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The mechanical properties of two advanced high-strength steels (AHSS), DP
1000 and DP 1200 dual-phase (DP) grades, under deformed and undeformed
conditions, were investigated using nanoindentation, and the results were
compared with those obtained from the conventional methods. To this goal, 3-
point bending tests were applied to induce deformation in the samples. Before
and after these tests, nanoindentations were performed at different forces and
indentation depths. In addition to the hardness and modulus of elasticity
values of the steels, the residual stresses on the samples after deformation
were obtained by using the equations suggested in the literature, also with
x-ray diffraction (XRD). Finite element (FE) modeling of 3-point bending and
nanoindentation were performed to obtain stress–strain curves of the mate-
rials numerically. The stress–strain curves obtained by numerical analysis
agree well with those reported in the literature. The variations of the hardness
and modulus of elasticity values are narrower for deeper indentation (50 nm
versus 200 nm), and the effect of deformation is more pronounced on the
modulus of elasticity values (10–30% increase with the deformation) while
hardness values increased with the effect of deformation, 10% at most.

INTRODUCTION

Advanced and ultra-high strength steels (AHSS,
UHSS) have been increasingly used in the automo-
tive industry since their first exploitation, and this
has led to reduced vehicle weight while maintaining
strength and safety (e.g., higher crash energy
absorption capacity) and increasing fuel efficiency.
Therefore, AHSS is among the most exploited body-
in-white (BIW) materials. As an example, AHSS/
UHSS utilization in the 2021 Chevrolet Trailblazer
increased from 23% to 42% compared to its prede-
cessor.1 Among the AHSS variants, dual-phase (DP)
steels exhibit good hardening properties and there-
fore are preferred in critical applications including
A, B, and C pillars, roof rails, rockers, seat tracks
and frames, front side members, roof bows, bumper
reinforcements, etc. Its microstructure consists of
martensite (provides high strength) and ferrite

matrix phases (provides ductility). The tensile
strength of DP steels ranges from 500 to
1200 MPa, and the strength level depends on the
amount of martensite in the microstructure, which
is usually in the range of 5%–20%2 yet it can be as
high as 86%.3 There are various conventional and
recently developed techniques to analyze and
acquire mechanical properties in the literature.
Nanoindentation is one of those techniques that
researchers are increasingly adopting. Basantia
et al.4 investigated the role of various microstruc-
tural parameters on the nanohardness of different
phases in ferrite-martensite (FM), ferrite-bainite
(FB), and ferrite-pearlite (FP) steels. FM, FB, and
FP containing almost the same ferrite amount were
subjected to appropriate heat treatment dual-phase
microstructures. They characterized the microstruc-
tures of DP steels and measured macro-, micro-, and
nano-hardness Values and tensile properties. Apart
from pearlite, the nanohardness values of the
phases forming FM and FB steels were significantly
affected by the carbon percentage of the two phases.
Meneses-Amador et al.5 employed nanoindentation
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with a Berkovich diamond indenter and a load of 50
mN to acquire the yield stress and Young’s modulus
of the boride layer formed on the surface of the AISI
M2 steel samples. Costin et al. used micro-testing
techniques to assess and compare the mechanical
properties of acicular ferrite and bainite and tried to
understand their effects on the bulk properties of
iron alloys.6 Nanoindentation was applied to eval-
uate the modulus of elasticity, yield strength,
stiffness, and strain-hardening exponent of both
micro-substituents. They noted that, on a micro-
scale, acicular ferrite and upper bainite had very
similar mechanical properties despite their different
microstructures. Li et al. obtained the force–dis-
placement curves of stainless steel (SS 302) and Ti-
6Al-4 V a phases by microindentation.7 Determin-
ing the mechanical properties for different phases
of materials in microstructure contributed to
the understanding of mechanical properties in
micro/nano-scale and micromechanical modeling
studies. Li et al. used microindentation to study
the fracture energy and toughness of the Ti-6A-4 V
alloy. They used various maximum indentation
force values in the range of 50 – 4900 mN and
found that cracks are formed above 4500 mN
loading level.8 In another study, microindentation
was used to determine the mechanical properties of
compacted and sintered copper powders and a
copper substrate.9 More recently, Ekmekci and
Cora used depth-sensing indentation technique to
reveal the effects of different indentation load levels
(50–300 mN) and types of indentation (e.g., conven-
tional, cyclic, and multi-step) on the mechanical
properties of DP 800 steel sample. It was concluded
that the load levels employed led to overall material
response rather than its constituents.10

This study, different from existing literature,
aimed to investigate the effect of deformation
(hardness, modulus of elasticity, residual stress,
and stress–strain curves) on ultra-high strength
steels in detail employing nanoindentation along
with some complementary techniques. To this goal,
the samples were first subjected to 3-point bending
tests. Before and after the 3-point bending tests,
nanoindentation was performed to reveal the effect
of deformation on the mechanical properties. XRD
and scanning electron microscopy (SEM) analyses
were also carried out on the sample to obtain the
residual stresses and investigate the microstruc-
ture, respectively. In addition, residual stress val-
ues were calculated based on suggested equations in
the literature.

EXPERIMENTAL

Materials

The mechanical and chemical properties of dual-
phase automotive steels used in this study are given
in Table I. DP 1000 and DP 1200 automotive steel
sheet blanks used in this study were supplied by

Sweden-based steel manufacturer SSAB. These
steels exhibit ultra-high-strength and formability
performance and are preferred in autobody
components.

The surfaces of the samples were prepared using
320, 600, 1000, 1200, 1500, and 2000 grit SiC
sandpaper, respectively. Later, a fine polishing was
applied to the sample surfaces with 1-lm diamond
and 0.06-lm alumina suspensions. For image anal-
ysis, the samples were etched in Nital (5% HNO3

and 95% ethanol) solution for 5 s. Figure 1 shows
the microstructural images of DP 1000 and DP 1200
samples obtained by an FEI-Quanta 250 SEM (FEI
Company, Hillsboro, OR, USA) upon etching. It was
determined using ImageJ software (National Insti-
tutes of Health, Bethesda, MD, USA) that DP 1000
has 40.6% ferrite + 59.4% martensite while DP
1200 has 36.6% ferrite + 63.4% martensite.

Three-Point Bending Tests and FEA

To induce deformation in the automotive steel
samples, 3-point bending tests were employed.
Figure 2 shows 3-point bending test sample dimen-
sions (Fig. 2a), deformed sample, and extracted
parts using abrasive water-jet cutting for nanoin-
dentation analysis (Fig. 2b), and the FE model was
established. The 3-point bending tests were per-
formed using an Instron-3382 electro-mechanic test
frame (Instron Inc., Norwood, MA, USA) per ASTM
D790 standard, and punch movement speed was set
as 0.05 mm/s in the vertical direction. After the 3-
point bending test, nanoindentation, residual stress
from XRD, micro-Vickers measurements, atomic
force microscope (AFM), and SEM analysis were
performed on the deformed and undeformed zones
of the samples. The 3-point bending test was
modeled and analyzed with the commercially avail-
able FE package ASNYS 19 (Fig. 2c) to investigate
the stress and strain values. The model consisted of
12,294 rectangular 4-node square elements with
0.57-mm edge length. The plastic behavior of the
material was represented by the von Mises yield
criterion, and the material was assumed to be
isotropic. All the nodes of the model are fixed
against rotation around the x- and z-axes (Fig. 2c).

Nanoindentation and Its FEA

A maximum-displacement controlled nanoinden-
tation was performed using TI 950 TriboIndenter
(Bruker Inc., Billerica, MA, USA) with a sharp
triangular pyramid Berkovich indenter. A 5 9 5
indentation matrix was applied to the sample
surfaces with two different maximum indentation
depth values, namely, 50 nm and 200 nm. The in-
dentation imprints were scrutinized with in situ
SPM imaging available within TI 950 TriboIndenter
to reveal a possible pile-up effect.

Nanoindentation measurements are standardized
with ASTM E2546 and ISO 14577. The reduced
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Table I. Chemical composition and mechanical properties of dual-phase steels11,12

Steels Yield strength (MPa) Tensile strength (MPa) C% Si% Mn% P% S% Al% Nb%

DP 1000 700–950 1000–1200 0.15 0.5 1.5 0.015 0.002 0.04 0.015
DP 1200 950–1250 1200–1400 0.17 0.5 1.6 0.015 0.002 0.04 0.015

Fig. 1. SEM images of (a) DP 1000 and (b) DP 1200 samples (F: ferrite, M: martensite).

Fig. 2. (a) Dimensions of DP steel sheet sample, (b) sample extraction from undeformed and deformed zones for analysis after the 3-point
bending test, (c) FE model of 3-point bending test.
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modulus of elasticity is calculated from the contact
stiffness (S) and the nanoindentation projected area
(A) in Eq. 1. After the reduced modulus of elasticity
(Er) is found, it is substituted in Eq. 1. The Poisson
ratios of the material and the indenter can be
calculated by Eq. 2 if the elasticity modulus of the
indenter is known.13,14

S ¼ dP

dh
;Er ¼

1

b

ffiffiffi

p
p

2

S
ffiffiffiffiffiffiffiffiffiffiffiffi

A hcð Þ
p ð1Þ

Er is the reduced modulus of elasticity, A(hc) is the
projected surface area of the indenter at depth hc,
and b is a geometric constant.

1

Er
¼ 1� t2indenter

Eindenter
þ 1� t2material

Ematerial
; ð2Þ

H ¼ Pmax

A
ð3Þ

Eindenter and mindenter are the modulus of elasticity
and Poisson ratio of the indenter material, which is
diamond (Eindenter = 1140 GPa, mindenter = 0.07) in
this case. Ematerial and mmaterial are the modulus of
elasticity and Poisson ratio of the test material. The
hardness of the material is calculated by Eq. 2
where P is the maximum force and A is the
projected surface area of the indenter on the
material in this equation. Typical force–displace-
ment curves obtained from the depth-controlled
nanoindentation test on the DP 1000 sample are
given in Fig. 3.

The effect of different maximum indentation
depth values on the results was analyzed through
one-way ANOVA. According to the one-way ANOVA
analysis (p £ 0.05), the changes in both the modulus
of elasticity and hardness values for the different
depth levels tested were insignificant in relation to
the peak force.

Inverse numerical analysis of nanoindentation is
widely applied to determine the stress–strain
curves of the materials. In the inverse analysis of
nanoindentation, the force–displacement response
is available yet the material properties are
unknown. Therefore, an optimization method
should be utilized to determine the mechanical
properties of the material of interest. The finite
element model established using FE package Ls-
Dyna (LSTC, Livermore, CA, USA) is given in
Fig. 4. Inverse nanoindentation optimization
requires plenty of analysis; therefore, reducing the
solution time is important. An axisymmetric model
was prepared to reduce the analysis time. Although
the three-sided pyramid Berkovich indenter is
commonly used in nanoindentation measurements,
the equivalent conical indenter approach, whose
accuracy has been shown by different research-
ers,15,16 was preferred in the numerical analysis.
The Berkovich indenter used in the nanoindenta-
tion was transformed into a conical shape with a

half apex angle of 70.3� for the two-dimensional
axisymmetric model. The indenter was modeled as
rigid, and displacement function was defined to the
indenter. The bottom and right sides of the sample
were fixed. The sample was assumed to be isotropic,
and the von Mises yield criterion defined the plastic
behavior of the material. Rectangular 4-node shell
elements were used to obtain the mesh structure for
both the indenter and specimen. Upon mesh con-
vergence optimization, the specimen consisted of
11,967 shell elements. This established two-dimen-
sional axisymmetric finite element model was also
used to obtain the stress–strain curve for DP 1000
and DP 1200 steels after nanoindentation testing.

XRD and Nanoindentation-based Residual
Stress Measurements

XRD analysis was performed using Explorer
(GNR srl, Novara, Italy) to acquire residual stress
values on the deformed and undeformed zones of the
samples. Sin2w method was used with an incident
angle of x=3�, which is the angle between an
incident ray on the surface and the normal of the
surface at the incidence point. The detailed mea-
surement procedure can be found in the litera-
ture.17,18 Residual stress from XRD was obtained for
both materials at a depth of 1.13 lm. Residual
stress information can also be obtained using the
force–displacement curves obtained from nanoin-
dentation. The nanoindentantion-based residual
stress is obtained upon calculating the difference
between contact areas and indentation depth of
undeformed and deformed parts utilizing indenta-
tion force–displacement (P–h) data.19 Wang et al.
calculated the residual stresses with the Eq. 3 using
the P1 and P2 loads obtained from the nanoinden-
tation, residual depth, hr, and geometric correction
factor a= 65.3�.20

Fig. 3. Force–displacement curves obtained from the
nanoindentation applied to the DP 1000 sample.
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rr ¼
P1 � P2

2p tan2 ah2
r

ð4Þ

RESULTS AND DISCUSSION

Three-Point Bending Test Results

Considering the sample dimensions, a displace-
ment of approximately 11 mm in the y-direction was
applied to the midpoint of the model in the 3-point
bending test. This was also performed in the finite
element analysis. Figure 5 shows the von Mises
equivalent stress distribution obtained by FEA for

the DP 1000 sample. The maximum stress level
obtained from the FEA surpassed the yield point of
the material, as expected.

Nanoindentation Results

Maximum depth-controlled nanoindentations
were carried out to obtain the properties of the
materials. Figure 6 shows the hardness and modu-
lus of elasticity values obtained for DP 1000 and DP
1200 samples at maximum indentation depths of 50
and 200 nm. The 5 9 5 matrix nanoindentations
were applied to both samples. The maximum force
values obtained at these two different maximum
depths were 0.9 mN for 50 nm and 7 mN for

Fig. 4. Two-dimensional axisymmetric finite element model of nanoindentation.

Fig. 5. von Mises equivalent stress distribution on the DP 1000 sample.
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200 nm. As the materials of interest in this study
have two distinct phases, namely ferrite and
martensite, and the aim was to reveal the properties
of these individual phases. To this goal, samples
were etched upon nanoindentation using different
methods described in the literature. However,
nanoindentation traces after etching could not be
detected in SEM. It is thought that the etching
eliminated the traces caused by nanoindentation.
To prevent this, the etching time should be kept
short, or the indentation depth should be increased.
Nevertheless, if the etching period is kept short, the
etching might not be sufficient to distinguish the
phases of the microstructure. If the indentation
depth is increased, on the other hand, transition to
microindentation so the penetration of the indenter
to more than one phase can be possible. The average
hardness values for DP 1000 at 50 nm were
obtained as 4.93 GPa and 4.36 GPa for undeformed
and deformed conditions, respectively. On the other
hand, the average hardness values for DP 1200 at
50 nm were recorded as 5.28 GPa and 5.39 GPa,
respectively. Hardness values at 200 nm indenta-
tion depth were noted for DP 1000 as 4.29 GPa and
4.68 GPa for undeformed and deformed conditions,
respectively. For DP 1200, at the same indentation
depth (200 nm), the average hardness values were
acquired as 4.07 and 4.54 GPa for undeformed and

deformed conditions, respectively. These results
show that with the increasing indentation depth
(from 50 to 200 nm), the average hardness value of
the investigated materials decreased while it
increased with deformation in general. In terms of
modulus of elasticity, the values tend to increase
with deformation and increased indentation depth.
For example, average modulus of elasticity values of
201 GPa and 211.9 GPa were recorded for DP 1000
sample at 50 nm depth and undeformed and
deformed conditions. On the other hand, average
modulus of elasticity values of 185 GPa and 223.8
GPa were recorded again for DP 1000 samples at
200 nm indentation depth for undeformed and
deformed conditions, respectively. Notably, the
undeformed and deformed measurements could
not be obtained from the same point as the nanoin-
dentation itself induces plastic deformation on the
surface.

The results obtained at a maximum depth of
50 nm and 200 nm for both materials examined
showed that hardness values at 50 nm are consid-
erably more scattered for both materials while
relatively narrow variations were observed for the
hardness values obtained at 200 nm. This is
assumed to have resulted from the fact that the
higher the indentation depth, the larger the contact
area, and so the overall response of the microstruc-
ture rather than the individual phases (ferrite or
martensite). For example, in 50-nm measurements,
hardness values up to 9 GPa were obtained, which
is a sign of martensite phase, while 200 nm mea-
surements yielded hardness values< 6 GPa for
both materials. Regarding modulus of elasticity
values, the effect of deformation (undeformed vs.
deformed) is visible when the measurements at
200 nm are considered. For both materials, the
modulus of elasticity values increased with the
deformation. Nevertheless, no such trend was
observed for the measurements obtained at 50 nm.

It was reported that the hardness of the ferrite
and martensite phases in a DP steel depends on
many factors including chemical composition, size,
morphology, and distribution of phase, apart from
the dislocation density and internal stresses.21 The

Fig. 6. Hardness and modulus of elasticity values obtained with
maximum depth control type of nanoindentation (a) for DP 1000 at
50 nm and 200 nm; (b) for DP 1200 at 50 nm and 200 nm.

Table II. Hardness values of ferrite and martensite
phases of DP steels reported in the literature

Study by Material

Hardness (GPa)

Ferrite Martensite

Taylor et al.22 DP 980 2–3 5–9.5
Rahimi et al.23 DP 1180 3.5 – 5.5 6–8.5
Zhang et al.24 DP 980 4.05 8.43
Hernandez et al.25 DP 980 2–4 6–8
Delince� et al.26 DP 1000 2–4 4–8
Basu et al.27 DP 600 2–4 5–9
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literature data given in Table II indicate that
relatively low hardness values correspond to ferrite
and high-hardness values to martensite. The hard-
ness value variation for the DP 1000 and DP 1200
microstructures was obtained between approxi-
mately � 4 GPa (mainly ferrite) and � 9 GPa
(mainly martensite) in the current study. These
findings led to the conclusion that the measure-
ments at 50 nm yielded hardness values of individ-
ual phases in the microstructure while the
measurements at 200 nm demonstrated the resul-
tant hardness value of the microstructure rather
those for microconstituents.

Results of FEA of Nanoindentation

In addition to the acquisition of basic mechanical
properties, finite element models were established
to obtain stress–strain curves of the materials. The
inverse finite element method was first proposed by
Bucaille et al. to obtain the hardness and elasticity
modulus.28 Later, this method was widely used to
characterize the mechanical behavior of materials.
Bouzakis et al. obtained the stress–strain curves
from nanoindentation tests performed at various

indentation depths.29 In general, the inverse finite
element method is based on systematic changing of
the mechanical properties of the material in the
finite element model by trial–error method and
approximating the real nano- or microindentation
curves.30,31 In other words, this method is based on
the minimization of the difference between real and
numerical nanoindentation curves. In contrast, the
finite element method usually starts with the choice
of a formula that can define the stress–strain curve.
For example, the commonly used modified Hollo-
man equation to characterize the plastic behavior of
materials Eq. 4 is given below:

Modified Holloman equation : r ¼ Emr 1�mð Þ
y em ð5Þ

where E is Young’s modulus, r is stress, e strain, ry
is the yield stress, and m is the hardening exponent.
The values ofr y andm which provides the minimum
difference between experimental and numerical
curves, are accepted as the mechanical behavior of
the material. Within the scope of this study, opti-
mizations were carried out with Ls-Opt using the
genetic algorithm method. In optimization,
although the number of unknown parameters is

Fig. 7. Comparison of experimentally and numerically obtained (a) force–displacement curves, (b) stress–strain curves for DP 1000, (c) force–
displacement curves, and (d) stress–strain curves for DP 1200.
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less than in the other equations, the modified
Holloman law Eq. 4, which was reported to provide
excellent convergence, was used.32,33 The inverse
finite element method was applied to the nanoin-
dentation of the DP 1000 and DP 1200 samples
taken from the deformed region upon 3-point bend-
ing test. Experimentally (from the manufacturer of
the steels) and numerically obtained (through FEA
of nanoindentation) stress–strain curves of dual-
phase steels are shown in Fig. 7. As the fig-
ures show, numerically obtained stress–strain
curves for DP 1000 and DP 1200 steels exhibited
good agreement with the experimentally obtained
ones by the manufacturer. Even though some
divergence occurs in the deformation hardening
zone of the DP 1000 and DP 1200 samples, these
results show the reliability of the developed model.
Material parameters obtained from inverse finite
element analysis of nanoindentation are summa-
rized in Table III. These data were found to be in
agreement with the yield stress and strain harden-
ing coefficients reported for dual-phase steels.34,35

Figure 8 shows the equivalent von Mises equivalent
stress distribution from nanoindentation of dual-
phase steels obtained from FEA.

Comparison of Residual Stresses from XRD
Versus Nanoindentation

Residual stresses from XRD measurements on the
undeformed and deformed regions of DP 1000 and
DP 1200 automotive steel samples were obtained.
Measurements were based on 2h-sin2w method. The
peaks of DP 1000 and DP 1200 samples at 2h
intervals were obtained at angles 2h110 = 52.379�,
2h200 = 77.237�, and 2h211 = 99.708�. Residual

stress values obtained from XRD for the unde-
formed and deformed DP 1000 samples were + 12
MPa (tensile) and -310 MPa, respectively. On the
other hand, higher residual stresses were obtained
for DP 1200 samples as � 36 MPa and � 794 MPa
for undeformed and deformed samples, respectively.
Notably, deformed samples attained compressive
stresses. This can be explained by the deformation
mechanism during the 3-point bending test.The
samples were subjected to tensile stress due to
bending and then springback (as in Fig. 5), which
causes compressive stress on the outer surface of
the bent sample. In the DP 1000 sample, however,
deformation of the samples caused diminishing of
the compressive stress effect and yielded positive
residual stress of 12 MPa.

Nanoindentation-based residual stresses, on the
other hand, were calculated using P1, P2, and hr

values as given in Eq. 3. The residual stresses from
nanoindentation for DP 1000 and DP 1200 materi-
als at deformed conditions were obtained as
� 398 MPa and � 885 MPa, respectively. Compar-
ison with the residual stress values obtained from
XRD showed that the difference is 28% for the DP
1000 sample and 11% for the DP 1200 sample. Zhu
et al. noted that the difference between XRD and
nanoindentation-based residual stress values may
result from ’pile-up’ or ’sink-in’ deformation around
the indentation zone and roughness of the sample
surface.38

AFM Analysis

Images of indents on the samples were obtained
with the AFM available in the nanoindenter. Fig-
ure 9 shows the AFM images of the 3 9 3 matrix

Table III. Comparison of hardening coefficient (m) obtained from current study vs. literature

Material Yield strength, ry (MPa)
Hardening coefficient, m

(current study)
Hardening coefficient, m

(literature) Difference %

DP 1000 770 0.13 0.1236 8.3
DP 1200 950 0.16 0.1437 14.3

Fig. 8. von Mises equivalent stress variation from FEA of nanoindentation analysis for (a) DP 1000 and (b) DP 1200 steels.
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indentation part of a 5 9 5 matrix measurement.
The average roughness values of the polished
sample surfaces were obtained between 0.21–
0.35 lm. The surface roughness of the DP 1200
sample was slightly higher than the surface rough-
ness of the DP 1000 sample.

Pile-up Analysis

During the indentation, plastically deformed
material tends to flow up against the faces of the
indenter and is pushed away from the center of the
indent. This phenomenon is known as ‘‘pile-up,’’ and
it affects the calculated contact area and conse-
quently the reliability of the mechanical properties.
hf/hmax values (hf is the final indentation depth,
and hmax is the maximum indentation depth) were
calculated to reveal the possible pile-up effect. It is
noted in the literature that pile-up is significant if
hf/hmax is close to 1 and the work-hardening is
small. If hf/hmax< 0.7, on the other hand, none or
only a very small pile-up is observed regardless of
whether the material work-hardened or not.14 The
average value of hf/hmax was calculated as 0.78 for
DP 1000 and 0.75 for DP 1200. Therefore, it was
concluded that the pile-up is not at a significant
level.

CONCLUSION

This study aimed to use nanoindentation as an
alternative method to determine the mechanical
properties of materials. In this context, first,
nanoindentations were performed on the automo-
tive sheet samples to obtain mechanical properties.
Within the limitations of the study, the main
outcomes are as follows:

– The variation in the mechanical properties was
found to be smaller with increasing indentation
depth from 50 to 200 nm. This can be attributed
to the acquisition of mechanical properties of the

individual phases (ferrite, martensite) at 50 nm
while the overall material response was obtained
at 200 nm because of the increased size of the
indent leading to indentation on multiple phases
concurrently.

– The effect of deformation was more pronounced
on the modulus of elasticity values. With the
deformation, it was observed that both hardness
and modulus of elasticity values increase. The
increase for both hardness and modulus of
elasticity values was higher in 200 nm maxi-
mum indentation depth measurement.

– Nanoindentation technique has been used to
acquire the residual stresses of automotive steel
samples. It was noted that the residual stresses
obtained through the nanoindentation-based
calculation method can be used with caution as
changing levels of 11–28% discrepancy are
available.

– The finite element model of the nanoindentation
was established, and the force–displacement
curve obtained from the nanoindentation was
used as an input in the finite element analysis.
The model was validated by the high overlap of
the force–displacement curves obtained from the
FEA with the experimental data obtained from
the indentation. Furthermore, it was observed
that the stress–strain curves given by the man-
ufacturer of DP 1000 and DP 1200 automotive
steels had a high degree (90%) of agreement with
the curves obtained by numerical analysis till
the end of the deformation hardening zone.
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