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Instrumented indentation is gaining ground as a tool for generating
mechanical phase maps in composite structures such as dual phase (DP)
steels. The plastic zone evolution dictates the indentation parameters in such
measurements and needs to be estimated accurately. This study uses finite
element modeling to simulate nanoindentation responses on a ferrite—
martensite DP steel to directly quantify the plastic zone in the heterogeneous
microstructure. The polycrystalline tensile deformation response of individual
phases of the composite structure are fed as input to a micro-mechanical finite
element model to determine the indentation response. The effect of extrinsic
parameters, such as tip radius and geometry, and intrinsic microstructural
parameters, like the martensite volume fraction and hardness on the plastic
zone evolution and the hardness derived thereof, is established. The model
correctly predicts the trend in hardness of individual phases as well as the
two-phase composite structure. More importantly, it allows for direct visual-
ization of the plastic zone and the stress triaxiality underneath the complex
stress state, enabling prediction of failure modes in these microstructures.
This offers a complementary tool to the expensive process of locating and
cross-sectioning the indents through site-specific micromachining tools to as-
sess the damage zone under them.

and expensive. Multi-scale finite element modeling

INTRODUCTION

Depth-sensing indentation, also known as instru-
mented indentation, is a widely used tool to extract
local, site-specific mechanical properties of materials
in small volumes, which eliminate the need to image
the indents.! Since the pioneering work of Oliver—
Pharr,? several modifications of the technique have
been used to determine the elastic modulus and
hardness from indentation load—depth curves®® in
complex material systems, including multilayers,
multi-phase composites, and thin films. There are
obvious advantages in being able to quantify the
actual plastic zone evolution during indentation,
especially in mechanical phase maps of heteroge-
neous, complex microstructures.*® However, imag-
ing the actual plastic zone size (PZS) is challenging

(Received January 1, 2022; accepted March 30, 2022;
published online April 18, 2022)

(FEM) and simulation of indentation behavior
through both continuum and crystal plasticity-based
models have been able to provide this complemen-
tarity to experiments.’'! For example, Yan et al.
showed how virtualimaging of simulated indentation
areas could correct for pile-up and sink-in effects,
especially in particle-reinforced composites.*?
Estimation of the PZS via analytical models or
finite element simulations has been pursued by
various researchers. Mechanistically, the average
pressure translates to the physical property, hard-
ness, when the plastic zone grows into a hemispher-
ical cavity and extends to the surface. Using
Johnson’s expanding cavity model,’® the PZS, ¢
around indents in elastic—perfectly plastic solids is

given by'* 18
c\3  Etanf 2(1—2v)
(5) T 6(1—v)ays  3(1—v) D)
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where a is the contact radius, E is the Young’s
modulus, v is the Poisson’s ratio, g, is the yield
strength, f=n/2 — 0 is the inclination of the
indenter face to the surface of the solid, and 0 is
the semi-angle of the conical indenter. While inte-
gral-form relationships between the internal pres-
sure and the PZS have been developed,'® 2% Mata
et al.?* provided a closed-form solution of the PZS in
elastic—perfectly plastic as well as strain-hardening
solids for axisymmetric indenters. For elastic—per-
fectly plastic solids, it is given by:

c 2z, +1217a, (2E\'? @)
R~ a,/0.635 30ys

where z,, is the plastic zone depth, R = ;%= is the
radius of the equivalent spherical indenter tangent
to the contact point like that of a conical indenter
with a half-cone angle 70.3°, also called the cavity
radius, and a; is the contact radius. For strain-
hardening materials, their finite element simula-
tions showed an outward spread of the plastic zone
with increasing strain-hardening exponent (n) for a
fixed E and g;. They provided a fitting function that
also describes the plastic zone for those cases. Using
FEM, Chen and Bull®>?® established and validated
the following relationship between PZS and inden-
tation depth in elastic—perfectly plastic materials
with an H/E ratio < 0.35:

R, H
5L = ~12.907 -+ 4.5451 (3)

where R, is the radius of the plastic zone, 6,, is the
maximum indentation depth, H is the hardness, and
E, is the reduced elastic modulus. This relationship
is primarily applicable for ceramics indented using
conical tips and accounts for tip-rounding effects.
All these models assume an isotropic homogeneous
material in their calculations, and the majority were
developed to determine the depth of penetration in
thin films and coated systems in order to avoid
substrate effects.

While the above authors used mathematical
models to describe the plastic zone underneath the
indenters, there are several others who validated
these models using direct experimental observa-
tions and described the actual mechanism of plastic
zone evolution. Nix and Gao®’ 2 assumed the
plastic zone to be a hemisphere containing circular
loops of geometrically necessary dislocations
(GNDs). This microstructural assumption allowed
the accommodation of a strain gradient (tan (f/a))
and the development of a strain gradient plasticity
theory that accurately captured the indentation size
effect in metals.?® Experimentally, the high spatial
resolution of X-ray micro-diffraction was used to
reveal the lattice rotations (evidenced in the form of
streaking of the Laue spots) from the plastic zones
of indentations in (111) copper.?>! The magnitude
of streaking of the Laue spots was found to be
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independent of the indentation depth, indicative of
constant total lattice rotation and effective inden-
tation strain, which is consistent with the assump-
tions of the Nix—Gao model.?® In contrast, through a
combination of focused ion beam (FIB) cross-sec-
tioning and electron backscattered diffraction
(EBSD), it was shown that lattice misorientation
angles (w) increased with increasin% depth under-
neath indentations of varying loads.*?3® Since o is
directly proportional to the GND density,*** the
increase in w with increasin§ depth is in contradic-
tion to the Nix—Gao model.?

The PZS dictates the minimum distance that has
to be maintained between indents to ensure zero or
negligible mutual interaction, and is hereafter
referred to as indent spacing. The indent spacing
becomes especially important during high-speed
nanoindentation which offers a possibility for
obtaining high-throughput data like phase mapping
and the ability to detect microstructural (dislocation
density) changes, such as during recovery, recrys-
tallization, and deformation.?® Hintsala et al.,>” in
their review of the effect of indent spacing, loading
rates, and pile-up or sink-in during nanoindentation
mapping, showed the effect of overlapping plastic
zones on the hardness and modulus of single-crystal
aluminium. Li et al.?® studied the extraction of pop-
in statistics from a microstructural perspective, and
elucidated the dependence of the indent spacing on
Peierls—Nabarro stress, elastic constants, and dis-
location density of the material. Phani et al.>® used
a combination of high-speed nanoindentation map-
ping and FEM to show that a minimum indent
spacing of 10 times the indentation depth (in
contrast to the well-known 20 times***!) resulted
in negligible deviation in hardness for a myriad of
bulk materials. This study mainly involved single-
phase materials and hence does not take into
account phase-wise variation in properties and PZS.

The ability to predict the PZS and shape in multi-
phase composites enables revised and realistic
thumb rules on the distance between indents for
high-throughput hardness mapping experiments. A
few groups have pursued a combination of finite
element simulations and nanoindentation tests to
determine various parameters influencing the
indentation behavior of dual-phase (DP) steels.
Matsuno et al. placed indentations on ferrite at
various distances from the ferrite—-martensite inter-
face of a DP steel to determine the critical distance
at which the influence of the second phase impacted
the plastic zone and hardness measurement of the
ferrite.*? They reported this distance to be ~1 um,
below which the hardness of the ferrite phase begins
to increase, due to the influence of the hard
martensite. However, the relative distance with
respect to the size of the feature as well the depth of
indentation were not explicitly analyzed in their
work. Kadkhodapour et al.*® also showed such an
influence in the hardening behavior of ferrite when
measured in close proximity to martensite. The
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critical distance from the interphase boundary in
their case was, however, found to be higher, at 3 ym,
which may be due to the difference in the size of the
features in this study compared to Matsuno et al.*?
They attribute this to local hardening in the ferrite
due to GNDs prior to the indentation process.
Again, the depth of indentation and its effect was
not systematically studied. In heterogeneous sys-
tems of this nature with different strain-hardening
behaviors of the individual phases, the plastic zone
cannot be assumed to be a hemispherical cavity. The
simulation of the indentation response in such
materials also helps to quantify the stresses and
triaxiality underneath the indenter as a function of
second phase size, shape, and volume fraction, and
as a function of tip geometry, which helps to predict
the damage and failure mode under indentation
stress fields. They are also important as inputs for
integrated computational materials engineering
efforts. This study is a demonstration of these
applications on a ferrite («)-martensite («’) DP steel,
which can be considered to be a composite with a
soft ferrite matrix reinforced by hard martensite
islands.

Previous studies have focused on determining the
properties of ferrite in close proximity to martensite
islands. However, the edge effects will not be the
same for hardness measurements of martensite,
surrounded by the soft ferrite phase, and these
critical relative spacings will need to be different. In
our previous study,** tempering was used to reduce
the relative difference in hardness between the two
phases, but their effect on PZS evolution is not
known. In the present study, FEM simulations are
carried out to determine the maximum depth of
indents on the martensite islands, such that an
unambiguous mechanical phase mapping becomes
possible for various thermo-mechanically processed
microstructures of DP steel, while being able to
separate out the interface effects. Our model is only
a first approximation of the properties, considering
both ferrite and martensite as polycrystalline aggre-
gates, constituting a two-phase composite. The focus
is primarily on the o, which typically forms
equiaxed or irregularly shaped islands in the «
matrix.

This paper is organised as follows. The method-
ology of finite element simulations emulating the
experimental measurements using different inden-
ter tips are described first. This is followed by the
results section, which starts with an experimental
verification of the simulated hardness measure-
ments on individual phases «, ', and the interface,
and determination of critical normalized indenta-
tion depth to distance from the interphase boundary
essential to extract properties of the o. More
detailed calculations of PZS for various tip geome-
tries and radii follow in order to offer a choice to the
user based on the o’ feature size in the microstruc-
ture. Further the effect of thermo-mechanical pro-
cess parameters, especially tempering, captured in

terms of yield strength and strain-hardening behav-
ior as inputs on the hardness, is determined.
Finally, the composite microstructure with chang-
ing volume fraction and hardness differentials,
emulating a realistic microstructure, is indented
using simulations to predict their hardness, and
compared to experimentally determined values. A
discussion on the advantages and limitations of
FEM as a complementary technique to experimen-
tal measurements of plastic zone is presented before
concluding the work.

METHODOLOGY
Material

DP steels are advanced high-strength steels con-
taining martensitic islands in a ferritic matrix. The
martensite islands nucleate from prior austenite
grain boundaries during inter-critical annealing
followed by quenching, and form the hard reinforc-
ing phase in the soft ductile ferritic matrix. It has
been found that the volume fraction of «’ and the
hardness differential AH = H,-H, (where H refers to
the hardness of the corresponding phase) are the
two most important factors that govern the strain
partitioning and control the damage initiation and
failure in these materials.*® The typical microstruc-
ture of DP steels considered here consists of o with a
grain size of 2.5 &+ 1.7 um and ¢’ islands of varying
shape and size, ranging upwards from 3.0 £+ 2.0 um
(Fig. 1a, c). The scatter bands represent standard
deviations in the average grain-size of the ferrite
and the colony size of martensite measured via
EBSD maps of DP steel. Based on the strength
requirement, the volume fraction of o« typically
ranges between 10% and 30% and, based on the
carbon content, the AH ranges from 5.4 GPa to ~1.1
GPa. In the DP 600 shown in Fig. 1(a), the volume
fraction of o is ~10% with a AH of 5.4 GPa, as
measured from nanoindentation experiments.** The
indents for these measurements were placed in an
array at a distance of 10 um, based on the present
thumb rule of indent spacing being greater than 20
times*®*6 the maximum depth (Fig. 1b). The tem-
pered microstructures were generated by heating
the DP 600 at various times and temperatures,
details of which can be found elsewhere.** The
volume fraction of martensite was changed by
heating the DP to 1073 K for 15 min followed by
water quenching in a Gleeble™ thermo-mechanical
simulator.

Experimental Methodology

All the samples were polished to a very low
surface roughness (< 50 nm) through sub-micron
colloidal silica polishing. EBSD measurements were
carried out after the indentation in a FEI™
Quanta-3D field-emission gun dual-beam system
with an EDAX-TSL™ EBSD set-up to identify and
map the hardness values of the individual phases.
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Fig. 1. (a) Image quality (IQ) map of a ferrite («)—martensite («’) dual phase microstructure with an array of Berkovich indents; an o’ island and an
o grain have been marked with a blue and red outline, respectively. (b) Schematic of the plastic zone size under an indent in a heterogeneous
microstructure (c) Grain size distributions of ferrite and martensite obtained from EBSD (Color figure online).

Hardness tests were carried out at two different
length scales. Microhardness tests were carried out
in a Vickers indenter at 10 gf maximum load with a
dwell time of 10 s, and the hardness is derived
using:

H = (4)
where P is the maximum load and A is the projected

. dave’ .
contact area given by =%, d,,, being the average

diagonal length of the indent measured by optical
imaging. A focused ion beam cross-section was
milled to reveal the indented region and the asso-
ciated plastic zone of one such indent.

The nanoindentation measurements were carried
out in a Hysitron™ TI Premier nanoindenter with a
Berkovich tip in load-controlled mode (maximum
load of 4 mN), with a loading and unloading rate of
0.4 mN/s, and dwell time of 5 s. Elastic modulus and
hardness values were estimated by the standard
Oliver—Pharr method.?

bl

Simulation Methodology

Finite element simulations were carried out in
ABAQUS/CAE v.6.14-4® with the methodology
described in Figs. 2 and 3. An axisymmetric model
is used when the entire structure is assumed to be a
homogeneous isotropic single phase, and a 3-D
model is used when the two-phase polycrystalline
aggregate structure is explicitly modeled. Micro-
mechanical models of « matrix with 10, 20, and 30%

o’ were created by partitioning the structure with a
random distribution of martensite particles in the
size range of 0.4-7.0 um taken as input from
experimental sampling (Fig. 2a, b). This is a model
idealised from the microstructure shown in Figs. 1a
and 2a, assuming all the islands of o’ are spherical
in shape. Further details of the algorithm are given
in the appendix 1. The experimentally measured
change in hardness differential as a function of
tempering heat treatment for the various
microstructures of DP steel are shown in Fig. 2c.
Input properties were assigned from the Rodriguez
model of tensile deformation response of the two
polycrystalline phases,*” fit to the Holloman equa-
tion (Figs. 2d and 3a). This is to account for the
contribution of the neighboring grains on the defor-
mation of o or o’ even when indented on individual
grains. The Rodriguez model is an analytical equa-
tion describing the hardening behavior of the phase,
including contributions from the Peierl’s stress due
to solid solution formers (o) and interstitial solute-
carbon (Ac) for ferrite and martensite, and the
classic Taylor hardening (due to dislocations in a
polycrystalline material) (Eq. 5). The constants of
the Taylor hardening term is found by fitting the
experimental tensile strength data from a variety of
steels, including ferritic, pearlitic, martensitic, and
bainitic steels. The final equation from the Rodri-
guez model used for the fitting is:

— exp(—Mkge)
Tl (5)

1
c= 00+Aa+ocMu\/5\/
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Fig 2. (a) Image quality (IQ) maps of 10% and 30% martensite microstructures generated via controlled intercritical annealing, and (b) the
corresponding micro-mechanical finite element models used to simulate indentation on these structures. (c) Change in ferrite and martensite
hardness as a function of increasing intensity of tempering denoted by the Hollomon—Jaffe (temperature—time) parameter (reproduced with
permission from Ref 44), (d) model input for parametric simulations of the changing strength differential.

where o is a constant close to 0.33, M is the Taylor
factor (~3), u is the shear modulus (80 GPa), b is the
Burger’s vector (0.25 nm), L is the dislocation mean
free path, and k; is a constant. L values of 8 ym and
0.04 ym were found for ferrite and martensite the
respectively, while k5 values of 1.35 and 40.91 were
found for ferrite and martensite the respectively.
These values were found by fitting the data to
experimental tensile data of a variety of steels,
including ferritic and martensitic steels. On using a
rule of mixtures for a DP steel with 10% martensite

with the input data obtained from the Rodriguez
model, a good correlation was found with the
experimentally measured tensile response. Experi-
mental phase-wise hardness data on the DP** and
the initial yield strength values of DP obtained from
the Rodriguez model were fit to a linear equation.
This linear relationship was used to interpolate and
find the input yield strengths of ferrite and marten-
site from the experimental phase-wise hardness
data of tempered structures. The effects of other
microstructural variations in terms of martensite
island shape and distribution in ferrite grain size
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Fig 3. Methodology of the finite element modeling showing: (a) input data for ferrite and martensite. taken from the Rodriguez model ®° plotted
along with the corresponding Hollomon equation fit, (b) boundary conditions used, (c) types of tests carried out, (d) data extraction techniques

used, and (e) tip types used

were not part of this study. This study does not use
grain scale simulations and assumes the entire
phase as a polycrystalline entity. However, it can be
expanded into a crystal plasticity simulation using
orientation-specific grain-level experimental data
that are available through micropillar compression
tests, #5852

Figure 3(a—c) summarizes the input properties,
boundary conditions, and variables studied. CAX4R
4-node bilinear type of elements, with a total of
79,200 elements in the axisymmetric model, and, for
the 3D model, C3D4 4-node linear tetrahedral type
of elements with a total of ~450,000 elements, were
used for FEM simulations. For the axisymmetric
case, the mesh was refined further within a 3-ym
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distance close to the indented region, such that
there were at least 50 elements per unit length of o’
(Fig. 3(b)). For the 3D model, a maximum mesh size
of 0.5 ym was used with adaptive refinement. The
mesh size for all simulations near the zone of
indentation was 20 nm (which corresponds to a
ratio of 0.02 for a 1-um radius indenter tip). Mesh
sensitivity studies were performed, and it was
observed that, below a mesh size of 40 nm, a
consistent convergent indentation response was
obtained.

Pyramidal indenters used were Berkovich and
Vickers. Berkovich indenters with an included
angle of 142.3° with a sharp point (ideal) and 100
nm radius were used. The Vickers indenter was
idealised as sharp and had an included angle of
136°. Berkovich indentation was used to extract the
hardness of the individual phases and the interface
and compared to experimental nanoindentation
measurements, Vickers indentation was used to
quantify the hardness of the composite structure to
be compared to experimental microhardness mea-
surements. Additionally, spherical indenter tips
with radii ranging from 0.1 to 50 um were used
(Fig. 3c) to determine the effect of tip radius on the
PZSs. The simulated indentation load (P) — depth
(h) response was extracted as output from the
reference point of the indenter. For measurement
of the PZS in the axisymmetric model, an average of
the distances from the point of indentation to the
boundary of the finite equivalent plastic strain
(PEEQ) contour (beyond which yield criteria are
not met) at 7 different angles with 15° step size were
taken (Fig. 3d). 3D simulations were carried out
with Vickers and Berkovich indenters. Vickers
indentations covered multiple phases analogous to
a microhardness test, while Berkovich indentations
were confined to individual phases analogous to a
nanoindentation test. To measure the contact area,
the indented surfaces were further sectioned at 90°
to the surface. The sectioning plane was along the
diagonal and altitude of the indents for the Vickers
and Berkovich indents, respectively. The distance
from one boundary of the plastic zone (beyond which
PEEQ is zero) to the other is measured on the cross-
sectioned view of the indent as the contact radii ‘a’
and ‘b’ for the Vickers and Berkovich, respectively
(Fig. 3d) to account for the pile-up or sink-in which
occurs within the plastic zone. These were used to
compute the projected contact area according to
Egs. 6 and 7, using the known geometrical
relationships.

For the Vickers (Ayjckers) indents:

a?
AvickERrs = 5 (6)
where a is the diagonal length of the squared

shaped impression.
For the Berkovich (Apgrk) indents:

b2
ABERK = \/_§ (7)

where b is the altitude of the triangular impression.

Further, adopting Sneddon’s criteria for conical
indenters (Eq. 8),°>°* the contact stiffness (S) was
found by fitting the first 10% of the unloading
response with a linear equation (P = Sh + C), where
P is the load, A is the indentation depth and C is a
constant:

P =oh" (8)

where m = 2 for conical indenters. Hence, %= 20h.
Therefore, a linear fit to the unloading response is
used.

Then, Eq. 9 is used to obtain the elastic modulus:

Syrn
E= 9
2VA ®)
RESULTS

Hardness Measurements through Berkovich
Indentations on Individual Phases

Figure 4a shows the load-controlled indents car-
ried out on the ferrite phase, interface and the
martensite phase (marked as “Martensitel” in
Fig. 4a) of a micro-mechanical model of a DP steel
with 10% o at a peak load of 4 mN. The placement
of the indents on ferrite and martensite was meant
to ensure no interference from the other phase, as
explained later. The hardness obtained using
Egs. 4, 6, and 7 is compared to the experimentally
measured values using the Oliver—Pharr method in
Fig. 4b at the same load. The trend is very well
captured from the simulated data, although there
are differences in the actual values. This is obvious
from the differences in the simulated and experi-
mental load—depth curves shown in Fig. 4c—e for the
three locations. While the loading parts of the
curves are quite different, the unloading slopes
obtained from them are similar. The difference in
plastic depth between experimentally measured and
simulated curves implies that the P-4 curves from
the simulations cannot be used to estimate the
contact depth or contact area. However, the ability
to visually measure the simulated PZS (Fig. 4f)
helps to overcome this, by direct measurement of
the deformed area underneath the indent. There-
fore, the contact stiffness is used from the simulated
P-h response and the projected contact area is
directly measured from the PEEQ contours below
the indented area. This yields the elastic modulus
as 160 GPa for « and 189 GPa for «’ (obtained from
Eq. 4), which is within reasonable limits of those
obtained directly from experiments using the Oli-
ver—Pharr method for o (157.6 GPa + 9.6 GPa) and
®’(176.1 GPa + 11.9 GPa). The hard «’ shows a lower
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plastic depth compared to the soft o« phase, as
expected. The novelty of this work is to demonstrate
the ability to appropriately capture the PZS and
shape in a micro-mechanical model that considers
the actual microstructure of the DP steel, enabling
their quantification and subsequent prediction of
hardness for other volume fractions and hardness
differentials in the composite structure.

Further, for a given load of 4 mN, the maximum
depth corresponding to each indent is compared to
the plastic zone underneath it in Fig. 4f to gauge the
extent of the influence of the surrounding second
phase on the measured hardness of the first. For a
maximum depth A,,,, of 0.24 ym on martensite
(marked as Martensitel in Fig. 4a), the PZS is 0.53
um. The indented martensite island has a particle
size R of 2.5 ym, which corresponds to a normalized
depth (ratio of maximum depth, A,,,,, to distance, d,
from the ferrite—martensite interface) of 0.09 from
the interface.

o’ is usually a disconnected, sparsely distributed,
irregularly shaped second phase, as shown in
Fig. 1(a). Hence, there is lower probability that, in
a matrix of indents, the indent falls exactly on the
center of the o island. In the eventuality that the
indent is closer to the interface, the plastic zone will
be influenced by the soft ferritic matrix around it,
and hence a critical depth of indentation with
respect to the island size and position is required
to determine whether an indent is truly represen-
tative of the hardness of the individual phase.

Figure 5 shows the evolving plastic zone for an
indent placed on an o island at a distance of 0.8 ym
from the interface (marked as “Martensite2” in
Fig. 4a). It is irregularly shaped, especially when
close to the interface, in contrast to the assumptions
of an expanding hemispherical cavity which is
assumed in homogeneous models. It can be seen
from Fig. 5b that, with increasing values of maxi-
mum depth (4,,,) normalized by distance to the
ferrite—martensite interface (d), the hardness
begins to decrease. This shows that erroneous
values of martensite hardness would be obtained if
the PZS is not appropriately taken into account, and
if A0,/ d exceeded 0.3. Hardness values for A, /d
values lower than 0.1 were not determined. as the
PZS became finer than the mesh size. A well-
developed plastic zone with a constant triaxiality
ratio was ensured for all the indentation depths
shown here, and smaller depths that would cause
indentation size effects were not considered.

In a real nanoindentation experiment, the user
would perform an array of indents with the same
experimental parameters to phase-partition the
data on such a microstructure. A correlative micro-
scopy (via scanning electron microscopy images or
EBSD) would help to reveal the distance of each
indent from the ferrite—martensite interface. Hence,
as observed from Fig. 5b, the user can ensure that
the normalized depth (A,,../d) is below 0.30, such
that interference from ferrite is negated. Therefore,
the finite element model enables the differentiating
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of the information obtained from each indent, and
finding the indent spacing in a phase-mapping
experiment for a composite of hard—soft phases.

Effect of Tip Radius and Geometry
on the Plastic Zone Size

This section compares and contrasts the effect of
the tip geometry and tip radius on the PZS and the
stress state on homogeneous substrates. These
indentations have been simulated on single-phase
martensite with load control at a maximum load of
10 mN. Figure 6a shows the PZS plotted as a
function of depth for an ideally sharp Berkovich and
a realistic tip with 100 nm radius. Both scale
linearly with depth and show a PZS independent
of the tip radius, confirming the constant strain
nature of these tips. Further, the PZSs were calcu-
lated at a depth of ~200 nm (contact radius of 0.54
um) for the Berkovich indenter. PZSs of 1.24 ym and
3.26 um were obtained from Eqs. 1 and 2, respec-
tively, while it was ~0.76 um (measured in the
vertical direction) from the simulated data.

In contrast, Fig. 6b shows the PZS as a function of
spherical tips of different radii. This relationship is
non-linear. There is a significant difference in PZS
for a given depth at small radii, whereas the
differences reduce at increasing radii. Naturally, a
tip with a larger radius yields a larger plastic zone
for a given depth, and has a steeply increasing PZS
with increasing depth compared to those with
smaller radii. When probing multi-phase composites
such as DP steel, the choice of tip radii and
indentation depth will depend on the feature size
that is being probed, so as to ensure that the PZS is
limited within the confines of the second-phase
interface. A smaller tip radius is preferred when the
feature size is small for recording the plastic
response; however, a smaller radius also reduces
the load and the corresponding depth required for
elastic—plastic transition. At small depths, the
indentation size effect will interfere with the
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measurements. In addition, small irregularities in
the shape of the indenter become amplified. For
instance, the critical load at which elastic—plastic
transition takes place is 0.02 mN for the 100-nm tip
radius at a depth of ~7 nm, whereas it is 3.9 mN for
the 50-um tip radius at a depth of ~14 nm. In order
to observe a clear elastic—plastic transition in a
relatively soft material like DP steel, while main-
taining the plastic zone confined to the individual
martensite islands, a compromise at 10-um tip
radius would be ideal, which shows this transition
to plasticity at ~ 0.2 mN. Figure 6b can then be used
to determine the maximum depth to contain the
plastic zone within the feature of interest in a
composite structure. Finally, the choice of tip geom-
etry and radius will also affect the A,,,,./d that can
be employed in DP steels without interference from
the second phase.

Effect of Intrinsic Properties of «
on the Plastic Zone Size

Upon tempering of DP steels, the hardness of the
martensite decreases as expected, approaching that
of the ferrite matrix. This corresponds to a lower
yield strength and higher strain-hardening expo-
nent in o’. Thus, the hardness differential AH is
expected to come down (Fig. 2c), with the softer
martensite expected to display a larger plastic zone,
both of which are challenging for the objective of
phase mapping. In this section, simulations were
carried out on single-phase « to decouple the
influence of the yield strength (oys) and strain-
hardening exponent (n) on the PZS, to simulate the
microstructures of tempered conditions. Three such
cases were simulated, varying either the yield
strength or the strain-hardening exponent sepa-
rately using spherical indentation with a tip radius
(R) of 10 um (Fig. 7). It is clear that the PZS is a
function of the yield strength, with an 80% decrease
in yield strength increasing the PZS by ~46% for
any applied depth (Fig. 7b, ¢). Thus, a thumb rule
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Fig 6. Plastic zone size as a function of depth for (a) Berkovich, and (b) spherical tips of different radii for the martensite phase.
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separating the indents by 10 times the maximum
depth may not always be valid, giving rise to
overlapping plastic zones in the case of materials
with low yield strengths. On the other hand, at the
small depths and corresponding indentations
strains (a/R < 0.07) simulated here, the strain-
hardening exponent plays a negligible role, with the
PZS remaining the same for a 200% increase in n.
The difference in PZS becomes visible at larger
applied strains, with a higher plastic zone occurring
for a material with higher n. These are in accor-
dance with other predictions in the literature, which
have been made using Berkovich indentations.?*%¢
However, since the applied strains in spherical
indentations are smaller than for the sharp Berko-
vich tips for a given indentation depth, and the yield
strength at which the n values are varied is high,
the differences appear smaller than that reported in
the literature.

The range of yield strength and n values used
here covers the extreme ends of the spectrum of
yield and strain-hardening characteristics of
martensite subjected to tempering treatment.

Therefore, Fig. 7 can also be used to derive the
Ponax!/d for the heat-treated DP steels, which will
differ from the DP 600 that was employed in section
“Hardness Measurements through Berkovich
Indentations on Individual Phases”.

Prediction of Composite Hardness in DP
Steels for Varying Volume Fraction of «

and Hardness Differentials, and Experimental
Comparison

The last objective of the study is to predict the
hardness of the composite structure through a 3D
model of DP steel at varying volume fractions of o’
and hardness differentials AH, followed by compar-
ison the with experimentally measured microhard-
ness values. These mimic the microstructures
obtained by different thermo-mechanical processes
of inter-critical annealing and tempering. Figure 8a
shows the simulated P-h response from Vickers
indentation for all the microstructures together
under a constant load of 100 mN. These lead to
varying maximum depths based on the overall
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composite hardness. Due to the statistical nature of
the distribution of the second phase, in this case
most indents happened to be located on the ferritic
matrix. The hardness is seen to follow a rule of
mixtures with respect to the volume fraction of o
(V,), increasing with increasing the o’ fraction for a
given AYS (YS,-YS,) of 1207 MPa (Fig. 8b). In
addition, the composite hardness increases with
increasing AYS for a given volume fraction of 10%
(Fig. 8c). Both are expected. A lower V, and a lower
AYS both lead to better (increasing) strain parti-
tioning between the two phases, leading to higher
strain accommodation and a larger plastic zone. For
instance, the PZS in ferrite is found to be 5.9 4+ 0.3
um for the highest AYS condition and 7.2 £+ 0.3 ym
for the lowest AYS condition. While experimentally
measured values are significantly different from the
predicted ones, the relative changes are succinctly
captured by the simulations. The PZS is an overes-
timation given that the microstructure is idealised
assuming a spherical shape for all «’ and a constant
grain size for o, without incorporating an evolving
dislocation structure under stain gradients and
micro-residual stresses. However, this still allows
us to gauge the mechanistic reasons for the
observed trends.

Although a damage model was not built into the
FEM in the present study, an idea of damage
initiation and accumulation can be gathered from
the stress triaxiality contour plots. Figure 8d, e
shows the stress triaxiality across the indented
cross-section for two different V,, of 10% and 30%,
at a constant AYS. While the magnitude of the
triaxiality ratio is the same in both cases, the
composite with a lower fraction of o’ has a larger
hydrostatically compressed zone, which implies
delayed damage nucleation in it. The maximum
positive triaxiality ratio is found to occur at the o—o’
interface, while a smaller, yet positive, value occurs
inside the o islands. The position of the highest
triaxiality ratio is an indicator of the location of
damage initiation. Therefore, in DP steels, damage
nucleation under indentation is expected to occur at
the ferrite—-martensite interface. It also implies that
damage would initiate at smaller indentation
depths for DP steels with higher V., and higher
AYS. If the interface strengths are known, these
plots can be utilized to predict the depth beyond
which hardness measurements become invalid due
to cracking/damage. Figure 8(f) reveals the
microstructural features that participate in the
plastic zone that develops underneath this compos-
ite structure. When the depth of penetration is
about 2 ym, our simulation results predict a PZS in
DP steel for a Vickers indentation to be about 10
um. This plastic zone would extend to cover several
ferrite grains and martensite islands, and result in
damage evolution that cannot be captured using
traditional models. In addition to the size distribu-
tion of the martensite islands, the morphology will

also influence the plastic zone, but was not consid-
ered in the present study.

DISCUSSION

The present study uses virtual indentations
through FEM to quantify the plastic zone evolution
in DP steels, and to determine the effect of various
geometric and microstructural parameters on the
measured hardness. The primary focus of this work
has been the determination of the nanoindentation
properties of the hard martensite islands embedded
in a soft ferritic matrix. This is not an effort towards
optimization of the model to yield results close to
those of the experiments, unlike in the works of
Knapp et al.'! or Karimzadeh et al.'’, but to just
make relative comparisons of trends. This section
contains two parts: (1) reasons for differences
between simulated and experimental measure-
ments of hardness, and (2) mechanistic understand-
ing of the simulated indentation data and associated
protocols for DP steels.

Figure 4b shows that the simulated measurements
of hardness of individual phases is always lower than
the experimentally measured values. While the
former is measured from estimation of the indented
area, in the latter, the conventional Oliver—Pharr
method is used without any corrections. The tip
geometry used in both cases is the same, including
the tip radii. The Oliver—Pharr model is designed for
homogeneous systems, and directly applying it into
such heterogeneous microstructures may give rise to
errors, especially when the surrounding matrix is
softer than the phase being indented. However, the
differences in the absolute values of hardness
between the simulated and experimental data is
primarily because of the idealisations of the
microstructure in the simulations. Firstly, the sim-
ulated P-4 responses have not been fit to the exper-
imental P-h response by adjusting the input
Rodriguez model, which results in the simulated
loading curves having a significantly lower slope
than the experimental curves. This indicates that the
assumed yield strengths and strain-hardening
behavior for the input maybe significantly different
from the actual values, and need to be corrected for a
direct correspondence in numbers. Unlike the load-
ing segment, the unloading segment is primarily
elastic, and hence shows a good correspondence
between the experiments and the simulations.
Secondly, the difference can be attributed to the
pile-up, which was seen in the PEEQ contours of the
indented cross-sections (e.g., Fig. 5a), which is not
accounted for in the experiments due to the lack of
postindentation imaging. A pile-upresultsin alarger
actual area of indentation, and, if unaccounted, leads
to overestimation of the hardness via the Oliver—
Pharr method. While several correction factors have
been given for single-phase materials with different
extents of hardening, an analytical correction factor
becomes challenging for a composite structure, and
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therefore a numerical technique seems to be a better
alternative. Thirdly, the microstructure is an ide-
alised version of the real case, incorporating only the
size distribution and not the shape distribution of «’.
This will also have a significant bearing on the PZS,
with anirregular «’ giving a non-uniform plastic zone.
There is definitely scope for improving the model to
replicate the actual indentation curves to discern the
individual effects separately. A more complex model
closer to reality could be achieved through crystal
plasticity,””° wherein the individual grain-scale
data from micropillar*®~>? experiments can be input
into predicting the macro-indentation response ofthe
material, as a few studies have done.?>°! However,
this is computationally intensive and was not within
the scope of the present study.

Even with the above limitations, a normalized
critical length scale is proposed in terms of inden-
tation depth to feature the size ratio, to extract the
properties of o’ without interference from the ferritic
matrix. Since both 4,,,, and d are easily measurable
quantities in an experiment, these have been used
to develop this critical ratio. In addition, a relation-
ship between the indentation depth and the PZS is
proposed for various indenter tip radius, which can
be coupled with the second-phase feature size, in
this case o, to arrive at an optimum, such that the
plastic zone is confined to the second phase alone.
The fact that, even in the homogeneous case, the
PZS obtained from our simulations is lower than
that obtained from Eqs. 1 and 2 also shows that the
elastic—perfectly plastic assumptions in the latter
cause significant deviations from the actual behav-
ior and cannot be directly employed in the case of
DP steels. In addition to PZS, the location and
severity of strain localization in the plastic zone is
captured in the simulations (e.g., Figs 5a, 8d, e),
which otherwise would require extensive experi-
mental work. Severity of strain localization can be
described by the maximum equivalent strain seen
underneath the indenter for a given applied strain.
For a fixed indentation depth of ~240 nm using the
Berkovich, it was seen that the martensite (with a
higher yield strength and lower n) had a higher
magnitude of maximum equivalent strain (0.84),
although its PZS was smaller, while the ferrite
(with a lower yield strength and higher n) had a
lower maximum equivalent strain (0.51). Also, it
was seen that, while spherical indents created a
larger PZS, the severity of strain localization was an
order of magnitude lower in them compared to a
Berkovich for a fixed depth of the indentation.

More simulations are essential if the parameters
identified in this study have to be used for gener-
alized particulate composites. Incorporation of J2
plasticity and cohesive zone models will improve the
accuracy with which the actual indentation
response can be replicated and is being imple-
mented. This requires capturing appropriate
parameters for the input through micromechanical
testing and will be carried out in a future work.
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CONCLUSION

This study uses a micromechanical model of DP
steel to determine the effect of extrinsic geometric
parameters and a limited number of intrinsic
microstructural parameters that affect the hardness
measurements, primarily in the martensite, through
finite element modeling. The basis for the quantifica-
tion is the plastic zone, which is used to estimate the
actual area of indentation. The evolution of the plastic
zone is reflected in the differences in the hardness
measured in the soft ferrite and hard martensite
phases. The model correctly predicts the trend in
hardness of the two-phase composite structure, as a
function of the volume fraction of martensite and the
hardness differential between the phases. More
importantly, it allows for direct visualization of the
plastic zone and stress triaxiality underneath the
complex stress state, enabling the prediction of failure
modes in these microstructures. A critical normalized
depth tofeature sizeratiois determined, beyond which
the measurements are influenced by the surrounding
matrix phase in DP steels. This model therefore
supplements the information obtained from an exper-
iment without having to go through imaging of the
indentations. It can also replace the more expensive
process of locating and cross-sectioning the indents
through site-specific micromachining tools to assess
the damage zone under them. This model is a first step
towards using more complex, grain-level finite ele-
ment models to describe the indentation behavior of
multi-phase composites that can capture their
response more accurately.
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APPENDIX 1

MICROSTRUCTURE INSTANTIATION

The random number generator module (RNG), as
shown in Fig. 9, was developed using the Numpy
library in the Python programming language,
enabling the generation of random numbers
required for input variables associated with the
microstructure. In the present research, particle
size distribution and Cartesian coordinates for
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particle locations (x, y, z) were considered as these
input variables. Particle sizes were sampled from
the experimentally determined probability distribu-
tion, and the locations were uniformly distributed in
all three directions. Using a defined routine, a new
particle is added to the microstructure if it does not
overlap with the existing particles. This process
continues until the required reinforcement volume
fraction is reached. The data generated from this
module is sent to the customized FEA platform
developed using the commercial software Abaqus/
CAE v6.14 - 4® for model generation and analysis
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Fig 10. Schematic of model generation and analysis of sub-process
using the FEA platform.

sub-process. This FEA platform, shown in Fig. 10,
was adopted using scripting in the Python program-
ming language.
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