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A B S T R A C T

This paper describes the main findings from an experimental investigation into overall and local strength of four
dual-phase (DP) steels classified based on their tensile strength (TS) levels from DP590, to 780, to 980, to 1180, a
martensitic steel (MS) 1700, and a high-strength low-alloy (HSLA) steel in rolled and additively manufactured
(AM) conditions. The DP steels and the MS steel consist of ferrite and martensite, while the HSLA steel is solely
martensitic. High throughput nanoindentation mapping is employed to measure the mechanical hardness of
individual phases contributing to strength of the steels. A clustering methodology for correlating measured
hardness and phase maps is conceived to infer hardness per phase. With increasing fractions of martensite, the
hardness values of both ferrite and martensite are found to increase with more rapid increase in the hardness of
ferrite than martensite. The phases increasingly dislocate with the fraction of martensite as rationalized by
crystal plasticity modeling of strength of the steels. Initial slip resistances and a set of hardening parameters
associated with the slip in ferrite and martensite are established to model the flow stress behavior of the steels. In
modeling the co-dependent nature of crystallographic slip in ferrite and martensite, the initial dislocation den-
sities are inferred and correlated with the measured hardness values. The hardness of martensite in the rolled
HSLA steel is comparable to the hardness of martensite in the MS steel, while martensite in the AM HSLA steel is
softer owing to the tempering occurring during the AM process.

1. Introduction

Because of increasingly strict environmental regulation procedures,
automobile companies are reducing weight of vehicles to reduce fuel
consumption and gas emissions. Advanced high-strength steel (AHSS)
like dual-phase (DP) steels have surged in adoption in automotive
manufacturing because of their ability to reduce vehicle weight and
improve fuel economy. Specifically, sheets of these steels are of great
interest in automotive manufacturing for their excellent strength to
weight ratios and ease of forming. These steels also exhibit good
tradeoffs between strength and ductility as well as high strain hardening
rates and low yield stress-to-tensile strength ratios. Moreover, these
steels are capable of absorbing large amounts of energy, which is highly
beneficial in crash situations. These characteristics, combined with a
low cost of production, make DP steels highly desirable for automotive
applications. DP steels are well suited for automobile parts that are

meant to absorb a lot of energy during an impact like B-pillar, roof outer,
door outer, body side outer, package tray, floor panel, floor panel tunnel,
engine cradle, to name a few.

Microstructure of DP steels consist of ferrite, α, and martensite, αʹ,
phases with highly contrasting strength/ductility characteristics [1]. The
volume fraction and distribution of the two phases primarily influences
the mechanical behavior of DP steels. Steel producers and users are
continuously acquiring amore in-depth knowledgeof themicrostructural
properties to understand local formability and fracture ofAHSS sheets. To
this end, understanding localized properties of the phases is of paramount
importance for understanding themechanical behavior to fracture aswell
as for the development of sophisticated constitutive laws sensitive to
complex multi-phase microstructures for predicting the mechanical
behavior of these steels [2]. Simulation tools by means of the finite
element (FE) method for predicting part geometry efficiently and inex-
pensively on the computer rather than on the shop fluor after forming are
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being developed [3–6]. The new knowledge and simulation tools are
being utilized to improve the steels as far as strength and ductility for
further lightning of the structures. The present research is a contribution
in terms of determining the local properties of the steels.

In addition to DP steels, high strength low alloy (HSLA) steels are
important metallic materials for automotive and aerospace applications
as well as in the manufacturing sector of the military and national de-
fense. These steels exhibit high strength and hardness, decent ductility,
good fracture toughness, and good fatigue strength [7]. While these
steels are produced using conventional methods including casting,
forging, and heat treatment [8], progress is being made to make these
steels using additively manufactured (AM) technologies for widening
the range of applications and economic benefits [9]. Performance of the
AM steels is better than the as-cast counterparts but not than the
wrought counterparts [10].

Hardness disparity between the constituent phases in multi-phase
alloys such as DP steels could have severe implications on the degree
of plastic deformation inhomogeneity and thus influence the fracture
processes [11–13]. Intense strain localization formation in ferrite re-
gions near martensite boundaries accelerates the formation and propa-
gation of cracks along the strain localization bands. Characterizing the
level of disparity is therefore important for DP materials. Inferring and
interpreting the overall mechanical properties of steel alloys also re-
quires knowledge of phase specific local mechanical properties. The
hardness/strength of individual constituent phases in steels could be
determined employing methods such as Vickers hardness, micropillar
tension/compression, nanoindentation as well as calculations based on
chemical content. Vickers hardness is unreliable, even when conducted
at the minimum load, because of the fine-scale microstructures present
in the steels [14,15]. Micropillar tension/compression tests can generate
stress–strain responses of individual constituent phases [16]. However,
the technique is demanding in terms of preparation, time, cost, as well as
precision of carrying out the experiments. Nanoindentation is an
experimental technique conceived to measure and help understand the
localized mechanical properties of materials [17–19]. Studies to deter-
mine hardness/strength using nanoindentation have been performed on
steels including the hardness values of individual constituent phases
[20–23]. It is observed that the softest phase in transformation induced
plasticity steels is the ferritic phase, followed by bainite, austenite and
martensite phases [24]. A study into the contribution of precipitation
strengthening to the matrix strength of ferrite in steels via nano-
indentation revealed that hardness values of the ferrite matrix in
precipitates-containing steels were greater than those in precipitate-free
steels [25]. The strengthening was quantified and discussed to be owing
to the Orowan mechanism based on the interaction between precipitates
and dislocations. Yet another work attempted to separate the size
dependent strengthening contributions in fine-grained DP steels via
nanoindentation by changing the indentation depth with respect to the
size of the microstructure in ferrite and martensite phases [26]. The

studies using nanoindentation have even gone beyond just determining
hardness to also infer strain-hardening exponents [27,28], besides
reasonably estimating the initial hardening [5,29]. Nanoindentation
studies could reveal the influence of crystallographic orientations on
nanoindentation response and underlying defect structures [30].
Moreover, nanoindentation studies determined that twin boundaries
inhibit dislocation glide through the analysis of the plastic zone un-
derneath the indentation [31]. The influences of alloy composition on
the nanoimprinted properties can also be studied [32]. Atomistic sim-
ulations of nanoindentation were successful in revealing the impacts of
localized chemical composition changes on the hardness [33–35].
However, such simulations are challenging for compositionally complex
alloys such as DP steels [36]. Most of the studies did not produce
property maps but individual indents. Nevertheless, hardness mapping
based on nanoindentation has been utilized in a few studies to evaluate
the spatial variations in hardness of metal alloys [37–39]. Finally, the
hardness based on chemical content is relatively inaccurate because
multitude of processing paths can produce very different DP steels [40].
While various aspects of localized mechanical response of alloys under
nanoindentation were investigated, the role of local hardness in indi-
vidual phases on strength of various grades DP steels was not rational-
ized. High throughput mapping of localized hardness by
nanoindentation is a relatively novel experimental technique that has
been underutilized [41–43]. The purpose of the present work is to sys-
tematically evaluate, via high throughput nanoindentation testing, the
hardness of the ferrite and martensite present in several commercially
produced steels and to correlate the measured hardness with strength.

In this work, four DP steels classified based on their tensile strength
(TS) levels from DP 590, to 780, to 980, to 1180, a martensitic steel (MS)
1700, and a high strength low alloy (HSLA) steel in rolled and additively
manufactured (AM) conditions were subjected to nanoindentation over
relatively large areas to gain greater insights into strength. The DP steels
and theMS steel consist of ferrite andmartensite, while the HSLA steel in
both conditions is solely martensitic. Since the MS steel is also a two-
phase ferrite-martensite material, it is grouped with the DP steels so
five DP steels and two martensitic steels were investigated. Micro-
structures and strength of the steels were studied in our earlier works [9,
44]. This work performed nanoindentation to obtain localized hardness
maps. The obtained hardness maps were then correlated with the
high-resolution electron back scatter diffraction (EBSD) maps over the
same areas. The correlation allowed the relative hardness of individual
phases to be elucidated. In particular, the trends in hardness values
between ferrite and martensite were determined with increasing frac-
tion of martensite as well as with the plasticity accommodation in the
steels. Hardness maps obtained here over selected areas provide com-
plementary insights into the strength. Moreover, the measured values of
hardness per phase were correlated to the strengths and strain hardening
per steel via crystal plasticity modeling. The initial dislocation densities
governing the initial slip resistances were inferred per phase and

Table 1
Chemical compositions in wt%.

C Mn P S Si Cu Ni Cr Mo

DP 590 0.073 1.97 0.014 0.006 0.017 0.04 0.01 0.2 0.172
DP 780 0.1 2.163 0.015 0.006 0.014 0.03 0.01 0.26 0.332
DP 980 0.11 2.411 0.013 0.005 0.013 0.027 0.009 0.255 0.385
DP 1180 0.168 2.222 0.015 0.0053 1.421 0.021 0.007 0.036 0.013
MS 1700 0.27 1.5 <0.01 <0.01 0.4 ​ ​ ​ ​
HSLA 0.276 0.67 <0.01 <0.01 1.05 ​ 1.00 2.77 0.99

Sn Al Zr V Cb Ti B N2

DP590 0.002 0.045 ​ 0.001 ​ ​ 0.0001 0.005 ​
DP780 0.003 0.048 ​ 0.001 0.003 0.001 0.0001 0.006 ​
DP980 0.006 0.049 0.005 0.011 0.004 0.002 0.0001 0.0033 ​
DP1180 0.007 0.051 0.005 0.012 0.007 0.039 0.0004 0.0086 ​
MS 1700 ​ ​ ​ ​ ​ ​ ​ ​ ​
HSLA ​ ​ ​ 0.11 ​ ​ ​ ​ ​
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correlated with the measured hardness values. The hardness values of
martensite in the rolled and AM HSLA steel were compared to those in
DP steels. The comprehensive hardness maps are presented and dis-
cussed as essential in the development of high strength and formable
steels and in the development and calibration of reliable crystal plas-
ticity models able to predict and partition strain accommodation by
individual phases in the steel alloys.

2. Materials and experimental methods

This section describes the materials used in the present work and
experimental procedure employed to characterize the materials.

2.1. Materials

The chemical composition of the steels investigated in the present
work is provided in Table 1. The steel sheets were obtained from the
United States Steel Corporation (US Steel). DP 980, DP 780, and DP 590
underwent the hot-dip (HD) processing line, while DP 1180 went
through the continuous annealing line (CAL). Moreover, DP 590 and DP
780 were galvannealed (HDGA) coated, while DP 980 was galvanized
(HDGI) coated and DP 1180 and MS 1700 were bare. These steels offer a
favorable compromise between strength and ductility steaming from
their microstructure that consists of a harder martensitic phase and a
softer but ductile ferritic phase. While the latter phase provides ductility,
the former phase provides strengthening. The tradeoffs are governed by
the volume fraction and hardness of these two phases [1,10,45–52].
Local sub-grain-level plasticity in the steels is highly inhomogeneous
due to the contrasting hardness between the constituent phases, which
are aimed to be determine in the present work [1,2,53–55]. Volume
fraction of martensite measured using scanning electron microscopy
(SEM) for the studied steels is provided in Table 2. The tensile data of the
steels is taken from Ref. [44].

Wrought and AM specimens of the HSLA steel for the investigation
were provided by Army Research Laboratory. A rolled plate of the alloy
was used for the former specimens, while argon-gas atomized powder
supplied by Carpenter Powder Products, Bridgeville, PA was used to
make the latter specimens. Details about the manufacturing of the HSLA
steel specimens can be found in Ref. [9]. The tensile data of these steels
is taken from Ref. [9]. The chemical composition is given in Table 1.

2.2. Grain structure and texture characterization

EBSD (Octane Plus SDD detector - Hikari High Speed Camera) in a
Tescan Lyra3 GMU focused ion beam (FIB) field emission SEM was used
to measure the inverse pole figures (IPFs) of the initial microstructures
in the steels. Image quality (IQ) maps were also taken to reveal phases.
Regions of martensite are darker in the IQ maps because of higher
content of dislocations and also some distortions because the scan were
indexed as body-centered cubic (BCC) crystal structure, while
martensite has body-center tetragonal (BCT) crystal structure. However,
the phase fractions in the steels were known from prior works [56].
Kernal average misorientations (KAM) maps were also plotted. The
microstructure of the steels was measured by EBSD, while the texture of
the steels was measured by neutron diffraction (NeD).

Samples for both EBSD and nanoindentation were sanded using SiC
papers with 320, 400, 600, 800, and 1200 grit and then polished with 9
μm, 3 μm, and 1 μm diamond suspension on Buehler TexMet C polishing
cloths followed by 0.04 μm colloidal silica suspension on Chem-Pol
polishing cloths. The sample preparation was performed on the

Buehler AutoMet 250 Pro Polisher/Grinder. The scanning by EBSD was
performed with an accelerating voltage of 22 kV, beam intensity (BI) of
20, and step size of 100 nm. The data collection was performed at 9 mm
working distance with 5 x 5 binning. The data was analyzed using the
TSL OIM 8 software.

Texture in the steels wasmeasured using neutron diffraction [57–62].
The measurements were performed at Los Alamos Neutron Science
Center (LANSCE) in the high pressure preferred orientation (HIPPO)
diffractometer. Unlike micro texture measured by EBSD, neutron
diffraction techniquemeasuresmacro textures averagedovermm3 to cm3

volumes due to the deep penetration of thermal neutrons into the metals.
Pole figure data were obtained using MAUD software and plotted in
MTEX. The data was used in crystal plasticity modeling of the steels.

2.3. Nanoindentation

Nanoindentation is an experimental technique for exploring the
mechanical behavior of materials at small length scales [63]. The
technique probes materials locally to measure a set of properties
including elastic and plastic. In our work, nanoindentation experiments
were performed using a KLA Instruments iMicro Nano indenter
employing a Berkovich tip. Specimens were marked in four corners with
large indentation imprints to delineate a region for EBSD. Each specimen
was scanned by EBSD and then placed into the nano indenter to measure
hardness over the same area as scanned by EBSD. Areas of 60 μm × 60
μm were chosen for the measurements per specimen. The approach
resulted in obtaining correlated EBSD and nanoindentation maps.
Employing Nanoblitz 3D, a built in KLA indenting function, 3600 in-
dents were performed in a 60 x 60 grid with a 1 μm spacing. Correlated
phase-hardness maps were successfully produced using a data post-
processing procedure developed in the present work. The procedure will
be described shortly.

Theprocess of nanoindentation relyingon theNanoBlitz 3D technique
involves pressing the Berkovich tip into the surface of an investigated
specimen. An indentation load (P) is imposed as a constant, while a
resulting indentation depth as well as contact stiffness are continuously
recorded. The fundamental Oliver-Pharr indentation equations are used
to converted the measured data per indent into indentation hardness and
elastic indentation modulus [64]. The data analysis by the instrument
determines a contact penetration depth (hc) and associated contact area,
which is a known function for a three-sided pyramid made of diamond,
(Ac = Âc(hc)) per indent to calculate Young’s modulus:

EIIT =
(
1− υ2s

)
[
2
S

̅̅̅̅̅
Ac

π

√

−
1 − υ2i
Ei

]

, (1)

and hardness

HIIT =
Pmax

Ac
. (2)

In the above equations, the subscripts i and s imply indenter and sample.
S is onset of the unloading slope (contact stiffness), dP

dh|hmax , when the
indenter starts withdrawing from the specimen. The calculation of
indentation modulus requires the sample’s Poisson’s ratio, υs, but the
dependence of the value on υs is relatively weak. The hardness relates
the peak force on the indenter to the projected contact area and is
referred to as instrumented indentation testing (IIT) hardness.

The IIT technique performs many indentations in short periods of
time over a user defined grid. Mechanical fields between neighboring
indents in the grid must not overlap. Therefore, the considerations of
load level, indentation depth, grid resolution, and resulting elastic and
plastic zones underneath the indenter are important. In our work,
multiple combinations of these variables were explored while estab-
lishing the appropriate load level and in-plane indentation spacing be-
tween indents to obtain high quality maps. Appendix A shows the

Table 2
Volume fraction of martensite in %.

DP 590 DP 780 DP 980 DP 1180 MS 1700 HSLA

7.7 34 39 45 85 100
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Fig. 1. IPF, IQ and KAM maps of (a) DP 590, (b) DP 780, (c) DP 980, (d) DP 1180, and (e) MS 1700 steel sheets. Perpendicular to the maps is the TD direction of the
sheets. The colors in the IPF maps represent the orientation of the global TD axis with respect to the local crystal orientations according to the colors in the standard
IPF triangles shown in (a). The IQ and KAM maps show higher dislocation density in martensite than in ferrite. The blue dashed rectangles in the IQ maps delineate
the areas for indentation.
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representative results from these explorations. After establishing
appropriate load and indentation spacing, high throughput nano-
indentation tests are conducted to determine relative hardness of ferrite

andmartensite in several DP steels with increasing fraction of martensite
and hardness of martensite in HSLA steels. Results of the measurements
are presented next.

2.4. Clustering methods

Obtaining correlated phase and hardness maps required exploring
and developing clustering techniques. The KLA Review software can
perform clustering based on a k-means clustering technique. The only
input the method takes is the number of groups to separate phases. The
method successfully separated the very hardest martensitic regions into
one phase but higher than realistic area of the sample was identified as
the softer ferrite phase. While the method provided a good overview of
phases in the samples, the noise present in the scans of dual phase steels
and underlying unclear differences between the two phases required
exploring alternative methods to perform better clustering. Therefore,
an alternative method of clustering was pursued, as described next.

A thresholding code in Matlab was developed to relax the issues of
the KLA Review software clustering method. The developed code was
less objective involving a flexibility to set phase fractions. Instead of
producing phase fractions as an output like the KLA Review software
gives, the developed code allows optimizing for phase fractions. By
choosing a hardness threshold that correlates well with observation of
unclustered images, and verifying that the chosen threshold value pro-
vides an accurate volume fraction of phases, the developed thresholding
method providedmuchmore accurate readings and images than the KLA
Review software method. Appendix A shows correlations between an IQ
map of DP 590, its hardness map, and its correlated phase and hardness
map with several highlighted martensitic regions.

The developed Matlab code reads the raw data from the KLA Review
software as input. The first step is to reshape the data, and then to
generate a customizable heatmap. The data is then clustered as neces-
sary by finding and changing the values in the data matrices that are
either above or below a prescribed threshold value. Multiple groupings
could be explored like interfaces between the two phases. The additional
groupings to include phase boundaries were based on thresholding an
intermediate range between the two phases and comparing to images to
determine accuracy. The additional grouping was introduced based on
proximity to an interface between the phases. However, results with or
without the interface grouping were not appreciably different. The
groupings were made and adjusted to match the results from EBSD scans
and known phase volume fractions as constraints. At the end, each
grouping was categorized as either martensite or ferrite.

3. Results

3.1. Experimental

Grain structures and phases of the steels are measured through high-
quality EBSD scanning. IPF maps and corresponding IQ and KAM maps
of the five steels are shown in Fig. 1. The latter maps show α′-martensitic
phase with high intensity. The higher intensities are a consequence of
the presence of higher content of dislocations in the α′-martensitic phase
relative to the α-ferrite phase. The KAM maps indirectly reveal a higher
dislocation density content in martensite.

High throughput nanoindentation mapping is employed to assess the
mechanical hardness of individual phases contributing to the strength of
the steels. The sample preparation requirements between EBSD and
nanoindentation mappings are comparable so no extra sample prepa-
ration was needed. Fig. 2 shows the hardness maps and correlated phase
and hardness maps for the five DP steels. The obtained hardness over the
blue phase or over the red phase per map is average over all values from
the heatmap per given phase. The phase distribution and volume frac-
tion of phases per steel measured via SEM (Table 2) are verified via
measuring local phase properties using the high throughput nano-
indentation (Table 3), in addition to determining the hardness of phases.

Fig. 2. Hardness maps and correlated phase and hardness maps after thresh-
olding for (a) DP 590, (b) DP 780, (c) DP 980, (d) DP 1180, and (e) MS 1700
steel sheets (blue is ferrite, red is martensite). The maps are over the areas
bounded by dashed blue rectangles per steel in Fig. 1.
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To this end, the measured EBSDmaps and hardness maps are correlated.
Figs. 3 and 4 are the corresponding figures for the HSLA steel in the two
conditions. While DP steels exhibit a relatively equiaxed morphology,
the HSLA steels show elongated grains. MS 1700 is not as strong as
wrought HSLA steel because it has some ferrite in the structure, while
the HSLA steel is solely martensitic.

The standard deviation is also obtained in the same manner. Table 3
presents the hardness and standard deviation values, while Table 4
presents the corresponding Vickers values. Note that the Vickers/Knoop
hardness (HV) values are estimated through the Meyer hardness con-
version: HV = 94.52 • HIIT. In contrast to standard HV governed by ISO
6507/ASTM E384, IIT is governed by ISO 14577/ASTM E2546. The
obtained average hardness values based on nanoindentation are corre-
lated directly to Vickers hardness, validating the capability of the
nanoindentation technique to give data like traditional hardness mea-
surements. The obtained values for DP steels are consistent with the
values reported in literature [65].

3.2. Crystal plasticity modeling

The measured values of hardness per phase are correlated to the
strengths and strain hardening per steel via crystal plasticity modeling
[66–68]. To this end, the initial slip resistances and a set of hardening
parameters associated with the slip in ferrite and martensite were estab-
lished to model the flow stress behavior of the steels. The initial disloca-
tion densities governing the initial slip resistances were then inferred per
phase and correlated with the measured hardness values. The model used
to predict and interpret the behavior of the steels was a recently developed
physically-based formulation presented in detail in Ref. [44].

To begin with crystal plasticity modeling of the DP steels, initial
texture data per steel must be provided as input. Fig. 5 shows stereo-
graphic pole figures of the initial texture of the five DP steels. The pole
figures reveal classical orthotropic rolled sheet textures of BCC materials
consisting of a combination of γ- and α-fibers [69–71]. The texture
measurements were performed using neutron diffraction, which is a
macroscopic texture characterization technique [58,61,72–75]. The

Table 3
Volume fraction and estimated mean hardness along with the standard deviation per phase in all studied steels.

Steel Ferrite Vol. Fraction
[%]

Ferrite Hardness
[GPa]

Ferrite
Hardness
Std. Dev.

Martensite Vol. Fraction
[%]

Martensite Hardness
[GPa]

Martensite Hardness Std.
Dev.

DP 590 92.2 3.440 0.592 7.8 6.591 0.595
DP 780 67.8 4.010 0.767 32.2 6.726 0.817
DP 980 64.6 4.201 0.619 35.4 6.750 0.855
DP 1180 53 4.621 0.642 47 6.930 0.603
MS 1700 15 6.130 0.785 85 7.701 0.501
HSLA AM 0 N/A 0.441 100 5.589 0.408
HSLA Rolled 0 N/A 0.653 100 7.403 0.420
Deformed
980

62.8 4.388 0.550 37.2 6.745 0.672

Fig. 3. IPF, IQ and KAM maps of AM HSLA steel (top) and wrought/rolled HSLA steel (bottom). The recoating direction is perpendicular to the top maps, while the
TD is perpendicular to the bottom maps. The colors in the IPF maps represent the orientation of the perpendicular axis with respect to the local crystal orientations
according to the colors in the standard IPF triangles shown in Fig. 1a. BD and GF are build and gas flow directions.
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measured textures were reduced to 150 weighted crystal orientations for
ferrite and 100 weighted crystal orientations for martensite using the
texture compaction procedure described in Refs. [76–79]. Since DP 590
has–93% of ferrite, the measured texture of DP 590 is taken as that of
ferrite. Since MS 1700 has–85% of martensite, the measured texture of
MS 1700 is taken as that of martensite. Given the phase fractions of the
steels, the overall textures were reproduced and used in the simulations.

The simple tension deformation conditions are simulated to establish
hardening parameters for the five steels by applying strain increments
along the rolling direction (RD), while enforcing the normal stresses in
the lateral directions as well as the shear strains to zero. The parameters
pertaining of the hardening law for the evolution of critical resolved
shear stress of ferrite and martensite described in Ref. [44] are adjusted
per steel. A summary of the model is not provided because it is identical
as in the provided reference. The parameters identified per phase are the
initial critical resolved shear stress to slip, τα

0, a so-called trapping rate
coefficient, kα

1, the drag stress, Dα and the activation barrier for
de-pinning, gα, [80–82]. First, τα

0 is varied to reproduce the initial
yielding. Next, kα

1, is varied to simulate the initial hardening slope.
Finally, gα and Dα are varied to match the rest of the hardening rates.
Also, qα is fit to better reproduce the later stage of the hardening rates. α
enumerates the two slip modes, {110}〈111〉 and {112}〈111〉, while s
enumerates slip systems. Fig. 6a shows the quality of fits, while Fig. 6b
shows the flow response of the HSLA steel in the two conditions. The
overall behavior of the DP steels features tradeoffs between strength and
ductility fromDP 590, which is the most ductile toMS 1700, which is the
strongest. Table 5 gives the basic properties obtained from the engi-
neering curves of the tested steels. The determined parameters are given
in Tables 6 and 7. The hardening parameters per phase common for
every steel are given in Table 6, while those different are given in

Table 7. Dα and the sought initial content of dislocation density per
phase are different per steel.

To find the initial content of dislocation density per phase the initial
critical resolved shear stress, τα

0, were first fit per phase for every steel.
The values of τα

0 include the contribution of the initial dislocation density
content, in addition to the lattice friction stress and solid solution effects,
τs00. The contribution of the initial dislocation density content follows
the Taylor law relation:

τs0 = τs00 + bαχμα
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρs
initial + L

∑

ś

ρś
initial

√
, (3)

where bα = 2.48 10−10 m is the Burgers vector, χ = 0.9 is the dislocation
interaction parameter, μα is the shear modulus taken from Refs. [83–85]
per steel, ρsinitial is the initial density of dislocations per slip system, and L
is the latent hardening parameter. Dislocation density per phase was
measured for DP 1180 by transmission electron microscopy in Ref. [54].
Relying on the measured data, the friction term of critical resolved shear
stress, τα

00, per phase is estimated by subtracting the part of the initial
dislocation density contribution to τα

0 for DP 1180. Next, keeping the
same friction stress for every other steel, the initial dislocation density
content is determined per phase for every steel,

∑
sρsinitial. Evidently, the

initial dislocation density per phase increases with the content of
martensite per steel. The increase in hardness with the fraction of
martensite is elucidated to be primarily owing to the increase in the
dislocation densities originating from the greater dislocations in the
structure with the greater fraction of martensite.

4. Discussion

Results presented in the preceding section in terms of the local
hardness behavior of the steel alloys are rationalized and correlated to
the overall strength of the steel alloys in this section. Since hardness
response at every nanoindentation indent is driven from localized
microstructural features, contributions to strengthening from various
mechanisms such as dislocations and solid solution to the overall
strength can be inferred [86,87]. In general, the strengthening effects
increase the lattice friction stress via solid solution hardening, grain
refinement hardening, dislocation hardening, and precipitation hard-
ening. In the present study, nanoindentation is used solely to discuss the
contribution of dislocation content to the strength of the alloys, while
any contribution of solid solution and/or precipitation hardening could
not be ruled out and barrier effect is assumed similar for all steels. The
strength of DP steels is related to strength of ferrite and martensite and
the corresponding phase ratio. Load transfer between phases with
different strength contributes to strengthening. The contribution is

Fig. 4. Hardness maps of the AM HSLA (left) and wrought/rolled HSLA (right) steels. The intensity bar is the same as in Fig. 2. Correlated phase and hardness maps
are not provided because the single martensitic phase is present in both maps.

Table 4
Estimated HV in kgf/mm2 from hardness in GPa.

Steel Ferrite
Hardness
[GPa]

HV-
ferrite

Martensite
Hardness [GPa]

HV-
martensite

DP 590 3.440 325.149 6.591 622.981
DP 780 4.010 378.987 6.726 635.742
DP 980 4.201 396.984 6.750 638.010
DP 1180 4.621 436.682 6.930 655.024
MS 1700 6.130 579.408 7.701 727.804
HSLA AM N/A N/A 5.589 528.272
HSLA
Rolled

N/A N/A 7.403 699.732

Deformed
980

4.388 414.754 6.745 637.537
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owing to the strength/stiffness, volume fraction, and morphology of the
reinforcement martensitic phase [88–93]. Hardness of the ferrite phase
is found to increase at a greater rate than that of the martensite phase
with the content of martensite and resulting steel tensile stress level of
the DP steels. The increasing fraction of the dislocating martensite phase
is a primary origin of strength. Therefore, strengthening of ferrite faster
than martensite with the increasing fraction of martensite as measured
in the DP steels is likely owing to the dislocations. Moderate hardening
during plastic deformation is owing to the increase in dislocation density
in ferrite. During plastic deformation, ferrite yields first while
martensite remains elastic in DP steels. Hence martensite is a constraint
on the ferrite deformation after ferrite yields, leading to dislocations
blocked at ferrite/martensite interfaces inducing an extra strengthening
effect by the martensite phase. In summary, the primary sources of

hardening are the buildup of dislocations in ferrite and increasing load
transfer because of the strength/stiffness differential between constitu-
ent phases with the fraction of martensite.

Comparisons of the hardness between martensite in the rolled HSLA
steel with the DP steels revealed comparable values to MS 1700 steel.
However, martensite in the AM HSLA steel was softer owing to the
tempering occurring during the AM process. During manufacturing of
AMHSLA steel specimens, the material further underneath the melt pool
boundaries experiences temperatures below the austenitization tem-
perature. Martensite in these regions unavoidably undergoes some
tempering during AM. The tempering treatment causes some morpho-
logical shape changes of the structure and also could cause some diffu-
sion of carbon out of the supersaturated martensite. Some recovery also
takes place reducing the dislocation density. Such structural changes

Fig. 5. Pole figures of the initial texture in (a) DP 590, (b) DP 780, (c) DP 980, (d) DP 1180, and (e) MS 1700 steel sheets.
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reduce strength but improve ductility relative to untampered
martensite. More analyses of the structures and strength of the HSLA
steel can be found in Ref. [9]. In summary, the lower hardness of the AM
material relative to the rolled material is primarily owing to the
tempering of the structure happening during AM since the tempering
causes spheroidization of the fine martensitic structures.

The present study showed that the high-throughput nanoindentation
mapping is a convenient and effective way to measure the relative
strength of phases in multi-phase materials. Many indents could be
performed in relatively short time as compared to more traditional
hardness measurement methods [94,95]. Knowing relative strength
between phases is important for calibration of crystal plasticity models
for multi-phase materials [44,83,96–98]. Strain partitioning between

phases would be more accurate with knowing the relative strength be-
tween phases. Measured values of hardness per phase in DP steels are
correlated to the strengths and strain hardening per steel via crystal
plasticity modeling. The approach is pursued in the present work and the
results are discussed next.

The volume expansion during α-austenite to αʹ-martensite phase
transformation causes the deformation of ferrite phase and accumula-
tion of dislocations from dislocated interfaces of martensite regions [99,
100]. As a result of more dislocated interfaces, the density of initial
dislocations is larger in steels containing more martensite. The higher
the content of initial dislocation density, the higher the strength.
Therefore, the increase in hardness per phase with the fraction of
martensite per steel is rationalized here to be owing to the increase in
dislocation density. Moreover, strain hardening during plastic defor-
mation is primarily due to the buildup of dislocations in ferrite and
secondary due to the buildup of dislocations in martensite. The deter-
mined hardness versus ultimate tensile strength (UTS) and initial
dislocation density versus UTS for ferrite (left) and martensite (right)
phases are plotted in Fig. 7 for all DP steels. It should be noted from the
summery plots in Fig. 7 that while martensite has higher dislocation
density, the rate of increase in dislocation density with the fraction of
martensite in higher in ferrite. These are rationalized based on the initial
dislocation density contents per phase.

The inferred dislocation densities are regarded as lower bound
because any solute strengthening effects being higher in high tensile
strength than low tensile strength steels are not ruled out. The relatively
low values of dislocation density, especially for DP 590, are attributed to
the solute effects. Chemical composition influences the critical resolved
shear stress and also the drag stress of the steels [101]. Therefore, the
estimated values of τα

00 per steel are approximate as well as the inferred
values of the initial dislocation density are also approximate. If τα

00 is
decreased for DP 590 relative to DP 1180 because of less solid solution
strengthening, then the initial content of dislocations in DP 590 would
increase. Determining the actual chemical composition per phase in
every steel would therefore be a way to improve the estimates. These
aspects will be studied in future works.

5. Summary and conclusions

High throughput nanoindentation measurements were performed on
five dual-phase steels containing increasing fraction of martensite and

Fig. 6. (a) Comparison of measured and simulated true stress vs true strain response in simple tension for the steel sheets specified in the legend. (b) Measured true
stress vs true strain response in simple tension for the HSLA steel in the two conditions specified in the legend.

Table 5
Properties obtained from the engineering curves of the tested steels.

DP
590
(RD)

DP
780
(RD)

DP
980
(RD)

DP
1180
(RD)

MS
1700
(RD)

HSLA
Rolled

HSLA
AM

0.2%
offset
yield
stress
[MPa]

407 504 630 840 1487 1309 1210

UTS
[MPa]

663 913 1090 1288 1778 1878 1393

Eng.
strain at
UTS

0.146 0.108 0.086 0.072 0.041 0.046 0.052

Eng.
strain at
fracture

0.187 0.139 0.111 0.077 0.042 0.135 0.131

Table 6
Model parameters fitted to predict hardening of {110}〈111〉 and {112}〈111〉 slip
modes in ferrite, F, and martensite, M. L = 0.5 is for latent-hardening in-
teractions. The Burgers vector is 2.48e-10 m. Note that these parameters are
common per phase in all steels.

Parameter F M

kα
1
[
m−1]

1.5e8 0.725e8
τα
00 [MPa] 110 670
gα 0.009 0.009
qα 24 24

Table 7
Estimated initial dislocation density based on measurements for DP 1180 reported in Ref. [54] and fitting strength of ferrite, F, and martensite, M. The resulting initial
slip resistances are given. Note that these parameters are per phase per steel.

Parameter DP 590 (F) DP 590 (M) DP 780 (F) DP 780 (M) DP 980 (F) DP 980 (M) DP 1180 (F) DP 1180 (M) MS 1700 (F) MS 1700 (M)
∑

s
ρsinitial

[
m−2] 3.20e10 8.08e11 1.04e11 1.08e12 1.01e12 8.70e12 3.14e12 1.47e13 4.1e13 1.32e14

τα
0 [MPa] 112.0 681.6 113.2 683.4 119.9 707.9 128.6 719.3 177.2 817.8
Dα [MPa] 725 750 925 950 950 1000 1050 1100 1100 1200
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two solely martensitic HSLA steels to quantify the hardness of the con-
stituent phases, ferrite and martensite in the DP steels and martensite in
the HSLA steels. Each microstructure of the DP steels was characterized
by microscopy to determine the martensite volume fraction and distri-
bution. Nanoindentation hardnesses maps and quantitative micro-
structural measurements in terms of the phase fractions and
distributions were correlated and verified against each other while
assessing the importance of the individual constituent properties on the
overall strength. To this end, a clustering methodology for correlating
measured hardness and phase maps was conceived to infer hardness per
phase. The measured hardness values per phase for each steel were then
correlated to strength via crystal plasticity modeling of strength, while
inferring dislocation densities. The main conclusions of the study are:

• The hardness of the ferrite phase was found to increase at a greater
rate than that of the martensite phase with the steel tensile stress
level.

• The increase in hardness per phase with the fraction of martensite
per steel was rationalized to be owing to the increase in dislocation
density. Ferrite dislocates and consequently hardens increasingly
with the fraction of martensite, while martensite also hardens but at
a slower rate.

• The influence of the martensite phase on strength was found to be
primarily owing to the volume fraction and distribution effects,
while the increase in its strength effects is secondary. Nevertheless,
the increase of hardness of both phases with the fraction of
martensite increases the load shedding hardening effects.

• Correlating the measured values of hardness per phase to strain
hardening revealed that the hardening was primarily due to the
buildup of dislocation in ferrite and secondary due to the buildup of
dislocations in martensite.

• Comparisons of the hardness between martensite in the rolled HSLA
steel with the DP steels revealed comparable values to MS 1700 steel.
However, martensite in the AM HSLA steel was softer owing to the
tempering occurring during the AM process.

Future work will perform transmission electron microscopy of

martensite in the steels to reveal differences in the sub-structures for
correlation with the measured hardness values. Sub-structural features
like packets, blocks, laths, and boundaries between each as well as the
levels of tetragonality and retained austenite will be characterized to
determine origins in hardness differences amongst the steels, especially
between the MS and HSLA steels. The estimated friction terms of critical
resolved shear stress per steel can be refined after determining the actual
chemical composition per phase in every steel. Compositional determi-
nation will be pursued in future works. The established crystal plasticity
model parameters will then be refined and regarded as more physical
and reliable for future simulation of forming processes involving the
steels and behavior of parts made of the steels.

It is anticipated that the procedure of mapping hardness presented in
this work will become an essential protocol for determining strength
differentials between phases in developing strong and ductile steels.
Enhancing the coordinated deformability of ferrite and martensite in DP
steel can alleviate the strain localization process as strain partitioning
between the phases is reduced. The insights gained from the mapping
are essential for calibrating hardening parameters of crystal plasticity
models.
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Appendix A

High-speed nanoindentation mapping of hardness requires appropriate indentation depth and indentation spacing. This appendix presents vari-
ation of average hardness versus depth for a specimen of DP 980 in Fig A1. The range between 40 and 100 nm depth are consistent. Below 40 nm, the
force is insufficient to penetrate martensite, while above 100 the phases interact under the indenter so that the ferrite phase softens the response.
Indents or imprints in specimens after nanoindentation are shown in Fig. A2. The results are shown at three applied force levels, 275 μN, 1010 μN, and
2570 μN. Recommended spacing between indents of 1 μm to achieve sufficient resolution for nice looking contour plots was achieved under the 1010
μN load. The spacing is the distance between the center of one indent to the center of a neighboring indent. Appropriate spacing must not only prevent
interference between adjacent indents but also maximize indentation coverage for nice looking contours of properties over the microstructure.
Spacing of 0.5 μmbetween the most-right corner of one indent to the most-left corner of another indent is also recommended to allow for the indents to

Fig. 7. Hardness versus UTS and initial dislocation density versus UTS for ferrite (left) and martensite (right) phases of the steels. Note that the latter is a semi-log
graph in which the initial dislocation density is logarithmic meaning that the separation between the ticks in the graph is proportional to the logarithm of numbers,
while the UTS axis has a linear scale meaning that the ticks are evenly spaced.
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be as close to one another as possible without interfering. While several ranges of spacings are explored for achieving accurate counter maps, three
cases are shown in Fig. A2. The middle one is taken as optimal for results even though the last one provided very similar results, within the standard
deviation. The 2570 μN force is regarded as an upper bound for obtaining accurate results in both phases. The figure specifies achieved average depth,
hc, over the indents per load. The force used in obtaining the results of the present work varied as necessary to produce an average indentation depth of
~50 nm per specimen from 860 μN for DP 590–1005 μN for DP780 to1005 μN for DP980 to 1010 μN for DP1180 to 1160 μN for MS1700. The HSLA
steels were tested under 1010 μN force. Finally, Fig. A3 shows correlations between phases and hardness with several highlighted martensitic regions.

Fig. A1. Calibration curve showing average hardness variation versus depth for a sample of DP 980.

Fig. A2. Secondary electrons images showing indents over DP 1180 under (a) 275 μN load with 0.5 μm spacing achieving ~25 nm average depth, (b) 1010 μN load
with 1 μm spacing achieving 50 nm average depth, and (c) 2570 μN with 2 μm spacing achieving ~100 nm average depth. The images on the right are magnified
views of the left images.
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Fig. A3. Correlation between an IQ map of DP 590, its hardness map, and finally its correlated phase and hardness map with several highlighted martensitic regions.
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of the nanohardness of the constitutive phases of TRIP-assisted multiphase steels.
Mater. Sci. Eng. A 2002;328:26–32.

[25] Moon J, Kim S, Jang J-i, Lee J, Lee C. Orowan strengthening effect on the
nanoindentation hardness of the ferrite matrix in microalloyed steels. Mater. Sci.
Eng. A 2008;487:552–7.
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