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1. Introduction

Profilometry-based inverse finite element method (FEM) for
indentation plastometry (PIP) is a fairly novel mechanical testing
methodology, involving FEM modeling of spherical indentation so
as to converge on the best fit set of plasticity parameters (in a con-
stitutive law), giving optimal agreement between experimental and
predicted indent profiles. A recent review[1] covers the main issues
involved in optimization of experimental and data processing

procedures. There has also been detailed
treatment of the effects of anisotropy,[2] resid-
ual stresses,[3] samples being exceptionally
hard,[4] and use for measurement of property
variations in and around fusion welds.[5]

The procedure offers many advantages
over uniaxial testing, including reduced
specimen preparation requirements and
scope for mapping of properties on a rela-
tively fine scale. The physical procedure is
similar to hardness testing, but hardness
numbers should be regarded as no better
than semiquantitative guides to the plastic-
ity of metals.[6] The fine scale mapping
capability has already been applied to
welds.[5] Another obvious application is
provided by components in which particu-
lar regions─usually at free surfaces─have
been deliberately hardened. This is often
done to improve the resistance to wear or
rolling contact fatigue, while leaving the
interior relatively soft─commonly ensuring

that it retains good toughness. Having quantitative information
about the stress–strain relationships exhibited by material at
different depths in such hardened layers is potentially of consid-
erable value─for example, in predicting how the component will
respond to service conditions, such as the application of bending
moments or exposure to abrasive wear.

The spatial resolution obtainable via conventional uniaxial
testing is clearly inadequate for this purpose. Nanoindentation
apparently has excellent spatial mapping capabilities, but the
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An attraction of the profilometry-based indentation plastometry (PIP) procedure is
that, while it involves interrogation of volumes sufficiently large to ensure that bulk
properties are obtained, it still allows stress–strain curves to be inferred for relatively
small regions, such that local properties can be mapped where they are changing
over short distances. It is employed here to obtain these characteristics as a function
of depth in samples that have been case hardened by the diffusional penetration of
carbon, to a depth of just over a mm. This has been done for a grade of steel that is
commonly treated in this way. The thickness of the layer characterized by the PIP
test is around 200 μm. In addition, curvature measurements on strip samples, after
incremental removal of thin layers, have been used to evaluate the (compressive)
residual stresses in near-surface regions. These range up to around 200MPa. Such
stresses have only a small effect on the PIP measurements. The carburization raises
the peak yield stress from the base level of around 1000MPa to about 1400MPa,
followed by considerable work hardening. The reliability of these PIP-derived stress–
strain relationships has been confirmed by comparing experimental outcomes of
Vickers hardness tests with FEM predictions based on their use.

RESEARCH ARTICLE
www.aem-journal.com

Adv. Eng. Mater. 2023, 2201512 2201512 (1 of 10) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202201512 by T
est, W

iley O
nline L

ibrary on [22/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/adem.202201512
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:twc10@cam.ac.uk
http://www.aem-journal.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadem.202201512&domain=pdf&date_stamp=2023-03-18


volume being deformed is in most cases too small for its
mechanical response to be representative of the bulk.[1] There
have nevertheless been a few investigations[7–9] in which nano-
indentation has been used to explore the material response as a
function of depth into surface-hardened layers. However, this
does not allow reliable stress–strain characteristics to be obtained
for these hardened layers.

There has, however, been at least some previous work on
exploring the mechanical response of case-hardened layers as
a function of depth, using relatively large spherical indenters.
In particular, the work of Moussa et al.[10] involved a 1mm diam-
eter cermet (WC–Co) ball, inverse FEM modeling, and use of
load–displacement plots as target outcomes. The peak load
was fixed at just under 1 kN, giving penetrations ranging from
about 75 μm (into the original surface) to about 150 μm (after
removal of the complete hardened layer, which was about
400 μm thick). They used a simple (2-parameter) strain harden-
ing law, involving just the yield stress and a strain hardening
exponent. One challenge with such investigations is that of vali-
dating the inferred stress–strain relationships (as a function of
depth). In the Moussa study, this was approached by comparing
an experimental load–displacement plot obtained by pushing a
large cylindrical roller deep into the sample with the correspond-
ing prediction from an FEMmodel in which indentation-derived
stress–strain curves were used for six different depths. The
agreement obtained was good, but this is a relatively insensitive
test. The overall procedure employed is valid, although the
combination of using load–displacement plots as target out-
comes (rather than indent profiles) and employing a limited
(2-parameter) constitutive law is likely to result in relatively
low reliability. Furthermore, no account was taken of the possible
presence of residual stresses in the case-hardened layer. In prac-
tice, such stresses may well be present, and are likely to be com-
pressive in the case-hardened layer. Typical peak magnitudes in
case-hardened steels of this type[11–13] are of the order of several
hundred MPa. For example, Prime et al.[11] obtained a value of
around 400MPa in a 0.2 wt%C steel, near the free surface (where
the C content had been raised to about 0.8 wt%). Such stresses
can be beneficial because they will tend to inhibit plastic defor-
mation and crack formation during service, but stress–strain
relationships obtained without taking them into account could
be somewhat unreliable.

A further relevant investigation is that of Astaraee et al.,[14]

who examined the effect of shot peening a case-hardened layer.
This work was partly a follow-up to that of Moussa et al. and they
also used inverse FEM to infer the stress–strain relationship
(captured in a 2-parameter constitutive law) at a given depth, with
the target outcome again being measured load–displacement
plots obtained during indentation with a very large (10mm diam-
eter) cermet sphere. (These conditions resemble those of the
Brinell hardness test.) They also carried out the indentation
experiments after progressive removal of surface layers. Part
of the focus of their work was in fact on residual stresses, which
are likely to be present in case-hardened layers and certainly tend
to be induced by shot peening. They measured them directly via
X-ray diffraction (XRD) and attempted to infer them from their
indentation outcomes. They did confirm that there were com-
pressive residual stresses in the carburized layer. Recent work[3]

has indicated that the effect of residual stresses on PIP-inferred

stress–strain curves is often relatively small, although it is not
always negligible. Astaraee et al. also used hardness data in their
analysis, involving the introduction of arbitrary curve-fitting
parameters. Nevertheless, they were able to quantify at least
some of the relevant factors involved.

The present work is focused on a first use of the PIP
procedure, with a series of grinding operations, to obtain (true)
stress–strain relationships, as a function of depth, within case-
hardened layers. It also includes an investigation of the residual
stresses in these layers, obtained by applying a layer removal and
curvature measurement procedure to strip samples. Validation of
the sets of stress–strain relationships within the case-hardened
layers is tackled by comparing measured Vickers hardness num-
bers with the outcomes of FEM simulations of the test, obtained
using the PIP-derived stress–strain relationships (as a function of
depth).

2. Experimental Section

2.1. Material and Carburizing Treatment

The steel used in this work, designated 158Q, was developed by
Ovako. Its composition (measured by Optical emission spectros-
copy (OES) spectroscopy─see Section 2.2) is given in Table 1. It is
an ingot cast case hardening steel, designed to minimize internal
oxidation (during carburizing). Hot-rolled bars were machined
into plates with dimensions of 140� 100� 3mm. It was carbu-
rized, using the sequence shown in Table 2. The carbon potential
values shown are those in thermodynamic equilibrium with the
furnace atmosphere, which was a mixture of air and methane (in
the presence of a Ni catalyst). The signal from a probe measuring
the oxygen partial pressure was used to control the gas flow rate,
to maintain the selected carbon potential. The carbon concentra-
tion profiles are reported in the next section.

After this treatment, the plates were cut into several strips,
each with dimensions of 140� 9� 3mm, using electrodischarge
machining. This operation involved first removing the two sec-
tions (of thickness 2mm) along the edges (into which

Table 1. Composition of the steel.

Composition [wt%]

C Si Mn Cr Mo Ni

0.19 0.08 0.25 0.37 0.68 2.28

Table 2. Treatment sequence and carbon potentials at different stages.

Stage Carbon potential [wt%]

Heat to 930 °C and soak for 0.5 h 0.85

Gas carburize at 930 °C for 3 h 1.2

Diffuse at 930 °C for 1 h 0.85

Furnace cool to 820 °C –

Soak at 820 °C for 1 h 0.85

Oil quench –

Temper at 200 °C for 1 h –
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carburization took place laterally). The strips thus contained car-
burized layers on top and bottom surfaces (140� 9mm) only,
with no penetration into the edge surfaces (140� 3mm).
These strips were produced to measure the curvature after pro-
gressive removal of thin layers from one of the carburized sur-
faces, for purposes of inferring the distribution of residual stress
within the removed layers─see Section 2.3.

2.2. Measurement of Carbon Profiles

Measurement of the carbon concentration profile created by the
carburizing treatment was carried out on flat samples cut from
the strips. These samples had a thickness of 3 mm, a length of
15mm, and a width of 9mm. They were mounted on a holder
(using a two-component adhesive), to facilitate the multiple
grinding steps used for carbon profile generation. This was per-
formed using a spark-optical-emission-spectrometer S-OES ARL
3460 (Thermo Scientific). Emission analysis was calibrated using
samples with carbon contents covering the range concerned (0.119,
0.225, 0.64, and 1.03 wt%C). Analysis was carried out on a series of
surfaces, created by repeatedly grinding off thin layers. The out-
come of thesemeasurements is shown in Figure 1. Significant pen-
etration of the diffusing carbon has occurred to a depth of around
1.5mm (i.e., to the center of the strip).

2.3. Residual Stress Levels from Curvature Changes

2.3.1. Significance of Residual Stress for PIP Testing

The PIP procedure involves obtaining a stress–strain relation-
ship for a near-surface region. This is done via iterative FEM
modeling of the indentation process, changing the stress–strain
relationship until optimum agreement is reached between mea-
sured and modeled indent profiles. A possible source of compli-
cation is the presence of (in-plane) residual stresses in the region
being tested. This has already been investigated[3] in some detail,
with the broad conclusion being that their effects are likely to be
relatively small in most cases. However, they may in some cases

need to be incorporated into the FEM modeling, particularly in
relatively hard materials, if fully reliable stress–strain relation-
ships are to be obtained. There is certainly an expectation that
they could be relatively high in case-hardened layers. An investi-
gation was therefore carried out, aimed at quantifying the level
and distribution of (equal biaxial) residual stresses in the regions
to be indented.

A logical approach is to divide the case-hardened region into a
discrete number of layers, within each of which it is assumed
that there is a single residual stress level, and also a single
stress–strain relationship. It is appropriate to set this layer thick-
ness equal to the approximate depth interrogated during a PIP
test─i.e., the region within which significant plastic deformation
is being stimulated. Using a 1mm radius ball, with a penetration
ratio of around 10%, this depth is expected to be of the order
of 200 μm. As, in the present case, the thickness of the
case-hardened layer is of the order of 1 mm, this approach leads
to a total of five depths being examined, before and after grinding
away four layers of thickness 0.2 mm. Such a sequence of layer
removal was therefore also used for assessment of residual stress
levels, obtained by measuring the change in curvature of a strip
sample each time (via profilometry).

2.3.2. Relationship between Curvature and Residual Stress

Extensive previous work has been carried out on relationships
between stress levels in coatings and associated curvature. If
the coating is much thinner than the substrate (h «H), then
the Stoney equation[15] can reliably be employed. For the equal
biaxial case, this can be written

κ ¼ 6hð1� νsÞ
EsH2 σd (1)

where k is the curvature, Es and ns are, respectively, the Young’s
modulus and Poisson ratio of the substrate, and σd is the stress in
the coating (“deposit”). In such a case, a single stress level can be
identified because only the coating is under stress and curvature
formation has a negligible effect on this stress level.

The situation here, however, is somewhat different. Unlike the
case of a deposited coating, it is not acceptable to assume that
there is just a single stress level in it. It will be assumed that there
are a discrete number of layers, with the stress level uniform in
each one. Such cases can be analyzed, although the complexity
level is higher than for the Stoney treatment.[16–19] Furthermore,
relatively thin substrates must be used, to ensure that suitably
large curvatures are generated. This leads to significant stress
levels in both constituents, together with through-thickness gra-
dients in them, caused by curvature adoption (Figure 2).

For such cases, the situation is best characterized in terms of a
misfit strain (Δε), rather than a stress level. The relationship
between misfit strain and resultant curvature can be written[17]

κ ¼ 6EsEdðh þHÞhHΔε
E2
dh

4 þ 4EdEsh3H þ 6EdEsh2H2 þ 4EdEshH3 þ E2
sH4 (2)

where Es and Ed are, respectively, the Young’s moduli of sub-
strate and coating; for an equal biaxial case such as here, these
should have their “biaxial” values (E 0 = E/(1�ν)).Figure 1. Measured carbon concentration profile.
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The current case is in fact simpler than the above one in some
respects. The way that curvature arises is illustrated in Figure 3.
One simplification is that the stiffness is the same everywhere
(although the biaxial value must again be used). Moreover, if
attention is focused on the stress level in the removed layer, then
it is not necessary to take account of the stress gradients that are
generated as curvature arises.

The bending moment, M, that is creating the curvature
(or change in curvature), must have the same magnitude as that
being produced by the stress in the layer before it was removed. It
therefore follows that

ðσLhwÞH ¼ M ¼ κE0I ¼ κE0 wB3

12

� �
(3)

where σL is the stress in the layer before it was removed, h is its
thickness,H is the distance from the neutral axis to the center of
the layer, w is the width of the strip, E 0 is the (biaxial) Young’s
modulus of the material, I is the second moment of area of the
section of the strip, and B is the thickness of the strip (after layer
removal). Equation (3) can be rearranged to give the (biaxial)
stress in the layer in terms of the measured curvature (change)
stimulated by its removal, k

Figure 2. Schematic depiction of how curvature arises from the removal of a thin layer (containing residual stress) from the case-hardened region of a strip.
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σL ¼
κE

0
B3

12hH
(4)

For any given layer removal operation, the dimensions h,H, and
B are known, as is the (biaxial) Young’s modulus, so the residual
stress in the removed layer can be obtained from the measured
curvature (or, for removal of layers after the first one, from the
change in curvature).

2.3.3. Machining Operation

Removal of thin layers from the strips was carried out by grind-
ing with an abrasive wheel, the sample being held flat on the
machining bed by a magnetic clamp. Grinding operations were
carried out on the top surfaces only, removing 25 μm per pass.
Thicknesses removed from the top surfaces were 200, 400, 600,
and 800 μm. When released from the magnetic clamp, these
samples adopted progressively increasing levels of curvature.

2.3.4. Curvature Measurement

The curvatures of the strips were measured using an optical
interferometer (NetGAGE3D from Isra Vision) to obtain the
height at a series of equally spaced points along the length of
the sample, which was located on a horizontal surface with
the convex side uppermost. The resolution of this technique
is of the order of 5 μm. When converted to an average radius
of curvature, which ranged from about 2m up to around
10m, the resolution is probably around 50mm. These figures
translate into the probable error on the derived curvature values
being of the order of 0.02m�1. However, inelastic processes,
such as induced plasticity or diffusional relaxation (promoted
by temperature rises), could take place during grinding and
are potential sources of error.

2.4. Indentation Plastometry (PIP Testing)

The PIP setup used is described in the literature.[5] The proce-
dure involves creation of an indent by applying a known force,

followed by measurement of its (radially symmetric) profile.
Iterative FEM simulation of the test is then carried out until
the best fit set of plasticity parameter values has been obtained.
The Voce (3-parameter) law has been found to be most effective
in capturing the (true) stress–strain relationship exhibited by a
wide range of metals─partly because it allows the true work hard-
ening rate to approach zero at high strains, which is apparently
quite common. Such issues are fully explored in a recent review
article.[1] PIP testing was carried out before and after removal of
several layers of thickness 200 μm, as described in Section 2.3.3.
For tests on original outer surfaces, a thin (oxidized) layer
(about 2 μm in thickness) was first removed by grinding. The
balls used were Si3N4, with a radius, R, of 1 mm, and the pene-
tration ratio, d/R, was around 10%. As noted in Section 2.3.1, the
thickness of the layer thus being interrogated (undergoing signif-
icant plastic deformation) is not well defined, but is around
200 μm. Indent topographies were characterized with a stylus
profilometer having a resolution of about 1 μm. The indents
had a width of �1mm.

In this context, there is some logic to characterizing the
stress–strain relationship in layers with a thickness of the order
of 200 μm because this was the thickness that was removed each
time when assessing the distribution of residual stress, and also
between each PIP test. The inferred relationship is taken to be an
average over this thickness, even though it may be changing sig-
nificantly over the range of depth concerned. For current illus-
trative purposes, this is considered appropriate. It may,
however, be noted that improved resolution could be obtained
by reducing the thickness removed each time and using a
smaller ball. For example, balls of 0.5mm radius are routinely
available for PIP testing and, using a similar penetration ratio,
the relationship would in that case be representative of a layer
about 100 μm in thickness. This might be more appropriate
for some purposes.

There is no prospect of being able to compare these
stress–strain results with outcomes of conventional uniaxial
(tensile or compressive) testing, so another validation procedure
was needed. The approach adopted here was to compare Vickers
hardness values obtained on a transverse surface at different

Figure 3. FEM meshes used for modeling of: a) spherical (PIP) indentation and b) Vickers hardness testing.
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depths with the outcomes of FEM simulation of the test, using
the PIP-derived stress–strain relationship for the (range of )
depth concerned.

2.5. Hardness Testing

A common way of characterizing the plasticity on a relatively fine
scale, to explore properties in regions such as case-hardened
layers, is to carry out hardness tests (on transverse sections).
The major drawback to this is that hardness numbers are only
semiquantitative indicators of the resistance to plastic deforma-
tion. However, it was undertaken here as a check on the reliabil-
ity of the stress–strain relationships obtained via PIP testing
(as these can be used to predict the plasticity response during
any kind of loading, including that of a particular type of hard-
ness test). Vickers hardness numbers were measured on trans-
verse sections, using a Qness hardness machine.

2.6. FEM Modeling

For both the spherical indentation (PIP testing) and the Vickers
hardness testing, FEM simulation was involved. For PIP, the
simulation was carried out iteratively, whereas for the Vickers
test it was just done once for each PIP-inferred set of Voce
parameter values─that is, for each of the 200 μm-thick layers that
were interrogated. Details of the PIP model have been described
in previous publications, as mentioned above. Nevertheless, the
meshes used in both types of model are shown in Figure 3. The
elements used were 2D quadratic serendipity elements (4400 in
total) for the PIP and 3D linear elements (129 657 in total) for the
Vickers.

3. Residual Stresses

Comparisons are shown in Figure 4 between measured height
data, as a function of position along the length, and correspond-
ing best fit uniform curvature plots. These were obtained using a
simple least squares criterion. While there is some variation in
curvature along the length, these values give a good overall repre-
sentation of the sample shape. These curvature data are pre-
sented in Table 3, together with inferred residual stress values
in the near-surface regions.

The residual stresses listed in Table 3 are all compressive─this
is clear from the sense of the curvatures, which were all concave
on the side from which the layers had been removed. This is as
expected, with the carburizing causing an increase in volume.
Realistically, the error on these values is relatively high, but they
probably give a good indication of the order of magnitude of
these stresses. The values are plotted in Figure 5. As expected,
they drop off with depth. The values are broadly consistent with
previously reported data, although a dependence on the carburi-
zation conditions (and the type of steel) is naturally expected.

Figure 4. Comparison, for each layer thickness removed, between experimental height–distance measurements and corresponding best fit uniform
curvature plots.

Table 3. Curvature data and inferred residual stresses. The σL values were
obtained from the (change in) curvature, using Equation (4). In all cases,
the biaxial Young’s modulus, E 0, was taken to be 286 GPa.

Total thickness
removed [μm]

Average measured
curvature, k [m�1]

Δk
[m�1]

B
[mm]

H
[mm]

h
[μm]

σL
[MPa]

200 0.10 0.10 2.8 1.4 200 190

400 0.21 0.11 2.6 1.3 200 180

600 0.33 0.12 2.4 1.2 200 165

800 0.44 0.11 2.2 1.1 200 125
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4. PIP Test Outcomes

4.1. Indent Profiles

A representative pair of measured indent profiles is shown in
Figure 6, with the corresponding best fit modeled profiles
included for comparison. The changes in the profiles confirm
that the material gets softer with increasing depth below the
original free surface (as expected). The Voce parameter sets cor-
responding to the best fit profile give the true stress–strain curve
for the surface concerned. As the depth to which deformation is
taking place is of the order of 200 μm, this stress–strain relation-
ship can be taken to be representative of a layer with approxi-
mately this thickness.

4.2. Inferred Stress–Strain Curves

The outcomes of these PIP tests, in the form of sets of Voce
parameter values, are presented in Table 4. These sets of
values define true stress–true plastic strain curves exhibited
by material, as a function of depth (averaged over 200 μm
increments of thickness). These curves represent a fundamental
characterization of the plasticity response of the material.
However, such information is commonly presented in the form
of a nominal stress–nominal strain relationship, as would be
obtained in a tensile test. Conversion between the two
types of curve is carried out using the following well-known
equations (based on conservation of volume during plastic
deformation)

σT ¼ σNð1þ εNÞ (5)

εT ¼ lnð1þ εNÞ (6)

where the subscripts T and N refer to true and nominal values. It
should be noted, however, that these equations only apply while

Figure 5. Curvature-derived residual stress levels within the carburized
layer.

Figure 6. Measured and (best fit) modeled indent profiles on two surfaces
at different depths below the original free surface. The radius of the inden-
tation sphere was 1mm in all cases.

Table 4. Sets of Voce parameter values obtained by PIP testing.

Thickness
range [μm]

Yield stress
σY [MPa]

Saturation
stress

σs [MPa]

Characteristic
strain ε0 [%]

0–200 1340 2767 4.4

200–400 1365 2643 3.6

400–600 1104 2554 4.9

600–800 1013 2307 4.3

800–1000 1156 2114 5.5

Figure 7. PIP-inferred tensile (nominal) stress–strain curves for layers at
different locations below the original free surface.
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the stress and strain fields are uniform─so they are not valid after
the onset of necking (which occurs at the peak of a nominal plot).

The nominal curves (for tensile loading) are shown in
Figure 7. The behavior is broadly as expected, with the yield
stress rising from around 1000MPa in the interior to
�1400MPa near the free surface. Appreciable work hardening
is exhibited in all cases.

4.3. Effect of Residual Stresses

As outlined above, residual stresses can affect the way that inden-
tation takes place, and hence influence the residual indent pro-
file. However, one outcome of a detailed investigation into this
issue[3] was that the effect tends in most cases to be relatively
small, particularly for compressive residual stresses. Such
stresses tend to retard initial yielding during PIP testing
(whereas tensile residual stresses accelerate it). However, after
considerable penetration has taken place, the stress field around
the indenter is often little different from that in the absence of
residual stress. In the current case, in which the residual stresses
in the near-surface region are compressive and relatively low, the
effect is negligible. This can be seen from Figure 8, which shows
predicted indent profiles for the top layer (first set of Voce param-
eter values in Table 4), with and without the presence of a com-
pressive residual stress of 200MPa. The effect of the residual
stress is small─almost within the margin of experimental error
expected in measuring the profile. As this case is the most severe
(highest residual stress), the error involved in neglecting residual
stress in all cases is expected to be very small.

5. Validation via Hardness Testing

The FEMmodeling of the Vickers test, carried out using the Voce
parameter sets in Table 4, leads to 3D indent profiles. In the test
itself, the hardness numbers are obtained by measuring the aver-
age of the two diameters (in projection). For a transversely iso-
tropic material, these two should be the same. When obtaining
values from modeling of the test, a decision must be made about
how this diameter would be perceived when viewed in the optical

Figure 8. Modeled indent profiles for penetration of a 1 mm radius ball
into the top layer, with and without a compressive residual stress of
200MPa.

Figure 9. FEM-predicted Vickers indent profiles (along the diagonals) for the Voce sets shown in Table 4, with an indication of the (semi-) diameter values
that would probably be obtained when viewed in the optical microscope, and corresponding HV values.
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microscope. The modeled profiles are shown in Figure 9, with
these perceived (semi-) diameters taken to be the distance from
the indentation axis to the highest point of the pile-up created by
the indentation. The Vickers hardness number is then obtained
from the standard equation

HV ¼ 1.854
F
d2

(7)

where F is the applied force and d is the diagonal length. This
corresponds to the force over the contact area, based on a simple
geometrical construction (neglecting any effects of pile-up, sink-
in, or spring-back). Hardness numbers have little or no intrinsic
significance, but can be used in this instance to explore the reli-
ability of the inferred stress–strain relationships.

A comparison is shown in Figure 10 between experimental
Vickers hardness numbers, as a function of depth below the free
surface, and corresponding values obtained via the FEM simula-
tion. The agreement is good, although it should be recognized
that both experimental measurements and inferred values are
subject to considerable error, particularly for vary hard material
of this type. In this regime, an error of a micron or so in mea-
sured diameter changes the HV value by about 10%. It should
also be noted that, in view of the fairly sharp gradient in hard-
ness, PIP testing with an interrogated depth of around 200 μm
will tend to give stress–strain curves that are slightly below the
actual ones. This may account for the FEM-derived values being
slightly below the directly measured ones. Nevertheless, the
broad consistency is clear.

6. Conclusions

The following conclusions can be drawn from this work, which is
focused on use of the PIP technique to obtain stress–strain rela-
tionships as a function of depth within a case-hardened layers

(�1mm thick) for a particular steel: 1) The carburizing creates
(compressive) residual stress in the near-surface regions. This
has been investigated by measuring the curvatures induced in
strip samples (carburized on both sides) as thin layers are repeat-
edly ground away on one side. These (equal biaxial) stresses
range up to about 200MPa. 2) PIP testing has been carried
out on free surfaces, with and without prior grinding away of thin
layers. In this way, (true) stress–strain curves were obtained that
are representative of those in a series of near-surface layers, each
about 200 μm in thickness. While the yield stress of the steel
before carburizing was around 1000MPa, it ranged up to about
1400MPa at the as-carburized surface. The PIP outcomes also
indicate relatively high rates of work hardening in all cases.
3) Validation of these sets of stress–strain curves has been
approached by comparing Vickers hardness numbers obtained
on transverse surfaces at a series of depths below the original
free surface with predicted numbers obtained by FEM simula-
tion of the Vickers test, carried out using stress–strain relation-
ships derived from PIP testing of free surfaces after grinding
away a series of thin layers. Good agreement is observed across
the complete range of depth.
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