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Abstract

The definition of representative plastic strain induced by a Vickers indent has received considerable attention in recent years. Previous
reports have attempted to define a universal value that was independent of a material’s plastic response. However, the work presented
here will show that a material-dependent representative plastic strain is valid in the conversion of flow stress to indentation hardness.
This representative plastic strain is the volume average plastic strain within the plastic zone of Vickers indentation. The increase in inden-
tation hardness within the plastic zones of macro-indents was experimentally determined by micro-Vickers indentation and then com-
pared with that predicted by finite element modeling, which utilizes the proposed representative plastic strain. It was further shown
that the representative plastic strain defined here is independent of yield strength, elastic modulus and magnitude of prior plastic defor-
mation for both linear and power law strain hardening materials.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Although surface indentation has frequently been used
to estimate the elastic and plastic response of materials,
the definition of the representative plastic strain induced
by a Vickers indent has been a topic of considerable con-
troversy and discussion [1]. Beginning with Tabor [2], many
others [3–6] have shown that the constraint factor C = H/
ry is about 3 for most perfectly plastic engineering materi-
als, where H is the Vickers indentation hardness and ry is
the yield strength. This ratio also applies to strain harden-
ing materials, where ry is replaced by a representative flow
stress rr corresponding to a representative plastic strain er.
Tabor [2] proposed that a Vickers indent induces an addi-
tional representative plastic strain of 0.08 regardless of the
initial plastic strain ei

p or indent depth d. This value for rep-
resentative plastic strain is not the actual plastic deforma-
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tion induced by the indent, but is a parameter that
provides a statistical “best fit” to the measured increase
in indentation hardness of plastically deformed, strain
hardening materials. To predict the increase in hardness
of a plastically deformed (pre-strained) material with
respect to its virgin state, C is multiplied by the flow stress
rr that corresponds to the sum total of the initial plastic
strain ei

p plus the representative plastic strain induced by
the Vickers indent. This predicted indentation hardness is
represented by the equation:

H ¼ Crrje¼er
; ei

p ¼ 0

H ¼ Crrje¼erþei
p
; ei

p > 0

(
ð1Þ

where C is independent of initial plastic strain and indent
depth due to the self-similarity of Vickers indenters [2].

Thus, the representative plastic strain induced by a
Vickers indent describes the extent to which the representa-
tive flow stress over-predicts the yield strength of the
indented material, as depicted in Fig. 1a. Similarly, when
a material with an initial equivalent plastic strain ei

p is
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Fig. 1. Relationship between indentation hardness, flow stress and representative plastic strain for: (a) virgin (ei
p ¼ 0) and (b) plastically deformed (ei

p > 0)
materials.
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subjected to a Vickers indent the same representative plas-
tic strain is used to predict the increase in representative
flow stress and indentation hardness, as depicted in Fig. 1b.

This process of estimating the increase in indentation
hardness of a plastically deformed material when its flow
curve is known a priori, is called a forward analysis. The
opposite case where one wishes to predict a flow curve
based on the indentation hardness of the deformed mate-
rial is called a reverse analysis and is far more complicated
to perform [7]. Many different forward and reverse analyses
have been proposed since Tabor [2], and one of the most
controversial topics in these methods is the manner in
which the representative plastic strain was defined and
calculated.

Representative plastic strain has been called by many
different names: effective strain, average strain and charac-
teristic strain [1,8]. Previous indentation methods that
determined the plastic response of materials cannot agree
on a single value for the representative plastic strain, but
all concur that it estimates the increase in yield strength
caused by plastic deformation of the indent [2,5,9].

Dao et al. [7] created dimensionless functions for both
forward and reverse analyses for a range of material prop-
erties and determined that a universal representative plastic
strain of 0.033 allowed the relationship between indenta-
tion loading curvature and reduced modulus to be indepen-
dent of the strain hardening exponent (n) of the power law
model r = Ken, where K is the strength coefficient. Similar
methods soon followed, most of which used different values
for representative plastic strain. Bucaille et al. [10] extended
their method to conical indenters with different included
angles and showed that the representative plastic strain
was dependent on indenter geometry. Ogasawara et al.
[11] argued that the range of material properties used by
Dao et al. [7] was too narrow and that their representative
plastic strain was not associated with elastic or plastic
deformation. They proposed a representative plastic strain
value of 0.0115 that accounted for the biaxial nature of the
plastic deformation due to Vickers indentation. In a subse-
quent paper, Ogasawara et al. [12] created new fitting
2functions derived from the elastic and plastic work of
the indentation response for a single indenter while main-
taining the same er. Chollacoop and Ramamurty [9]
showed how initial plastic deformation affected indentation
loading curvature and that the method of Dao et al. [7]
could be used to predict flow curves using two different ind-
enters on strain hardening materials. Cao and Huber [13]
determined that the representative plastic strain could be
dependent on the ratio of loading curvature to reduced
modulus and reported er values in the range 0.023–0.095.

Other methods that did not use instrumented indenta-
tion proposed different values for representative plastic
strain. Johnson [3] reported a representative plastic strain
of 0.07 based on the boundary of the large hydrostatic
stress “core” directly beneath the tip of a sharp indent.
Chaudhri [1] suggested that the representative plastic strain
should be the maximum plastic strain in the plastic zone of
a Vickers indent and suggested values between 0.25 and
0.36. However, much higher maximum plastic strains have
been observed to occur [7,10,14]. Using statistical fits in the
relationship between normalized flow stress and hardness,
Jayaraman et al. [8] determined a representative plastic
strain of 0.07 and 0.225 for Berkovich and cube-corner ind-
enters, respectively. The indentation hardness (converted to
flow stress) from these two different indents at their respec-
tive representative plastic strains determined two points on
the stress–strain curves of the indented materials. Tekkaya
[15] proposed a value of er = 0.112 based on their experi-
ments that predicted the plastic strain magnitude and
increase in indentation hardness associated with extrusion
processes. Antunes et al. [16] also reported material-depen-
dent representative plastic strain values ranging between
0.034 and 0.042.

The above proposed values for representative plastic
strain are summarized in Table 1. Clearly, the values for
representative plastic strain vary over a broad range. Most
of the previous definitions of representative plastic strain
were not based on a physical and measurable quantity.
Rather, these parameters were calculated from curve fitting
the indentation responses of a certain range of material
properties. The “representative plastic strain” is really a
misnomer in that it does not “represent” the actual plastic
deformation within the plastic zone of a Vickers indent.
Chaudhri [1] has dubbed Tabor’s 0.08 strain an “undefined



Table 1
Summary of proposed values in the
literature for representative plastic strain
er.

Reference Value of er

Tabor [2] 0.08
Dao et al. [7] 0.033
Ogasawara et al. [11] 0.0115
Cao and Huber [13] 0.023–0.095
Johnson [3] 0.07
Chaudhri [1] 0.25–0.36
Tekkaya [15] 0.112
Antunes et al. [16] 0.034–0.042
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global value”, whereas the 0.033 representative strain pro-
posed by Dao et al. [7] has been called a “mathematical
trick” having “no physical basis” [11,17]. Most of these
methods attempted to find a universal value for representa-
tive plastic strain that works for all materials, however, the
plastic strain induced by a Vickers indent (or other modes
of plastic deformation) is highly dependent on the inherent
resistance to plastic deformation of the indented material.
Since this response is typically characterized by such
parameters as the strain hardening exponent (n), a univer-
sal value for representative plastic strain is not expected to
be valid for a wide range of materials which have different n

values. Another drawback of the previous numerical meth-
ods is that they required the running of many finite element
models along with the use of numerous dimensionless func-
tions to characterize a given range of material responses
which may not be all encompassing. In fact, research has
shown that materials with different plastic responses can
produce the same indentation loading curvature in single
indenter methodologies [18], which rules out the unique-
ness of such methods.

In the light of such difficulties there has been a strong
desire to simplify indentation methodologies that are used
to predict the plastic properties of materials and vice versa
[19]. The method presented here defines the representative
plastic strain as a calculable mathematical quantity of the
plastic strain induced by a Vickers indent. This representa-
tive plastic strain is defined as the average volumetric
equivalent plastic strain of the entire plastic zone, i.e.

er ¼
P

ejV jP
V j

ð2Þ

where ej is the equivalent plastic strain at the centroid of an
elemental volume Vj within the plastic zone. Jayaraman
et al. [8] suggested that this definition of average plastic
strain is not a valid representative plastic strain because it
is dependent on the strain hardening exponent and not uni-
versal to all materials. Because the plastic response to defor-
mation (which is being characterized) is not the same for
different strain hardening materials it is argued here that
the representative plastic strain should not be a universal
quantity and should thus be dependent on the material’s
capacity to strain harden. Accordingly, it cannot be
assumed that a single representative plastic strain value will
be valid for all types of materials. Jayaraman et al. [8] have
shown that this average volumetric plastic strain is indepen-
dent of elastic modulus and yield strength. It will be shown
here that it is also independent of initial plastic strain for
both linear and power law strain hardening materials.

In this analysis all plastic strains above 0.002 will be
included in the determination of er, which is consistent with
the common definition of the 0.002 offset yield strength.
Bucaille and Felder [14] used a similar definition of er in
their indentation simulations and scratch tests of perfectly
plastic materials, but they limited their definition of ej to
fall within the range 0.1 ec

eq 6 ej 6 ec
eq, where ec

eq is an arbi-
trarily chosen “critical plastic strain” in the range 0.1–2.5.
They admitted that their definition of ej was highly depen-
dent on the choice of critical plastic strain and conse-
quently focused only on the ratio of er when comparing
scratch and indentation plastic zones. The representative
plastic strain provided here in Eq. (2) is new and different
in the sense that the entire plastic strain gradient within
the plastic zone is accounted for in the calculation of rep-
resentative plastic strain.

2. Forward analysis

A coordinated experimental and numerical approach
was adopted to investigate the relationship between inden-
tation hardness and a material’s plastic response. First,
macro-indents (at large loads in the range of several hun-
dred kilograms) were performed on two virgin materials
to create a large gradient in plastic strain within the inden-
tation plastic zone. These specimens were sectioned slightly
away from the indent center and gradually polished to the
cross-section corresponding to the maximum plastic zone
depth. The plastic strain magnitude beneath a macro-
indent varies spatially over the plastic zone, with the high-
est plastic strains at the indenter tip, decreasing gradually
with distance away from the tip. The increase in indenta-
tion hardness across this plastic strain gradient was deter-
mined by conducting micro-Vickers indents (at 200 g
load) along the center line of the macro-indent plastic zone.
In the next step a finite element model of the macro-inden-
tation process used the constitutive response obtained from
in-house compression tests to determine the resulting plas-
tic strain gradient ei

p within the macro-indent plastic zone.
Utilizing the definition of a material-dependent representa-
tive plastic strain (Eq. (2)) induced by the micro-Vickers
indent, the increase in micro-Vickers hardness values was
predicted via Eq. (1) and compared with those measured
experimentally. Micro-Vickers indentations within this
plastic zone were simulated to verify the representative
plastic strain for pre-plastically deformed regions.

This study utilized both Vickers and Rockwell C macro-
indenters to illustrate that the current procedure of predict-
ing the increase in hardness within a plastic zone works
irrespective of the method by which the plastic deformation
is produced. Two commercially available materials, Pyro-
wear 675 Stainless Steel (P675 SS) with a power law strain
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hardening response and 303 Stainless Steel (303 SS), which
follows a linear strain hardening response, were used to
validate a material-specific representative plastic strain on
different strain hardening materials. P675 SS is typically
case-hardened, but in the current analysis only the core
(non-carburized) region with a homogeneous microstruc-
ture was investigated.

3. Experimental procedure

To induce a large plastic zone in the P675 SS specimen
the Vickers indenter tip was fixed in a custom fabricated
housing and mounted in a universal testing machine
(MTS� Alliancee RT/30). A load of 204 kg was used to
create the desired macro-Vickers indent. The measured
Vickers hardness was 433 HV. A standard Rockwell C
macro-indent was produced on the 303 SS specimen using
the standard 150 kg Rockwell C indent load, which
resulted in a measured hardness of 26 HRC (275 HV).
After indentation these macro-indented specimens were
sectioned close to the indent and progressively polished
to reveal the indent cross-section at the maximum indent
depth. Standard metallographic polishing procedures using
Fig. 2. Micro-Vickers indents within plastic zones of: (a) macro-Vickers
indentation on P675 SS and (b) macro-Rockwell C indentation on 303 SS.

Fig. 3. Flow curves obtained by compressio
progressively smaller polishing media were utilized to min-
imize damage and residual stresses induced by grinding and
polishing. To measure the increase in indentation hardness
within these plastic zones micro-Vickers indents were con-
ducted using a Wilson� Instruments (Tukone 2100 B)
Vickers indenter at 200 g indent load and 15 s loading
duration. As per ASTM standard ASTM E384, the
micro-Vickers indents along the center line of the plastic
zone were spaced 100 lm apart, as shown in Fig. 2, to pre-
vent interaction with neighboring indents. Similar proce-
dures for micro-indentation of the plastic zone beneath a
macro-indent were also implemented by Chaudhri [1] and
Srikant et al. [20].

The stress–strain curves obtained from in-house com-
pression tests on P675 SS and 303 SS cylindrical specimens
are shown in Fig. 3. Note that the P675 SS followed a
power law model with strength coefficient K = 1800 MPa
and strain hardening exponent n = 0.064 and the 303 stain-
less steel can be modeled as a linearly hardening material
with a tangent modulus of 1183 MPa. The values for er

shown in Fig. 3 were calculated by importing these consti-
tutive responses into the finite element models of the micro-
Vickers indentation of these two materials.

4. Finite element model

Recall that the purpose of the two macro-indents was to
create two different plastic strain gradients on two materials.
Therefore, two separate FE models were created to simulate
the macro-Vickers indent on P675 SS (Fig. 4a) and Rock-
well C macro-indent on 303 SS (Fig. 4b). Both indenters
were displacement controlled to the same macro-indent
depths as in the experiment and then retracted to their origi-
nal positions. The indenters were given fixed rotational
boundary conditions and only translated normal to the
indented surface. A rigid indenter with an equivalent half
cone angle of 70.3� produces the same projected indent area
as a Vickers indent for any given indent depth and was used
to simulate the macro-Vickers indent on P675 SS (Fig. 4a).
For the Rockwell C indent a similar analysis was performed
on the 303 SS model (Fig. 4b).

Five thousand four node bilinear quadrilateral axisym-
metric elements made up the FE models, with the finest
n tests of: (a) P675 SS and (b) 303 SS.



Fig. 4. Finite element meshes for: (a) macro-Vickers (P675 SS) and (b)
macro-Rockwell C (303 SS) indents.
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mesh in the region of the indented material. There were at
least 20 elements in contact with the indenter during max-
imum indent depth, which provided sufficient resolution.
The FE model was implemented in ABAQUS 6.7-1 and
the plastic response of the material was governed by the
von Mises (J2) yield criterion, associated flow rule, isotro-
pic hardening and the constitutive responses obtained from
the compression tests shown in Fig. 3 [21]. The micro-Vick-
ers indents for both materials were also simulated in the
plastically deformed and undeformed regions along the
center line of the macro-indent plastic zones (Fig. 2) previ-
ously mentioned, using the same FE mesh and indent
geometry as in Fig. 4a. These results will be used to verify
the same representative plastic strain for both plastically
deformed and virgin materials.

5. Results and discussion

The plastic strain contours below the macro-Vickers
indent of P675 SS and Rockwell C macro-indent of 303
SS as calculated from the FE models are shown in
Fig. 5. Plastic strain contours beneath: (a) a macro-Vickers indent for P675 SS
match those of the experimental macro-indents.
Fig. 5a and b, respectively. Note that the plastic strain gra-
dients were not the same due to differences in the plastic
response of the two materials and indenter geometries.
Because the indent depth was the same in the experiments
and simulations, a direct comparison of the measured
increase in micro-indentation hardness within these plastic
zones could be made with those predicted by the FE model,
but the representative plastic strain induced by the micro-
Vickers indents must first be determined.

The representative plastic strain is the same for both
micro and macro-Vickers indents, since the deformation
by Vickers indentation is self-similar with respect to indent
depth (excluding indentation size effects, which were not
observed for these two materials at the chosen indent
loads). As such, the depths of the plastic strain contours
are non-dimensional with respect to indent depth in
Fig. 6, in which the plastic strain contours around the
micro-Vickers indents of both virgin P675 SS and 303 SS
are shown. These plastic strain values, along with Eq. (2),
were used to determine values for er of 0.052 and 0.035 for
P675 SS and 303 SS, respectively. These results compare well
with the average plastic strain induced by Vickers indents
calculated by Jayaraman et al. [8]. It will be shown later that
this representative plastic strain was also independent of the
initial plastic strain of the indented material. The corre-
sponding representative flow stress rr (Fig. 3) and constraint
factor C = H/rr could be calculated as 2.8 and 3.5 for P675
SS and 303 SS, respectively. While the magnitudes of plastic
strain contours in Fig. 6 are the same, the differences in spa-
tial variation were due to the plastic responses of P675 SS
and 303 SS (Fig. 3). P675 SS had a higher yield strength
(1300 MPa) than 303 SS (600 MPa), but had a lower strain
hardening rate (n = 0.064) than 303 SS (Ep = 1183 MPa).
This caused the strain gradient to be slightly more severe
below the Vickers indent tip in 303 SS (due to higher strain
hardening), but more spread out (lower yield strength) when
compared with P675 SS (Fig. 6).

The plastic strain gradient along the center line of each
macro-indent plastic zone was used to predict the increase
and (b) a macro-Rockwell C indent for 303 SS, respectively. Indent depths



Fig. 6. Plastic strain contours below micro-Vickers indents of: (a) P675 SS and (b) 303 SS. Plastic strain contour depth is non-dimensional with respect to
indent depth. These plastic strain gradients were used to determine the representative plastic strain er (via Eq. (2)) induced by the micro-Vickers indents.

Fig. 8. Vickers indentation hardness as a function of equivalent plastic
strain for P675 SS and 303 SS.
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in micro-Vickers hardness using Eq. (1), where ei
p is the

initial equivalent plastic strain along the center line of the
plastic zone (Fig. 5) and er is the material-specific represen-
tative plastic strain induced by the individual micro-Vick-
ers indents (Fig. 6) at each micro-indent location. The
predicted micro-indentation hardness values were com-
pared with the experimentally measured hardness values
along the center line of the plastic zone as shown in
Fig. 7. There was good agreement between these values
for both the Vickers and Rockwell C macro-indents, which
validates the use of a material-dependent representative
plastic strain.

The increase in indentation hardness as a function of
plastic strain could be calculated using these results. Such
information is useful in metal forming processes where
local hardness measurements can be used to estimate the
magnitude of equivalent plastic strain on a cold formed
part [5]. The calculated Vickers hardness values as a func-
tion of plastic strain for P675 SS and 303 SS are shown in
Fig. 8.

6. Representative plastic strain of an initially plastically

deformed material

In the previous section the representative plastic strain er

was added to the initial local plastic strain ei
p to calculate

the increase in micro-Vickers hardness (as per Eq. (1))
Fig. 7. Comparison between measured vs. predicted micro-Vickers hardness w
Rockwell C macro-indent of 303 SS.
because the micro-indent plastically deformed and further
strain hardened the initially plastically deformed region
[2,5,9]. The representative plastic strain induced by the
micro-Vickers indent was independent of the magnitude
of the initial plastic strain of the indented material. To
illustrate this point, the micro-Vickers indents at points
along the center line of the plastic zone of the P675 SS
macro-indent were simulated. At each location a uniform
distribution of initial equivalent plastic strain magnitude
over the small area of the micro-indent was assumed. The
calculated equivalent plastic strain magnitudes at locations
ithin the plastic zones of: (a) Vickers macro-indent for P675 SS and (b)



Fig. 10. Plastic strain contours of Vickers micro-indent on pre-plastically
strained P675 SS at point B in Figs. 5 and 7. Depth is non-dimensional
with respect to indent depth.
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A and B were 0.02 and 0.146, as illustrated in Fig. 5a, and
the experimentally measured Vickers hardness values were
442 and 470 HV, respectively (Fig. 7a). The same FE mesh
of Vickers indentation from Fig. 4a was used again for the
simulations of the micro-Vickers indents of the pre-strained
points (A and B), except radial plastic strain magnitudes of
0.01 and 0.073 were now applied to plastically strain
harden the material to the equivalent plastic strain states
of 0.02 and 0.146, respectively, prior to indentation
(Fig. 9), as predicted by Cauchy’s strain displacement
equations. The elastic recovery was also simulated in order
to keep residual stresses close to zero in these models, to
avoid any influences due to residual stresses on the calcula-
tion of the additional plastic strain due to the Vickers
indent.

The modified Eq. (2) is then written as:

er ¼
P
ðej � ei

pÞV jP
V j

ð3Þ

where ei
p is the initial equivalent plastic strain magnitude

(0.02 or 0.146) of the indented material, which must be sub-
tracted from the total equivalent plastic strain at every
point within the new plastic zone to determine the contri-
bution of the additional plastic strain induced by the Vick-
ers micro-indent at locations A and B. The representative
plastic strain induced by the Vickers micro-indent was
calculated and found to be the same as that of the virgin
material, i.e. er = 0.052 for both points A and B of the
pre-deformed P675 SS material. Fig. 10 shows the addi-
tional plastic zone induced by the Vickers micro-indent at
point B with an initial pre-plastic strain of 0.146. Note that
the plastic strain gradient is similar to that of the virgin
material (Fig. 6a), in the sense that the plastic strain con-
tours shown have an increased plastic strain magnitude
of 0.146 at relatively the same locations within its plastic
zone. However, the plastic zone in Fig. 10 is shallower with
respect to indent depth due to the strain hardening and in-
creased yield strength of point B prior to indentation.
Interestingly, the representative plastic strain (average
additional plastic strain) remains the same as calculated
by Eq. (3).
Fig. 9. Schematic of the micro-Vickers indent of a pre-strained material:
(a) region with the same initial equivalent plastic strain throughout the
material prior to indentation and (b) illustration of additional plastic
strain induced by the micro-indent.
This exercise clearly demonstrates that the representative
plastic strain induced by a Vickers micro-indent is indepen-
dent of the initial plastic strain within the indented material.
Even though this method has been shown to work for plastic
gradients induced by indents, it can also predict the
increased indentation hardness of any plastically deformed
region caused by compression, tension, torsion, bending
or complex cold forming processes, provided the loading
is not cyclical in nature (i.e. monotonic loading). Vickers
and Rockwell C macro-indentations were chosen in these
experiments because they are relatively simple and inexpen-
sive to produce and can create controlled and convenient
plastic strain gradients with plastic strains as high as 0.4.
Such large plastic strains may otherwise be unobtainable
in tension or compression tests or other modes of deforma-
tion. The large hydrostatic stresses and confinement associ-
ated with indentation prevent premature failure and make
these high plastic strains possible. Moreover, these plastic
zones are relatively small in size, which allows multiple tests
on a single specimen. Previous indentation methods did not
examine the plastic zone of pre-plastically deformed materi-
als in this detail, nor has anyone verified the assumption that
the representative plastic strain used here is not a function of
initial plastic strain using finite element models of experi-
mental Vickers indentation.

7. Conclusions

Unlike previous methods, which attempted to find a uni-
versal value of representative plastic strain for all types of
materials, the material-dependent average plastic strain of
a plastic zone caused by a Vickers indent has been shown
to be a valid representative plastic strain in the prediction
of Vickers indentation hardness. The method presented
here accurately predicts the increase in indentation hard-
ness within the plastic zones of both Vickers and Rockwell
C indents for both linear and power law strain hardening
materials. The predicted indentation hardness compared
well with experimentally measured micro-Vickers indent
mapping for the plastic zones of P675 SS and 303 SS.
The simulations of the micro-indents along the center line
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of the plastic zone of the P675 SS material proved that the
representative plastic strain used here is independent of the
amount of prior plastic deformation of the indented
material.
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