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Abstract: Herein, we correlate the prior austenite grain (PAG) microstructure to deformation and
fracture mechanisms of an ultra-high strength martensitic steel. To this end, a low-carbon martensitic
steel is subjected to five heat-treatments and the PAG microstructure in the material is reconstructed
from the EBSD inverse pole figure maps of the martensitic microstructure. The deformation and
fracture response of all heat-treated materials are characterized by in situ tension tests of dog-bone
and single-edge notch specimens that allow us to capture both the macroscopic mechanical response
and the evolution of microscopic strains via microscale digital image correlation. The experimental
results, together with microstructure-based finite element analysis, are then used to elucidate the
effect of the PAG microstructure on the mechanical response of the material. Our results show that
the interaction between the heterogeneous deformation fields induced by the notch and the bimodal
PAG size distribution leads to an increase in the propensity of shear deformation and degradation
in the fracture response of the material with increasing heat-treatment temperature and time. Our
results also suggest that achieving a unform distribution of fine grains is an effective way to enhance
both the strength and fracture properties of this class of materials.

Keywords: microstructure characterization; in situ tension test; plasticity; fracture behavior; digital
image correlation; martensitic steels; finite element analysis

1. Introduction

Advanced high-strength steels (AHSS) are one of the most attractive materials for
automotive applications, as they offer a wide range of microstructures and mechanical
properties [1–3]. Different AHSS are used in different parts of a vehicle to meet the diverse
manufacturing and performance requirements [1,4]. For example, the parts in the front of a
vehicle usually have complex shapes and call for materials with good formability. While the
need to enhance the crashworthiness of a vehicle calls for materials with high strength and
toughness. However, the strength–ductility (toughness) trade-off limits the strength level
of AHSS that can be used in the manufacturing of complex shapes. Nevertheless, during
the front-impact collision of a vehicle, there is a large space for the structure to deform
and absorb energy before the impact endangers the passengers. On the contrary, during a
side-impact collision, there is very limited space for the structure to deform. Thus, vehicle
parts such as the A-pillar that supports the windshield, the B-pillar between the front
and the rear doors, and the beams in the vehicle doors call for materials with ultra-high
strength. Advanced low-carbon martensitic steels with a strength level more than 1.2 GPa
are the most widely sought-after structural materials for these parts, to enhance the overall
crashworthiness of a vehicle [5,6].

For automotive applications, press hardening is used extensively to economically
manufacture ultra-high strength martensitic steel parts. This process involves first heating
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the steel above the upper critical temperature (Ac3) to achieve a fully austenitic microstruc-
ture, which is then followed by hot press forming to form complex shapes, and finally
rapid quenching to achieve a fully martensitic microstructure. In this process, the tempera-
ture and time of the heat-treatment can be varied to achieve different microstructures. In
general, the heat-treatment temperature and time during this processes varies from 900 ◦C
to 950 ◦C, and 4 to 10 min, respectively [7], to obtain a fully austenitic microstructure and
avoid undesirable grain coarsening. The final microstructure of the material comprises
lath-like martensite with a hierarchical structure consisting of laths, blocks, and packets
within prior austenite grains (PAGs) [8–12].

The mechanical properties of these materials are determined by the chemical com-
position, particularly carbon content [13–16], and by the microstructural features, such as
block and packet sizes that are proportional to the PAG size [17,18]. In general, the strength
and hardness of low-carbon martensitic steels have been found to increase with decreasing
PAG size [17–25]. However, the dependence of ductility of the material on the PAG size
is rather ambiguous and it does not simply follow the typical strength–ductility trade-off
associated with microstructure refinement. Specifically, one study [23] has reported that
the ductility of low-carbon martensitic steels decreases with decreasing PAG size (in this
study PAG size varied in the range 7–17 µm), others [20,24] have reported that it increases
with decreasing PAG size (in these studies PAG size varied in the range 10–125 µm), and
still others [21,25] have reported that it is somewhat insensitive to the PAG size (in these
studies PAG size varied in the range 5–35 µm). While the fracture properties, such as notch
ductility as characterized by double-edge notch tension tests [23,25] and impact toughness
as characterized by Charpy impact tests [20–22,24], have been reported to increase with
decreasing PAG size for PAG size ≥10 µm.

There is a great interest in understanding the effect of the PAG size on the deformation
and fracture response of low-carbon martensitic steels with an average PAG size less
than tens of microns. This is because even though the standard press hardening process
qualitatively results in fine microstructures that impart ultra-high strength, technologically
it is important to understand the effect of small variations in the process parameters (heat-
treatment temperature and time) on the final microstructure and mechanical performance
of the material. Furthermore, as noted in the preceding paragraph, the current state of
understanding of the effect of the PAG size raises more questions than it answers. In
particular, there are the following two lingering questions that need to be answered:
(i) What is the effect of the PAG size on the ductility and fracture response of low-carbon
martensitic steels with a very fine microstructure? (ii) If at all, why do the fracture properties
of low-carbon martensitic steels degrade with increasing PAG size? To answer these
questions, we have carried out a series of heat-treatments of a low-carbon martensitic
steel to vary the PAG microstructure in the material. The resultant microstructures are
characterized by electron backscatter diffraction (EBSD), which are then used to reconstruct
the PAGs. Next, the deformation and fracture response of all the heat-treated materials are
characterized by in situ tension tests of dog-bone and single-edge notch specimens under a
high-resolution optical microscope, allowing us to capture both the macroscopic mechanical
response and the distribution of microscopic strains via microscale digital image correlation
(DIC). Finally, microstructure-based finite element analyses are carried out to rationalize
the effect of the PAG microstructures on the observed mechanical response of the material.

Our results show that both the bimodality and average size of the PAGs in the low-
carbon martensitic steel increases significantly with increasing heat-treatment temperature
and time, for the range of temperature and time considered in this work. Despite this,
their yield and tensile strength levels, as well as the ductility, only decrease slightly with
increasing average PAG size. However, the notch strength and ductility, as well as the
crack-tip opening displacement (CTOD) at crack growth initiation as characterized by the
tension tests of the single-edge notch specimens, decrease significantly with increasing
average PAG size. This contrasts with any analysis based on classical engineering fracture
mechanics that will predict a very similar fracture response for materials that exhibit
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a very similar stress–strain response under uniaxial tension. The results of our in situ
tests, together with microstructure-based finite element analysis, clearly elucidate that
it is the interaction of the heterogeneous deformation fields induced by the notch and
the bimodal PAG size distribution that leads to an increase in the propensity of shear
deformation and, in turn, degradation in the fracture response of the martensitic steel with
increasing heat-treatment temperature and time (or average PAG size). A major conclusion
derived from our results is that achieving a unform distribution of fine grains is an effective
way to increase the strength levels and enhance the fracture properties of the low-carbon
martensitic steels.

2. Materials and Methods

The low-carbon ultra-high strength martensitic steel considered in this work is a
cold rolled fully martensitic steel by ArcelorMittal with nominal chemical composition
of ~0.25 wt. % carbon, ~0.4 wt. % silicon and ~1.4 wt. % manganese. This steel has an
AC3 temperature of 863 ◦C [25]. To understand the effect of the variability in the process
parameters, the steel was subjected to the following five heat-treatments: 870 ◦C for 4 min,
870 ◦C for 10 min, 930 ◦C for 4 min, 930 ◦C for 10 min and 950 ◦C for 10 min. All heat-
treatments were followed by rapid cooling to achieve fully martensitic microstructure. The
deformation and fracture response of all five heat-treated materials were characterized
via in situ tension tests. The microstructure characterization of the undeformed material
and fractographic analysis of the fractured specimens were carried out using a (Tescan—
FERA3) scanning electron microscope (SEM) equipped with secondary electron (SE) and
EBSD detectors.

The in situ tension tests were carried out using a miniature tensile stage (Kammrath &
Weiss, Schwerte, Germany) under a high-resolution digital optical microscope (DSX510,
Olympus, Tokyo, Japan). For tension tests, sub-sized flat dog-bone, and single-edge notch
specimens with the axis along the rolling direction of the steel sheets were machined
using wire electrical discharge machining (EDM) from all five heat-treated materials.
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 also had the same dimensions, but
they contained an edge notch of depth 1.5 mm. The notches were machined using a
diamond wire in the center of the gauge section. The final tip radius of the diamond wire
machined notches was ≈ 45 µm. Although the objective of this work is not to measure
standard mechanical properties, but to correlate the effects of the PAG microstructure
on the mechanical response of martensitic steels, we do, however, note that the aspect
ratios of the sub-sized dog-bone and single-edge notch specimens are in compliance with
the ASTM [26] and British standards [27], respectively. The surfaces of all the specimens
were mechanically ground using 320 to 1200 grit SiC grinding papers and fine polished
with polycrystal diamond suspension followed by 0.05 µm alumina suspension. The final
thickness of the polished specimens was approximately 1.08 mm. The polished surfaces
of all the specimens were decorated with finely dispersed 1 µm polycrystalline diamond
particles. All tension tests were carried out at a crosshead speed of 4 µm/s (giving a
nominal strain rate of 0.5 × 10−3 s−1 for the dog-bone specimens).

The in situ tension tests were interrupted at regular intervals to capture high-resolution
(0.34 µm/pixel) optical images of the polished surface of the specimens, which were
decorated with diamond particles. The series of images captured during tension tests were
then used to carry out microscale DIC by tracking the micron size diamond particles. At
least two sets of in situ tension tests and one set of uninterrupted ex situ tension tests of both
the dog-bone and single-edge notch specimens of all five heat-treated materials were carried
out. The DIC analyses were performed using the Ncorr open-source DIC software [28]
with a subset radius of 30 pixels and inter subset spacing of 1 pixel. The displacement
fields measured by DIC were then used to estimate the Green–Lagrange strain.
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3. Results
3.1. Material Microstructure

The EBSD inverse pole figure (IPF) maps of the low-carbon fully martensitic steel
following five heat-treatments are shown in Figure 1. The rolling direction is along the
horizontal axis of all the IPF maps, and each IPF map represents a 150 × 200 µm2 area.
The electron beam was scanned in steps of 0.3 µm at a voltage of 20 kV; the EBSD pattern
was indexed using the Fe-bcc phase. The different colors in the IPF maps represent the
blocks of the martensitic microstructure. As can be seen from the IPF maps, on average the
block size in the microstructure increased significantly from the heat treatment condition
of 870 ◦C for 4 min to 950 ◦C for 10 min.
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Figure 1. EBSD inverse pole figure maps of the low-carbon fully martensitic steel following five
heat-treatments and the associated color-coded stereographic triangle (bottom right). Zoomed view
of the region highlighted with a dashed box in the IPF map for 950 ◦C 10 min heat-treated material
showing blocks (identified by solid black lines) and packets (identified by solid white lines) within a
prior austenite grain (identified by solid red lines).

The IPF maps of the five heat-treated materials were used to reconstruct the PAGs.
The PAG reconstruction was carried out using an open-source MATLAB-based software,
MTEX [29–31] with an interface PAG_GUI [32]. This software utilizes the Kurdjumov–
Sachs orientation relationship to reconstruct PAGs from the IPF maps of the martensitic
microstructure. The reconstructed IPF maps of the PAGs, using the IPF maps of the five
heat-treated materials in Figure 1, are shown in Figure 2. A representative hierarchical
microstructure consisting of blocks and packets within a PAG (highlighted in Figure 2)
post-reconstruction is also shown in Figure 1. The orientation scatter of the PAGs in all
five IPFs in Figure 2 shows that the heat-treated materials do not possess a pronounced
texture. Also, in line with the block size, the PAG size in the microstructure (on average)
increased significantly with the increasing heat-treatment temperature and time. The
reconstructed PAG maps also show that in all of the five heat-treated steels, the PAG size is
not homogeneous, i.e., they contain a distribution of small and large grains.
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pole figure maps of the five heat-treated martensitic steel (shown in Figure 1) and the associated
color-coded stereographic triangle. The prior austenite grain identified in the bottom right of Figure 1
is highlighted with a dashed box in the IPF map for 950 ◦C 10 min heat-treated material.

The PAG size in the five heat-treated materials was measured from multiple IPF maps
of the reconstructed PAGs, as in Figure 2, following the Heyn linear intercept procedure [33].
The descending cumulative distribution function (CDF) of the PAG size in the five heat-
treated materials is shown in Figure 3a. The CDF curves represent the probability that
the PAG size in a heat-treated material is greater than a given value on the x-axis. As
shown in Figure 3a, the probability of finding PAGs greater than a given value increases
significantly with increasing the heat-treatment temperature and time. In other words, for
a given probability, the PAG size increases significantly with the increasing heat-treatment
temperature and time. The probability density plot of the PAG size in the five materials,
shown in Figure 3b, does, however, show that the PAG size follows a bimodal distribution,
especially in the 930 ◦C 10 min and 950 ◦C 10 min heat-treated materials. The bimodal
distribution of the PAG size in the materials can be represented as a sum of two normal
distributions, as follows:

fmix(x) = p× 1
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√

2π
e−

1
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where p is the fraction, µi are the mean and σi are the standard deviation of the two normal
distributions. The parameters of the bimodal fit to the probability density plots of PAG
size in the five materials are given in Table 1. It can be noted from the data in Table 1 that
not only both µ1 and µ2 increase, but their difference also increases with the increasing
heat-treatment temperature and time, suggesting an increase in the bimodality of the PAG
size consistent with the reconstructed PAG maps shown in Figure 2.
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Table 1. Parameters of the bimodal fit (Equation (1)) to the probability density plots of the five
heat-treated materials shown in Figure 3b.

Heat-Treatment Conditions p µ1 µ2 σ1 σ2

870 ◦C 4 min 0.7 2.9 7.3 1.4 3.4
870 ◦C 10 min 0.6 3.6 8.4 1.8 3.7
930 ◦C 4 min 0.6 4.2 10.0 2.1 4.6

930 ◦C 10 min 0.8 6.2 20.3 3.5 13.4
950 ◦C 10 min 0.5 6.5 18.8 3.2 9.5

Although the PAG size in the five heat-treated materials follows a bimodal distribution,
for the purpose of the comparison, we define a weighted average PAG size, dG, which is
approximately 4 µm, 5.5 µm, 6.5 µm, 9 µm and 13 µm in the five heat-treated materials,
870 ◦C for 4 min, 870 ◦C for 10 min, 930 ◦C for 4 min, 930 ◦C for 10 min and 950 ◦C for
10 min, respectively. The PAG reconstruction from the IPF maps of the five heat-treated
materials also allowed us to approximately quantify the variation in the block and packet
sizes with PAG size. Our analysis show that both the block and packet sizes on average
increase linearly with increasing dG, as has been reported previously [17,34]. The slope of
the linear dependence of the average block, dblock, and packet, dpacket, sizes on dG, however,
are found to be different, and are roughly 0.11 and 0.22 for the linear dependence of dblock
on dG and that of dpacket on dG, respectively.

3.2. Mechanical Response

A comparison of the engineering stress (σeng)—strain (εeng) response, obtained from
the tension tests of the dog-bone specimens of the five heat-treated materials, is shown in
Figure 4a; while Figure 4b compares the evolution of the true stress (σ) normalized strain-
hardening rate, 1/σ

(
dσ/dεp

)
, as a function of the true plastic strain (εp). As can be seen

from the figures, qualitatively the tensile flow response of all five heat-treated materials is
the same. The tensile flow response of all the materials exhibits an elastic response until
the onset of yielding, which is followed by strain-hardening up until εeng ≈ 0.05, at which
point 1/σ

(
dσ/dεp

)
→ 1 and necking ensues. Post-necking, the load-bearing capacity of

all five materials decreases gradually up until the final fracture.
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Next, the variation in the yield and tensile strengths and that of the plastic strain to failure
with the average PAG size, dG, are shown in Figure 4c,d. The error bars in Figure 4c,d are
plus/minus one standard error. As shown in the figures, the yield and tensile strengths, as
well as the tensile ductility of the material, increase slightly with decreasing dG. On average,
a decrease in the value of dG, from 13 µm to 4 µm, results in approximately a 5% increase
in yield strength, a 4% increase in tensile strength, and a 5% increase in tensile ductility.

The curves of the tensile force, F, normalized by the minimum cross-sectional area,
Amin

0 , and the extension, δ, normalized by the initial gauge length, L0, of the single-edge
notch specimens, as sown in Figure 5a, of the five heat-treated materials are compared in
Figure 5b. As shown in Figure 5b, the linear portion of the normalized force-displacement
curves of the single-edge notch specimens is independent of the heat-treatment condition,
while the onset of the non-linearity and the maximum load-bearing capacity (maximum
force) depend on the heat-treatment condition. The variation in the normalized maximum
force, Fmax/Amin

0 , and that of the normalized maximum extension, δmax/L0, with dG
are shown in Figure 5c,d. The error bars in the figures are plus/minus one standard
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error. As shown in the figures, the values of both Fmax/Amin
0 and δmax/L0 increase with

decreasing dG. On average, a decrease in the value of dG, from 13 µm to 4 µm, results in an
approximately 8% increase in the notch strength, i.e., Fmax/Amin

0 , and a 16% increase in the
notch ductility, i.e., δmax/L0.
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heat-treated martensitic steel. (c) Variation in the normalized maximum force, Fmax/Amin

0 , and that of the (d) normalized
maximum extension, δmax/L0, with average prior austenite grain size, dG.

A series of optical images captured during the in situ tension tests of the single-edge
notch specimens were directly used to extract crack-tip opening displacement, ∆. The
crack-tip opening displacement is an effective parameter to characterize the extent of local
deformation at the notch root [35–37]. The value of ∆ is defined as the distance between the
intercepts of two orthogonal lines originating from the notch tip and the opposite sides of
the notch, as shown schematically in Figure 6a. The critical value of ∆ at the crack growth
initiation, ∆c, was estimated as follows. First, the value of δ/L0, at which crack growth
ensues, δc/L0, was identified from the force-displacement curve, as shown in Figure 5b,
as the point at which the load bearing capacity of the specimen decreases rapidly. This
was confirmed by visual inspection during the in situ tension tests. Second, the value of
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∆c was obtained from the ∆ versus δ/L0 curve as the value of ∆ at δc/L0 by exponential
interpolation. The variation in the normalized critical crack-tip opening displacement,
∆n

c = (∆c − ∆0)/∆0, where ∆0 = 91.6± 1.7 µm is the initial crack-tip opening, with dG is
shown in Figure 6b. The error bars in the figure are plus/minus one standard error. As
shown in Figure 6b, the value of ∆n

c increases significantly with decreasing dG. On average,
a decrease in the value of dG, from 13 µm to 4 µm, results in an approximately 36% increase
in the value of ∆n

c .
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Figure 6. (a) Schematic showing a magnified view of the notch in a single-edge notch specimen and the definition of the
crack-tip opening displacement, ∆. (b) Variation in the normalized critical crack-tip opening displacement, ∆n

c , with average
prior austenite grain size, dG.

3.3. Microscale Deformation Characteristics

The series of high-resolution optical images of the polished surface (decorated with a
fine dispersion of 1 µm polycrystalline diamond particles) of all the specimens captured
at regular intervals throughout the tensile deformation were also used to characterize
the in-plane microscale strain fields via DIC. The distribution of the microscale strain
along the tensile loading direction, εxx, in the reference configuration in a 270-by-270 µm2

region in the center of the gauge section of the dog-bone specimens of the five heat-
treated materials, deformed to a macroscopic tensile strain of 0.048 ± 0.004, is shown in
Figure 7. As can be seen in Figure 4a, at this macroscopic tensile strain level, all the five
materials are still undergoing uniform deformation, i.e., necking has not occurred yet. In
Figure 7, the values of εxx less than the average value of εxx in the region of interest,
εb

xx ≈ 0.05, are whitewashed to highlight the regions of strain concentration or hot spots.
As shown in the figure, the distribution of εxx at the microscale is heterogeneous and the
extent of this heterogeneity increases with the increasing heat-treatment temperature and
time, even though all the specimens are undergoing homogeneous deformation at the
macroscale. For instance, notice the increase in the size of the strain hot spots, i.e., regions
with the values of εxx > 1.2εb

xx with increasing heat-treatment parameters, especially for
the materials heat-treated for 10 min at 930 ◦C and 950 ◦C. Quantitatively, the area fractions
of εxx > 1.2εb

xx are roughly 0.05, 0.06 and 0.07 in the materials heat-treated at 870 ◦C for
4 min, 870 ◦C for 10 min, and 930 ◦C for 4 min, respectively, while they are roughly 0.15 and
0.16 in the materials heat-treated at 930 ◦C for 10 min and 950 ◦C for 10 min, respectively.
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Similarly, the distribution of the εxx in the reference configuration in a 135-by-135 µm2

region close to the notch (marked in Figure 6a as ‘region of interest’) in the single-edge
notch specimens of the five heat-treated materials, deformed to a macroscopic normalized
extension, δ/L0, of 0.05 ± 0.003, is shown in Figure 8. As can be seen in Figure 5b, at this
macroscopic deformation level none of the single-edge notch specimens have reached the
maximum force, Fmax. In Figure 8, the values of εxx less than the average value of εxx
in the region of interest, εb

xx ≈ 0.09, are whitewashed to highlight the regions of strain
concentration or hot spots. As shown in the figure, in the single-edge notch specimens
of all five materials, εxx concentrates in wide bands that emanate from the corners of the
deformed notch and are inclined at ≈45◦ with respect to the loading axis. The distribution
of εxx within these bands is heterogeneous, but there is no obvious correlation between the
heat-treatment parameters and the extent of heterogeneity. This is despite the observations
made in Figures 5 and 6, which are that the macroscopic mechanical response and the value
of the crack-tip opening displacement at the crack growth initiation of the single-edge notch
specimens of the five materials significantly depend on the heat-treatment parameters (or
simply dG).

To further understand the effect of the heat-treatment parameters on the microscale
deformation characteristics that in-turn affect the macroscopic mechanical response of
the single-edge notch specimens of the five heat-treated materials, we now analyze the
distribution of shear strain, εxy, close to the notch. The distribution of the εxy in the refer-
ence configuration in a 135-by-135 µm2 region close to the notch (marked in Figure 6a as
‘region of interest’) in the single-edge notch specimens of the five materials, deformed to a
macroscopic normalized extension, δ/L0, of 0.05 ± 0.003, is shown in Figure 9. As shown
in the figure, in the single-edge notch specimens of all the five materials, the positive values
of εxy concentrate in triangular bands originating from the notch tip, while the values of
εxy are negative on the left side of these triangular bands. The distribution of εxy within
these triangular bands is heterogeneous, and the extent of heterogeneity or the size of the
shear strain hot spots (regions with the values of εxy > 0.018) increases with the increas-
ing heat-treatment temperature and time. Also, unlike the distribution of εxx shown in
Figure 8, the overall area fraction of εxy hot spots increases with the increasing heat-
treatment parameters, suggesting an increase in the propensity of shear deformation.
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Figure 8. The distribution of axial strain, εxx, in a 135-by-135 µm2 region close to the notch (marked in
Figure 6a as ‘region of interest’) in the single-edge notch specimens of the five heat-treated martensitic
steel deformed to a macroscopic normalized extension, δ/L0, of 0.05 ± 0.003. The loading direction
is along the x-axis and the dotted arcs mark the initial location of the notch tip.

Metals 2021, 11, x FOR PEER REVIEW 12 of 19 
 

 

 
Figure 9. The distribution of shear strain, 𝜀 , in a 135-by-135 μm2 region close to the notch (marked in Figure 6a as ‘region 
of interest’) in the single-edge notch specimens of the five heat-treated martensitic steel deformed to a macroscopic nor-
malized extension, 𝛿/𝐿 , of 0.05 ± 0.003. The loading direction is along the x-axis and the dotted arcs mark the initial 
location of the notch tip. 

3.4. Fracture Characteristics 
SE-SEM images showing the fracture surface morphology of the dog-bone specimens 

of the five heat-treated materials are shown in Figure 10. The images shown were taken 
from the center of the fracture surface of the specimens; however, we note that the fracture 
surface morphology throughout the fracture surface was roughly the same. Also, as 
shown in Figure 10, the fracture surface morphology of the dog-bone specimens of all five 
heat-treated materials is qualitatively the same. The fracture surfaces of all the five mate-
rials exhibit a dimpled morphology, indicative of ductile fracture due to the nucleation, 
growth, and coalescence of microscale voids. 
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is along the x-axis and the dotted arcs mark the initial location of the notch tip.
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3.4. Fracture Characteristics

SE-SEM images showing the fracture surface morphology of the dog-bone specimens
of the five heat-treated materials are shown in Figure 10. The images shown were taken
from the center of the fracture surface of the specimens; however, we note that the fracture
surface morphology throughout the fracture surface was roughly the same. Also, as shown
in Figure 10, the fracture surface morphology of the dog-bone specimens of all five heat-
treated materials is qualitatively the same. The fracture surfaces of all the five materials
exhibit a dimpled morphology, indicative of ductile fracture due to the nucleation, growth,
and coalescence of microscale voids.
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Figure 10. SE-SEM images taken from the center of the fracture surface of the dog-bone specimens of the five heat-treated
martensitic steel. The loading direction is into the viewed plane.

The fracture surface morphology of the single-edge notch specimens of all five heat-
treated materials is also qualitatively the same. The fracture surfaces of the single-edge
notch specimens of all five materials exhibit thumbnail-shaped regions close to the root of
the initial notch. Also, for all five materials, the fracture surface morphology inside this
thumbnail-shaped region is slightly different compared to the morphology outside of this
region. SE-SEM images of the fracture surface of the single-edge notch specimens of the
five materials inside the thumbnail-shaped region close to the initial notch tip (i.e., roughly
180 µm away from the initial notch tip) and outside this region (i.e., roughly 880 µm away
from the initial notch tip) are shown in Figures 11 and 12, respectively. As shown in
Figure 11, the fracture surface of all the five materials inside the thumbnail-shaped region
exhibits a dimpled morphology, which is indicative of ductile fracture due to the nucleation,
growth, and coalescence of microscale voids. While, as shown in Figure 12, the fracture
surface of all the five materials outside the thumbnail-shaped region exhibits both dimples
and quasi-cleavage-like features.
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the initial notch root of the single-edge notch specimens (as shown in the schematic) of the five heat-treated martensitic
steel. The inset in the SEM images show the zoomed view of a representative quasi-cleavage region marked with a dashed
box in the respective images. The scale bar for all the insets is 5 µm. The loading direction is into the viewed plane.
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4. Discussion

Our results show that both the average size and bimodality (distribution of small and
large grains) of the PAGs in the low-carbon martensitic steel increase significantly with
increasing heat-treatment temperature and time, for the range of temperature and time
considered in this work. Nevertheless, the yield and tensile strengths, and ductility of
the heat-treated materials, as characterized by the tension test of the dog-bone specimens,
only decrease slightly with increasing average PAG size, dG. While, the notch strength and
ductility, and the crack-tip opening displacement at crack growth initiation, as characterized
by the tension test of the single-edge notch specimens, decrease significantly with increasing
dG. This contrasts with any analysis based on classical engineering fracture mechanics
that will predict a very similar fracture response for materials that exhibit a very similar
stress–strain response under uniaxial tension, as is the case for the heat-treated martensitic
steels considered here.

The microscale strain measurements show that in the single-edge notch specimens of
the heat-treated martensitic steels there is an increase in the propensity of shear deformation
with increasing the heat-treatment temperature and time. A quantitative representation of
the extent of shear deformation in the single-edge notch specimens of the five heat-treated
materials is shown in Figure 13. In Figure 13, we plot the variation in the area fraction of
various levels of εxy in the regions shown in Figure 9. The plot in Figure 13 basically shows
the fraction of the area in the εxy contour plots in Figure 9, with the value of εxy being
greater than a given value of εxy on the x-axis. As shown in the figure, the area fraction of
εxy greater than a given value decreases with the increasing value of εxy, irrespective of
the heat-treatment condition. However, the rate of the decrease of the area fraction with
the increasing value of εxy decreases with the increasing heat-treatment temperature and
time for εxy > 0.005. This analysis quantitatively confirms the increase in the propensity of
shear deformation with increasing heat-treatment temperature and time (or simply dG) in
the martensitic steel. The increase in the propensity of shear deformation with increasing
heat-treatment temperature and time also qualitatively rationalizes the presence of both
dimples and quasi-cleavage-like features on the fracture surfaces of single-edge notch
specimens of the heat-treated materials.
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Figure 13. Variation in the area fraction of various levels of shear strain, εxy, in 135-by-135 µm2

region close to the notch in the single-edge notch specimens of the five heat-treated martensitic steel
deformed to a macroscopic normalized extension, δ/L0, of 0.05 ± 0.003.

We hypothesize that the increase in the propensity of shear deformation in the single-
edge notch specimens of the material is due to the increase in the bimodality of the PAGs in
the material microstructure with increasing heat-treatment temperature and time. To prove
this hypothesis, we also carried out a microstructure-based finite element analysis of single-
edge notch specimens of materials with bimodal distributions of grain size. A schematic of
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the finite element model of one half of a two-dimensional plane strain single-edge notch
specimen, with a zoomed view of a unimodal and bimodal microstructure close to the notch
tip, is shown in Figure 14a. The specimen modeled has the same gauge length and notch
dimensions as in the experiments and is subjected to x-axis symmetry boundary conditions
along the plane of symmetry of the notch and x-axis velocity on the free surface normal to
the axis of the specimen. All the finite element analyses are carried out using a commercial
finite element code, ABAQUS/Standard [38]. The finite element meshes use eight-node
plane strain, CPE8R, elements of the ABAQUS/Standard element library. A 200-by-200 µm2

region close to the notch tip contains 400-by-400 elements, and a rather coarse mesh is
used outside this region. Next, a bimodal distribution of grain microstructures, with grain
sizes 2 ± 0.2 µm and 50 ± 5 µm, is generated in the 200-by-200 µm2 fine mesh region close
to the notch tip, using Voronoi tessellations. Specifically, five grain microstructures with
a percentage of 2 ± 0.2 µm grain size as 100%, 80%, 70%, 60% and 50% are considered.
These five microstructures are referred to as unimodal, 80-20 bimodal, 70-30 bimodal,
60-40 bimodal and 50-50 bimodal, respectively. In the calculations, all the grains in the
material microstructure are modeled as rate-independent isotropic elastic–plastic materials
within the finite strain J2 flow theory. The Young’s modulus and Poisson’s ratio of the
material is taken to be 210 GPa and 0.3, respectively. The plastic response of a grain of size
dG is modeled using the following constitutive relation:

σ = σ0 + A(dG)
− 1

2 + Bεn
pl (2)

where σ0 = 949 MPa, A = 296 MPa·µm2, B = 1938 MPa and n = 0.41 are obtained from
the experimentally measured dependence of yield strength on dG, as shown in Figure 4c,
and average strain-hardenability of the material, as shown in Figure 4a. Note that inside
the 200-by-200 µm2 fine mesh region area, where the grains are discretely modeled, dG is
the size of the grain, while outside this region, dG is simply the average grain size.
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A quantitative representation of the extent of shear deformation in the five finite
element models is shown in Figure 14b. The figure shows the variation in the area fraction
of various levels of εxy in the 200-by-200 µm2 region close to the notch tip at the same
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macroscopic extension. As can be seen in the figure, the area fraction of εxy greater than
a given value decreases with the increasing value of εxy, irrespective of the extent of the
bimodal grain distribution in the microstructure. However, the rate of the decrease in the
area fraction with an increasing value of εxy decreases with an increasing percentage of
large grains for εxy > 0.015. The results presented in Figure 14b prove our hypothesis that
the propensity of shear deformation in the single-edge notch specimens increases with an
increase in the bimodality of the PAGs in the material microstructure.

In summary, we have shown that even though the uniaxial stress–strain response of
the low-carbon martensitic steel is not very sensitive to the variations in the heat-treatment
parameters, their fracture response differs significantly. This is similar to dual-phase steels,
for which it has been shown that the interaction of the heterogeneous deformation fields
induced by the geometry of deformation, i.e., the presence of a notch in the single-edge
notch specimens or three-point bending, and the material microstructure, i.e., distribution
of a hard (martensite) and soft (ferrite) phases leads to an increase in the propensity
of deformation localization, which significantly affects the fracture response of these
materials [39–41]. The complex interactions of heterogeneous material microstructures
and imposed loading conditions, and their effects on the observed mechanical response of
materials, have also been observed under a host of other circumstances [42–44]. Although
the low-carbon martensitic steel considered in this work is a single-phase material, their
microstructure comprises a bimodal distribution of grains (i.e., PAG). Furthermore, the
average size and the bimodality of the PAG distribution in the material increases with
increasing heat-treatment temperature and time. The results of our in situ tests, together
with microstructure-based finite element analysis, clearly elucidate that it is the interaction
of the heterogeneous deformation fields induced by the notch and the bimodal PAG size
distribution that leads to an increase in the propensity of shear deformation, and in turn
degradation in the fracture response of the martensitic steel with increasing heat-treatment
temperature and time.

5. Conclusions

In this work, we have quantified the effects of small variations in the heat-treatment pa-
rameters on the microstructure, and the deformation and fracture response of an ultra-high
strength low-carbon martensitic steel. To this end, the material of interest was subjected to
five heat-treatments and the prior austenite grain (PAG) microstructure in the resultant
microstructures was characterized by reconstructing PAGs from the EBSD IPF maps of
the martensitic microstructure. Next, the deformation and fracture response of all heat-
treated materials were characterized by in situ tension tests of dog-bone and single-edge
notch specimens under a high-resolution optical microscope, allowing us to capture both
the macroscopic mechanical response and the distribution of microscopic strains via mi-
croscale DIC. The in situ tension tests were also complemented with fractographic and
microstructure-based finite element analyses. The key findings and conclusions of this
work are as follows:

1. The average size and bimodality (distribution of small and large grains) of the PAG dis-
tribution in the low-carbon martensitic steel increase with increasing heat-treatment
temperature and time;

2. The yield and tensile strengths, and ductility of the martensitic steel (as characterized
by the tension tests of the dog-bone specimens) only decrease slightly with the
increasing heat-treatment temperature and time (or average PAG size). However, due
to the interaction of the heterogeneous deformation fields induced by the material
microstructure (bimodal PAG size distribution) and the geometry of deformation
(single-edge notch specimen), the fracture properties of the material (notch strength
and ductility, and the crack-tip opening displacement at crack growth initiation)
decrease significantly with increasing PAG heat-treatment temperature and time (or
average PAG size);
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3. The interaction of the heterogeneous deformation fields induced by the bimodal ma-
terial microstructure and the geometry of deformation (single-edge notch specimen)
leads to an increase in the propensity of shear-induced deformation, which in turn
gives rise to the strong dependence of the fracture properties of the martensitic steel
on the average PAG size;

4. The final fracture of the dog-bone specimens of the heat-treated martensitic steel
occurs by void nucleation, growth, and coalescence for the range of heat-treatment
parameters considered. However, the fracture surfaces of the single-edge notch
specimens of the material exhibit both dimples and quasi-cleavage-like features;

5. Achieving a uniform distribution of fine grains is an effective way to increase the
strength levels and enhance the fracture properties of the low-carbon martensitic steels.
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