphasized that the advantage of the present approach concerns
simplicity as no time-consuming empirical analysis (experimental or numerical) is needed
to determine the parameter dependence of the hardness at rigid plasticity. Achieving
a solution to the level II contact problem can of course be an obstacle, but having said
that, it should be emphasized that cavity expansion solutions exist for a large number of
contact situations. Apart from the three cases discussed above, wedge indentation [3,4],
geomechanical problems [23–26] and other [27–32] could be mentioned as further examples
just to mention a few.

5. Conclusions

Rigid-plastic contact problems were examined. The main purpose of the present
study was to present a solution approach yielding the constitutive parameter dependence
of the hardness (mean contact pressure) in such a situation. The suggested approach is
advantageous as it eliminates the need for time-consuming empirical numerical and/or
experimental efforts for this purpose. The approach is used to analyze three cases, namely
the following:

1. Sharp indentation of von Mises plastic materials;
2. Sharp indentation of Drucker–Prager plastic materials;
3. Scratching of von Mises plastic materials.

The suggested method gave very accurate results for all these contact situations.
Furthermore, new results concerning the constitutive parameter dependence of the relative
contact area, pertinent to case (2) above, are derived based on the present approach. These
results are compared with presently finite element simulations and very good agreement is
found between the two sets of results.

A limitation of the present theory is of course that an analytical or semi-analytical
expression for the contact behavior in the elastic–plastic region is required in order to apply
the method suggested here. Future research is therefore required to derive such expressions
for different material models, possibly relying on a cavity expansion analysis, and to apply
the present approach to such results.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The author declare no conflict of interest.

References
1. Sneddon, I.N. The relation between load and penetration in the axisymmetric boussinesq problem for a punch of arbitrary profile.

Int. J. Eng. Sci. 1965, 3, 47–57. [CrossRef]
2. Tabor, D. Hardness of Metals; Cambridge University Press: Cambridge, UK, 1951.

http://doi.org/10.1016/0020-7225(65)90019-4


Lubricants 2022, 10, 121 12 of 12

3. Johnson, K. The correlation of indentation experiments. J. Mech. Phys. Solids 1970, 18, 115–126. [CrossRef]
4. Johnson, K.L. Contact Mechanics; Cambridge University Press: Cambridge, UK, 1985.
5. Bucaille, J.; Felder, E.; Hochstetter, G. Mechanical analysis of the scratch test on elastic and perfectly plastic materials with the

three-dimensional finite element modeling. Wear 2001, 249, 422–432. [CrossRef]
6. Wredenberg, F.; Larsson, P.-L. Scratch testing of metals and polymers: Experiments and numerics. Wear 2009, 266, 76–83.

[CrossRef]
7. Drucker, D.C.; Prager, W. Soil mechanics and plastic analysis or limit design. Q. Appl. Math. 1952, 10, 157–165. [CrossRef]
8. Narasimhan, R. Analysis of indentation of pressure sensitive plastic solids using the expanding cavity model. Mech. Mater. 2004,

36, 633–645. [CrossRef]
9. Zhang, H.W.; Subhash, G.; Jing, X.N.; Kecskes, L.J.; Dowding, R.J. Evaluation of hardness–yield strength relationships for bulk

metallic glasses. Philos. Mag. Lett. 2006, 86, 333–345. [CrossRef]
10. Fornell, J.; Concustell, A.; Suriñach, S.; Li, W.H.; Cuadrado, N.; Gebert, A.; Baró, M.D.; Sort, J. Yielding and intrinsic plasticity of

Ti-Zr-Ni-Cu-Be bulk metallic glasses. Int. J. Plast. 2009, 25, 1540–1559. [CrossRef]
11. Larsson, P.-L. Representative Stress Correlation of Global Scratch Quantities at Scratch Testing: Experimental Verification. Crystals

2019, 9, 154. [CrossRef]
12. Dahlberg, C.; Faleskog, J.; Larsson, P.-L. Correlation of Global Quantities at Material Characterization of Pressure-Sensitive

Materials Using Sharp Indentation Testing. Lubricants 2021, 9, 29. [CrossRef]
13. Mesarovic, S.D.; Fleck, N.A. Spherical indentation of elastic–plastic solids. Proc. R. Soc. A Math. Phys. Eng. Sci. 1999, 455,

2707–2728. [CrossRef]
14. Mesarovic, S.; Fleck, N.A. Frictionless indentation of dissimilar elastic–plastic spheres. Int. J. Solids Struct. 2000, 37, 7071–7091.

[CrossRef]
15. Larsson, P.-L. Investigation of sharp contact at rigid–plastic conditions. Int. J. Mech. Sci. 2001, 43, 895–920. [CrossRef]
16. Olsson, E.; Larsson, P.-L. On the Effect of Particle Size Distribution in Cold Powder Compaction. J. Appl. Mech. 2012, 79, 051017.

[CrossRef]
17. Skrinjar, O.; Larsson, P.-L.; Storåkers, B. Local Contact Compliance Relations at Compaction of Composite Powders. J. Appl. Mech.

2007, 74, 164–168. [CrossRef]
18. Larsson, P.-L. Modelling of sharp indentation experiments: Some fundamental issues. Philos. Mag. 2006, 86, 5155–5177. [CrossRef]
19. Bishop, R.F.; Hill, R.; Mott, N.F. The theory of indentation and hardness tests. Proc. Phys. Soc. 1945, 57, 147–159. [CrossRef]
20. Larsson, P.-L. On the Mechanical Behavior of Global Parameters in Material Characterization by Sharp Indentation Testing. J. Test.

Eval. 2004, 32, 310–321. [CrossRef]
21. Larsson, P.-L.; Olsson, E. Plastic Zone Size at Sharp Indentation Contact of Classical Elastic–Plastic Materials: Behavior at Linear

Strain Hardening. J. Test. Eval. 2017, 45, 1854–1861. [CrossRef]
22. Atkins, A.; Tabor, D. Plastic indentation in metals with cones. J. Mech. Phys. Solids 1965, 13, 149–164. [CrossRef]
23. Alehossein, H.; Detournay, E.; Huang, H. An Analytical Model for the Indentation of Rocks by Blunt Tools. Rock Mech. Rock Eng.

2000, 33, 267–284. [CrossRef]
24. Saadati, M.; Forquin, P.; Weddfelt, K.; Larsson, P.-L.; Hild, F. A numerical study of the influence from pre-existing cracks on

granite rock fragmentation at percussive drilling. Int. J. Numer. Anal. Methods Géoméch. 2015, 39, 558–570. [CrossRef]
25. Yang, H.; Renner, J.; Brackmann, L.; Röttger, A. Normal Indentation of Rock Specimens with a Blunt Tool: Role of Specimen Size

and Indenter Geometry. Rock Mech. Rock Eng. 2022, 55, 2027–2047. [CrossRef]
26. Cheng, Y.; Yang, H.; Xu, Z.; Lu, C. Cavity expansion analysis of normal indention of rocks with lateral confinement. Comput.

Geotech. 2022, 145, 104693. [CrossRef]
27. Fleck, N.; Otoyo, H.; Needleman, A. Indentation of porous solids. Int. J. Solids Struct. 1992, 29, 1613–1636. [CrossRef]
28. Mata, M.; Casals, O.; Alcalá, J. The plastic zone size in indentation experiments: The analogy with the expansion of a spherical

cavity. Int. J. Solids Struct. 2006, 43, 5994–6013. [CrossRef]
29. dos Santos, T.; Srivastava, A.; Rodríguez-Martínez, J. The combined effect of size, inertia and porosity on the indentation response

of ductile materials. Mech. Mater. 2021, 153, 103674. [CrossRef]
30. Nafo, W.; Al-Mayah, A. Measuring Hyperelastic Properties of Hydrogels Using Cavity Expansion Method. Exp. Mech. 2019, 59,

1047–1061. [CrossRef]
31. Nafo, W.; Al-Mayah, A. Characterization of PVA hydrogels’ hyperelastic properties by uniaxial tension and cavity expansion

tests. Int. J. Non-Linear Mech. 2020, 124, 103515. [CrossRef]
32. Xiao, X.; Yu, L. Effect of primary creep on the relationship between indentation and uniaxial creep: A theoretical model. Int. J.

Solids Struct. 2020, 206, 114–123. [CrossRef]

http://doi.org/10.1016/0022-5096(70)90029-3
http://doi.org/10.1016/S0043-1648(01)00538-5
http://doi.org/10.1016/j.wear.2008.05.014
http://doi.org/10.1090/qam/48291
http://doi.org/10.1016/S0167-6636(03)00075-9
http://doi.org/10.1080/09500830600788935
http://doi.org/10.1016/j.ijplas.2008.11.002
http://doi.org/10.3390/cryst9030154
http://doi.org/10.3390/lubricants9030029
http://doi.org/10.1098/rspa.1999.0423
http://doi.org/10.1016/S0020-7683(99)00328-5
http://doi.org/10.1016/S0020-7403(00)00056-4
http://doi.org/10.1115/1.4006382
http://doi.org/10.1115/1.2165240
http://doi.org/10.1080/14786430600589089
http://doi.org/10.1088/0959-5309/57/3/301
http://doi.org/10.1520/JTE11851
http://doi.org/10.1520/JTE20160140
http://doi.org/10.1016/0022-5096(65)90018-9
http://doi.org/10.1007/s006030070003
http://doi.org/10.1002/nag.2331
http://doi.org/10.1007/s00603-021-02732-4
http://doi.org/10.1016/j.compgeo.2022.104693
http://doi.org/10.1016/0020-7683(92)90012-I
http://doi.org/10.1016/j.ijsolstr.2005.07.002
http://doi.org/10.1016/j.mechmat.2020.103674
http://doi.org/10.1007/s11340-019-00504-4
http://doi.org/10.1016/j.ijnonlinmec.2020.103515
http://doi.org/10.1016/j.ijsolstr.2020.09.017

	Introduction 
	Problem Formulation 
	Theoretical Foundation 
	Results and Discussion 
	Conclusions 
	References

