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The objective of this work is to demonstrate that the mechanical response of multiphase materials is funda-
mentally different in an imposed deformation field that is homogeneous, versus in an imposed deformation field
that is heterogeneous, at a length-scale greater than the microstructural length-scale. To this end, we focus on
two dual-phase steels with significantly different nominal chemical composition and microstructure. The me-
chanical response of the steels is characterized by in-situ SEM tensile tests of flat dog-bone and single-edge notch
specimens. The experimental results show that the dog-bone specimens of the two steels exhibit very similar
mechanical response but the mechanical response of their single-edge notch specimens differs significantly. This
is in contrast to any classical analysis that will predict the same mechanical response in the presence of a notch
for two materials that give the same mechanical response under uniaxial tension. The high resolution in-situ tests
coupled with microstructure-based digital image correlation and finite element analysis are then used to eluci-
date how the interlacing of imposed heterogeneous deformation field and material microstructure affects the
mechanical response of these steels. Our results clearly highlight that a mechanistic analysis of multiphase
materials under imposed heterogeneous deformation field must involve explicit consideration of the length-

scales associated with the material microstructure.

1. Introduction

Materials science of structural materials seeks the forward correla-
tion of composition/processing, material microstructure and a set of
mechanical properties. This forward correlation is likely unique i.e. a
fixed composition/processing route leads to a unique microstructure
that in turn leads to a unique set of mechanical properties. Intuitively,
the inverse correlation of the same is not necessarily unique i.e. the same
set of mechanical properties can be obtained from more than one
microstructure resulting from different composition/processing routes.
The key phrase here is “a set of mechanical properties.” In general,
mechanical properties of a ductile structural material are characterized
via the standard tension test [1]. In the tension test, the gauge section of
the test specimen undergoes homogeneous uniaxial tensile deformation
at a length-scale greater than the microstructural length-scale at least
until the onset of necking [2]. Thus, as long as the specimen size i.e. the
structural length-scale is sufficiently greater than the microstructural
length-scale, an unstructured continuum description of (a set of) me-
chanical properties can be obtained. These mechanical property

descriptors are then be used for comparing materials, material devel-
opment, structure/component design, quality control and reliability
analysis, to name a few.

There is, however, an important difference between the character-
ization of mechanical response of a structural material in a deformation
field that is homogeneous, versus in a deformation field that is hetero-
geneous at the structural length-scale, such as those observed in bending
dominated manufacturing processes or in the vicinity of a structural
discontinuity. In the former, characterization of mechanical response
can be based on an unstructured continuum description of mechanical
properties, such as strength and strain-hardening. On the contrary, in
the latter, the characterization of mechanical response may also involve
the length-scales associated with the material microstructure. This im-
plies that even if the mechanical response of more than one micro-
structure is the same in a homogeneous deformation field, for example,
under a tension test, it may still differ in a heterogeneous deformation
field, for example, in the presence of a notch. This has far reaching
consequences in materials selection, development and their use in crit-
ical applications.
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The objective of this work is to experimentally demonstrate that two
microstructures that lead to the same mechanical response in a homo-
geneous deformation field can lead to very different mechanical
response in a heterogeneous deformation field. To this end, we focus on
two low-carbon dual-phase [3] advanced high strength steels [4], viz,
DF140T and DP980, with significantly different nominal chemical
compositions. Both of these steels were produced on a continuous
annealing line that allows intercritical heating into the ferrite-austenite
phase field followed by fast cooling to cause diffusionless martensitic
transformation. The as-processed microstructure of both dual-phase
steels consists of hard martensite phase particles dispersed in rela-
tively soft ferrite phase matrix. However, the amount of ferrite and
martensite phases, and their mechanical properties, such as strength and
strain-hardening, in the as-processed microstructure of these two steels
differ significantly [5-7].

Dual-phase advanced high strength steels are one of the most tech-
nologically sought after materials to enhance safety and efficiency of
automobiles [8]. The microstructure — mechanical property correlation
of dual-phase steels has been a topic of several experimental and
computational studies [5-7,9-40]. These studies have shown that under
uniaxial tension, the stress-strain curves of dual-phase steels (with high
martensite content) exhibit three characteristic stages: (i) at low loads
the response is elastic and with increasing load yielding first occurs in
the soft ferrite phase; (ii) following yielding in the ferrite phase, a period
of rather strong strain-hardening is observed where the hard martensite
phase remains elastic; and (iii) with further increase in load the
martensite phase also reaches yield resulting in a significant reduction in
the strain-hardening rate. These studies have also shown that dual-phase
steels predominantly undergo ductile fracture at room temperature due
to nucleation, growth and coalescence of voids, where void nucleation
predominantly occurs by decohesion at ferrite — martensite interfaces
and separation of adjacent or fractured martensite particles.

Here, we carry out a series of in-situ SEM tensile tests of flat dog-bone
and single-edge notch specimens of DF140T and DP980 dual-phase
advanced high strength steels. The tensile test of a dog-bone specimen
corresponds to an imposed homogeneous deformation field (at least
until the onset of necking) whereas that of a single-edge notch specimen
corresponds to an imposed heterogeneous deformation field at the
structural length-scale. The high resolution in-situ SEM tensile tests
coupled with microstructure-based digital image correlation [12,13,24,
25,27] allow us to capture both the macroscopic mechanical response
and the distribution of microscale strains on the specimen surface. Our
experimental results show that despite significantly different micro-
structure, microscale property distribution and microscale deformation,
the dog-bone specimens of the two steels exhibit very similar mechanical
response at macroscale. However, the mechanical response of the
single-edge notch specimens of the two steels differs significantly.

Our microscale strain measurements (prior to the onset of necking/
fracture) coupled with fractographic analyses suggest that the interlac-
ing of heterogeneous deformation field at the structural and the
microstructural length-scales affects the deformation and fracture
response of dual-phase steels. We also carry out microstructure-based
finite element analyses of tensile tests of flat dog-bone and single-edge
notch specimens of both the steels to complement the conclusions
drawn from the experimental observations. In the finite element calcu-
lations, the SEM images of the microstructures of the steels under
consideration are directly utilized to generate two-dimensional finite
element meshes and the constitutive properties of the constituent phases
are obtained from the micropillar compression test and finite element
calculation results of refs. [5-7].

2. Material and method
The dual-phase advanced high strength steels examined in this work

are DF140T with nominal chemical composition of 0.15%C — 1.45%Mn
— 0.3%Si (wt.%) and DP980 with nominal chemical composition of
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0.09%C — 2.15%Mn — 0.6%Si (wt.%). Both of these steels were produced
on a water — quenched continuous anneal line by ArcelorMittal. The
deformation and fracture response of both the steels were characterized
using tensile tests inside a Scanning Electron Microscope (SEM). The
metallographic analysis of the undeformed material and fractography of
the fractured specimens were also carried out using SEM.

The in-situ SEM tensile tests were carried out using a Kammrath &
Weiss tension module inside a Tescan FERA-3 model GMH Focused Ion
Beam Microscope. For in-situ SEM tensile tests, sub-sized flat dog-bone
and single-edge notch tension specimens with axis parallel to the roll-
ing direction of the steel sheets were machined using wire EDM. The
length and width of the gauge section of the dog-bone specimens were 8
mm and 3 mm, respectively. The single-edge notch specimens had the
same dimensions as the dog-bone specimens but they contained an edge
notch of depth 1.5 mm, machined using wire EDM in the center of the
gauge section. The final tip radii of EDM machined notches were
approximately 150 pm. Prior to in-situ SEM tensile testing, one surface
of all the flat tension specimens was mechanically ground using 320 to
1200 grit SiC grinding papers and fine polished until 0.05 pm alumina
suspension. All the mechanically polished specimens were chemically
etched with 3% Nital for 15sec to reveal the dual-phase microstructure.
The final thickness of the polished and etched tension specimens was
approximately 1.35 mm. All the tension tests were carried out at a
crosshead speed of 4 pm/s giving a nominal uniaxial tensile strain rate of
0.5 x 1073sec™! for the dog-bone specimens.

The in-situ SEM tensile tests were interrupted at regular intervals to
capture high resolution secondary electron (SE) images of the surface
microstructure. The series of SE images of the surface microstructure
captured during a tensile test were then used to carry out
microstructure-based digital image correlation (DIC) by tracking the
contrast between the microstructural features. The DIC analyses were
performed using the Ncorr open-source DIC software [41]. The Ncorr
software utilizes a subset-based DIC algorithm, where the reference
image is partitioned into smaller regions referred to as subsets. The
subsets are initially a contiguous circular group of points. In this work,
subsets of radii 35 pixels with inter subset spacing of 1 pixel were used.
The Ncorr software utilizes the inverse compositional method [42] for
two-dimensional displacement field measurements, where the subsets in
the current image are mapped with the subsets in the reference image
via linear displacement mapping functions. The measured displacement
fields were then used to estimate Green-Lagrange strain. The
Green-Lagrange strain contains the derivatives of the displacement with
respect to the initial configuration, and represents the strains in the
material orientation instead of the spatial orientation.

3. Experimental results
3.1. Material microstructure and macroscale mechanical response

The SE-SEM images of the mechanically polished and chemically
etched specimens of undeformed DF140T and DP980 steels are shown in
Figs. 1(a) and (b), respectively. The microstructure of both the steels
consists of islands of hard martensite particles dispersed in a matrix of
relatively soft ferrite grains. The microstructure of DF140T is composed
of ~39 + 2% martensite and rest ferrite, while that of DP980 is
composed of ~61 + 3% martensite and rest ferrite. The descending
cumulative distribution function (CDF) curves of the size of ferrite and
martensite regions in both the steels are shown in Fig. 1(c). The CDF
curves can be interpreted as displaying the probability that the size of a
feature will exceed a given value on the horizontal axis. From Fig. 1(c), it
is clear that the probability that the size of ferrite region will exceed a
given threshold is greater in DF140T, whereas the probability that the
size of martensite region will exceed a given threshold is greater in
DP980. If we ignore the smallest 5% and largest 5% feature sizes, in
DF140T the size of ferrite region lies within 1.83-11.32 pm and the size
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Fig. 1. SE-SEM images of initial microstructures of (a) DF140T and (b) DP980 dual-phase (ferrite (F) and martensite (M)) advanced high strength steels. (c¢) The
descending cumulative distribution function (CDF) of the size of ferrite and marteniste regions in the initial microstructure of DF140T and DP980 dual-phase

advanced high strength steels.

of martensite region lies within 0.59-7.15 pm. Similarly, in DP980 the
size of ferrite region lies within 1.05-9.60 pm and the size of martensite
region lies within 0.52-9.44 pm. So that, on average the size of ferrite
region is greater in DF140T compared to DP980, whereas the size of
martensite region is greater in DP980 compared to DF140T.

The load-displacement curves of flat dog-bone and single-edge notch
specimens of DF140T and DP980 steels under tension are shown in
Figs. 2(a) and (b), respectively. All the tensile tests were carried out
inside an SEM and the tests were interrupted at regular intervals to
capture SE images of the evolving surface microstructure. The small
drops in load at regular displacement intervals in Fig. 2 mark the
interruption of tensile loading. As shown in Fig. 2(a), the tensile
response of the dog-bone specimens of both the steels is very similar
with ultimate tensile strength i.e. maximum load (~4300 N) normalized
by the initial cross-section area of the gauge section of the dog-bone
specimens of both the steels being ~1 GPa. However, the tensile
response of single-edge notch specimens of the two steels differs
significantly, Fig. 2(b). The single-edge notch specimens of DP980 steel
can withstand greater than 6% load and exhibit more than 60% greater
extension prior to fracture as compared to the single-edge notch speci-
mens of DF140T steel. Note that for two materials with very similar
mechanical response under uniaxial tension, any classical fracture
mechanics-based analysis will predict similar response in the presence of
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a structural defect such as a notch. The results presented in Fig. 2 clearly
highlight the difference between the characterization of mechanical
response of multiphase materials in an imposed deformation field that is
homogeneous, versus in an imposed deformation field that is hetero-
geneous at the structural length-scale.

3.2. Microscale deformation field

A series of SE-SEM images of the evolving microstructure on the
surface of the flat tension specimen were captured to characterize the in-
plane microscale deformation field via microstructure-based DIC. The
distribution of the &, strain (strain along the tensile loading direction)
in the reference configuration in a 300-by-300um? region in the center
of the gauge section of the dog-bone tension specimen of DF140T and
DP980 steels deformed to a (macroscale) displacement of 600 pm is
shown in Fig. 3(a). At this point, the dog-bone tension specimens of both
the steels are within the uniform deformation regime, see Fig. 2(a). In
Fig. 3(a), the values of &, less than the value of ¢,, at the edges parallel
to y-axis of the 300-by-300um? box, €box, are white washed to highlight
the regions of strain concentration. As shown in the figure, even though
the dog-bone tension specimens of both the steels at macroscale are
within uniform deformation regime, at microscale the deformation is
extremely heterogeneous. Also, even though at macroscale the
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Fig. 2. Two sets of load-displacement curves of flat (a) dog-bone and (b) single-edge notch tension specimens of DF140T and DP980 dual-phase advanced high
strength steels. The small drops in load at regular displacement intervals are caused by interrupting the test to capture high resolution SE-SEM images of the evolving

microstructure on the specimen surface.
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mechanical response of the dog-bone specimen of both the steels is very
similar, at microscale the heterogeneous deformation is more pro-
nounced in DF140T steel compared to DP980 steel. In the dog-bone
specimen of DF140T steel, under imposed tensile loading along x-axis,
exx localizes in bands that are (roughly) oriented orthogonal to the
loading direction even before the onset of maximum load.

The evolution of heterogeneous deformation, in particular, the
extent of strain concentration at microscale in the dog-bone tension
specimen of DF140T and DP980 steels is quantified in Fig. 3(b). Fig. 3(b)
shows the evolution of the area fraction of various levels of ¢, greater
than the current value of eﬁ"" with imposed (macroscale) displacement.
The results in Fig. 3(b) are only presented up to an imposed displace-
ment of 1000 pm which is within the macroscopic uniform deformation
regime, see Fig. 2(a). As shown in Fig. 3(b), at an imposed displacement
of 200 pm, the area fraction of all levels of strain concertation, &/ ef’(;" s
is greater in DF140T steel compared to DP980 steel. With progressive
deformation (increasing imposed displacement), the area fraction of all
levels of &, /€29 first decreases due to the onset of plastic deformation in
both ferrite and martensite phases and then tends to increase gradually
in both the steels. At greater imposed displacements, the area fraction of
low levels of &y,/ s,‘;gx is roughly the same in both the steels. However, the
area fraction of e, /€29 > 1.2 is greater in DF140T compared to DP980,
highlighting the extremely heterogeneous deformation with regions of
extremely high strain concertation in DF140T.

The distribution of the ¢y, strain in the reference configuration in a
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Fig. 3. (a) The distribution of the &, strain in a 300-
by-300pum? region in the center of the gauge section
of the dog-bone tension specimen of DF140T and
DP980 steels deformed to a (macroscale) displace-
ment of 600 pm. In (a) the values of &, less than the
value of &, at the edges parallel to y-axis of the re-
gion of interest i.e. the 300-by-300pum? box, 2%, are
white washed to highlight the regions of strain
concentration. The tensile loading direction in (a) is
along x-axis and the value of £2% ~ 0.04 for both the
steels. (b) The evolution of the area fraction of
various levels of &, greater than the current value of
€% in the regions shown in (a) with imposed
displacement on the dog-bone tension specimen of
DF140T and DP980 steels. The y-axis in (b) is on
logarithmic scale.
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500-by-250pm? region near the notch in the single-edge notch tension
specimen of DF140T and DP980 steels deformed to a (macroscale)
displacement of 200 pm is shown in Fig. 4(a). At the imposed
displacement of 200 pm neither of the single-edge notch tension speci-
mens have reached the maximum load. As shown in Fig. 2(b), the single-
edge notch specimens of DF140T achieve an average maximum load of
~2092 N at an average extension of ~262 pm while those of DP980
achieve an average maximum load of ~2237 N at an average extension
of ~330 pm. In Fig. 4(a), the values of e, less than the value of ¢, at the
edges parallel to the y-axis of the 500-by-250um? box, €k, are white
washed to highlight the regions of strain concentration. As shown in the
figure, in the single-edge notch tension specimen of both the steels, &y
localizes in wide bands originating from the corners of the deformed
notch. Within this band the deformation is more heterogeneous with
regions of greater strain concentrations for DF140T steel compared to
DP980 steel. The difference between the deformation at microscale in
the steels seen in Fig. 4(a) can be explained at least qualitatively based
on the results shown in Fig. 3(a). Nevertheless, unlike the dog-bone
specimen, the macroscale tensile response of the single-edge notch
specimen of these steels differs significantly, see Fig. 2.

Similar to Fig. 3(b), the evolution of the extent of strain concentra-
tion at microscale in the single-edge notch tension specimen of both the
steels is quantified in Fig. 4(b). The results in Fig. 4(b) are only presented
up to an imposed displacement of 200 pm which is before the onset of
maximum load in Fig. 2(b). As shown in Fig. 4(b), at an imposed
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Fig. 4. (a) The distribution of the &, strain in a 500-
by-250um? region near the notch in the single-edge
notch tension specimen of DF140T and DP980
steels deformed to a (macroscale) displacement of
200 pm. In (a) the values of ¢y less than the value of
&xc at the edges parallel to y-axis of the region of
interest i.e. the 500-by-250pm? box, €2*, are white
washed to highlight the regions of strain concentra-
tion. The tensile loading direction in (a) is along x-
axis, the initial notch is along y-axis and the dotted
arc marks the location of the notch tip. The value of
€09~ 0.052 for DF140T steel and €% ~ 0.05 for
DP980 steel. (b) The evolution of the area fraction of
various levels of ¢, greater than the current value of
€% in the regions shown in (a) with imposed
displacement on the single-edge notch tension spec-
imen of DF140T and DP980 steels. The y-axis in (b)
is on logarithmic scale.
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displacement of 50 pm, the area fraction of all levels of strain con-
certation, &y, /si‘,’j‘, is greater in DF140T steel compared to DP980 steel.
With progressive deformation (increasing imposed displacement), the
area fraction of all levels of &y, /el%* first decreases and then tends to
increase gradually in both the steels. At greater imposed displacements,
the area fraction of low levels of &, /€2 is roughly the same in both the
steels. However, the area fraction of e, /€22 > 1.6 is greater in DF140T
compared to DP980, highlighting the extremely heterogeneous defor-
mation with regions of extremely high strain concertation in DF140T as
shown in Fig. 4(a).

In a single-edge notch tension specimen, the regions near the free
surface may exhibit greater shear-driven plastic deformation as the
stress along the thickness direction approaches zero on the free surface
of the specimen. Thus, it is imperative to analyze the extent of shear
strain concentration at microscale in the single-edge notch specimen of

X DF140T

-0.009

-0.018

both the steels. The microscale distribution of in-plane shear strain, &,,,
in the reference configuration in the single-edge notch tension specimen
of both the steels in the same regions and at the same imposed
displacement as in Fig. 4(a) is shown in Fig. 5. In both the steels, the
positive values of &y, concentrate in triangular bands originating from
the notch tip, while the values of ¢,, are negative on the left side of these
triangular bands. The zero shear region between the two shear di-
rections (positive and negative) is most susceptible to damage initiation.
Similar to Fig. 4(a), in Fig. 5 as well, within the region of negative and
positive values of &, the distribution of ¢,, is more heterogeneous with
regions of greater strain concentrations in DF140T steel as compared to
DP980 steel.

Figs. 3-5, show that at the same imposed (macroscopic) displace-
ment the deformation at the microstructural length-scale is more het-
erogeneous with regions of greater strain concentrations in DF140T steel

X DPI80
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Fig. 5. The distribution of the &, strain in a 500-by-250um? region near the notch in the single-edge notch tension specimen of DF140T and DP980 steels deformed
to a (macroscale) displacement of 200 pm. The tensile loading direction is along x-axis, the initial notch is along y-axis and the dotted arc marks the location of the

notch tip.
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compared to DP98O0 steel in both the dog-bone and the single-edge notch
tension specimens. To further quantify the extent of strain concentration
or localization in the dog-bone and the single-edge notch tension spec-
imens of the two steels, we now consider the variation of the area
fraction of various levels of /€2 and &y, at a fixed imposed
displacement, Fig. 6. As shown in Fig. 6, the area fraction of a given level
of exx/€2%* and e,y is in general greater in the single-edge notch specimen
compared to the dog-bone specimen in both the steels. In the dog-bone

specimen, the area fraction of both ey /e and &y, decreases with

increasing values of exx/eggx and e,,, respectively, in both the steels.
Also, the area fraction of a given level of ,,/e2%* and e, is in general
slightly greater in the dog-bone specimen of DF140T steel compared to
that of DP980 steel. In the single-edge notch specimen of DP980 the area
fraction of both e /€2%* and &y, also decreases with increasing values of
exx/€2%% and ey, respectively. However, in the single-edge notch spec-

imen of DF140T the area fraction of &4 /e2%* and ey, only decreases

initially with increasing values of ey /e’%* and e, respectively, and
beyond a critical value of ey/e2%* and &y, their area fraction tends to
saturate, suggesting localization of both e, and ey,.

3.3. Fracture characteristics

SE-SEM images of the fracture surface of the dog-bone tension
specimen of DF140T and DP980 steels are shown in Fig. 7. The quali-
tative morphology of the fracture surface of the dog-bone tension
specimen of both the steels is roughly the same. The fracture surface of
both the steels exhibits a dimpled morphology indicative of ductile
fracture due to nucleation, growth and coalescence of microscale voids.
The fracture surface of both the steels at greater magnification shows
large and deep holes together with relatively small dimples. The
bimodal distribution of dimples on the fracture surface is characteristics
of dual-phase materials undergoing elastic-plastic deformation in both
the phases [7].

Fig. 8 shows SE-SEM images of the fracture surface of the single-edge
notch tension specimen of DF140T and DP980 steels. The crack growth
direction in the specimens of both the steels is marked with arrows in the
left most low magnification image in Fig. 8(a) and (b), and the thickness
of the flat specimens is along the vertical edges of the image. The low
magnification image of the fracture surface of DF140T steel shows for-
mation of shear lips near the free surfaces (horizontal edges of the
image) of the specimen. For DF140T steel, the maximum reduction in
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(b)

Fig. 7. SE-SEM images of the fracture surface showing the fracture morphol-
ogies of one-half of the flat dog-bone tension specimen of (a) DF140T and (b)
DP980 dual-phase advanced high strength steels. The tensile loading direction
is into the viewed plane. Magnified views of regions marked with dotted circles
in left images are shown in right images.

the thickness of the fractured specimen (near the notch root) was found
to be ~ 9.8% and the minimum reduction in the thickness of the frac-
tured specimen (away from the notch root) was found to be ~ 8.3%. On
the contrary, the image taken at the same low magnification of the
fracture surface of DP980 shows through thickness necking at the root of
the deformed notch. For DP980 steel, the maximum reduction in the
thickness of the fractured specimen (near the notch root) was found to
be ~ 23.3% and the minimum reduction in the thickness of the fractured
specimen (away from the notch root) was found to be ~ 12.0%. This
clearly shows that the single-edge notch specimen of DP980 steel first
underwent through thickness necking which was then followed by
damage evolution and crack initiation in center of the neck. However, in
the single-edge notch specimen of DF140T steel a thumbnail shaped
crack initiated along the thickness of the specimen without significant
through thickness necking.
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Fig. 6. The variation of the area fraction of various levels of (a) ey /e2% and (b) e, in a 300-by-300pm? region in the center of the gauge section of the dog-bone
tension specimen and in a 500-by-250pm? region near the notch in the single-edge notch tension specimen (N) of DF140T and DP980 steels. For both the steels, the
dog-bone tension specimen was deformed to a (macroscale) displacement of 600 pm and the single-edge notch tension specimen was deformed to a displacement of

200 pm. The y-axes in (a) and (b) are on logarithmic scale.
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(b)

Fig. 8. SE-SEM images of the fracture surface showing the fracture morphol-
ogies of one-half of the flat single-edge notch tension specimen of (a) DF140T
and (b) DP980 dual-phase advanced high strength steels. The tensile loading
direction is into the viewed plane. Magnified views of regions marked as A and
B in left most images are shown in center and right images, respectively.

The magnified images of the regions that are marked A near the
notch root in the left most images in Fig. 8(a) and (b) show large and
deep holes together with relatively small dimples in both the steels. In
addition to dimples, for DF140T steel, the image labelled A in Fig. 8(a)
also shows presence of depressions with sides resembling quasi-cleavage
like planes suggesting pullout of hard precipitates from the relatively
soft matrix. The magnified view of the fracture surface away from the
notch root that is labelled B in Fig. 8(a) shows no change in the fracture
surface morphology with progressive crack growth in the specimen of
DF140T steel. However, the magnified view of the fracture surface away
from the notch root in the specimen of DP980 steel, labelled B in Fig. 8
(b), is different from the fracture surface morphology near the notch
root, see the image labelled A in Fig. 8(b). The fracture surface
morphology away from the notch root in the specimen of DP980 steel
contains relatively large quasi-cleavage like planes together with dim-
ples. This is likely due to overload in the ligament post necking.

4. Discussion

Our experimental results show that despite significantly different
nominal chemical composition and microstructure, the dog-bone ten-
sion specimens of DF140T and DP980 dual-phase steels exhibit very
similar mechanical response. However, despite this, the mechanical
response of the single-edge notch tension specimens of these two steels
differs significantly. This is in contrast to any classical analysis that will
predict the same mechanical response in the presence of a notch for two
materials that have the same mechanical response under uniaxial ten-
sion. Furthermore, our microscale strain measurements, prior to the
onset of maximum load (i.e. necking or fracture), show that irrespective
of the similarities in the mechanical response of the dog-bone specimens
and differences in the response of the single-edge notch specimens, the
deformation at the microstructural length-scales in the two steels is al-
ways different. At the microstructural length-scale the deformation in
both types of specimens of both the steels is always heterogeneous with
the heterogeneous deformation being more pronounced in DF140T steel
compared to DP980 steel. A quantitative analysis of the extent of strain
concentration in both types of specimens of both the steels revealed that
the single-edge notch specimen of DF140T steel exhibits in-plane
localization of deformation. The in-plane localization of deformation
in the single-edge notch specimen of DF140T steel results in onset of
fracture without significant deformation along the out-of-plane
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(thickness) direction of the flat specimen. On the contrary, in the single-
edge notch specimen of DP980 steel, onset of fracture occurs post out-of-
plane necking near the notch root.

At the structural length-scale, in a dog-bone specimen, the stress
state is uniaxial and the deformation is more or less uniform up until the
onset of necking, whereas in a single-edge notch specimen, the stress
state is quite complex and the deformation is always heterogeneous.
Thus, it can be hypothesized that the interlacing of the heterogenous
deformation at the structural and the microstructural length-scales leads
to the in-plane localization of deformation in the single-edge notch
specimens of DF140T steel. To proof this hypothesis, we carry out
microstructure-based finite element analyses of the dog-bone and the
single-edge notch tension specimens of both the steels. Schematic rep-
resentations of the microstructure-based finite element models of the
two-dimensional plane strain dog-bone and single-edge notch specimens
of the two steels under consideration are shown in Fig. 9. In theory, it is
possible to carry out microstructure-based finite element analyses of the
full three-dimensional dog-bone and single-edge notch specimens.
However, the finite element mesh density required to discretely model
the micron-size microstructural features in the specimens of dimensions
in millimeters will render the calculations prohibitively time consuming.
Thus, for the dog-bone specimen, a two-dimensional slice of material
with dimensions 500 pm along x-axis and 250 pm along y-axis is
considered while for the single-edge notch specimen, half of the gauge
section i.e. a slice of material with dimensions 2 mm along x-axis and 3
mm along y-axis with a notch of depth 1.5 mm along y-axis and tip
radius 150 pm (located along the symmetry line OO’, Fig. 9) is consid-
ered for numerical analyses.

The finite element calculations are carried out using the commercial
finite element code ABAQUS/Standard [43]. To simulate the tension test
of flat dog-bone specimen the 500pm x 250pm slice of specimen is
subjected to uniaxial velocity along x-axis on the two free edges parallel
to y-axis, Fig. 9. To simulate the tension test of flat single-edge notch
specimen, the one-half specimen, Fig. 9, is subjected to y-axis symmetry
boundary conditions along OO’ and uniaxial velocity along x-axis on the
free edge parallel to y-axis. The finite element meshes use eight-node
plane strain, CPES8R, elements of the ABAQUS/Standard element li-
brary [43]. The finite element mesh of 500pm x 250um slice of spec-
imen contains 500 x 250 elements. The half single-edge notch specimen
contains 400 x 400 elements in 400pm x 400pm region close to the
notch tip (marked as abcd in Fig. 9), and rather coarse mesh outside
abcd. Next, to generate the discrete dual-phase microstructures in the
finite element models, grayscale SEM images of microstructures of the
two steels are superimposed on the finite element mesh and the material

10" «—id—»

Fig. 9. Schematic showing a slice of defect free region of the gauge section of
the dog-bone specimen and a slice of one-half of the single-edge notch specimen
together with zoomed-in view of finite element mesh and superimposed dual-
phase microstructure of DF140T and DP980 dual-phase advanced high
strength steels.
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properties corresponding to respective microstructural features are
assigned based on elements. In the 500pm x 250pm slice of specimen,
the dual-phase microstructures are discretely modeled throughout the
specimen whereas, in the half single-edge notch specimen, the
dual-phase microstructures are discretely modeled only in the region
marked as abcd in Fig. 9. The region outside abcd in the half single-edge
notch specimen is assigned the material properties corresponding to the
overall (homogenized) mechanical response of the two steels under
consideration.

In the microstructure-based finite element calculations, both ferrite
and martensite phases and the overall (homogenized) dual-phase steels
are modeled as rate-independent isotropic elastic-plastic material within
finite strain J, flow theory. The Young’s modulus and Poisson’s ratio of
both the phases and homogenized dual-phase steels are taken to be, 210
GPa and 0.3, respectively. The plastic response of both the phases and
the homogenized dual-phase steels is modeled using the constitutive
relation proposed in Ref. [6],

6. =00+k (1 —exp(—koe?)) + hy(e")" @

where the first term marks the onset of plastic deformation in the soft
ferrite phase, the second term represents the strong strain-hardening
regime where the hard martensite phase largely remains elastic and
the ferrite phase undergoes plastic deformation, and the third term
represents the power-law strain-hardening regime in which both the
phases undergo plastic deformation. Also, with the value of k; = 0, Eq.
(1) reduces to simple Ludwik type constitutive relation that can be used
to capture the stress-strain response of the constituent phases. The
values of the constitutive parameters in Eq. (1) that best represent the
plastic response of both the constituent phases (ferrite and martensite)
of the two steels (DF140T and DP980) under consideration and their
overall plastic response are obtained from the coupled micropillar
compression test results of ref. [5] and representative volume element
finite element calculations of refs. [6,7]. The final values of all the
constitutive parameters for both the phases present in both the steels and
for their overall plastic response are given in Table 1. The predicted
nominal uniaxial stress-strain response of both the phases present in the
two steels, and the predicted overall nominal uniaxial stress-strain
response of the two steels using the constitutive parameters in Table 1
are shown in Fig. 10.

The key results of the microstructure-based finite element analyses of
tensile tests of the dog-bone and the single-edge notch specimens of the
two steels are shown in Fig. 11. Fig. 11 shows the variation of the pre-
dicted area fraction of various levels of ey, /€% and &,y in the dog-bone
like and the single-edge notch specimens of the two steels at a fixed
overall strain, 2%*. The finite element results presented in Fig. 11 are
qualitatively similar to the experimental results presented in Fig. 6.
Similar to experimental results in Fig. 6, the numerical results in Fig. 11
show that: (i) for both the steels, the area fraction of a given level of ¢,/
€’ and e, is in general greater in the single-edge notch specimen
compared to the dog-bone specimen; (ii) in both the specimens the area
fraction of ex/e?% and ey, is in general greater in DF140T steel
compared to DP980 steel; (iii) in dog-bone specimens, the area fraction

Table 1

The values of the constitutive parameters in Eq. (1) that characterize the plastic
response of both the phases (ferrite and martensite) and that of homogenized
dual-phase, DF140T and DP980, advanced high strength steels.

oo (MPa) ki (MPa) ko hs (MPa) n
Ferrite (DF140T) 560.3 0 0 623.7 0.53
Martensite (DF140T) 1655.3 0 0 1628.2 0.39
Homogenized DF140T 430.0 367.9 464.8 1149.2 0.45
Ferrite (DP980) 542.5 0 0 3520.5 0.94
Martensite (DP980) 1072.7 0 0 688.2 0.45
Homogenized DP980 430.0 309.4 634.8 1222.6 0.44
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Fig. 10. Nominal stress (¢) - strain (¢) response of the ferrite and the
martensite phases present in DF140T and DP980 dual-phase advanced high
strength steels, and the overall nominal stress-strain response of DF140T and
DP980 dual-phase advanced high strength steels predicted using the constitu-
tive parameters given in Table 1.

of ey /€2 and e, decreases with increasing values of ex/€2% and ey,

respectively, for both the steels; and (iv) in single-edge notch specimens,

: box
the area fraction of e,y /e2%

£xx /€29 and &xy, respectively, for DP980 steel but for DF140T steel,

xx

and &,, decreases with increasing values of

beyond a critical value of ey./e2% and ey, their area fraction tends to
saturate. The results of the microstructure-based finite element analyses
confirm that the interlacing of heterogeneous deformation at the
structural and the microstructural length-scales can lead to localization
of deformation in the single-edge notch specimens of DF140T steel.
The in-plane localization of deformation prior to the onset of
maximum load (i.e. necking or fracture) in the single-edge notch spec-
imen of DF140T steel, will affect the damage evolution and final failure.
As shown in Fig. 12, in the single-edge notch specimen of DF140T steel
the deformation predominantly localizes in the softer non strain-
hardening ferrite phase in bands emanating from the corners of the
deformed notch. These bands are inclined at angles of ~45° and ~135°
with respect to the loading axis. With progressive deformation, damage
predominantly initiates and evolves in the ferrite phase within these
bands and finally a crack nucleates along one of the bands resulting in
premature fracture. However, due to a lack of in-plane localization of
deformation, the single-edge notch specimen of DP980 steel undergoes
through thickness necking near the notch root before fracture, Fig. 12.
Therefore, in the single-edge notch specimen of DP980 steel, damage
initiates and evolves in both the phases. In the absence of a dominant
structural length-scale in the dog-bone specimens, both the steels un-
dergo necking before fracture and exhibit the same mechanical
response. The same mechanical response of the dog-bone specimens of
the two steels is largely due to the competing effect of the overall
microstructure and the microscale properties of the constituent phases.
Recall that the microstructure of DF140T contains only ~39 + 2%
martensite compared to ~61 + 3% martensite in DP980, and due to the
differences in their nominal chemical composition, the strength of
martensite of DF140T is greater than that of DP980 while the ferrite of
DP980 exhibits slightly greater strain-hardening than that of DF140T.
In other words, the differences in the microstructure and the
microscale properties always lead to significantly different deformation
at the microstructural length-scale in the two dual-phase steels. None-
theless, due to the imposed homogeneous deformation field at the
structural length-scale in the dog-bone tension specimens, there is a
separation between the structural and the microstructural length-scales.
Therefore, the mechanical response of the dog-bone tension specimens
of the two steels is effectively that of an unstructured homogenized
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Fig. 11. The variation of the area fraction of various levels of (a) &x/e2%* and (b) &, in the defect free specimen (mimicking dog-bone specimen) and in the region
marked as abcd in Fig. 9 near the notch in the single-edge notch tension specimen (N) of DF140T and DP98O0 steels. For both the steels, the defect free specimens were
deformed to a macroscopic strain, £22* = 0.04, and single-edge notch tension specimens were deformed to an overall strain, £ = 0.05, in the region marked as abcd

in Fig. 9. The y-axes in (a) and (b) are on logarithmic scale.

DF140T

Fig. 12. SE-SEM images of surface microstructures near the notch in the single-edge notch tension specimen of DF140T and DP980 dual-phase advanced high
strength steels, just before and after fracture. For DF140T, left and right images correspond to imposed macroscale displacements of 300 pm and 350 pm, respectively,
while for DP980, left and right images correspond to imposed macroscale displacements of 500 pm and 515 pm, respectively.

material. However, the interlacing of the heterogenous deformation
field at the structural and the microstructural length-scales in the single-
edge notch specimens, results in extremely localized deformation in
DF140T steel. The localized deformation in DF140T steel in turn results
in breakdown in scale separation between the structural and the
microstructural length-scales. Thus, the mechanical response of the
single-edge notch tension specimens of dual-phase steels cannot be
based on an unstructured continuum description of mechanical prop-
erties and must also involve the length-scales associated with the ma-
terial microstructure.

5. Concluding remarks

We have elucidated how the interlacing of the structural and the
microstructural length-scales affects the mechanical response of dual-
phase steels. To this end, the mechanical response of the dog-bone and
the single-edge notch specimens of two dual-phase steels, viz, DF140T
and DP980, was characterized via in-situ SEM tensile tests. The

microstructure of DF140T steel contains ~39 =+ 2% martensite
compared to ~61 £+ 3% martensite in DP980 steel. In addition, due to
the differences in their nominal chemical composition, the strength of
the martensite of DF140T steel is greater than that of DP980 steel while
the ferrite of DP980 exhibits slightly greater strain-hardenability than
that of DF140T. The results of in-situ tensile tests were complemented
with microstructure-based digital image correlation, fractographic
analysis and microstructure-based finite element analysis. The key
conclusions of this work are as follows:

1. Despite significantly different microstructure and microscale prop-
erties, the dog-bone tension specimens of the two steels exhibit very
similar mechanical response (yield strength, strain-hardening, ulti-
mate tensile strength and ductility), but the mechanical response
(maximum load bearing capacity and extension to failure) of the
single-edge notch tension specimens of the two steels differs
significantly.
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2. At the microscale, even prior to the onset of maximum load (i.e. onset
of necking or fracture), the deformation in both the dog-bone and the
single-edge notch tension specimens of the two steels is always het-
erogeneous with the extent of heterogeneous deformation being
more pronounced in DF140T steel compared to DP980 steel.

3. The interlacing of the heterogenous deformation at the structural
and the microstructural length-scales in the single-edge notch ten-
sion specimens of DF140T steel results in localized deformation in
the softer non strain-hardening ferrite phase. Thus, with further
deformation damage predominantly initiates and evolves in the
ferrite phase resulting in premature fracture.

4. On the contrary, the single-edge notch tension specimens of DP980
steel undergo through thickness necking near the notch root before
fracture.

5. The dog-bone tension specimens of both the steels undergo necking
before fracture and their same mechanical response is due to the
competing effect of the overall microstructure and the microscale
properties of the constituent phases.

In summary, the most important message of this paper is that the
characterization of mechanical response of a multiphase material is
fundamentally different in a deformation field that is homogeneous,
versus in a deformation field that is heterogeneous at the structural
length-scale. In the former, the characterization of mechanical response
can simply be based on an unstructured continuum description of the
mechanical properties. However, the latter can lead to breakdown in
structural-microstructural length-scale separation, which makes it
extremely challenging to treat a multiphase material as an effective
homogenized material. Thus, mechanistic analysis of multiphase mate-
rials in heterogeneous deformation fields at the structural length-scale,
such as those observed in bending dominated manufacturing processes
or near a structural discontinuity, should involve explicit consideration
of the length-scales associated with the material microstructure. Here,
we have only focused on elucidating the effect of the interlacing of the
structural and the microstructural length-scales on the mechanical
response of dual-phase steels under quasi-static loading conditions. The
interlacing of these two length-scales will likely also be affected by other
loading conditions, such as the imposed loading rate. We hope that our
work will instigate further research in this direction.
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