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From plasticity to fracture in pearlitic microstructures: Atomistic study of

cementite thickness and deformation localization
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1. Introduction

Pearlitic steels consist of a lamellar structure in
which ductile ferrite and brittle cementite phases are
alternately stacked at the submicron to nanoscale,
exhibiting an excellent balance of strength and ductility "
2. This superior property is attributed to the synergistic
effect of the two phases. The cementite lamellae restrict
dislocation motion, thereby enhancing the strength and
work-hardening capacity of ferrite. Consequently, the
improved work-hardening capacity of ferrite suppresses
local plastic deformation and plastic instability in
cementite, enabling the cementite phase to sustain large
plastic strains®>. In addition, the -crystallographic
orientation relationship and interfacial dislocation
structure at the ferrite/cementite interface have been
shown to strongly affect the plastic deformation
behavior®!?. Furthermore, cementite decomposition or
amorphization induced by severe plastic deformation has
been reported to influence dislocation emission and slip
transfer across the interface'”, and thus the knowledge
regarding the synergistic interaction between ferrite and
cementite has been considerably expanded in recent years.

On the other hand, cementite can also act as a
preferential path for crack initiation and propagation.
Therefore, factors such as cementite thickness, the scale
of deformation localization caused by dislocation pile-ups
in ferrite, and the resulting damage in cementite govern
whether plastic deformation or crack formation dominates,
that is, the plasticity—fracture transition. However, the
underlying mechanism remains insufficiently understood.
To address this unresolved issue, it is necessary to
quantitatively evaluate the stress concentration imparted
by dislocation pile-ups on cementite and the
corresponding  conditions for crack initiation.
Conventionally, this problem has been treated by
theoretical models such as the Petch model'?, which
describes fracture conditions based on the interaction
between dislocation pile-ups and carbide phases. The
model effectively expresses the critical condition for
crack initiation through the dynamic interaction between
non-equilibrium carbide cracks and dislocation pile-ups
within a continuum mechanics framework. Nevertheless,
the framework is inherently based on continuum
approximation and does not necessarily capture local
atomic-scale processes, such as core relaxation of
penetrated dislocations in cementite, which become
significant at the nanoscale. Therefore, direct verification

through atomistic simulations is required to clarify the
applicability and limitations of this continuum theory.

In this study, molecular dynamics (MD)
simulations are performed to systematically investigate
the influence of cementite thickness and the number of
dislocation pile-ups on the plasticity—fracture transition in
pearlitic microstructures. Furthermore, the atomistic
results are compared with the Petch continuum model'?
to elucidate the nanoscale mechanisms governing the
competition between plasticity and fracture, with the aim
of providing new guidelines for achieving higher strength
and ductility in pearlitic steels.

2. Theoretical Framework and Its Atomistic
Modeling

To investigate the influence of cementite thickness
and dislocation pile-ups on the plasticity—fracture
transition in pearlitic microstructures, this study compares
the conditions for crack initiation predicted by Petch’s
continuum-based dynamic model'?, which accounts for
non-equilibrium carbide cracks, with the results of
atomistic simulations. In this section, we first briefly
describe the theoretical framework of crack initiation
proposed by Petch, and then present the atomistic
modeling constructed on the basis of this continuum
framework.

2.1. Non-Equilibrium Crack with Dislocation

Pile-up'?

As illustrated in Fig. 1, Petch considered the case
where n dislocations are piled up against a carbide of
thickness 7. Upon increasing the applied stress to o, the
carbide undergoes cleavage, and the dislocations
avalanche dynamically into it. The active slip system is
assumed to be inclined at 45° to the tensile axis. The total
energy W of this system can be written as:

nboc

2 (D

_ n%b%u | 4R _ ™ 2.2 _
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Here, u is the shear modulus, b is the Burgers vector, v is
Poisson’s ratio, R is the outer cutoff radius of the stress
field, c is the crack length and y. is the effective surface
energy of the crack in the carbide. The first term
represents the elastic strain energy associated with wedge
deformation, corresponding to the elastic strain energy
stored in the matrix phase due to the » dislocations that
have avalanched into the hard phase; the second term is
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Fig. 1. Schematic illustration of the theoretical model
of cleavage fracture in a hard phase induced by
dislocation pile-up. (a) A pile-up of » dislocations
against the hard phase of thickness ¢ under applied
stress o. (b) Crack initiation in the hard phase and
subsequent crack propagation into the matrix phase
under the critical stress o.

the effective surface energy; the third term is the elastic
strain energy released by crack formation; and the fourth
term corresponds to the external work associated with the
volume increase due to crack opening by shear
deformation. If only the second and third terms are
considered, the formulation reduces to Griffith’s theory'?.
By differentiating W with respect to crack length ¢, and
setting dW/dc = 0, the following equation is obtained:

(2ves—572)+{(2yes—nbo /2N 2-n2b2a? /4)1/2
Cc =

.(2)

This yields two solutions, ¢1 and ¢z (¢1 < ¢2), at which Eq.
(1) exhibits a downward-convex curvature with a local
minimum at ¢: (stable crack) and an upward-convex
curvature with a local maximum at ¢ (unstable crack).
With increasing applied stress o, ¢1 and c2 approach each
other and eventually coincide at ¢, as expressed by:

e

At this critical state, the energy barrier that existed at ¢,
disappears, and the crack grows spontaneously. The

n(1-v)a2/2u

_ un?b?(1+1/V2)

¢ 4m(1-v)Yes

length c. is therefore referred to as the critical crack length.

The critical applied stress at c. is expressed by:

_ 4Yes

o, = BT .. @
By combining Eqgs. (3) and (4), the critical crack length
¢. can be reformulated without the parameter nb, resulting
in the following expression.

co= (e ) . (5)

m(1-v)o? \2(1+1/V/2)

It is noteworthy that, by dividing the effective surface
energy %sby 2(1+ 1/v/2) and interpreting it as the
surface energy %, the expression becomes formally
equivalent to that in the Griffith theory.

2. 2. Analysis Model and Conditions
The atomistic simulation models were constructed

based on the theoretical framework outlined in Section 2.1.

Figure 2 shows the analysis model of a pearlitic lamellar
structure composed of alternating ferrite and cementite
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Fig. 2. Analysis model of a pearlitic microstructure
used in molecular dynamics simulations to investigate
the effect of the plasticity-induced damage from the
dislocation pile-up on the crack initiation in the
cementite phase. The crystalline orientation follows
the Bagaryatsky relationship. The number of pile-up
dislocations is n, and the thickness of the cementite
phase is 7.

layers, which was constructed to investigate the effects of
cementite thickness and plasticity-induced damage from
dislocation pile-ups on crack initiation in the cementite
phase by MD simulations. The crystallographic
orientation relationship between ferrite and cementite was
set to the Bagaryatsky relationship'¥. Two cementite
layers with thickness ¢+ were inserted at equal spacing
along the z direction. The simulation cell dimensions
were approximately 79.2 nm, 0.99 nm, and 49.4 nm in
the x, y, and z directions, respectively. To reduce misfit
strain along the x direction, the model contained 196 and
177 unit cells of ferrite and cementite (Fig. 4(a)),
introducing 19 interfacial dislocations along each
interface. In the y direction, two unit-cells were used for
both phases. Periodic boundary conditions are used in all
directions. The cementite thickness ¢ was varied as 3, 5,
and 7 nm. Two dislocation pile-ups were introduced at the
center of the ferrite layer, and the number of
dislocations # in the pile-up was set to 0, 1, 3, or 5. In total,
12 types of analysis models were prepared. Each model is
designated by the parameters ¢ and n; for instance, the
case of =5 nm and n = 3 is denoted as “model t5n3”.
The details of how dislocations are introduced into
the model are described as follows. To
introduce # dislocation dipoles, two (211) atomic planes
between the two slip planes of the dislocation pile-ups are
removed, and each resulting gap is closed by shifting
atomic positions along the (111) direction, which
corresponds to the Burgers vector of the dislocation
dipoles. The equilibrium configuration is then obtained
through the relaxation procedure described in the next
paragraph. In this study, under the periodic boundary
conditions, the dislocation pile-ups consist of mixed
dislocations with a line direction of (111) and a Burgers
vector of (111), forming an angle of 70.5° between them.
The edge component of this mixed dislocation accounts
for 94.3% of the total Burgers vector magnitude.
Therefore, this atomistic model can be reasonably
compared with the theoretical framework constructed for



an ideal edge dislocation.

The simulation cell dimensions are controlled by a
Parrinello-Rahman  barostat'>, and the analysis
temperature is controlled using a Nos é —Hoover
thermostat'® '7). After relaxation of the analysis models
for 20 ps with a time step 0.1 fs at 1 K, tensile deformation
tests were performed in the x direction at a strain rate of
10° s under 1 K with a time step 1 fs. These analysis
conditions are the same as earlier reported” ', The MD
simulations are performed using the LAMMPS
program'®, and visualization of the atomic configurations,
analysis of the atomic structure by common neighbor
analysis (CNA)', and calculation of the atomic strain®
2D are carried out using OVITO??. The modified
embedded atom method (MEAM) proposed by Liyanage
et al?» is used for interatomic interaction in the
microstructure model because it accurately represents
fundamental properties of the cementite phase. The
magnitude of Burgers vector in ferrite is 0.248 nm. The
shear modulus z and Poisson’s ratio v of the ferrite phase,
evaluated using the Voigt approximation® with the elastic
constants of ¢1;=212.9 GPa, ¢1,=143.3 GPa, and c44=118.5
GPa of the MEAM potential, are 85 GPa and 0.28,
respectively.

3. Results and Discussion

3. 1. Crack Initiation and Dislocation Emission
Figure 3 shows the stress-strain curves of all
models in the strain range 0.08-0.16. For ¢ = 3 nm, the
peak stress exhibits a clear dependence on the number of
piled-up dislocations n, increasing with decreasing n.
However, this dependence becomes weaker as the
cementite thickness ¢ increases. Around the peak stress,
four types of plastic deformation and fracture modes are
activated. The first mode is dislocation emission from the
ferrite/cementite interface into the neighboring ferrite
phase along the extension of the dislocation pile-up when
the applied tensile stress reaches oy’, indicated by the

Fig. 3. Stress-strain curves of analysis models with
cementite thickness of (a) /=3 nm, (b) =5 nm, and (c)
=7 nm under tensile loading. o and o mark
dislocation emissions from the interface (along the
pile-up extension (“dislocation A” type) and unrelated
region (“dislocation B” type), respectively). ¥and A
mark crack initiations in the cementite (ahead of the
pile-up (“crack A” type) and unrelated locations
(“crack B” type), respectively).
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Fig. 4. (a) Atomic structure of an interfacial

dislocation at the Bagaryatsky orientation. (b-d)
Slip propagation across a 3nm-thick cementite
phase (type of “dislocation A”). (e-h) Crack
initiation in a 7 nm-thick cementite phase (type
of “crack A”). White and blue spheres represent
Fe and C atoms, respectively.

circle symbol (see “dislocation A” in Fig. 3(c)). The
second mode is also dislocation emission from the
interface, but from a site unrelated to the dislocation pile-
up when the applied tensile stress reaches oy, indicated by
the square symbol (see “dislocation B” in Fig. 3(c)).
These two modes of dislocation emission are not included
in the theoretical model described in Section 2.1. The third
mode is crack initiation in the cementite phase at the
dislocation pile-up site when the applied tensile stress
reaches o, indicated by the star symbol (see “crack A” in
Fig. 3(c)), while the fourth one is crack initiation at a site
unrelated to the dislocation pile-up, indicated by the
triangle symbol (see “crack B” in Fig. 3(c)).

Figure 4 presents details of the first mode of
dislocation emission and the third mode of crack initiation.
Figure 4(a) shows the atomic structure of the interfacial
dislocation, which in this case is confirmed to possess an
extra half-plane on the ferrite side. Under tensile loading
along the x direction, when the slip systems with two
{110} planes shown in Fig. 2 are activated from this
interfacial dislocation, it should be noted that, according
to Frank’s rule®, the Burgers vector of this interfacial
dislocation does not assist dislocation emission. In
contrast, previous studies have demonstrated that under
compressive loading this interfacial dislocation can serve
as an effective site for dislocation emission”.

Figure 4(b—d) illustrates the first mode of
dislocation emission observed in model t3n3. Red atoms
are pre-colored along the z-axis before deformation, and
their displacement indicates the occurrence of slip
deformation. As shown in Fig. 4(b), three piled-up
dislocations are observed to penetrate into the cementite
phase. Subsequently, as shown in Fig. 4(c) and (d),
dislocations are emitted from the ferrite/cementite
interface along the extension of the dislocation pile-up
(Type of “dislocation A”; o4’=17.8 GPa), indicating the
propagation of plastic deformation across the cementite
phase.

In contrast, Figs. 4(e-h) show the third mode of
crack initiation observed in model t7nS5. In Fig. 4(e), five
dislocations are seen to penetrate into the cementite phase.
Then, as shown in Fig. 4(f), a crack nucleates near the
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Fig. 5. Initial deformation and fracture modes,

together with their corresponding critical stresses, for
all models. The symbols o, O, and ¥ represent the
“dislocation A,” “dislocation B,” and “crack A”
types, respectively. The red region indicates the
structural relaxation zone associated with the
penetrated dislocations (see Fig. 6).

dislocation penetration site, subsequently grows across
the cementite phase, and eventually propagates toward the
ferrite phase, as observed in Fig. 4(h) (Type of “crack A”;
0=18.8 GPa). This demonstrates that crack initiation first
occurs in the brittle cementite phase due to the dislocation
pile-up, and fracture of the pearlitic microstructure
proceeds as the crack extends into the ferrite phase. This
behavior is consistent with the theoretical description
presented earlier. Generally, the ferrite phase, which
exhibits ductile fracture behavior, is observed to fracture
in a brittle manner with sharp crack surfaces, as shown in
Fig. 4(h). It should be noted that this behavior arises from
the reduced dimension in the y-direction in the present
model, which limits the number of slip systems that can
be activated under periodic boundary conditions to only
two.

Figure 5 shows the initial deformation and fracture
modes, as well as their corresponding critical stresses, for
all models. These results demonstrate that a smaller
cementite thickness for a lower number of piled-up
dislocations n promotes dislocation emission prior to
crack initiation, whereas a larger 7 and higher n favor
crack initiation before dislocation emission. For
“dislocation A”, the critical stress oy’ ranges from 16 to
21 GPa and decreases with increasing n. For “dislocation
B”, og ranges from 20 to 23 GPa, and for “crack A”, the
critical stress o¢ is approximately 19 GPa. Thus, the
transition between plasticity and fracture is controlled by
the cementite thickness and the dislocation pile-up
number.

3.2. Atomistic Origins of Plasticity—Fracture
Transition

To clarify the reason for the transition between
plasticity and fracture, Fig. 6 shows the equivalent strain
distribution near the dislocation penetration sites in
model t3n5 (type of “dislocation A”) and model t7n5
(type of “crack A”). At a strain of 0.09, as shown in Figs.
6(a) and (b), the equivalent strain in the thin-# model
extends across the cementite phase. This strain arises not
from crystal slip but from local structural transformations

Fig. 6. Structural relaxation of incoming
dislocations in the cementite phase. Atomic
color represents the equivalent strain. For ¢t =3
nm, the relaxation zone expands across the
cementite, leading to dislocation emission from
the interface. For ¢ = 7 nm, the relaxation zone
remains confined within the cementite, leading
to crack initiation ahead of the dislocation pile-

up.

from the crystalline to disordered phase. In contrast, in the
thick-f model it is confined to the vicinity of the
penetration site and does not extend to the opposite
interface. Subsequently, in model t3n5, dislocation
emission occurs from the interface through the region of
high equivalent strain, while in model t7n5, crack
initiation is observed to originate from the localized
structural relaxation region in the cementite phase. These
results suggest that the structural relaxation region, caused
by the geometric misfit of the penetrated dislocations,
expands with increasing dislocation number n, as
indicated by the red regions in the schematic illustrations
in Fig 5. When its extent reaches the cementite thickness z,
the elastic strain energy stored in the cementite can be
released, allowing plastic deformation to propagate into
the neighboring ferrite. In contrast, when the relaxation
region cannot span the cementite phase, the elastic strain
energy in the cementite cannot be released through plastic
relaxation  accompanying the local  structural
transformation. As a result, structural damage
accumulates, eventually leading to crack initiation.

In addition to the effect of structural relaxation at
the dislocation core, the influence of the stress field of
penetrated dislocations on dislocation emission was
examined. Figure 7 shows the effect of the number of
dislocations in the pile-up n on the stress required for
dislocation emission from the interface. Here, the
horizontal axis represents the number of piled-up
dislocations #n, and the vertical axis shows the change in
dislocation emission stress, Acgis, relative to that for n =0.
The solid lines represent the contribution of the shear
stress field of a super-dislocation with Burgers
vector nb at the penetration site, estimated by applying the
Schmid factor to the stress acting on the opposite interface.

For model t3, where dislocation emission of the
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Fig. 7. Influence of cementite thickness (#) and

dislocation number (n) on the stress for dislocation
emission from the interface. The vertical axis shows
Ao, the difference from the emission stress without a
dislocation pile-up. © and o indicate dislocation
emissions from the interface (along the pile-up
extension and from unrelated region, respectively).
Solid lines show the effective shear stress for emission
induced by a super dislocation with n Burgers vectors,
estimated from dislocation theory.

“dislocation A” type occurs prior to crack initiation, it is
confirmed that the stress required for dislocation emission
(o4’) decreases with increasing n, and that the results are
in good agreement with the predictions from dislocation
theory. In contrast, as the cementite thickness # increases,
the influence of the stress field of the super-dislocation
diminishes. Under these conditions, dislocations are
observed to be emitted from sites unrelated to the
dislocation pile-up (“dislocation B” type; o symbols), or,
in the case of model t7n5, emitted only after crack
initiation, indicating that the stress field of the super-
dislocation no longer plays a significant role, and
consequently oy exhibits only a weak dependence on n
and ¢.

This finding highlights that the plasticity—fracture
transition is governed by whether the structural relaxation
region can span the cementite phase. Such atomistic
insights reveal nanoscale mechanisms that are not
captured by conventional continuum-based theories,
providing a fundamental basis for the comparison
presented in Section 3.3.

3. 3. Continuum theory and atomistic modeling

The crack initiation phenomena observed in the
atomistic ~ simulations  exhibit good qualitative
correspondence with those assumed in the theoretical
model. Building on this, we now assess the feasibility of
quantitatively capturing the atomistic observations within
a continuum framework. Such an analysis provides
critical insight into the capability and limitations of
continuum mechanics in resolving fracture processes at
the nanoscale.

Figure 8 shows the evolution of crack length.
Results of the “crack A” type are presented for
model t5n5, where a crack initiated near the dislocation
pile-up in region B (lower right of the analysis model),
and for model t7n5, where cracks initiated in regions A
(upper left) and B (lower right). In model t7n5, sub-
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Fig. 8. Evolution of crack length with strain under
tensile loading in model t5n5 and model t7n5. (b-d)
Details of crack initiation and propagation in the
upper-left region A of model t7n5. Dashed lines
indicate the theoretical critical crack length estimated
from Eq. (3) with different effective surface energies
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nanometer cracks appear after a strain of 0.09 but remain
stable without growth for some time. Subsequently, at
around a strain of 0.11, the three cracks of interest rapidly
propagate across the cementite phase. The detailed crack
propagation process in region A of model t7n5 is shown
in Fig. 8(b—e). These results indicate that the crack length
at approximately € = 0.11 corresponds to the critical crack
length.

In the continuum model, the critical crack length
can be estimated from Eq. (3) as a function of the number
of dislocations in the pile-up n and the effective surface
energy yes. While the surface energy of the (100) plane of
cementite has been reported to be about 2 J/m? 23, Figs.
6(d) and 8(b—e) reveal that the fracture surface of
cementite is not a cleavage plane but a ductile fracture
surface accompanied by plastic deformation due to the
local structural transformation from the crystalline to
disorder phase, as evidenced by the mismatch of the
opposing fracture surfaces. This suggests that plastic work
yp contributes to crack formation in addition to the surface
energy js. Therefore, the effective surface energy of
cementite was evaluated. Figure 9 shows the potential
energy distribution around the crack in region A of
model t7n5 at ¢ = 0.113, where rapid crack propagation
occurs. Atoms along the crack surface exhibit high
potential energy, and elevated energies are also observed
in the surrounding region. These are attributed to
structural changes associated with crack propagation and
can be regarded as plastic work. To evaluate the effective
surface energy, region S was defined. First, reference
crystalline energies without defects were calculated from



Fig. 9. Evaluation of the effective surface energy in
Region A of modelt7nS, including crack surface
energy (ys) and the plastic work from structural
relaxation and shear deformation (y,). Atoms are
colored by potential energy. Carbon atoms are not
displayed in this figure for clarity. The effective
surface energy was calculated from the total energy in
Region S, using the energies of Regions P1 and P2 as
references. The estimated effective surface energy is
9.65 J/m?2.

regions P1 and P2, which are far from the crack. Next, the
excess energy of region S was obtained by subtracting the
reference crystalline energy of Natoms from the total
energy of the NV atoms in region S. Dividing this excess
energy by twice the crack length yielded the effective
surface energy. The estimated effective surface energy s
of cementite was 9.65 J/m? for model t7n5_A, 7.46 J/m?
for model t7n5 B, and 9.98 J/m? for model t5n5 B, all
of which are larger than the surface energy of cementite.

Based on these values, the theoretical critical crack
lengths c. (Eq. (3)) corresponding to effective surface
energies of 6, 8, and 10 J/m? are plotted as dashed lines in
Fig. 8. It is confirmed that the critical crack lengths at
which cracks suddenly propagate in the atomistic
simulations are in good quantitative agreement with those
predicted by the theoretical model.

Figure 10 shows the relationship between the
theoretical critical crack length (c.) and applied stress (o),
obtained using the parameters of the atomistic simulation
models and various effective surface energies (yes). As the
effective surface energy decreases, the critical crack
length increases and the stress required for crack
propagation decreases for the same number of piled-up
dislocations #. A similar trend is obtained when increasing
the number of piled-up dislocations n; the critical crack
length becomes longer and the required stress decreases
for the same effective surface energy.

Focusing on the case of n =5 and y. = 10 J/m?
(yellow plot in the online version), where crack
propagation was observed in the atomistic simulations,
two critical crack lengths, ¢1 and ¢, are defined at a given
stress state from Eq. (2). Here, ¢ corresponds to the local
energy minimum (stable state), while ¢ corresponds to
the local energy maximum (unstable state). With
increasing stress, c1 and c2 converge, and the crack
eventually reaches a state where spontaneous growth

Gerttin
{y, & 2 2

Critical applied stress, a, (GPa)
>

o 1 2 3 4 5 8 1 8
Critical crack }ength, ¢, (nm)

Fig. 10. Theoretical critical crack length (c¢.) and
critical applied stress (o) evaluated from Eq. (3) using
parameters from atomic simulations and various
effective surface energies (Ves), together with the
corresponding critical values of ¢. and o observed in
the atomic simulations. For comparison, the Griffith
predictions using the surface energy of 2 J/m?
(cementite surface energy) and the effective surface
energy of 10 J/m? (from Fig. 9) are also shown.

occurs—this is the critical crack length c.. As shown in
Fig. 8, the cracks in model t7n5_A initially appear as sub-
nanometer cracks, which can be interpreted as the stable
crack state ci. In the atomic simulation, the applied stress
shown in Fig. 3(c) also increases monotonically up to the
initiation of crack propagation in cementite. With further
stress increase, ¢1 approaches the critical crack length c,
and the theoretical prediction of ¢ = 2.47 nm agrees well
with the crack length at which rapid propagation is
observed in the atomistic simulations (Fig. 8). Moreover,
the theoretically predicted critical applied stress at ¢ (18.9
GPa) is in excellent agreement with the value obtained
from the atomic simulation (18.8 GPa; Fig. 3(c)). In
contrast, if the stress required for crack propagation at c.
is estimated using Griffith theory without considering
dislocation pile-ups, the predicted critical stress for yes =
10 J/m? becomes much higher than the values observed in
the atomic simulation. As shown in Eq. (5), if the surface
energy %= 2 J/m? of a Griffith crack is multiplied
by 2(1+1/v2) to obtain s = 6.8 J/m% it can be
confirmed that Petch’s theory can be expressed within the
same framework as Griffith’s theory although the
information regarding the number of piled-up dislocations
is lost in this transformation.

These results demonstrate that the nanoscale crack
initiation phenomena caused by dislocation pile-ups, as
observed in the atomistic simulations, can be qualitatively
and quantitatively represented by continuum mechanics
models. This confirms the wide applicability of
continuum mechanics even at the nanoscale. However, it
should also be noted that atomistic simulations reveal
phenomena not assumed in continuum models—for
example, the interplay between the structural relaxation
size of penetrated dislocations and the microstructural
dimensions. Such effects, which are difficult to capture in
continuum models, are responsible for unique nanoscale



mechanical behaviors.

Finally, using the critical stresses of each
deformation and fracture mode obtained from the MD
simulations and the theoretical analysis (Figs. 5 and 10),
the transition from plasticity to fracture in the present
model is discussed. First, for n = 0, no stress concentration
associated with deformation localization occurs within
the model; therefore, dislocations are emitted from the
ferrite/cementite interface at the stress oy (20-23 GPa).
For t+ = 3 nm, as » increases, the stress concentration
caused by the piled-up dislocations that have penetrated
into the cementite phase becomes stronger. As a result,
dislocation emission from the interface becomes possible
at a stress oy’ lower than oy, leading to the propagation of
plastic deformation. In this case, the crack initiation stress
o (%s=10 J/m?) predicted by the theory shown in Fig. 10
is sufficiently higher than oy’, indicating that dislocation
emission precedes crack formation. As ¢ increases, the
effect of stress concentration caused by the penetrated
dislocations diminishes; consequently, od’
approaches og (20-23 GPa), and dislocation emission
occurs from locations at the interface different from the
front of the dislocation pile-up. However, as shown in Fig.
10, o¢ decreases with increasing n. Therefore, when oy
> o, a crack forms before plasticity propagation occurs,
and fracture takes place. These results demonstrate that
the plasticity—fracture transition in the pearlitic
microstructure is governed by the interplay among the
interfacial dislocation emission stress og and the two
n- and t-dependent stresses, namely the deformation-
localization-induced dislocation emission stress oy’ and
the crack initiation stress oc.

4. Conclusions

Atomistic simulations were conducted to clarify the
plasticity—fracture transition in pearlitic microstructures
with varying cementite thicknesses and numbers of piled-
up dislocations. The main conclusions are as follows:

1. Dislocation emission or crack initiation occurs
depending on cementite thickness ¢ and pile-up
number #: thin cementite layers or small n favor
dislocation emission, while thick cementite
layers and large n promote crack initiation.

2. The transition mechanism is governed by
whether the structural relaxation region of
penetrated dislocations can span the cementite
phase.

3. The effective surface energy, including plastic
work contributions, was estimated to be 7-10
J/m?, significantly higher than the surface energy
of cementite, and this value allowed quantitative
agreement between atomistic simulations and
continuum predictions of critical crack length.

4. Continuum mechanics can reproduce the overall
behavior of crack initiation driven by dislocation
pile-ups, but atomistic simulations reveal
nanoscale mechanisms—such as structural
relaxation—microstructure interplay—that are

not captured by continuum models.

5. The plasticity—fracture transition in the pearlitic
microstructure is controlled by the interfacial
dislocation emission stress together with two
stresses that depend on the cementite thickness
and the deformation localization by dislocation
pile-ups: the deformation-localization-induced
dislocation emission stress and the crack
initiation stress.

These results demonstrate the complementary roles of
atomistic simulations and continuum mechanics in
understanding nanoscale fracture, providing fundamental
insights into the plasticity—fracture transition in pearlitic
steels.
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Surface and internal crack growth during tensile loading

in Ni-free high-nitrogen austenitic steel
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1. Introduction

In general, austenitic steels exhibit a high work
hardening rate and are associated with superior uniform
elongation and tensile strength compared to ferritic and
martensitic steels 2. Recently, many austenitic steels
with elongation of 50% or more and tensile strength of
around 1 GPa have been reported by utilizing
transformation-induced plasticity > ¥, twinning-induced
plasticity >, micro-banding 7, and planar dislocation slip
89 On the other hand, yield strength is generally low
compared to other steel grades and is recognized as one of
the most important issues for austenitic steels. In addition
to this, Ni allergy is an issue for typical austenitic Fe-Cr-
Ni alloys ', and low corrosion resistance is a problem for
high Mn steels ! '?. One way to overcome these issues is
to utilize nitrogen.

Nitrogen, when present in solid solution in austenitic
steels, exhibits significant solid solution strengthening
and can provide yield strengths in excess of 600 MPa ).
Nitrogen also contributes to improved corrosion
resistance '“ ' and is a strong austenite stabilizing
element that can realize nickel-free austenitic steel > '9. In
other words, the use of nitrogen in austenitic steels can
solve the conventional problems of yield strength,
corrosion resistance and Ni allergy 7.

A further advantage of high nitrogen austenitic steels
is that they have excellent work hardening capacity due to
enhanced planar dislocation slip '¥ and associated Lomer-
Cottrell sessile dislocation formation '*). However, when
the increased dislocation pile-up stress derived from
planar dislocation slip contributes to work hardening, the
inextricably linked phenomenon is an evolution of local
stress on grain boundaries where planar dislocation arrays
impinge 22V, This results in intergranular fracture in high
nitrogen austenitic steels under uniaxial tensile loading at
room temperature 2% 22, which is unusual for a face-
centered cubic alloy. Hence, towards an effective use of
nitrogen in alloy design, understanding the factors and
behavior of the intergranular fracture is crucial.

To elucidate the intergranular fracture behavior, this
study aims to characterize crack growth along grain
boundaries in a high-nitrogen austenitic steel. Specifically,
after confirming the planar dislocation slip, we performed
in situ observations of surface crack growth and
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subsequent three-dimensional tomographic
characterization of the observed crack. While X-ray
computed tomography is a non-destructive three-
dimensional imaging technique capable of analyzing
large volumes, sub-micron resolution (up to 10 nm) can
only be achieved by focused ion beam (FIB) tomography
23, 29 Therefore, in the current work, we couple the
backscattered electron (BSE) and electron backscatter
diffraction (EBSD) observations on the surface with
three-dimensional FIB tomographic reconstruction of the
crack to elucidate the importance of internal crack growth
in the intergranular fracture.

2. Experimental procedure

2.1 Sample preparation

In this study, we used an Fe-25.02Cr-0.012C-0.16Si-
0.15Mn-0.027P-0.0032S-0.00480 alloy (in wt.%) that
was produced by vacuum induction melting 2%. A small
amount of phosphorus is included in this sample, which
would assist grain boundary decohesion, although such
low concentration phosphorus has not been reported to
show intergranular fracture in general austenitic stainless
steels as long as no second phase forms. A 1.5 mm thick
plate was cut by electrical discharge machining (EDM)
from a round bar with a diameter of 50 mm and a length
of 50 mm, and water quenched after solid solution
nitrogen absorption treatment at 1473 K. As shown in Fig.
1, the equilibrium nitrogen content of 1.1 wt.% in this
chemical composition? was reached after nitrogen
absorption treatment for 16 hours; hence, the treatment
time in the present study was 16 hours. The nitrogen
content was measured by weight change and nitrogen
analyzer. As shown in Fig. 2(a), grains tend to be small
near the surface, with an average grain size of
approximately 120 pm, while the average grain size is 150
pm when 250 pm is removed from both surfaces. The as-
nitrided specimen did not show any significant texture
evolution as shown in Fig. 2(b, ¢). In addition, no signs of
pores were observed on the as-nitrided microstructure and
grain boundary fracture surfaces shown later. Tensile test
specimens were cut from the plate by EDM.

Mechanical properties of the as-EDMed specimen
were evaluated by tensile testing at an initial strain rate of
1.1 x 10 s''. The width, length, and thickness of the



specimen gauge were 3 mm, 6 mm, and 1 mm,
respectively. For microscopic characterizations, to ensure
uniform grain shape, the specimens were ground equally
from both sides to a thickness of 1 mm and then
mechanically polished for in situ observation under
tensile load. The width, length and final thickness of the
gauge sections of the in situ specimens were 2 mm, 10
mm, and 0.7 mm, respectively.
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Fig. 1  Introduced nitrogen content plotted against

nitrogen absorption time. The equilibrium nitrogen
concentration was presented in a previous study. *

(a)

Sutface (b}

Fig. 2 Microstructure of the as-nitriding-treatment
specimen. (a) BSE image seen from the TD direction. (b)
RD-IPF map and (c) the corresponding orientation
distribution taken by an EBSD measurement with a step
size of 0.8 um. RD, ND, and TD in (a,) indicate reference
(// tensile axis), normal, and transverse directions,
respectively.

2.2 Microstructure characterization

Microstructures, microcracks, and fracture
surface were observed by scanning electron microscopy
(SEM). In situ SEM observations were performed using a
miniature tensile machine with a BSE mode at an
acceleration voltage of 30 kV, enabling visualization of
dislocation motion under loading®®. In this observation,
grains appearing as dark contrast, which is close to the

channeling condition, were noted to visualize dislocations.

Cracks and their surrounding microstructure were
characterized by EBSD measurements and three-
dimensional observations using a serial sectioning
method. The EBSD measurements were conducted on a
mechanically polished surface at an acceleration voltage
of 20 kV with a beam step size of 35, 50, or 800 nm.

The FIB milling in Figs. 9 and 10 was carried
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out in a dual beam FEI Helios NanoLab 600i gallium FIB-
SEM. For the three-dimensional visualization of the crack,
site-specific serial sectioning was performed in a
TESCAN AMBER X xenon plasma-FIB-SEM. The serial
sectioning was performed at a working distance of 5.9 mm,
a tilt angle of 60° (coincidence angle is 55°), and at a
voltage and current of 15 kV and 4 nA, respectively. The
SEM images (step size of 100 nm) were subsequently
reconstructed using Avizo software, and the necessary tilt
correction was performed.

3. Results and discussion

3.1 Tensile behavior, microstructure evolution, and
fractographic features

Figure 3 shows a nominal stress-strain curve of
the nitrided specimen. The specimen showed work
hardening but early fracture with an elongation of
approximately 10%. In the BSE image of Fig. 4(b) taken
under tensile loading, the surface orientation of the lower
grain was optimized to electron channeling condition, and
therefore, the grain was imaged as dark contrast 2% 27,
Because an elastic strain field of dislocations distorts the
lattice, the region at and around dislocations appeared as
bright contrast 2% 2%, That is, the white lines in the grain
indicate dislocations, i.e., electron channeling contrast
imaging (ECCI) of dislocations. In this context, we
observed distinct planar dislocation arrays. In the in situ
ECCI experiment, we observed that increasing applied
stress decreased the dislocation spacing without cross slip
in the region highlighted by broken green lines (Fig. 4(c-
f)), which increases dislocation-pile-up stress. The
dislocation pile-up stress acts as a significant source of
locally high stress at grain boundaries®” 2D, which can
result in intergranular fracture even at ambient
temperature in air 2. Correspondingly, an intergranular
fracture was observed as the primary fracture mode in the
present high-nitrogen austenitic steel, as shown in Fig. 5.
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nitrogen steel.
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Fig. 4
following in situ BSE imaging was performed.
Dislocation microstructure under tensile loading at (b)
400, (c) 500, (d) 600, (e) 650, and (f) 700 MPa. The red
broken line in (a) indicates grain boundary with a
misorientation angle of 60.0°. These images were taken
from a different specimen from that in Fig. 3.

(a) RD-IPF map of the region where the

TN AT

Fig. 5 Fractographic feature of the specimen tested in
Fig. 3.

3.2 In situ observation of crack growth

To characterize the behavior of the
intergranular fracture, the crack growth from a pre-
existing edge crack was observed by in situ tensile testing
coupled with SEM observations, as shown in Fig. 6.
Because the crack was observed at the side surface and
before loading (Fig. 6(a;)), it was formed during
machining process using EDM. In this study, the pre-
existing crack was intentionally used to characterize crack
growth by in situ observations. The pre-existing crack did
not propagate until the tensile stress of 600 MPa (onset of
macroscopic yielding), and a slip line appeared on (111)
(Fig. 6(a2)). Upon increasing the stress to 700 MPa, the
crack suddenly propagated along a grain boundary and
stopped with an intense slip deformation at the crack tip
(Fig. 6(a3)). In this loading stage, multiple slip lines on
different {111} planes were observed. We here note the
upper grain where crystallographic planes of the slip lines
were identified in Fig. 6(asz). Schmid factors
corresponding to the upper grain are listed in Table 1. The
slip direction with highest Schmid factor was (111)[101].
This result matches the result that the most frequently
observed slip lines were along the (111) trace. From the
perspective of Schmid factor, the observed slip lines along
(111) and (111) arose from (111)[101] and (111)[110]
slips, respectively. Further loading to 710 MPa did not
cause crack propagation but resulted in crack opening
with the evolution of slip bands (Fig. 6(as)). Because the
Schmid factors of slip directions on ( 11 1) were
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significantly lower than that for the primary slip, the
intense evolution of slip bands around the crack tip
resulted from the crack tip deformation. It is noteworthy
that we can here observe two types of slip lines along (111)
in terms of SEM image contrast in Fig. 6(a3) and (a4): the
one with dark contrast and the other with bright contrast.
Slip lines with dark contrast were observed anywhere
even ahead of the crack tip. This observation indicates that
the slip lines with dark contrast correspond to slip with the
highest Schmid factor ((111)[110]). In contrast, slip lines
with bright contrast were observed only at locations where
the crack deflection or crack tip blunting occurred. The
preferential slip at a crack tip stress field can be discussed
with slip factor 3%32). Slip factor is calculated with the
following equation.

§:cosgsing 2Sin9COSQSiH£+COS£(COSZQ—Sil’lz9) cos@ (1)
2 2 2 2

where 6 is the angle between the crack propagation
direction and the slip line on the specimen surface, and ¢
is the angle between slip line and slip direction on the slip
plane. The maximum slip factor was obtained to be 0.37
for (111)[110], which indicates that the slip lines with
bright contrast correspond to (111)[110] slip associated
with crack tip deformation. After unloading from 710
MPa and mechanical polishing (Fig. 6(b)), the grain
boundary that acted as the crack propagation path was
confirmed to be a high-angle grain boundary (Fig. 6(c)).
Figures 6(d) and (e) show geometrically necessary
dislocation (GND) density and grain reference orientation
deviation (GROD) maps behind the crack tip. The former
was obtained from Kernal average misorientation 33 39,
and the latter was calculated as a difference in angle
between an average orientation of each grain and an
orientation of each data point 3¥. Both the GND density
and GROD have been reported to correlate with plastic
strain 3439, Interestingly, neither of the parameters
showed a significant gradient from the crack surface to the
grain interior. These observations indicate three
possibilities:

1. Significant plastic strain did not evolve during crack
propagation.

2. Dislocations introduced by plastic deformation were
emitted to the ND surface.
3. Dislocations were emitted to the crack surface after the
intergranular crack propagation.

Fig. 6 (a) Secondary electron (SE) images obtained
under tensile stresses of (a;) 0, (a2) 600, (a3) 700, (as)
710 MPa. (b) SE image, (c) RD-IPF map, (d) GND map,
and (e) GROD map obtained after unloading and
mechanical polishing. The dashed yellow lines in (a; and
a3) indicate the grain boundary position with a



misorientation angle of 37.2°. The red arrow in (a2)

indicates a slip line on (1 1 1). The GND density map
was calculated from Kernel average misorientation using
software (OIM Analysis). In (c, d, e), only the data with
confidence index > 0.1 are displayed. The beam step size
was 35 nm.

Table 1. Schmid factors for the possible slip systems of
{111}<110> for the upper grain in Fig. 6(c). The ND and
RD orientations used for this analysis were [16 4 23]

and [7 5 4], respectively.

. Sli Schmid
Slip plane direcgon factor
ain [011] 0.24
ain [101] 0.08
11 [110] 0.33
(111) [011] 0.33
(111) [101] 0.40
(111) [110] 0.07
(111) [011] 0.01
(111) [101] 0.10
(111) [110] 0.11
(111) [011] 0.07
(111) [101] 0.22
(111) [110] 0.15

To discuss the three possibilities, we note the
dislocation pile-up behavior shown in Fig. 4, wherein
significant piling-up dislocations were observed even
when a crack was not introduced. Because the piling-up
dislocations are typical geometrically necessary
dislocations, the absence of a gradient of GND density
near the crack cannot be interpreted by simple brittle
crack growth. Furthermore, we observe a local GROD
gradient at the triple junction (Fig. 6(e)), which does not
appear in the as-annealed condition, confirming the
presence of dislocation-slip-related lattice distortion. The
trace of dislocation slip indicates evolution of local plastic
strain. Thus, the first case, i.e., no plastic strain evolution,
cannot be a sufficient explanation. When the second case
is the reason, intense slip bands must be observed on the
specimen surface. However, except for the pre-existing
crack tip region and the tentatively arrested crack tip
region, slip bands near the crack surface were unclear
compared to those in the grain interior (Figs. 6(as and as)),
which indicates that the second case can be ruled out.

To discuss the third case, we here consider an
in-surface plane slip, of which its Burgers vector is on the
surface plane, and which therefore does not cause
dislocation emission to the ND surface. Assuming the in-
surface-plane planar slip and subsequent dislocation pile-
up before the crack propagation, a possible explanation
for the lack of significant gradients of GND density and
GROD can be made by dislocation emission to the crack
surface. It has been discussed that dislocation pile-up at
grain boundaries causes intergranular cracking and crack
growth due to stress concentration. To effectively evolve
the dislocation-driven stress at grain boundaries near the
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ND surface, in-surface-plane dislocation motion is
required. Otherwise, stress is released by dislocation
emission to the ND surface. When cracking occurs at a
grain boundary where dislocations impinge, the
dislocation-driven concentrated stress is released. During
the stress release process under loading, dislocations with
a planar morphology can be emitted to the crack surface,
although some dislocations would remain due to the
pinning effect of nitrogen. As a result, the local orientation
gradient (elastic distortion) near the crack can be reduced,
which results in no significant gradient of GND density
and GROD. This discussion implies that in-surface-plane
slip near a crack tip is important in surface crack growth
of high-nitrogen austenitic steels.

In contrast, when the crack stopped, intense
slip bands were observed at the crack tip (Fig. 6(a3)),
which indicates the occurrence of distinct out-of-ND-
plane slip. The site at which the crack stopped was not a
grain boundary triple junction, and no second phase exists
in this steel. Therefore, the sudden change in the slip
behavior on the surface cannot be understood from the
results of surface observations. In section 3.4, a three-
dimensional shape of the crack is analyzed in detail.

3.3 Surface relief: implications on crack propagation

Figure 7(a) shows a magnified SE image of the
crack tip region after unloading from 710 MPa. It is
clearly seen that only the crack tip region shows intense
slip bands. It is noteworthy that the slip bands show a
zigzag morphology. Because the intense slip occurred at
700 MPa (Fig. 6(a3)), and cross slip did not occur at 700
MPa as seen in Fig. 4(f), the zigzag morphology indicates
the occurrence of multiple slips on different {111} slip
planes. Based on the higher magnification micrograph
(Fig. 7(b)), the terraces of surface relief on slip-plane-2
are smooth (no relief on the terraces). In addition, slip
lines on slip-plane-1 are discontinuous when they
intersect with slip lines on slip-plane-2. These features
indicate that slip on plane-1 first occurred as a
predominant crack tip plasticity mechanism, and
subsequently, slip on plane-2 occurred. Furthermore,
because the slip bands evolved with crack opening, as
shown in Fig. 6(as4), one of the slip lines on slip-planes-1
and -2 can be attributed to crack tip opening at the surface.
As discussed in section 3.2, no cause of crack non-
propagation was found on the surface. Thus, the crack
non-propagation resulted from a phenomenon associated
with the specimen interior. In this context, plane-1 slip
which initially occurred as a dominant crack tip plasticity
can be understood to stem from deformation in the
specimen interior. It subsequently activates slip on plane-
2, resulting in surface crack tip blunting. In this
consideration, the slip on plane-1 is the precursor
phenomenon triggering crack tip opening and blunting at
the surface.



Fig. 7 (a) SE image of the crack tip with intense
zigzag slip bands. (b) Magnification of (a). The
regions highlighted by dashed yellow lines are
examples of terrace of the surface reliefs along the
slip plane 2. (c) SE image taken at an acceleration
voltage of 5 kV with a tilt angle of 52 degrees. (d)
{111} pole figure of the upper grain along the
intergranular crack. Because there are orientation
gradient and surface distortion near the crack surface
particularly before the mechanical polishing, the slip
lines in (a) show a deviation of 2° to 4° from the traces
shown in the pole figure.

Intense relief was also observed on the crack
surface near the crack tip, as shown in Fig. 7(c). The
surface reliefs on the fracture surface can result from
dislocation motion during crack opening or after the crack
propagation. Specifically, plausible phenomena causing
reliefs on the fracture surface in the present condition are
slip associated with crack tip blunting and dislocation
emission to the surface after local stress release in the
crack wake. It is noteworthy that some surface reliefs
indicated by red and yellow lines continued from the
fracture surface to the ND surface. The reliefs on the ND
surface already formed at 700 MPa, as shown in Fig. 6(a3),
indicating that the surface reliefs indicated by red and
yellow lines formed during loading. The stress release in
the crack wake under loading can cause only a limited
amount of reverse dislocation motion and subsequent
dislocation emission to the crack surface, which thereby
can result in only atomistic scale reliefs, unlike well-
known fatigue striation patterns. Therefore, the intense
reliefs along the red and yellow lines are considered to
stem from the other phenomenon, i.e., crack tip blunting.
The spacing of the crack-blunting-induced slip lines is 1-
2 um, indicating that the surface crack propagation
progressed through repetition of brittle cracking and crack
tip blunting in a micrometer scale. Considering the effect
of stress concentration by planar dislocation slip, it is
plausible that brittle cracking occurs at a grain boundary
where dislocations impinge and crack tip blunting occurs
after coalescence, as schematically shown in Fig. 8. (111)
plane where the primary slip occurs is nearly parallel to
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the crack surface, as seen in a pole figure (Fig. 7(d)).
Therefore, dislocations on (111) cannot act as the pile-up
dislocation in the schematic illustration of Fig. 8.
However, we here note that two types of slip on (111)
with different shear direction were observed: (111)[110]
and (111)[110] slips. As discussed in section 3.2,
(111)[110] slip resulted in crack tip blunting. On the
other hand, (111)[110] slip, which is the totally inverse
direction to (111)[110], occurred ahead of the crack tip.
This result indicates that dislocation motion with the
(111)[110] slip can play a role causing the dislocation
pile-up at the grain boundary. Similar micro-crack
formation associated with local plastic deformation has
been discussed for intergranular cracks interacting with
planar slip 37-®), deformation twins 3, and e-martensite >
4. More specifically, according to dislocation pile-up
theory, tensile circumferential stress at and ahead of the
tip of the planar edge dislocation array ey can be
described as follows 374> 43,

Ogg = %(axx + ayy) - %(axx - ayy)COSZGx -

TyySin26, (2)
where the x and y axes correspond to the dislocation
motion direction and the normal direction of the slip plane,
respectively. o and oyy indicate tensile stress along x and
y axes, Txy applied shear stress, and 6y is the angle between
the x axis and arbitrary direction on the x-y plane. In this
equation, the first dislocation at the planar dislocation
array is assumed to be immobile, which can be achieved
by presence of an obstacle such as grain boundary. In
addition, only a single slip is assumed to be activated by
the shear stress without slip transfer and cross slip. Eq. (2)
for an edge dislocation array can be approximated as
follows.

3 L . Oy
Ogg = E\ETX}, sin 6, cos (7) 3)

where L is dislocation pile-up length, and r distance from
the first dislocation. Based on Eq. (3), the maximum shear
stress is obtained when 6= 70.5°. Figure 9(a)
schematically shows the relationship between the model
and the present observation results in Figs. 6 and 7. The
angle between slip plane (111) and grain boundary on the
specimen surface was measured to be 71°, which is nearly
the same angle at which the g9 becomes the maximum
(Here, an interaction between the main crack and newly
formed crack is ignored). Therefore, the local stress in the
stress field observed in Figs. 6 and 7 can induce crack
initiation on the grain boundary. In the present model, as
Stroh pointed out ¥, a part of the pile-up dislocations
would be emitted onto the crack surface, which causes
crack opening and compressive stress. More specifically,
assuming that » dislocations are emitted onto the crack
surface, the maximum crack tip opening displacement due
to the wedge effect in the geometry of Fig. 9(b) is nbsinéy
(b: Burgers vector of the pile-up dislocations) at position
O, and compressive stress field forms in between A and O.
The compressive stress field and associated crack closure
effect evidently reduces the local tensile stress ahead of



the main crack tip, and thus, a further load increment is
required for the main crack propagation toward crack
coalescence. Therefore, the crack coalescence and
subsequent dislocation emission onto the crack surface
may be an additional factor enabling stable crack
propagation in the present steel. When the stress at the
main crack tip overcomes the compressive stress field by
increasing remote load (in other words, the crack tip
opening displacement at O starts to increase), the crack-
crack interaction on the identical plane results in
synergistic stress concentration, accelerating the crack
coalescence and further propagation. After the crack
coalescence, the crack tip B has a higher stress before the
crack coalescence, and thus, the crack easily propagates
until it meets a next planar dislocation array or other
obstacles.

Rl“”' on
Crack surtace

(i) ‘b’ Micrp-crack : (C)

Fig. 8 Schematic illustrations of planar-slip-induced
intergranular cracking. (a) Assumed intergranular sharp
crack with planar dislocation arrays. GB: Grain boundary.
(b) Crack blunting and micro-crack formation at the grain
boundary where a planar dislocation array impinges. (¢)
Crack coalescence results in a relief on the crack surface.
For the sake of simplicity, dislocations in the lower grain
were not drawn in these schematics. Here, each
dislocation symbol indicates giant dislocation, which is a
group of numerous dislocations.
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Fig. 9 Schematic illustrations for (a) the relationship
between the model and the present observation results in
Figs. 6 and 7 and (b) the geometry of the slip-induced
crack. The inset in (b) indicates an assumed stress
distribution between the two cracks before and after
further loading.

Additionally, note the following two
characteristics: (1) the reliefs on the crack surface along
red and yellow lines disappeared at deeper positions, and
(2) fractographic line patterns highly inclined or nearly
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perpendicular to the ND also exist, as indicated by white
dashed lines in Fig. 7(c). The first observation result
indicates that the crack tip blunting involving the slip lines
along red and yellow lines occurred only near the ND
surface. The second observation result implies that crack
tip blunting occurred during crack growth from the
specimen interior to the surface, although the root of the
surface and internal cracks may have been identical.
Based on these considerations, prior to the surface crack
propagation, crack growth from the specimen interior to
the ND surface occurred, which involved crack tip
blunting. When the internal crack tip blunting and
subsequent surface crack tip blunting are remarkable, we
can observe the crack non-propagation at the surface. To
validate this hypothesis, we next characterize the defect
structure ahead of the surface crack tip.

34 Three-dimensional characterization of

intergranular cracks

The region surrounding the crack tip was
milled by FIB, as shown in Fig. 10. An internal crack,
which did not reach the surface, was observed. The
position of the internal crack was located ahead of the
surface crack tip, as can be seen in Fig. 11. These
observations indicate that internal crack growth
preferentially occurred prior to the surface crack growth,
supporting the hypothesis that internal crack growth and
blunting affected the surface crack growth behavior.
Moreover, a small crack was present ahead of the internal
crack tip. As understood from a sequential movie (former
portion of the supporting information), the small crack is
not connected to the main internal crack, even on the far
side. Assuming a homogeneous elastic body, there is no
reason for the initiation of the discontinuous small crack.
However, as seen in Fig. 4, the planar dislocation slip
results in heterogeneous stress distribution, particularly at
the grain boundary where dislocations impinge. Because
the crack growing from the specimen interior to its surface
showed crack tip blunting significantly, as shown in Fig.
10, the effect of planar slip on stress concentration at grain
boundaries would be particularly high at the internal crack
tip. The dislocation-driven stress plausibly acts as a
driving force causing the discontinuous small crack,
which further accelerates the intergranular crack growth
until failure.
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Fig. 10 SE image before FIB milling around the same
crack shown in Fig. 7.



+— Discontinuous crack

Fig. 11 (a) SE image showing a portion of the observed
crack within the specimen, and (b) its magnification that
shows a discontinuous crack. The sample is tilted to 52
degrees.

To better understand the three-dimensional
shape of an intergranular crack, another crack shown in
Fig. 12(a) was analyzed through a serial sectioning
method using a plasma FIB, allowing for the sectioning of
a larger volume. Similar to the crack shown in Fig. 6, the
crack formed at the specimen edge during the EDM
process and propagated from left to right during loading
to 710 MPa. Significant planar dislocation pile-ups, which
impinge the grain boundary acting as a crack growth path,
were observed on the upper grain in the BSE image shown
in Fig. 12(b). After confirming the positional relationship
among the surface crack, grain boundaries, and {111} slip
planes using EBSD data shown in Fig. 12(c, d), the region
surrounding the crack tip highlighted by red in Fig. 13(a)
was removed by rapid FIB milling. Then, the fine FIB
milling for serial sectioning was conducted along the
direction indicated by the yellow arrow. During the serial
sectioning, we could identify two important
morphological characteristics of the crack. First, the crack
was discontinuous, as shown in Fig. 13(b), although the
root of the cracks may have been identical. Second, the
upper crack in Fig. 13(b) was deflected in the specimen
interior. The deflected part was observed to be branched,
and a major portion of the crack branches were parallel
with each other (Fig. 13(c)).
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Fig. 12 (a) SE and (b) high-magnification BSE images
showing another crack obtained after loading to 710 MPa
and subsequent slight mechanical polishing. (c) Image
quality and (d) RD-IPF maps around the crack tip. The
misorientation angle of the grain boundary where the
crack propagated was 18.5°. The beam step size was 50
nm.

Fig. 13 SE image showing the region where Pt deposition,
FIB milling, and serial sectioning direction. The region
highlighted in red indicates the region where FIB milling
is carried out prior to serial sectioning. SE images taken
(b) before serial sectioning and (c¢) after serial sectioning
of 4.3 pm with a tilt angle of 60 degrees.

Figure 14(a) exhibits the three-dimensional
shape of the intergranular crack, which was obtained by
reconstruction of the serial section images. The
discontinuous portion of the crack, which was observed in
Fig. 13(b), was clearly indicated. The discontinuous
cracks are nearly parallel with each other, which indicates
that the cracks are along the same flat grain boundary.
This observation supports the argument that the
intergranular crack growth was discontinuous even on a
single grain boundary. Furthermore, the bottom part of the
upper crack front is deflected, resulting in the
discontinuity of the crack. The deflected portion of the
crack was along {111} plane, as clarified in Fig. 14(b) and
(¢). Furthermore, multiple branches of the deflected crack
were also along {111} plane. Because the crack on a
specific {111} plane is known to arise from planar
dislocation arrays * %%, both the crack branching and
discontinuity are attributed to planar dislocation slip.
Specifically, a dislocation-based model of the crack
deflection process is proposed as shown in Fig. 15.
Assuming primary planar slip on (111) and crack-tip-
stress-induced slip on (111) (Fig. 15(a)), a dislocation
reaction on the different slip planes results in Lomer-
Cottrell sessile dislocations, which is expressed as follows.
First, because austenitic steels generally show a low
stacking fault energy, the mobile dislocations are
extended on each slip plane.

%[OH] - g[ﬁi]L + g [112]; on(111) (4)
%[101] - g[ﬁz]L +§[§11]T on (111) (5)



where a is the lattice constant of austenite. L and T
indicate leading and trailing partials. When these two sets
of extended dislocations interact with each other, the
following reaction occurs:
%[1ZI]L + g [112]7 + g [112], + g [211]; =
S[112]y + 2 [110].c + Z[112]1 (6).

The dislocation of a/6[110]rc is placed on (001) plane,
which is sessile, i.e., Lomer-Cottrell sessile dislocation.
The sessile dislocation has been observed in a high-
nitrogen austenitic steel'®), which acts as a strong barrier
to subsequent planar dislocation motion 2%. Figure 16
supports the extension of dislocations and occurrence of
dislocation pile-up at intersections of planar dislocation
arrays on different slip planes. When the Lomer-Cottrell
sessile dislocations form at A and B in Fig. 15(b), the
dislocation pile-up from A on (111) causes tensile stress
concentration on (111) where another high density planar
dislocation array exists, because the angle between (111)
and (111) is 70.5° where the maximum ogy acts as
discussed with Eq. (3). The concentrated tensile stress can
cause cracking at A on the planar dislocation array on
(111), and subsequently the crack propagates to O and
amalgamates with the main crack (Fig. 15(c)). Because
the deformation constraint behind the crack tip is
relatively weak after the crack coalescence when the main
crack initiated and propagated from the left edge of the
specimen, the crack tip would open by shear of the upper
crack surface. With a similar process of cracking at A,
cracking at B also occurs. When the crack propagates
from B to C (Fig. 15(d)), the crack-crack interaction
between A and C causes localized shear, resulting in crack
tip blunting. Work hardening associated with dislocation
accumulation between A and C is difficult to occur,
because the crack blunting at C results from nucleation
and motion of positive sign dislocations, while at A it
relates to negative sign dislocations, which results in
continuous  dislocation annihilations. Thus, crack
coalescence between the cracks easily occurs via intense
shear between A and C (Fig. 15(e)). In this situation,
plasticity-induced crack-tip opening from A to D and from
C to E is suppressed by dislocation pile-up stress and
presence of sessile dislocations. Consequently, a deflected
crack appears, and the crack surface between B and C is
along (111) as observed in Fig. 14(c).

°
Roabalo)

R TLiy

Fig. 14 (a) Three-dimensional shape of the intergranular
crack obtained by FIB-serial sectioning. (b) A slice of the
three-dimensional image. The inset indicates the view
direction and position of the slice. (c) A tilt-corrected SE
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image taken after serial sectioning of 3.3 pm. The
supporting information (the second half) contains the
three-dimensional crack image with rotation.

6 Plastic zone size
X
(b) « XY
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Fig. 15 Schematic illustrations for a possible formation
process of the deflected crack. (a) Dislocation pile-up
ahead of the main crack tip on (111), dislocation
nucleation and / multiplication at the crack tip and within
the plastic zone on (111). (b) Formation of Lomer-Cottrell
sessile dislocations at A and B. (c¢) Dislocation pile-up-
induced cracking and subsequent coalescence between
the newly-formed crack and the main crack. (d) Initiation
and propagation of another dislocation pile-up-induced
crack on (111) until the position C. (e) Shear-induced
crack coalescence on (111). The dislocation symbols
indicate giant dislocations, and the red dislocations
indicate Lomer-Cottrell sessile dislocations. In these
schematics, the Burgers vectors of leading partials on
(111) and trailing partials on (111) are not on this paper
surface.



Fig. 16 ECC image showing multiple extended
dislocation slip in the specimen after loading to 710 MPa
and subsequent slight mechanical polishing. The arrow
indicates dislocation pile-up at the intersection of the
planar dislocation arrays on the different slip planes.

In summary, intergranular crack growth is a
multi-stage phenomenon. In the proposed model, first,
planar dislocation slip ahead of the crack tip causes stress
concentration at grain boundaries, resulting in brittle
cracking. Then, the main crack exhibits tip blunting and
subsequently coalesces with the planar-slip-induced
brittle crack. When the planar dislocation array
significantly evolves at and around a blunt crack tip, crack
deflection along {111} planes can also occur, which
enhances the discontinuity of the intergranular crack.
Because the deformation field is constrained within the
specimen interior, the internal stress associated with
dislocation motion easily evolves compared to the surface.
Therefore, the planar-slip driven crack growth
preferentially occurs in the specimen interior when
microstructure barriers such as grain boundaries do not
constrain crack tip deformation. After the internal crack
growth, surface crack propagation finally occurs.

4. Conclusions

To characterize surface and internal crack growth in

a plasticity-induced intergranular fracture in a high-

nitrogen austenitic steel, in situ SEM observation and

three-dimensional characterization of cracking behavior
were performed. The following conclusions were
obtained.

1) Intense planar slip impinging a grain boundary was
observed in the in situ ECCI experiment under
loading, and cross slip was not observed until 700
MPa which is close to the fracture stress.

2) The intergranular crack growth is discontinuous,
which can be interpreted as an effect of planar
dislocation slip causing stress concentration at grain
boundaries. The interpretation of the planar
dislocation-slip-induced cracking is supported by a
good match between the micromechanical model and
observed crystallographic geometry. In the
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micromechanical model, no cross slip is assumed,
which is realistic according to the observation
mentioned in the first conclusion.

3) The intergranular crack growth process involves
crack tip blunting, which thereby results in gradual
crack growth with increasing macroscopic strain.

4) The intergranular crack growth occurs preferentially
in the specimen interior, and subsequently, surface
crack propagation occurs in a ligament portion.

5) Planar dislocation slip can result in crack deflection
and branching on {111} plane, which may enhance
the discontinuity of the intergranular crack growth.
A possible dislocation-based model for the {111}
cracking is proposed by assuming dislocation pile-
up at Lomer-Cottrell sessile dislocations.

Supporting Information: [Sequential images taken during
serial sectioning corresponding to Fig. 11(b) and three-
dimensional image of the crack exhibited in Fig. 13(a)].
This material is available on the website at https://
doi.org/10.2355/isijinternational ISIJINT-2025-212.
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Neutron diffraction analysis of dislocation behaviour and substructures of Si-

alloyed and interstitial-free BCC steels
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1. Introduction

Fe—Si alloys are widely used electromagnetic materials in
transformer and motor cores due to their excellent balance
of magnetic properties and low electrical losses [1-4].
These properties make them indispensable for high-
efficiency and low-loss electrical devices. In addition to
exhibiting magnetic performance, Fe-Si alloys have
unique mechanical behaviour and microstructural
characteristics. Specifically, owing to the suppression of
cellular structure formation during deformation, Si-
alloyed steels exhibit low ductility even at room
temperature and have improved fatigue resistance under
cyclic loading [5,6]. The dominant mechanism underlying
these phenomena can be the inhibition of cross-slip of
screw dislocations by the Si solid-solution effect [7,8]. In
body-centred cubic (BCC) metals, given the generally
high mobility of edge dislocations, the motion of screw
dislocations impedes plastic deformation [9,10]. Thus,
cross-slip suppression by the presence of Si solid solution
is a limiting factor of these phenomena. The fundamental
characteristics of the rate-controlling motion of screw
dislocations in BCC iron were quantitatively investigated
by Itakura et al. [11] through first-principles calculations.
They revealed that the mobility of screw dislocations is
governed by the thermally activated formation of kink
pairs against a strong lattice friction. The results showed
that the dislocation core migrates along a nearly straight
path confined within a {110} plane and that the associated
Peierls barrier exhibits a single-humped profile. This
highlights the critical role of screw dislocation dynamics

as the primary mechanism governing plastic deformation
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in BCC metals.
Although the

suppression on the dislocation behaviour of Fe-Si steels

qualitative influence of cross-slip
has been recognised as mentioned above, quantitative
assessments of dislocation density and character and their
correlation with flow stress remain challenging.
Transmission electron microscopy is used to observe such
dislocation behaviour directly, but it provides only
localised information and is limited in statistical
representativeness. By contrast, diffraction line profile
analysis (LPA) enables the quantitative evaluation of
bulk-average dislocation parameters, such as density,
character and arrangement [12—14]. In particular, neutron
diffraction has advantages over laboratory X-rays because
its large penetration depth in steels enables measurements
with a large gauge volume and high statistical accuracy.
[13-17]

In this study, we performed neutron diffraction LPA to
quantitatively characterise the dislocation parameters of
Fe—4wt.%Si steel (4%Si steel) under plastic strain, with
interstitial-free (IF) steel as a representative BCC
reference material. Dislocation localisation and structural
configuration were assessed by analysing the dislocation
density (p), dislocation character (g), arrangement
parameter (M") and crystallite size (D) [18,19]. Based on
these findings, we discuss how the suppression of cross-
slip in 4%Si steel leads to a distinctive planar dislocation
substructure, which differs from the three-dimensional
cell substructures typically formed in conventional BCC

steels.



2. Experimental

The specimen was the 4%S:i steel. In addition, the IF steel
without Si was used as a reference BCC steel to isolate the
effect of Si solid solution on dislocation behaviour. The
specimens were produced by melting steel in a 50 kg
vacuum induction furnace, followed by hot rolling. For
the 4%Si steel, the ingots were heated to 1,473 K for 2 h
and then hot rolled to a final thickness of 30 mm. For the
IF steel, the ingots were heated to 1,213 K for 1 h before
being hot rolled to 20 mm. Subsequent ageing treatments
were conducted. The 4%Si steel was aged at 973 K for 1
h, followed by air cooling, whereas the IF steel was aged
at 973 K for 6 h, followed by furnace cooling. Their
chemical compositions are shown in Table 1. Fig. 1 shows
optical micrographs of the specimens after mirror
polishing and subsequent nital etching. The average grain
sizes of the 4%Si and IF steels were 526 + 345 um and
123 £+ 85 um, respectively. These values were determined
from the mean grain area in the binarized images, based
on grain counts of 54 and 285, respectively. Stress—strain
curves were obtained by performing tensile tests on
specimens with a gauge diameter of 8 mm and length of
20 mm. The

(undeformed) and 11.7% nominal strain and were then cut

specimens were prepared at 0%

to a 10 mm length along the loading direction. Neutron

diffraction measurements were conducted at BL20

IF steel Bal.

0.001  0.005 0.043

Table 1 Chemical compositions of specimens (wt.%

0.04 <0.002

(IMATERIA) in the MLF/J-PARC [20,21], and
diffraction profiles were measured in the transverse
direction (perpendicular to the loading direction) using
the backscattering detector bank. The incident beam size
was 22 mm x 22 mm, which was larger than the specimen.
The accumulation time was 60 min, and the proton
accelerator power was 100 kW. Only back-reflection bank
detectors were used for measurement because they obtain
high-resolution profile shapes.

The dislocation density and related parameters were
quantitatively determined by performing LPA using a
convolutional multiple-whole-profile (CMWP) fitting
software [18,19] in the K (inversely proportional to the
diffraction plane spacing) range of 4.74-14.17 nm™'. The
lattice constant was set to 0.2866 nm [22]. The slip system
was assumed to be {110}<111>, which is the primary slip
mode in ferritic BCC steels at room temperature. The
Burgers vector for this slip system had a length of 0.2482
nm. The averaged contrast factor for the 400 reflection,
0.284, was computed using ANIZC [23] with the elastic
stiffness constants ¢;; = 228, ¢12 = 132 and c44 = 116.5
GPa [24]. In the CMWP software, the refined physical
parameters were the dislocation character (g), the median
(m) and the variance (o) of the log-normal size
distribution function in the crystallite size, the dislocation

density (p) and the arrangement parameter of dislocations

<0.015 0.003  0.0009

4%Sisteel Bal. 0.004 3.9 0.052

0.03  <0.002

<0.015 0.003  0.0012

4%Si steel

Fig. 1 Optical micrographs of 4%Si and IF steels, captured using 25x objective lens.
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(M"). These parameters were refined by convoluting the
theoretically computed line profiles with the instrumental
line profiles until the former matched the measured
profiles. LaBs powder was used to obtain the instrumental

line profiles.

3. Results and discussion

3.1 Stress-strain curve

Fig. 2 shows the stress—strain curves of the 4%Si and IF
steels up to 11.7% nominal strain, plotted as nominal and
true values. For the neutron diffraction experiments,
specimens were prepared at two deformation levels:
undeformed (0% strain) and strained to 11.7% nominal
strain. Here, the 0.2% proof stresses of the 4%Si and IF
steels were 429 and 100 MPa, respectively. At 11.7%
nominal strain, the nominal stresses reached 579 MPa for
the 4%Si steel and 200 MPa for the IF steel,
corresponding to the true stresses of 647 and 224 MPa,
respectively. The increases in flow stress from yield to
11.7% strain were 218 MPa for the 4%Si steel and 124
MPa for the IF steel. Notably, despite both steels being
subjected to the same level of plastic strain, the flow stress
of the 4%S:i steel increased by nearly twice as much as

that of the IF steel.
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Fig. 2 Stress—strain curves of 4%Si and IF steels up
to 11.7% nominal strain. (a) nominal stress—strain
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3.2 Dislocation characteristics from line profile analysis

Fig. 3 shows the diffraction profiles obtained for each
specimen. Based on these profiles, the CMWP parameters
were refined by fitting the calculated line profiles to the
measured data. The fitted profiles are also plotted in the
figure.

The dislocation features obtained via LPA—dislocation
density, crystallite size, character (g-values) and
arrangement parameter (M")—are summarised in Figs. 4—
7. The error bars in the figures represent the deviations of
the refined parameters, obtained from Monte Carlo
simulations within the CMWP fitting procedure,
corresponding to approximately 1 + p% (p = 3.5) of the
fitted values, where p is the confidence parameter in the
Monte Carlo procedure[25]. Figs. 4 and 5 show the
dislocation density and g-values before and after
deformation. Before deformation, the dislocation density
of both the 4%Si and IF steels was on the order of 10'2
m2. After plastic deformation, their densities increased to
3.2 x 10" and 1.2 x 10'* m™2, respectively. The increase

for the 4%Si steel was more than twice that for the IF steel.
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Fig. 3 Diffraction profiles obtained via neutron
diffraction for 4%Si and IF steels with/without plastic
deformation.
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Fig. 5 g-values of 4%Si and IF steels via LPA before
and after plastic deformation, indicating changes in
relative fractions of screw and edge dislocations.

In Fig. 5, before deformation, the g-values for both
materials were 1.29, which is close to the theoretical value
for pure edge dislocation (g.) within the experimental
uncertainty, indicating a predominance of edge-type
dislocations[26].  After g-values
increased to 2.64 for the 4%Si steel and 1.58 for the IF

steel. The value of 2.64 is equal to the theoretical value

deformation, the

for pure screw dislocation (gs) and suggests a
predominance of screw dislocations in the 4%Si steel. The
ratio of screw dislocations to total dislocations in the IF
steel was approximately 21.5%, based on the g-value
relationship, fs = (¢ — q¢) / (gs — ge) [13]. Thus, the
application of plastic strain to the 4%Si steel substantially
increased the screw dislocation fraction, unlike in the case
of the IF steel, which behaved similarly to typical BCC
metals [27]. This difference can be attributed to the solid-
solution effect of Si, which suppresses cross-slip by
hindering the movement of screw dislocations between
slip planes [8,28,29]. Consequently, screw dislocations
remain confined to their original slip planes. They are less
likely to annihilate, unlike edge dislocations, which have
higher mobility and more readily annihilate within the
same slip plane. This accumulation mechanism explains
the higher proportion of screw dislocations in the 4%Si
steel after deformation.

Fig. 6 shows the crystallite size, D, obtained through LPA.
This was computed as D =m * exp(2.55%) [32,33]. Before
deformation, both materials exhibited large crystallite
sizes, approximately 1,300 nm for the IF steel and 500 nm

for the 4%Si steel. However, due to the resolution

23

limitations of diffraction line profiles, the significance of
this initial difference is uncertain. After plastic
deformation, the crystallite sizes decreased substantially
to 275 nm for the IF steel and 114 nm for the 4%Si steel.
Consistent with this tendency, the 4%Si steel, which
exhibited a higher dislocation density after deformation,
also showed a smaller crystallite size than the IF steel.

Fig. 7 shows the arrangement parameter, M", obtained via
LPA. Before deformation, both materials exhibited large
M values (~10), indicating that their dislocations were
initially ~ distributed randomly, without significant
interactions. After plastic deformation, M* decreased to
3.7 in the 4%Si steel and 0.6 in the IF steel. According to
the definition of M* = R." x p™'2, where R." is the outer
cutoff of the strain field, an M" value close to 1 indicates
that dislocations interact strongly through their strain
fields [30,31], forming stable configurations, such as
dipoles and causing strain field overlap. The low M" of the
IF steel (0.6) suggests strong interactions and structural

organisation. Conversely, the higher value for the 4%Si

steel (3.7), even after deformation, indicated that its
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Fig. 6 Crystallite sizes of 4%Si and IF steels via LPA
before and after plastic deformation.
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Fig. 7 Arrangement parameter (M") of 4%Si and IF
steels via LPA before and after plastic deformation.



dislocations lacked structural organisation.

The low M" in the IF steel reflects strong dislocation
interactions and well-developed small cell substructures.
In contrast, despite its smaller crystallite size compared
with the IF steel, the 4%Si steel retained a relatively large
M. The M" value generally decreases with increasing
dislocation density and decreasing crystallite size, as
dislocations subdivide the crystal lattice and form cell
structures. Interestingly, although 4%Si steel exhibited
both higher dislocation density and smaller crystallite size
after deformation, it retained a larger M" value. This
difference can be explained by the distinct dislocation
arrangements in the two materials. In the IF steel, active
cross-slip enabled the formation of three-dimensional cell
substructures, in which most dislocations were
concentrated in the cell walls, leaving large coherent
domains inside the cells. By contrast, in the 4%Si steel,
cross-slip was suppressed by the Si solid-solution effect,
preventing the formation of such cell substructures. Hence,
screw dislocations remained confined to their original slip
planes and were dispersed throughout the lattice. These
dispersed dislocations likely fragmented the crystal into
smaller coherent domains, leading to the reduced
crystallite size observed in the diffraction measurements
even though the M" remained relatively large. This
arrangement constitutes what we refer to as a planar
dislocation substructure, unlike the three-dimensional cell
substructures typical of BCC metals with active cross-slip.
Overall, LPA revealed distinct differences between the
4%Si and IF steels not only in dislocation density but also
in dislocation character, arrangement and crystallite size.
In the 4%Si steel, cross-slip suppression led to the
accumulation of screw dislocations whose motion was
confined to the same slip plane, producing a planar
dislocation substructure and maintaining high M" values
and relatively large coherent domains after deformation.
In contrast, the IF steel formed cell substructures through
active cross-slip, resulting in stronger dislocation
interactions and lower M values. Thus, diffraction-based
dislocation characterisation can effectively link distinct
substructure types to their mechanical implications in
BCC steels.
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Fig. 8 Flow stress of 4%Si and IF steels as a function
of the square root of dislocation density.

3.2 Impact of dislocation density on flow stress

In Fig. 8, the relationship between flow stress and
dislocation density in the 4%Si and IF steels was
examined by plotting flow stress (ogow) as true values
against the square root of dislocation density according to
the Bailey—Hirsch framework [34]. Because each line in
Fig. 8 is defined by only two data points, the absolute
values of the fitting coefficients may include some
uncertainty arising from the limited data set and the
accuracy of dislocation density evaluation. Accordingly,
the present discussion emphasises the comparative trend
rather than the precise numerical values of the fitting
parameters. Nevertheless, the two lines exhibit almost
identical slopes, despite their considerably different
intercepts. The intercepts are the base flow stress arising
from factors independent of the current dislocation
density, such as solid solution strengthening and lattice
friction stress. Remarkably, both steels show almost the
same increase in flow stress with dislocation density
despite  having substantially different cross-slip
frequencies and dislocation substructures depending on
the presence or absence of Si. In other words, although the
intercept difference reflects the strong influence of Si

solid solution, the slopes are essentially unchanged.

4. Conclusions

Neutron diffraction LPA was employed to quantitatively
characterise the dislocation parameters of 4%Si and IF

steels. Upon tensile deformation, dislocation density



increased in both steels, with the increment in the 4%Si
steel being more than twice that in the IF steel. The g-
values demonstrated a marked increase in the screw
dislocation fraction after deformation in the 4%Si steel. In
the IF steel, the screw fraction also increased but remained
much lower than in the 4%Si steel. This behaviour can be
attributed to cross-slip suppression by Si solid solution in
the 4%5i steel, which promotes the accumulation of screw
dislocations. By contrast, the active cross-slip in the IF
steel can facilitate the partial annihilation of screw
dislocations, limiting the screw dislocation fraction. A
comparison of dislocation arrangements and crystallite
sizes revealed contrasting substructures. The IF steel
forms cell substructures with relatively low M" values and
larger coherent domains. The 4%Si steel develops a
planar dislocation substructure composed of dispersed
screw dislocations confined to single slip planes, yielding

relatively high M" values and smaller coherent domains.

Although dislocation cross-slip activity and substructures
differed significantly between the two steels, both showed
remarkably consistent hardening rates as a function of
dislocation density. The higher base flow stress in the
4%Si steel is attributable to the influence of Si solid
solution, as reflected in the different intercepts of the

Bailey—Hirsch framework for the two steels.

These findings underscore the utility of neutron
diffraction LPA as a bulk-sensitive tool for quantifying
dislocation density and, when combined with additional
dislocation

parameters, for characterising distinct

substructures.  Thus, this approach effectively

complements conventional microscopy-based methods.
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Fig. 2 Nominal stress—nominal strain curves (a) and work-
hardening rate curves (b) in Base, 0.15N, 0.3N and 0.5N

steels.
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(a) Base steel

(c) 0.3N steel
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Fig. 4 ECC images of 5% strained Base, 0.15N, 0.3N and 0.5N steels.
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Fig. 5 Changes in planarity index at 5% and 10% nominal

strain as a function of nitrogen content.
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Fig. 7 Changes in work-hardening rate at 5% nominal
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Fig. 2 Schematic of experimental setup of in situ
neutron diffraction during tensile testing.>®
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Fig. 1. In situ observation of the crack initiation site during high-cycle fatigue in a steel material”. Although the final
fracture occurred at 218,987 cycles, a crack was already clearly observed at 2,000 cycles, corresponding to less than 1%
of the total life.
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Table 3. Chemical composition of the test steel for the
microscale analysis®.

C P S Ti Al O N
0.001 0.002 0.001 0.043 0.038 0.003 0.0009

Table 4. Mechanical and microstructural properties of
the test steel for the microscale analysis®.

Tensile strength ~ Reduction ~ Average grain
[MPa] in area [-] size [um]
248 0.77 124

w=252 2um

52251 6um

Fig. 8. Configurations and grain arrangements of the
miniature CT specimens together with SEM images of
the notch-tip regions: (a) SN specimen, (b) RN

specimen®.
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Fig. 9. Crystal orientation of the grain at the notch tip for
the SN and RN specimens®.
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Fig. 10. Experimentally observed crack growth profiles:
(a) SN specimen, (b) RN specimen.
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Fig. 11. Comparison of experimentally measured and
numerically predicted relationships between number of
cycles and crack length in the miniature CT tests.
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Fig. 3 Distribution of atomic vacancy density at a nominal strain of 0.03. (a) is total atomic vacancy density.
(b) is atomic vacancy density generated by the dragging of jogs formed by the screw dislocation interactions.
(c) is atomic vacancy density generated by the dragging of jogs formed by double-cross slip.
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Fig. 1 (a) 3D crack morphology (blue: intergranular crack
component and red: quasi-cleavage crack component), (b)
3D-EBSD orientation map, and (¢, d) misorientation of the
prior austenite grain boundary segments at the regions
indicated in (¢) of the hydrogen-charged specimen with Hp
=0.42 wt ppm?.

FIB-SEM > U 7/t 7 o a = 72 kv AKFEMarE
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KR 7 T o 7 GHEEDMEIE LTV B HEE Tk, B
HORIHLAR ST AR S 5 1FE & DK & 7RI T 23R
(b

Initial erack tip

nitial crack tip

Fig. 2 (a) An example of FE simulation results (black line: experimental result, pink plots: simulation result using a
straight cohesive zone mesh with strong cohesive zone of 0 %, and red plots: simulation result using a curved cohesive
zone mesh with strong cohesive zone of 12 %). (b) SEM image of the mid-thickness section after the test. (c, d) FE
simulation results of crack propagation at the timings indicated in (a).
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e SN s g 20,
and (a3, b3, c3, d3) IQ + IPF maps of the AQ

(al-a3), 775HC (b1-b3), 750HC (c1-c3), and 700HC (d1-d3) specimens. The colors in the IPF map express the
orientation parallel to the transverse direction (TD) of the specimen according to the stereographic triangle. .
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Fig. 4 (a—d) Nominal stress—nominal strain curves for
the uncharged and hydrogen-charged specimens; (e)
Maximum tensile stress comparison between specimens
with and without hydrogen; (f) Total elongation
comparison between specimens with and without
hydrogen; (g) HEI as a function of PAGB coverage by
ferrite grains; (h) Schematic of the microstructure after
thermomechanical processing .
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Fig. 5 (a) Schematic of a PAGB; (b—e) Misorientation
profiles for the PAGBs in the AQ, 5%HC, 10%HC, and
20%HC specimens .
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Fig. 3 Nominal stress-nominal strain curve during

interrupted tensile tests for taking replica films.
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Fig. 4 SEM image just before fracture in the specimen.
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Fig. 5 SEM images of voids nucleated from (a) matrix and

(b) inclusion, and (¢) crack.

Table 1 Number of voids and cracks observed in Fig. 4.
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Fig. 6 SEM images of replica film taken from the
specimen just before fracture.
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Fig. 7 SEM image on (a) specimen surface just before
fracture and replica film at (b) 3" interruption (just after
necking) and (c) before deformation.
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Table 2 Size of voids and cracks tracking their

development behaviour from replica films.
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Fig. 8 Serial SEM images on the replica films from before

deformation to at 6 interruption.
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Fig. 9 ex strain distribution in the replica film at 6%
interruption. Reference images for DIC analysis were
SEM images at 5 interruption.
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Fig. 10 4 strain distribution in the replica film at 2"9, 3™,

and 4" interruptions. Reference images for DIC analysis
were SEM images at before deformation, 2", and 3%
interruptions. The analysis region is identical with the
region in Fig. 8.
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2" interruption.
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the In-lath slip system.
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Fig. 13 Interruption tensile test for replica-DIC analysis.

The interruption time exceeded 3 days.
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Fig. 14 SEM image just before fracture in Fig. 13.
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Fig. 16 ex strain distribution during in-situ tensile test at 1%, 2", 3™, 4™ and 5 interruptions in Fig. 15. Reference
images for DIC analysis were SEM images of the specimen at previous interruption.
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map of the selected PAG. (b) maximum SF map of
the PAG. The traces of the in-lath slip planes are
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Fig. 4. SEM images of tensile fracture surfaces of the (a)
N, (b) I, and (c) P specimens.
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Fig. 7. (a—c) ECC images of microcracks observed in
regions away from the fatigue fracture surface. (d—f)
Colour-coded EBSD maps of the same regions. (g, h)
(110) pole figures for the N and I specimens and (i) (112)
pole figure for the P specimen, corresponding to the crack

profiles.
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Fig. 8. SEM images of fatigue fracture surfaces of the (a)
N, (b) I, and (c) P specimens.
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4D analysis of damage mechanisms in ductile fracture of quenched and tempered DP

steels using synchrotron X-ray microtomography
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1. Introduction

In modern industries, high-strength steels have
become indispensable materials, finding extensive
applications from the automotive sector to energy
due to their exceptional mechanical properties'?.
Ensuring the structural integrity of these steel s
necessitates a profound understanding of ductile
fracture mechanisms. Ductile fracture typically
progresses through three stages: the initiation
(nucleation), growth, and coalescence of voids*™.
Although advanced high-strength steels like dual-
phase (DP) and TRIP steels offer a favorable balance
of high strength and ductility®”, their complex
microstructures make it difficult to predict fracture
behavior by strongly influencing damage
evolution®?.  Conventional ~ two-dimensional
observation techniques have proven insufficient for
comprehensively capturing the three-dimensional
behavior of voids propagating within the material or
the intricate interactions between stress states and
microstructures. The interior of a material is
typically under a triaxial stress state close to plane
strain, which is significantly different from the plane
stress state at the free surface™'?. Relying
exclusively on surface examination is inadequate for
a correct evaluation of the bulk damage, because the
differing stress state fundamentally alters the way
voids nucleate and develop.

Recent advancements in X-ray computed
tomography (CT) have provided novel insights for
damage assessment in materials science''™'®. This
non-destructive, three-dimensional observation
technique has the unique capability to track the
dynamic processes of void nucleation, growth, and
coalescence in-situ during tensile deformation,
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providing quantitative information on the
spatiotemporal evolution of damage'?. By utilizing
X-ray CT, internal damage behavior can be directly
visualized, enabling exploration of damage
mechanisms from various perspectives, such as
strain distribution and microstructural heterogeneity.

Previous tomographic studies have extensively
investigated the damage behavior of various
heterogeneous microstructure steels. For instance,
Chen et al. reported that in DP800 dual-phase steel,
voids primarily nucleated within the martensite
phase, and while individual voids grew significantly
(by a factor of 10), the average void size of the
population only doubled due to continuous
nucleation of new, smaller voids '¥. They also noted
that voids elongated under low stress triaxiality but
dilated more isotropically as necking increased
triaxiality. Toda et al. observed that void nucleation
in dual-phase stainless steel and ferrite/martensite
DP steel occurred at various sites, including
martensitic cracking and ferrite/martensite interfaces,
with voids originating from martensitic cracking
exhibiting characteristic shear-dominated growth
under macroscopic loading '¢'7'®. Azizi et al.
utilized ex-situ X-ray CT to reveal a unique form of
multiple cup-and-cone fracture features and damage
evolution along shear bands in architectured ultra-
high strength DP steels with composition and
deformation gradients'”. Furthermore, Toda et al.
explored the influence of mechanically induced
martensitic transformation on damage in TRIP steels
using  multimodal X-ray = nanotomography,
demonstrating that the strong influence of complex
martensite grain shapes on damage susceptibility??.

The literature, however, lacks a comprehensive in-
situ 3D comparison of martensite microstructure and
ductile damage mechanisms between as-quenched
(As-Q) and  quenched-and-tempered (Q-T)



conditions. This study provides a quantitative 4D in-
situ synchrotron X-ray computed tomography
comparison of DP steels under As-Q and Q-T heat
treatments. From the CT datasets we extract the
initiation strain and spatial coordinates of every void
and perform statistical 3D analyses to link these
events quantitatively with local mechanical
parameters. By relating heat-treatment-induced
changes in the ferrite—martensite hardness mismatch
to void nucleation timing, spatial distribution, and
growth anisotropy, we discuss the driving forces that
control void formation and subsequent damage
evolution.

2. Experimental Procedure

2. 1 Specimens

The material used in this study was a ferrite-
martensite DP steel. Its chemical composition was
0.2% C, 1.48% Si, 1.5% Mn, 0.042% Al, 0.0022% S,
0.0015% N, and P < 0.005%, in mass percent. The
material was subjected to two different heat
treatments. The first condition was the as-quenched
(As-Q) state, achieved by austenitizing specimens in
a salt bath at 780 °C for 1200 s and subsequent oil-
quenching. The second condition was the quenched-
and-tempered (Q-T) state, where the As-Q
specimens were tempered at 500°C for 3600 s,
followed by air cooling. To evaluate the
microstructure  after the  heat treatment,
microstructural observations were conducted using
the electron backscattered diffraction (EBSD)
technique. A field-emission scanning electron
microscope (SEM) was used to acquire crystal
orientation data at an accelerating voltage of 20 kV
and with a step size of 0.1 um. The data obtained
were analyzed to generate inverse pole ure (IPF)
maps and phase distributions.

Miniature tensile specimens with the geometry
shown in Fig. 1 were machined from the As-Q and
Q-T steel plates. The gauge section of the specimens
had a diameter of 0.5 mm and a length of 0.8 mm.

2. 2 Experiments and image analysis

The 4D in-situ tomographic observation of
the internal damage process was performed at
BL20XU of the SPring-8*". The experimental setup
consisted of a monochromatic X-ray beam (energy:
37.7 keV), a X-ray image detector, and a tensile
testing stage capable of displacement control. A
specimen was mounted on the tensile stage and
loaded intermittently from an unloaded state until
fracture. At each strain level, the tensile deformation
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Fig. 1 Geometry of the specimen used for the in-situ
tensile test with synchrotron radiation X-ray CT. The
gauge length is 0.8 mm, and the diameter is 0.5 mm.

was paused, and a series of 1800 projection X-ray
images were acquired while rotating the specimen
over 180 degrees. The spatial resolution of the
reconstructed CT images was 1.0 um, which was
similar to that reported previously??. The series of
projection images obtained from the experiment
were reconstructed using a filtered back-projection
algorithm to create 3D CT volume data for each
strain step?. After in-situ experiments, the fracture
surfaces of specimens were observed by using a
SEM at the acceleration voltage of 15 kV, and the
cross-section near the fracture surface was also
observed by SEM at an acceleration voltage of 30 kV.

Image analyses were performed on obtained 4D
CT dataset. First, for void visualization and
quantification, the reconstructed CT images were
processed with a noise-reduction filter, followed by
a thresholding technique based on grayscale
intensity to segment the void regions from the matrix.
For each segmented void, 3D morphological
parameters such as volume, centroid coordinates,
and surface area were calculated. Second, to identify
the nucleation stage of voids, a microstructural
feature tracking technique®*?> and a reverse tracking
method!” were employed. For every void identified
in reconstructed CT data, its evolution was tracked
backward through the preceding strain steps to
pinpoint the strain of its nucleation, ™ . This
involves identifying the same void in a series of CT
data and tracking it in reverse chronological order.
This method allows the analysis to focus only on
voids newly formed at specific strain levels. Third,
to assess the growth anisotropy of the formed voids,
the projection length along the tensile loading
direction (Z-axis), L,, and the projection length onto
the perpendicular plane (XY-plane), L., were
computed for each void. Finally, to evaluate the
relationship between local plasticity and void
evolution, the 3D displacement field inside the
material was calculated using a microstructural
feature tracking technique®**). Inclusion particles,
as visualized in CT images, were used as marker
particles for calculating local strain components. The
local equivalent strain, €4, was analyzed from their



physical displacement during deformation. 11
3. Results » omAm

3.1. Initial Microstructure and Macroscopic
Mechanical Behavior

Fig. 2 presents the IPF maps of the tensile direction
in the initial microstructures of the (a) As-Q and (b)
Q-T steels, obtained by EBSD. Both specimens
exhibit a common DP steel structure®®?”,
characterized by a ductile ferrite matrix with
dispersed, hard, blocky martensite islands. While no
significant differences in the average grain sizes of
ferrite and martensite were observed between the
two conditions, the Q-T tended to have slightly finer
ferrite grains compared to the As-Q.

Fig. 3(a) shows the nominal stress-nominal strain
(applied strain) curves obtained from the in-situ
tensile tests, clearly indicating the differences in the
macroscopic mechanical response of the two
specimens. The As-Q steel exhibited a high ultimate
tensile strength (UTS) of 1208 MPa, but its fracture
strain was limited to a relatively low value of 0.27 of
applied strain, &. The stress-strain curve of As-Q is
characterized by steep work hardening immediately
after yielding, reaching the UTS at an early stage. In LOfim
contrast, the Q-T steel had a lower UTS 0of 901 MPa,

25% lower than the As-Q steel, but it achieved a Fig. 2 IPF maps of the (a) As-Q and (b) Q-T materials,
superior fracture strain of 0.44 of &, which is 1.6 obtained via EBSD analysis. Both microstructures
times that of the As-Q steel. The curve for the Q-T consist of micron-sized martensite islands dispersed

within the ferrite matrix.
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Fig. 3 Mechanical behavior and fractography of the As-Q and Q-T materials. (a) Nominal stress- applied strain curves

from in-situ tensile tests. The periodic stress drops correspond to stress relaxation during holds for CT scanning. (b, c)

Low and high magnification SEM images of the fracture surface of the As-Q material. (d, ) Corresponding fracture

surface images for the Q-T material. Both materials exhibit a typical dimpled fracture surface, indicative of ductile
fracture.
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steel shows more gradual work hardening that
persists over a wide strain range and is particularly
notable for its significant elongation after reaching
the UTS, i.e., after the onset of necking. Incidentally,
the periodic drops in stress observed in the curves of
Fig. 3(a) correspond to stress relaxation phenomena
that occurred while the displacement was held for
CT scanning.

The fractographs of the As-Q and Q-T steels s
using SEM are shown in Figs. 3(b-e). Both steels are
covered with microscopic dimples, which is a typical
feature of ductile fracture. However, there are
differences in the morphology of these dimples. The
fracture surface of the As-Q steel shows a uniform
distribution of relatively small and shallow dimples
(Figs. 3(b) and (c)), whereas the fracture surface of
the Q-T specimen shows a mixture of larger and
deeper dimples (Figs. 3(d) and (e)). This difference
suggests a variation in the internal void growth
behavior, which will be described later.

3.2. Void Nucleation Behavior

Prior to the 3D statistical analysis, a virtual cross-
section corresponding to the mid-height of the gauge
section was extracted from each CT dataset to
qualitatively examine the early morphology and
growth direction of voids, as shown in Fig. 4. In the
As-Q steel, microvoids begin to appear over a wide
region shortly after approaching the UTS (&=0.124),
and these voids tend to open predominantly in the
direction perpendicular to the loading axis. In
contrast, the Q-T steel exhibits only limited void
formation up to this stage, and the few voids that do
appear are characteristically elongated along the
tensile axis, reflecting their stable growth in concert
with the surrounding plastic flow. These qualitative
observations are consistent with the anisotropic
growth tendencies and spatial localization trends
revealed by the subsequent 3D analyses, providing
direct visual evidence of the distinct damage
mechanisms operating in the two heat-treated steels.

Figs. 5 (a) and (b) present a time-series of the 3D
distribution of internal voids (displayed in red) at
representative strain levels, as captured by the in-situ
observation. This 4D data visually reveals that the
damage evolution modes are dramatically different
in the As-Q (Fig. 5(a)) and Q-T (Fig. 5(b)) steels. In
the As-Q steel, the number of voids is small and
sporadic from the initial deformation up to the UTS
strain (g, = 0.124). However, the damage tendency
changes completely after the UTS is exceeded. As ¢,
reaches 0.196, the number of voids increases
significantly and begins to spread throughout the
central region of the gauge section. Then, in the stage
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Fig. 4 Two-dimensional virtual cross-sectional images
of the As-Q and Q-T steels at representative strain
levels, reconstructed from the CT datasets. A consistent
plane at the gauge-section mid-height is extracted to
visualize the evolution of voids during deformation.
The As-Q steel shows an increasing number of voids
distributed over a broad region after exceeding the UTS
(£=0.124), whereas the Q-T steel exhibits limited
voiding until a rapid nucleation event localized within
the neck just before fracture (£=0.426).

just before fracture (e, = 0.237), these voids further
multiply, forming a dense cloud-like distribution
over a considerable volume in the gauge center. At
this point, the specimen currently displays moderate
necking.

A markedly different pattern of damage evolution
is observed in the Q-T steel. Not only at the UTS
strain (&, = 0.137) but also at a much larger strain
of 0.396, void formation remains limited. At the
stage just before fracture (&, = 0.426), voids
suddenly form in the narrowest part of a developed
neck, where they are highly concentrated. In stark
contrast to the As-Q steel, damage occurs in a very
localized region just prior to fracture.

To quantify this difference in the spatial
distribution of voids, the profiles of the local void
volume fraction, Vi, of As-Q and Q-T steels along
the tensile axis are shown in Figs. 5(c) and (d),
respectively. It is mutual to both steels that the peak
value of the profile increases with deformation and
rises sharply just before fracture (red lines). The
peak value itself just before fracture is not orders of
magnitude different between the two: 0.92% for As-
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Fig. 5 3D rendered visualizations of internal voids from CT data for (a) As-Q and (b) Q-T materials at various applied
strains (&). Voids are shown in red. Note that features visible at ¢,=0 are pre-existing inclusions. (c, d) Local void
volume fraction profiles along the tensile axis (Z-direction) for As-Q and Q-T, respectively. The blue and red lines
denote the profiles at the ultimate tensile strength and just prior to fracture, respectively.

Q and 0.72% for Q-T. However, the difference in the
profile shape is essential. The profile for the As-Q
steel has a broad, almost trapezoidal shape, with the
region of high Vi extending over several hundred
micrometers in the Z-direction. On the other hand, a
very sharp peak was observed in the characteristic
curve of the Q-T steel, indicating that the damage
was concentrated in a narrow region with severe
necking.

Note that the red features visualized in the no-load
stage in Figs. 5(a) and (b) are presumed to be
inclusions rather than voids. The difference in X-ray
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absorption coefficients between voids and inclusions
is much smaller than that of iron?®?), so this X-ray
imaging used in this study cannot separate inclusions
and voids. It is obvious that inclusions do not grow
under tensile deformation at room temperature,
which does not affect the interpretation of Fig. 5.
Fig. 6 plots the evolution of the volume fraction for
groups of voids, categorized by their nucleation
strain, &,™, using only the voids newly initiated
during deformation as identified by the reverse
tracking method'”. This analysis allows for a
quantitative assessment of when and how many
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Fig. 6 Evolution of void volume fraction for voids in (a) As-Q and (b) Q-T, categorilz7ed by their nucleation strain, &,™.

The nucleation strain for each void was identified using a reverse tracking method

. Each curve shows the volume

fraction evolution for a cohort of voids that nucleated at a specific applied strain, &™.

45 T r

0.018!
—e—0.137
| o= 0177|

0.265|
—e—0.310|

w s
=)

P (c) Parallel to loading

/.

.

45 : : :
e (a) Parallel to loading
€ 40+ ]
‘r 3.5 I /.
%, 30t &7 Outs e
5 58 0.014/
g “7[ g —e—0.051
2= | 5 ——0.122| |
g_: 20, / = 0158,
=~ 15 3 _‘—0196 4
e / / /’/ —+—0.237,

0.0’ N A A L N A 3

(b) Perpendicular
§ 4.0 to loading
“3? 35 /-/'
: o/

£
= 3.0 /! r;a"
3 25l ours o/ /% 0.014/ |
c [ AA —=—0.051
2 20l A”f —o—0.122| |
8- / +—0.159
o ‘ —e—0.198|
= 15¢ |
= / ——0237] )

Applied strain, &,
As-Q

o0tdd— 4 4 . : 3
Y5 ‘o1 M7 03 oF 08

30 - 0356‘ “
—— 0,396
2.5+ —=—0.426| R

GUTb

Projection length, L, / pm

O =~ N
o w o

o (d) Perpendocular to
0.018 |Oad|ng 1

N W W A
w o wu o

20 |
1.5t

Projection length, L, / um

0.9’ : 4
%.O 0.1 0.2 0.3 04 0.5
Applied strain, &,

Q-T

Fig. 7 Analysis of void growth anisotropy in (a, b) As-Q and (c, d) Q-T. The plots show the average void projection
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by their nucleation strain, &™, consistent with Fig. 5.

voids were formed.

The results for the As-Q steel, as shown in Fig. 6(a),

clearly indicate that after reaching the UTS (&=
0.124, blue line), new voids are continuously
nucleated at almost all subsequent strain stages until
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fracture. For example, the voids formed at & of
0.159, 0.196, and 0.237 each account for a
significant volume fraction, indicating that damage
progresses as a continuous process. The volume
fraction of each void group increases exponentially



with increasing strain, suggesting stable growth
behavior.

The behavior of void nucleation in the Q-T steel is
different from the As-Q steel, as shown in Fig. 6(b).
Even after the UTS, the volume fraction of voids
formed at each stage remains very low until &,
reaches 0.396, indicating that damage nucleation is
suppressed. However, voids formed in the small
strain interval just before final fracture (between &,
=0.396 and 0.426, red line) suddenly exhibits a
volume fraction that far exceeds the total amount of
all voids formed in all preceding stages. This
strongly suggests that the final failure of the Q-T
steel is triggered by a sudden and rapid nucleation of
numerous voids just before fracture.

3.3. Anisotropy in Void Growth

We analyzed the growth behavior of the void
cohorts, grouped by their nucleation strain as shown
in Fig. 6, by examining their shape evolution and
particularly their anisotropy. Fig. 7 shows the strain
dependence of the average projection length of voids
in the tensile direction, L,, and in the perpendicular
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direction, Ly, for each nucleation group.

In the As-Q steel (Figs. 7(a), (b)), the growth
curves for L, and Ly, for any void cohort nucleated
after the UTS follow remarkably similar trajectories,
indicating that both dimensions grow at nearly the
same rate. This strongly suggests that the voids
expand while maintaining a relatively isotropic,
near-spherical shape. That is, because numerous
voids are nucleated in close proximity within the
high-strain region, the stress field around each
individual void may become homogenized,
suppressing preferential growth in any specific
direction. This behavior is consistent with the
macroscopic observation, as shown in Fig. 3 and Fig.
4, that the steel cannot accommodate large plastic
deformation and fails at a relatively low ductility.

In contrast, a different and more complex growth
mode is observed in the Q-T steel (Figs. 7(c), (d)).
For all void groups, the growth of L., remains
relatively modest with increasing &., whereas L,
shows a clear tendency to increase significantly. In
particular, the void groups formed in the UTS stage
of deformation (e.g., & =0.137, blue line) are
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Fig. 8 Correlation between local equivalent plastic strain, Eopr and void dimensions. (al) Contour map of €oq in the
As-Q material just prior to fracture (¢,=0.237). (a2, a3) 2D histograms correlating local ¢, with void size perpendicular
(L) and parallel (L)) to the loading axis for As-Q. (b1-b3) Corresponding results for the Q-T material just prior to

fracture (e, =0.426).
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elongated along the tensile direction as the steel
exhibit large global strain, transforming into prolate
voids with a high aspect ratio. This pronounced
anisotropy is the characteristic of void growth in Q-
T steel. Within the ductile matrix, a few voids can
stably elongate along with the plastic flow, allowing
the steel to accommodate large deformation.

3.4. Correlation between Local Plastic Strain and
Void Characteristics

Fig. 8 visualizes the relationship between the
distribution of local equivalent plastic strain, &,
inside the specimen just before fracture and the size
and number of voids present in those regions, in the
form of 2D histograms. This allows the analysis that
how void nucleation-and-growth is related to the
local plasticity. Here, we focus on the strain stage
just before fracture where void formation was most
active, as shown in Fig. 6.

Fig. 8 (al) shows a map of the equivalent plastic
strain just before fracture of the As-Q steel, while
Figs. 8 (a2) and (a3) show 2D histograms of the
projected length of voids, Ly, and L., respectively,
and the local equivalent plastic strain at the location
of the void. In the As-Q steel, the majority of voids
are concentrated in a distinct high-strain region
where &q > 0.3. This suggests that void formation in
the As-Q steel is a strain-driven process that occurs
preferentially where plastic strain has locally
accumulated. Furthermore, looking at the void size,
the histograms for both L,y and L, have peaks around
1-3 um and their distribution shapes are similar. This
is consistent that the isotropic nature of the void
shape suggested in Fig. 7.

Figs. 8 (b1)-(b3) show the results of applying the
same analysis, as shown in Figs. 8 (al)- (a3) for As-
Q steel, to Q-T steel. In the Q-T steel, the total
number of voids was orders of magnitude lower than
in the As-Q steel. These voids are not concentrated
in a specific strain region but are scattered over a
wide strain range from &4 = 0.2 to over 1.6. The void
shape also contrasts sharply with that of the As-Q
steel. The distribution of L, confirms this strong
anisotropy, showing numerous voids elongated
beyond 10 um. This indicates that the void size in
the Q-T steel is not solely a function of the local
strain magnitude. This observation is consistent with
the significant influence of stress triaxiality®”, a
well-established parameter that governs void growth.
Here, the peak observed around &4 = 0.2 in Figs.
8(b2) and (b3) should be interpreted with caution, as
it does not signify a unique void behavior. This
apparent concentration is a sampling bias; because
voids in the Q-T steel are scattered across a wide
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strain range, more are naturally counted in the larger
steel volume corresponding to &q ~ 0.2, as shown in
Fig. 8(bl).

Fig. 9 shows how the overall orientation trend of
the void population changes with deformation, using
the void orientation index (Zyoids). Ivoids represents the
fraction of voids that are perpendicular with respect
to the loading axis and given as follows:

I e = ny>z (1)
volds —
Nan

where Naj represents the total number of voids and
Nyy>, denotes the count of voids satisfying the
condition Lx,>L, in a single CT dataset. In the As-Q
steel, Iyoids increases monotonically from the early
stages of deformation, and its rate of increase
accelerates after the UTS. This means that the
fraction of voids that open and grow in the direction
perpendicular to the loading axis continues to
increase throughout the deformation, which is
consistent with damage mechanisms such as
martensite cracking'”. Alternatively, the behavior of
the Q-T steel has a characteristic V-shaped path.
From the initial to the just before final stages of
deformation (up to & = 0.4), l.iss continues to
decrease. This corresponds to the fact that, as
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Fig. 9 Void orientation index (/ ., ) as a function of
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mentioned before, the anisotropic growth of existing
voids by elongation in the tensile direction (L,
increasing) is dominant, so the relative fraction of
oblate voids decreases. However, in the final stage
just before fracture, this trend dramatically reverses:
Lyoigs turns to a sharp increase. This sharp rise from
the bottom of the V-curve indicates that the damage
mechanism has qualitatively changed from a process
dominated by elongation to one in which new voids,
opening perpendicular to the loading axis, are
suddenly and numerously generated. This change in
void growth in the Q-T steel will be discussed in
detail in the section of discussion.

In Fig. 9, the nearly isotropic void formation
observed just before fracture in the Q-T steel can be
clearly identified in the CT cross-sectional images
(Fig. 4(b)). In contrast, the high /,.i¢s value of the As-
Q steel near fracture, which corresponds to voids
elongated in the direction perpendicular to the
loading axis, is not easily recognized in the series of
CT images (Figs. 4(a) and 5(a)). Therefore, we
examined the cross-section near the fracture surface
of the As-Q steel using a backscattered electron
image, as shown in Fig. 10. This image provides
direct evidence supporting the increasing trend of
Loigs presented in Fig. 9. In the As-Q steel
immediately prior to fracture, voids nucleated within
martensite or at martensite/ferrite interfaces
preferentially  developed in the direction
perpendicular to the loading axis, and these void
morphologies, which are difficult to distinguish in
the CT datasets, are clearly resolved in the
backscattered electron image. This observation
confirms that the rise in /s reflects the actual
damage evolution in the As-Q steel. Here, it should
be noted that Fig. 10 also contains nearly isotropic

Loading direction

-

Fig. 10 Backscattered electron image of the cross-section
near the fracture surface of the As-Q steel observed after
fracture. Numerous voids formed within the
martensite(M) phase or at the martensite/ferrite(F)
interfaces. Most of these voids grew preferentially in the
direction perpendicular to the loading axis, indicated as
white arrows.
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voids with diameters comparable to, or smaller than,
the CT spatial resolution of approximately 1 pm.
These voids, which fall below the CT resolution, are
outside the scope of the analysis presented in Fig. 9.

4. Discussion

The 4D data acquired in this study demonstrate that
the differences in macroscopic mechanical
properties between the As-Q and Q-T steels arise
from fundamentally different damage evolutions
operating at the micro-level. These mechanisms are
primarily governed by the hardness mismatch
between the ferrite and martensite phases, a factor
widely recognized to influence strain partitioning,
stress localization, and fracture initiation in multi-
phase steels® %),

As schematically summarized in Fig. 11, in the As-
Q condition, rapid quenching produces untempered
martensite with high hardness and brittleness,
leading to a substantial hardness mismatch relative
to the ferrite matrix®®. Under tensile loading, strain
is preferentially accommodated by ferrite, while

martensite regions bear higher local stresses!”¥.
This mismatch induces pronounced strain
partitioning®”,  producing  intense stress

concentrations at ferrite—martensite interfaces and
within martensite islands. Such conditions promote
early void nucleation via martensite cracking or
interfacial  decohesion, consistent with the
monotonic increase of the ligs in Fig. 9, indicating
that newly formed voids preferentially open
perpendicular to the tensile axis. The resulting high
nucleation rate after the UTS is reached (Fig. 6(a))
agrees with previous observations in high-strength
DP steels!>!9). The near-isotropic void growth (Figs.
7(a) and (b)) can be interpreted in the Rice—Tracey
model®, where a high local void density
homogenizes the stress field, suppressing directional
growth and accelerating coalescence. This explains
the relatively low fracture strain (~0.27) despite the
high UTS.

In contrast, the Q-T condition significantly reduces
martensite hardness and relieves internal stresses.
The decreased ferrite-martensite hardness gap
results in more homogeneous plastic deformation
and mitigates local stress concentrations, delaying
martensite fracture. This two-stage damage process
is also illustrated in Fig. 11. This suppression of early
void nucleation is evident in Fig. 6(b), where
significant nucleation occurs only in the final strain
interval (¢, = 0.396-0.426). The initial deformation
stage is dominated by the elongation of a few voids
(often  inclusion-induced®®*”)  within  ferrite,
producing highly anisotropic growth (L, > Lxy) as
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Fig. 11 Schematic illustrating the proposed mechanisms
governing void nucleation and growth in the As-Q and
Q-T microstructures, from the point of maximum load
to just before fracture.

seen in Figs. 7(c) and (d). This is consistent with
findings by Toda et al.'” and Chen et al.'® that, under
low stress triaxiality, voids tend to elongate along the
tensile axis. The gradual decrease in /yoigs Up t0 €2 =
0.40 (Fig. 9) reflects this elongation-dominated
regime.

The transition to the second stage of damage in Q-
T steel is driven by a local rise in stress triaxiality
within the necked region, in agreement with Gurson-
type porous plasticity models*3®37. At this stage, as
shown in Fig. 11, elevated triaxiality sharply
accelerates void nucleation and promotes growth
perpendicular to the loading axis. The sudden surge
in void volume fraction in the last strain step (Fig.
6(b)) and the V-shaped evolution of g (Fig. 9)
capture this mechanism change. Given that the final-
stage voids are largely associated with martensite
damage, the fracture process in Q-T steel is governed
by a localized, triaxiality-driven rapid nucleation.
This contrasts with the spatially widespread, strain-
driven damage observed in As-Q steel.

Overall, these findings establish that heat treatment
controls fracture mode in DP steels by altering phase
hardness mismatch and, consequently, the balance
between strain partitioning, stress localization, and
triaxiality effects. The As-Q steel follows a
continuous nucleation—growth—coalescence
pathway typical of high-strength but low-ductility
DP steels, whereas the Q-T steel exhibits a two-stage
fracture mechanism: initial stable elongation under
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low triaxiality, followed by localized triaxiality-
driven failure. This mechanistic distinction has
important implications for tailoring mechanical
performance through microstructural design and
heat-treatment strategies.

5. Conclusions

This study employed in-situ synchrotron X-ray
microtomography to conduct a 4D quantitative
analysis of the ductile fracture mechanisms in As-Q
and Q-T DP steels. The primary findings are
summarized as follows:

1. The macroscopic mechanical properties of DP
steel are directly governed by distinct internal
damage mechanisms, which are fundamentally
controlled by the heat treatment. The As-Q steel,
characterized by a large hardness mismatch
between ferrite and martensite, exhibited high
strength but limited ductility. Its failure was
driven by the continuous and widespread
nucleation of voids from martensite cracking,
followed by isotropic growth and rapid
coalescence.

2. In the Q-T steel, with a reduced hardness
mismatch, showed superior ductility at the cost of
lower strength. Its fracture proceeded via a two-
stage process: an initial stable phase dominated
by the anisotropic elongation of a few pre-
existing voids, followed by a sudden, localized
burst of new void nucleation at the neck root just
before failure, triggered by high stress triaxiality.

3. The 4D analysis provided direct, quantitative
evidence linking the microscopic damage
evolution (void nucleation rate, growth
anisotropy, spatial  distribution) to the
macroscopic stress-strain response. The V-
shaped evolution of the void orientation index in
the Q-T steel clearly captured the transition in the
dominant damage mechanism from stable void
elongation to a localized triaxiality-driven
damage evolution.
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Fig. 3 Comparison of experimental and simulated
nominal stress-strain curves for As-Q steel: (a) Voce law
calibration and (b) with damage law. Parameters were
identified by Bayesian optimization.
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1. Introduction

Multi-phase steels, which consist of a relatively
hard phase dispersed in a soft matrix phase, have a lower
yield ratio (yield strength/tensile strength) and better
work-hardening ability than single-phase steels of the
same strength. Therefore, ferrite-martensite (dual-phase)
and ferrite-bainite steels are used in automotive steel
sheets and line pipes, respectively, which require the
ability to undergo large plastic deformation. Many studies
have been conducted on the work-hardening behaviour
and mechanisms of multi-phase steels. Researchers have
measured the local strain distribution by deforming
specimens with submicron-sized fine markers and
examined the work-hardening mechanism in connection
with strain localization. Specifically, there have been
studies on the relationship between measured local strain
and crystallographic orientation distribution”, and the
contribution of each phase to deformation in the late
stages of tensile deformation?. The occurrence of
significant inhomogeneous deformation in the soft phase
and stress partitioning to the hard phase contribute to the
development of the work-hardening ability?. To clarify
the stress distribution mechanism, the elastic strains of the
hard and soft phases during tensile deformation were
analysed using neutron diffraction®. The results indicated
that after the soft phase yielded during the initial stage of
tensile deformation, the stress in the hard phase increased.
This suggests that the work-hardening of the multi-phase
steel as a whole was accelerated by the stress carried by
the hard phase.

The macroscopic fracture of multi-phase steels is

described as follows: When the plastic deformation
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capacity of the hard phase itself reaches its limit, the rate
of flow stress increase due to work-hardening becomes
lower than the rate of decrease in the flow stress due to
cross-sectional reduction. The stress-strain curve
indicates that the maximum stress and plastic instability
occur, reducing in the flow stress and fracture. In addition,
the contribution of microstructural factors during tensile
deformation to the reduction in the work-hardening rate
has been investigated. These factors include void
generation in ferrite, expansion of the shear-deformation
region, and fracture of hard phases due to void
generation™®. Many studies have also been conducted on
macroscopic plastic instability, that is, the ductile fracture
behaviour associated with the occurrence of necking in
specimens. For example, it has been reported that ferrite
near the interface between ferrite and martensite or
between two martensite sites in close proximity is a site
for void generation and that voids are also generated
inside the martensite’. In-situ observations using digital
image correlation'” and finite-element analysis!'!"!¥,
which reproduces the microstructure, have indicated that
the generation of voids in ferrite is due to the localization
of strain within the ferrite. These voids grow with an
increase in the triaxial stress associated with the onset of
specimen necking and are probably connected with new
void generation, eventually forming dimpled fracture
surfaces™®. Furthermore, using the aforementioned
micro-marker method, it has been found that the
localization of strain in the soft phase in contact with the

hard phase promotes void formation, and the region of



concentrated strain that appears to contribute to work-
hardening becomes the fracture path!4

As described above, in multi-phase steels,
inhomogeneous deformation in the soft phase contributes
to work-hardening until plastic instability is reached. This
deformation occurs in a strain-localized manner, leading
to void formation after the onset of macroscopic necking.

Many of the aforementioned studies focused on
the mechanism of ductile fracture, such as strain
localization near the interface between the hard and soft
phases and void formation due to strain localization, and
mechanical investigations based on these properties of
microstructures were performed. However, the effects of
the initial microstructure of dual-phase steels have not yet
been investigated. In particular, the crystallographic
orientation of ferrite, which is responsible for most of the
deformation, is closely related to the plastic deformation
capacity estimated using the Taylor factor. Therefore, the
crystallographic orientation distribution of the ferrite
region may significantly affect strain localization and,
consequently, the selection of crack initiation and ductile
fracture paths involving plastic deformation. In this study,
we investigated the effects of the initial orientation
distribution of ferrite on the initiation and propagation of
surface damage, which represents the initiation of ductile

fractures, in dual-phase steels.

2. Experimental Procedure

The chemical composition of the steels used in
this study is presented in Table 1. After the steel was
melted, it was hot-rolled to a plate thickness of 4 mm. The
steel was then heat-treated for 1200 s at a two-phase
temperature of 780 °C and oil-cooled. Small specimens
(Fig. 1) were prepared from this plate for SEM
observations during tensile deformation. To improve the
elongation of the specimens, they were annealed at 300°C
for 1800 s. This heat treatment likely reduced the
dislocation density by causing the dislocations introduced
during the martensitic transformation to annihilate each

other. We consider that this process relieves residual stress
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Table 1. Chemical compositions of the tested steel

(mass%).
c S Mn P -] Al +] N
020 .48 1.50 <0005 0.0022 00482 0.0015 0.0006

R1 ol

|

™ 3

o~ 8 i
Fig. 1. Specimen shape and dimensions.

12

within the martensite, thereby improving elongation.
After the specimen surfaces were polished and smoothed,
the crystallographic orientation distribution of the parallel
sections was examined using scanning electron
microscopy-electron  backscatter diffraction (SEM-
EBSD; Hitachi SU5000, EDAX APEX). In addition,
electron-beam lithography was used to obtain precise
markers over the entire surface of the parallel sections'?.
The specimens were subjected to tensile testing at room
temperature with an initial strain rate of 4.2 X 10*s"!. The
markers were rectangular, with a width of 70 nm and a
spacing of 500 nm. After the tensile deformation to a
strain close to the tensile stress (plastic strain of 0.045),
the tensile test was stopped, the displacement at the apex
of the rectangle was measured, and the following strain
analysis was performed.

From the measured displacements, the Green-Lagrange
strains (&xy, €y, Vxy) Were obtained for each rectangle as
given by Equations (1)-(3). In addition, the equivalent
plastic strain &,, based on Mises yield function was
calculated from Equation (4) under the constant-volume

condition €,,= -£x-€,, With zero shear strain outside the

measurement plane.
= 2@ @0
&y = g_;_l_%[(g_;)z + (Z_Z)Z] @

Ju v du du ov ov
o = (G +5) +Gis t o) )

\/g (sxxz + gyyz + gzzz) + § (yxyz + ]/yz2 + yzxz) °
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Fig. 2. (a, d) SEM images, (b, d) orientation images, and (c, f) Taylor factor distributions obtained from the two

selected fields of view.
" (4)
Platinum dots were then placed at 200 nm intervals using
the deposition function of a focused ion beam (FIB;
Thermo Fisher Scientific Helios 5) to create new markers.
After marker fabrication, the tensile specimens were
subjected to an additional tensile test and ruptured. The

breaking strain was 0.075.

3. Results and Discussion

Figures 2(a)-(c) show the SEM backscattered
electron image near the centre of the parallel section of
the tensile test specimen, orientation distribution image in
the plane normal direction obtained via SEM-EBSD, and
Taylor factor map, respectively. In the SEM image, ferrite
exhibits a smooth surface, although contrast variations
corresponding to differences in crystal orientation are
observed. By contrast, martensite exhibits slight periodic
variations in contrast intensity, indicating that it consists
of a fine microstructure, e.g., packets or blocks. The grain
size in the ferrite region was approximately 10 pum, with
crystal orientations distributed nearly randomly. Although
orientation determination was successful in some
martensite regions, errors were observed in many areas,
suggesting that the residual strain from the martensitic
transformation persisted even after annealing. In the SEM
images, the area fraction of martensite was approximately
30%. Figures 2(d)-(f) show similar images obtained from

fields of view adjacent to the observation area described
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Fig. 3. Histogram of Taylor factors obtained from
regions A and B.

above. The martensite fractions were nearly identical, at
approximately 30%. Figure 2(e) shows that there is no
significant preferred crystal orientation distribution.
However, a comparison of Figs. 2(c) and (f) reveals a
significant difference in the Taylor factor distribution.
Figures 3(a) and (b) present histograms of the
Taylor factors corresponding to Figs. 2(c) and (),
respectively. The field of view shown in Figs. 2(a)-(c) is
referred to as region A, and that shown in Figs. 2(d)-(f) is
referred to as region B. In Fig. 3(a), the Taylor factor
distribution in region A exhibits numerous values between
2.5 and 2.6 but generally exhibits a pattern close to a
normal distribution. The mean value of the Taylor factor
in region A was 3.0. By contrast, the distribution of the
Taylor factor in region B peaked between 2.2 and 2.3, with



few values in the range of 3-3.8. Furthermore, there were
many values in the ranges of 3.8-3.9 and 4.2-4.3. This
trend is consistent with that shown in Fig. 2(f). The mean
value of the Taylor factor in region B was 2.8. This
difference in Taylor factor distribution is believed to
reflect the wvariation in the distribution of crystal
orientations caused by the significant variations in the
shape and grain size of the martensite and ferrite observed
in Fig. 2.

Rectangular markers were applied to the surfaces
of the tensile test specimens using electron beam
lithography, after which the tensile test was performed.
Figure 4 shows the stress-strain curve. The tensile test was
temporarily stopped at the strain indicated by the left
arrow in the figure (plastic strain of 0.045). SEM
observations were then performed again on regions A and
B to observe the displacement of the markers due to
tensile deformation. After the new markers were applied

using FIB, a tensile test was performed. As shown in Fig.

0.045, 0.075
& 1000+
< 000
@
=
# 500
[
£
£
Q
=z
0 Nominal Strain / (-) 0.1

Fig. 4. Stress-strain curve of the employed specimen.

4, the specimen fractured at a strain of 0.075.

Figures 5(a)-(c) show an SEM backscattered
electron image of region A with rectangular markers
applied before the tensile test, an SEM image obtained
after applying a strain of 0.045, and the distribution of
equivalent plastic strain calculated from the marker
displacement, respectively. The white lines in Figs. 5(a)
and (b) correspond to the regions where the equivalent
plastic strain shown in Fig. 5(c) was calculated. The
rectangular measurement region in Fig. 5(a) became
irregular  after tensile  deformation, indicating
inhomogeneous plastic deformation. Figures 5(d)-(f)
show similar images for region B. The strain values
shown in Figs. 5(c) and (f) correspond to the color code
in the lower-right corner of the figure. Areas with a
maximum strain of >0.5 are shown in red. Band-like
regions with large plastic strains were inclined relative to
the tensile direction (horizontal direction in the figure).
This tendency is consistent with observations of many
multi-phase and single-phase materials!>!*1- [n multi-
phase steels, there are many regions with large strain,
including areas near the interface between the martensite
and the ferrite.

When the tensile plastic strain was 0.045, the
tensile stress reached 1018 MPa, as shown in Fig. 4,
which was 99% of the tensile strength. Voids are formed
inside ductile materials before necking begins. Figures

5(b) and (e¢) show areas where in addition to plastic

deformation concentration, surface cracks or large steps

Fig. 5. (a)(d) Predeformation SEM images, (b, ¢) SEM images at a tensile strain of 0.045, and (c, f) Equivalent
plastic strain distribution at a tensile strain of 0.045. (a—c) are obtained from region A, (d—f) are obtained from

region B.
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Fig. 7. Magnified image of Fig. 5(e).

accompanied by cracks were observed. Furthermore, in
these areas, the displacement of the markers was large,
and extremely dark contrast was observed. Hereinafter,
these areas exhibiting dark contrast are referred to as
“surface damage” . The SEM images shown in Fig. 5 are

all backscattered electron images, and the image contrast
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depends on the crystal orientation. Therefore, among the
areas where the contrast after deformation was clearly
darkened compared with that before deformation, those
exhibiting significant marker displacement likely had
surface damage. The equivalent plastic strain of the

markers at these locations was >0.15. In many cases of
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Fig. 8. Distribution of Taylor factors in ferrite near the surface damage and in that plastic deformation concentrated

area.
surface damage, the surface markers were sheared. This
suggests that the surface damage corresponds to either
surface steps accompanied by localized shear during
additional tensile deformation or to surface cracks that
developed as a result.

Figures 6 and 7 show magnified images of Figs.
5(b) and (e), respectively. In these figures, surface damage
is indicated by dashed rectangles. Each rectangle is
labelled with one of three symbols. The symbols "F", "F-
M", and "M" indicate that surface damage was observed
in ferrite, at the ferrite-martensite interface, and in
martensite, respectively. The microstructures were
distinguished using the EBSD orientation map and the
SEM images. The numbers assigned to the symbols "F"
and "F-M" are sequential identification numbers. The
number of surface damages in region A was three at the
ferrite-martensite interface, two within the ferrite, and two
within the martensite. Furthermore, in the figure, areas
where the equivalent plastic strain of the marker is >0.15,
but which do not correspond to surface damage, are
indicated by dashed circles. The symbols attached to each
circle are the same as those described earlier. The number
of locations within region A exhibiting plastic
deformation with a strain of >0.15 was six in the ferrite
and seven at the ferrite-martensite interface. No locations
with plastic deformation exceeding a strain of 0.15 were
observed in the martensite. By contrast, in region B, as
shown in Fig. 7, there were four surface damage sites at
the ferrite-martensite interface, two within the ferrite, and

one within the martensite. Furthermore, the number of

sites with plastic deformation that exhibited a strain of
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>0.15 was five within the ferrite and 12 at the ferrite-
martensite interface.

In Fig. 3, the distribution of the Taylor factor in
ferrite differs significantly between regions A and B.
Therefore, for the areas near the ferrite-martensite
interface and within the ferrite, among the surface damage
(inside the rectangles in the figures) and regions with
plastic strain exceeding 0.15 (inside the circles in the
figures) observed in Figs. 6 and 7, the Taylor factor for the
ferrite region (the average value for each region) was
calculated. The results are presented in Fig. 8.

Figures 8(a) and (b) present the Taylor factor
distribution of ferrite in areas with surface damage and
areas with plastic strain exceeding 0.15 within regions A
and B, respectively. Here, "F-M" corresponds to the
vicinity of the ferrite-martensite interface, and "F"
corresponds to the interior of the ferrite. In the ferrite
areas of each numbered site (large deformation areas are
indicated by circles, and surface damage areas are
indicated by rectangles), the Taylor factor was obtained at
five randomly selected pixel positions (Figs 6 and 7).
Then, for regions A and B, the Taylor factor values within
the numbered sites were categorized, aggregated, and
averaged. These average values are presented in the figure.
The top and bottom edges of the bars correspond to the
maximum and minimum values within each category for
the respective site. In region A, where the Taylor factor
distribution was close to normal, the variation in the
Taylor factor was slightly higher in the plastically
deformed area. However, in both regions, the Taylor

factors were close to 3.



The Taylor factor is defined as the sum of the
shear strains per unit normal strain. According to the
principle of virtual work, the increase in plastic work dw
during plastic deformation is generally expressed by the
following equation.
dw =Y 1;dy; =ade = + + (5)

Here, 1 represents the shear stress, y represents
the shear strain, ¢ represents the normal stress, and ¢
represents the normal strain. Using these equations, the

Taylor factor M can be expressed as follows:

M=&=Z - . e (6)

e T

Therefore, assuming an equal shear stress on the
active slip plane, higher stress is needed to advance plastic
deformation for a crystal orientation with a higher Taylor
factor. In crystal grains with high Taylor factors, surface
damage may have occurred because it was difficult to
relieve the concentrated stresses that caused fractures
through plastic deformation. As shown in Fig. 8(a), the
Taylor factors observed for the surface-damaged ferrite
were slightly higher than those for the plastically
deformed ferrite. Near the ferrite-martensite interface, the

Taylor factors in plastically deformed regions exceeded

.
- e 1

0 0.4

-
-0.25 rad. 0.15

those in the area where surface damage occurred. The
Taylor factor was calculated under macroscopically
simple tensile stress loading in this study. However, it
appears that the stress near the interface becomes more
complex. Consequently, the effect of plastic relaxation
due to the lower Taylor factor may be diminished.

However, as shown in Fig. 8§(b), in region B, the
Taylor factors in the plastically deformed areas were
lower than those in areas exhibiting surface damage, both
near the ferrite-martensite interface and within the ferrite.
Specifically, for ferrite, while the Taylor factor was 3.3 in
areas with surface damage, it was 2.1 in areas with a large
plastic strain of 0.15. This suggests that in regions where
the Taylor factor exhibits large variations, significant
stress relaxation occurs in ferrite, which has a high plastic
deformation capacity owing to its low Taylor factor. In
region B, the effect of the Taylor factor was also observed
near the ferrite-martensite interface. However, while the
Taylor factor was 2.6 at the surface damage site, it was 2.4
at the plastically deformed site, indicating a smaller
difference compared to that within the ferrite.

We investigated whether the magnitude of the

Fig. 9. (a, b) Equivalent plastic strain and rigid body-rotation distribution obtained from marker displacement
between tensile strains of 0.045 and 0.075 in the area enclosed by the dotted line in Fig. 6. (c, d) Similar figures for

the area enclosed by the dotted line in Fig. 7.
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Taylor factor affects plastic deformation even in the late
stages of tensile deformation. FIB markers were applied
at a tensile plastic strain of 0.045. After tensile loading to
fracture, the marker displacements were measured. To
obtain a more detailed strain distribution near the surface
damage and plastic deformation concentration regions,
the marker spacing was set to 200 nm, which was 0.4
times the spacing of the rectangular markers. In ferrite
with a high Taylor factor, the absence of work hardening
during the early deformation stage may have induced
plastic instability, leading to surface damage.

Figures 9(a) and (b) show the distributions of the
equivalent plastic strain and rigid-body rotation within the
region enclosed by the dashed rectangle in Fig. 6. As
mentioned previously, the displacements of these markers
occurred between a tensile strain of 0.045 and a post-
failure strain of 0.075. This field of view is part of region
A and contains ferrite with relatively high Taylor factors.
Figure 9(a) uses the same notation as Fig. 6. The
displacement at the two surface damages (F-M2 and F2)
within this field of view also increased immediately
before fracture. Furthermore, a new zone of concentrated
plastic deformation extended in a band-like pattern to the
lower right of F-M4, which exhibited high local strain.
Figure 9(b) shows the distribution of the rigid-body
rotation angle w, which is expressed by the following

equation.

= (ot L

2\dx  dy
Here, du,, denotes the vertical displacement of the marker
in the figure, and du,, denotes the horizontal displacement.
The colour bar below the figure indicates radians, with
positive values corresponding to counterclockwise
rotation. The regions with large marker displacements in
Fig. 9(a) (F-M2 and F2) are also associated with relatively
large rigid body rotations. Thus, in region A, the
displacement within the surface damage increased
immediately prior to fracture, but no new plastic
deformation zone was clearly observed.

However, Figs. 9(c) and (d) show similar

distribution figures for the regions enclosed by the dotted
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squares in Fig. 7. The same symbols shown in Fig. 7 are
used in Fig. 9(c). This field of view is part of region B,
where the Taylor factor of ferrite is relatively low. As
shown in Fig. 9(a), the displacement increased at the three
surface damage locations (F1, F-M2, F2). Furthermore,
this field of view reveals new concentrations of plastic
deformation, as indicated by the white arrows. The
location indicated by the arrow near the bottom of the
figure corresponds to the area where the plastic
deformation concentration was originally observed (F2).
However, the plastic deformation region indicated by the
arrow on the right side of the figure extends from two
surface damages (F1 and F-M2), suggesting that the
plastic deformation may have accommodated the stress
concentration that caused the damage propagation.
Furthermore, in Fig. 9(d), these plastic deformation
concentration regions exhibit small rigid-body rotation.
These findings suggest that in region B, the plastic
deformation capacity may have been maintained until
immediately before fracture. Thus, the Taylor factor in
ferrite may influence its plastic deformation capacity
throughout the tensile deformation process. In future
research, we aim to increase the number of observations
to clarify how the crystallographic orientation of the soft
phase in dual-phase steels affects the ductile fracture

process.

4. Conclusions

A ferrite-martensite dual-phase steel with a
martensite fraction of approximately 30% was subjected
to tensile test. The damage to the specimen surface and
the pattern of strain localization immediately before and
after fracture were captured from the displacement of
markers.
1. By obtaining the distribution of Taylor factors from the
initial orientation of the ferrite, we captured the plastic
strain distribution using both electron beam lithography-
based precise markers and FIB-based markers in two
observation fields that exhibited significantly different

Taylor factor distributions.



2. Immediately before fracture, both surface damages and
regions of concentrated plastic deformation exceeding
0.15 strain were observed on the specimen surface. These
occurred within the ferrite and near the ferrite-martensite
boundary. Furthermore, only surface damage was
observed in the martensite.

3. Many locations exhibited marker strain exceeding 0.15.
Among these locations, in regions containing ferrite with
low Taylor factors, the Taylor factor tended to be lower at
the points of plastic deformation concentration in ferrite
than at the points of the surface damage.

4. By reapplying markers to specimens immediately
before fracture and inducing breakage, the displacement
of the markers was measured within a tensile strain range
of 0.045-0.075. During the additional tensile loading, the
marker displacement generally increased at the surface
damage sites. Furthermore, in ferrites with a low Taylor
factor, new plastic strain concentration zones appeared
near the surface damage. This suggests that the
crystallographic orientation distribution of ferrite

influences the ductile fracture process.
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Table 1 Mechanical properties.

Tensile strength Total elongation
[MPa] [%]

0.2 % proof stress
[MPa]

288 574 31.0

Table 2 Chemical compositions of the DP steel (mass%).

C Mn Si P S Al

0.05 0.49 1.99 <0.002 0.001 0.029

@
X

100um

Fig. 1 Microstructure of the DP steel.
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Fig. 3 Example of RVE-FE model for U-net training: (a) FE model and (b) contour map of equivalent plastic strain.
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Fig. 4 Results of image assimilation between RVE-FE simulation and actual microstructure of
the DP steel: (a) actual martensite islands and (b) equivalent plastic strain contour map. Cross-
sectional micrograph with overlaid equivalent plastic strain distribution is also shown.
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1. Introduction

Advanced high-strength steels (AHSSs) with tensile
strengths exceeding 1000 MPa have been applied to
automotive frame parts to improve the crash safety and
energy efficiency of vehicles. Tempered martensitic and
bainitic steels, which are third-generation AHSS, possess
excellent ductility in the post-necking region owing to the
microstructure of a fine and uniform single phase'?.

Moreover, single-phase steels such as tempered

martensitic and bainitic steels exhibit improved stretch-
flangeability owing to improved local deformability>*.
Ferrite-martensite dual-phase (DP) steels>® are expected
to be third-generation AHSS, similar to tempered
martensitic and bainitic steels, because martensite
possesses high strength and ferrite exhibits excellent
ductility. Moreover, both high strength and excellent
ductility are achieved owing to the deformation-induced
plasticity of the retained austenite in low-alloy
transformation-induced plasticity (TRIP)"-aided steels®
19, However, the initiation and growth of voids at the
interfaces of different phases may be promoted by the
partitioning of stress and plastic strain between those
phases, owing to the different strengths and ductilities
during plastic deformation in multi-phase steels such as
DP and low-alloy TRIP-aided steels'". Thus, DP and low-
alloy TRIP-aided steels possess low local formability,
resulting in poor local elongation and hole-expansion

properties.
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Avramovic-Cingara et al.'? investigated the number
density, area fraction, and size distribution of voids during
tensile tests in commercial DP steel and reported that
voids initiated at the ferrite/martensite interfaces and/or at
the portion where martensite was divided over a wide
range of tensile deformation. Koyama et al.'® investigated
the variations in the number and size of voids in DP steels
during tensile deformation and reported that damage (i.e.,
voids) was initiated at a particular plastic strain in the non-
hydrogen-charged DP steel, and the damage area fraction
gradually increased with increasing plastic strain, whereas
the damage of the hydrogen-charged DP steel initiated at
a small plastic strain compared with that of the non-
hydrogen charged DP steel, and the damage area fraction
drastically increased. They revealed that damage was
initiated at the ferrite/martensite boundaries and/or inside
the martensite. Moreover, Kikutsuki et al.'¥ observed
SEM images of the cross-section of ferrite-martensite
steels and investigated the relationship between the shape
and distribution of voids at the martensite and void
initiation sites using a three-dimensional observation
using the serial sectioning method; they reported that
voids were initiated at the plane-martensite/martensite
interfaces because of the stress and strain concentrations
at those interfaces. Furthermore, voids initiated at grain
boundaries, and the number and volume fraction of voids
increased with increasing plastic strain in bainitic steels'®.
However, there have been few investigations on the void

initiation and growth behaviors of martensitic and bainitic
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steels possessing fine and uniform lath matrix. Moreover,
Sugimoto et al.!®!*!® and Lacroix et al.!” reported that
the initiation of voids during tensile and shear
deformations in high-strength steels containing a large
amount of retained austenite occurred at the interface
between the transformed martensite/matrix. However, the
growth behavior of voids initiated at these interfaces has
not yet been investigated.

In this study, the ferrite-martensite dual-phase (DP) steel
with polygonal ferrite and martensite matrix, TRIP-aided
dual-phase (TDP) steel consisting of ferrite matrix and
martensite and retained austenite as second phases,
tempered martensitic (QT) steel with single phase lath
martensite and TRIP-aided martensitic (TM) steel
composed of lath martensite matrix and retained austenite
were produced from the same cold-rolled steel sheets, and
the void initiation and growth behaviors during tensile

deformation of those steels were investigated in detail.

2. Experimental procedure

The cold-rolled steel sheet with a chemical composition
of Fe-0.2C-1.5Si-1.5Mn (mass%) was used in this study.
DP and TDP steels were produced by intercritical
annealing at 953 K for 1200 s, followed by air cooling and
intercritical annealing at 953 K for 1200 s, and
austempering treatment at 673 K for 1000 s. By contrast,
quenching at 1173 K for 1200 s and tempering at 673 K
for 3600 s with air cooling were conducted to produce the
QT steel, whereas annealing at 1173 K for 1200 s,
corresponding to the austenite region, followed by
isothermal transformation treatment at 523 K for 1000 s
was carried out to complete the heat treatment of the TM
steel. The heat-treatment diagrams of the steels are shown

in Fig. 1. The effects of the matrix structures of multi-

(a) (b) )

MTIK x 1200s

1053 K = 1200 5

1053 K = 12005

/)

phase steels on void initiation and growth behaviors were
investigated because the matrix of the DP and TDP steels
was polygonal ferrite, whereas the matrix of the QT and
TM steels was lath martensite.

Tensile tests were conducted using an Instron-type
tensile testing machine at a crosshead speed of 10
mm/min (i.e. an initial strain rate of 8.33 X107 /s) at
25 °C using JIS13B tensile test specimen with dimensions
of 50 mm in gauge length, 12.5 mm in width, and 1.2 mm
in thickness at a parallel part of the tensile specimen. The
fracture surfaces and cross-sections near the fracture
region were observed using field emission scanning
microscopy (FE-SEM)
accelerating voltage of 15 kV.

electron operated at an
The number and size of the voids were analyzed using
SEM images captured from the cross-section near the
fracture surface. The voids were extracted as white
regions using binarized SEM images processed using
Image] image analysis software. The number of voids was
determined by the number of clusters of white regions in
the binarized images, whereas the size of the voids was
estimated by the number of pixels in the white regions.
The initial carbon concentration in retained austenite
(Cyo) was estimated using eq. (1)*? from the average
lattice parameter (@, (x107'° m)), which was measured
from the yFe200, yFe220, and yFe311 diffraction peaks of

CuKa radiation.

ay=3.5780 + 0.0330C, + 0.00095Mn, + 0.0056A1,
+0.0220N, + 0.0051Nb, +0.0031Mo, (1)

where Mn,, Al,, Ny, Nby,, and Mo, represent the
concentrations of the respective elements (mass%) in the
retained austenite. In this study, these values were

substituted for the concentrations of the added alloying

(d)
173K % 1200 s

BT3K = 3600 5

Fig. 1 Heat treatment diagrams of (a) DP, (b) TDP, (¢) QT and (d) TM steels. “0.Q.” and “A.C.” represent quenching

in oil and air cooling, respectively.
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elements.

In-situ synchrotron X-ray diffraction-tensile tests were
conducted using white X-rays and a Ge detector at beam
line BL14B1 at SPring-8. The X-rays were shaped using
slit sets 300 pm in height and 100 pm in width at the
incident side, whereas the X-rays penetrating through the
specimen were limited by a collimator of 50—200 um and
slit sets 5000 pm in height and 50 pum in width. The
diffraction angle of the detector was set to 9.50°. The
gauge volume of measured portion was approximately
600 um in length x 100 pm in height. The diffraction
peaks of aFe321 and yFe311 were used to analyze the
elastic strain (i.e. phase stress) and full width at half
maximum (FWHM, i.e. plastic strain)?) during tensile
tests. Moreover, the volume fraction of retained austenite
was analyzed using diffraction peaks of aFe200, aFe211,
aFe220, yFe200, yFe220, and yFe311. The shapes of these
diffraction peaks were approximated using a Gaussian
function, and the peak-center energy, FWHM, and
integral intensity of each diffraction peak were estimated.
Elastic strain (&) of the diffraction peaks was calculated
using the lattice spacing estimated from the peak-center

energy of the peaks as shown in eq. (2).

Ee = (d— do) / do (2)

where dy and d denote the initial lattice spacings without
stress and strain, and lattice spacing during tensile
deformation, respectively. Plastic strain was evaluated
using the FWHM of each diffraction peak?". The tensile

10 ym

Fig. 2 Scanning electron micrographs of (a) DP, (b)
TDP, (¢) QT and (d) TM steels. “a”, “a’” and “y”
represent ferrite, martensite and retained
austenite, respectively.
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tests for in-situ X-ray diffraction measurement were
conducted at a crosshead speed of 0.1 mm/min (initial
strain rate of 8.33 x 107 /s) at 25 °C using a tensile
specimen with dimensions at parallel part of 20 mm in
length, 3 mm in width, and 1.2 mm in thickness produced
parallel to the rolling direction. Synchrotron X-ray
diffraction measurements were carried out continuously,
and the integrated data of the X-ray diffraction
measurement penetrating through the specimen were

saved every 300 s.

3. Results and discussion

3.1 Microstructure and tensile properties

The microstructure of SEM images of the steels is shown
in Fig. 2. The microstructure of the DP steel consisted of
a fine polygonal ferrite matrix with a grain diameter of
approximately 10 pm and blocky martensite located at the
ferrite grain boundaries, whereas that of the TDP steel was
composed of a polygonal ferrite matrix with a grain
diameter similar to that of the DP steel, blocky martensite,
and retained austenite. By contrast, the QT steel possessed
a microstructure consisting of tempered martensite with a
large amount of cementite located in the interior of the
martensite with a relatively large size. The microstructure
of the TM steel consisted of a fine and uniform lath
martensite matrix and film-like retained austenite.

Figure 3 shows nominal stress—strain curves of the steels,
and mechanical properties and retained austenite
characteristics of as-heat-treated and uniformly deformed
specimens are listed in Tables 1 and 2, respectively. The
yield stress (YS), tensile strength (7S), uniform elongation
(UEI) and total elongation (7E/) of the DP steel were 566

1500

1000

Nominal stress (MPa)
o
3

0 005 01 015 02 025 03 035
Nominal strain

Fig. 3 Nominal stress—strain curves of DP, TDP, QT
and TM steels.
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Table 1 Mechanical properties of DP, TDP, QT and
TM steels.

TS YS UEI TEI

DP 1263 566 8.2 1.1
TOP Tr2 522 25.6 324
QT 1181 1066 3.6 6.1
T 1404 | 1075 4.5 7.9
TS (MPa): tensile strength, YS (MPa): yield stress or 0.2%

offset proof stress, UEI (%): uniform elongation, TE/ (%):
total elongation

Table 2 Retained austenite characteristics of TDP and
TM steels before and after tensile tests.

fVO fv CYO Cv
TDP 9.06 2.30 0.88 0.94
™ 4.70 1.72 - 0.63

170 (vol%): initial volume fraction of retained austenite,

fy (vol%): volume fraction of retained austenite after tensile test,
Cyo (mass%): initial carbon concentration in retained austenite,
Cy (mass%): carbon concentration in retained austenite after
tensile test

Fig. 4 Typical fracture surfaces of (a) DP, (b) TDP, (c)
QT and (d) TM steels.

MPa, 1263 MPa, 8.2% and 11.1%, respectively. The YS,
TS, UEI and TEI of the TDP steel were 522 MPa, 772 MPa,
25.6%, and 32.4%, respectively, implying that the TDP
steel possessed lower YS and 7S than the other steels,
whereas UE! and TEI of the TDP steel were large. The Y,
TS, UEI and TEI of the QT steel were 1066 MPa, 1181
MPa, 3.6% and 6.1%, respectively. The TM steel
exhibited ¥S = 1075 MPa, 7S = 1404 MPa, UEl = 4.5%,
and TEl = 7.9%, corresponding to the highest 7. The
initial volume fraction of retained austenite (f,0) and its
carbon concentration (Cyo) of the TDP steel were 9.06
vol% and 0.88 mass%, respectively whereas the fyo of the
TM steel possessed 4.70 vol%. Here, the Cyo of the TM
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steel could not be calculated because of the extremely low
value. Furthermore, the retained austenite characteristics
of the TDP steel at uniformly deformed portion after
tensile tests were f, = 2.30 vol% and C, = 0.94 mass%,
and those of the TM steel were f, = 1.72 vol% and C, =
0.63 mass%, respectively, implying that a large amount of
retained austenite in the TDP and TM steels were
subjected to the martensitic transformation during tensile
deformation.

Figure 4 shows the fracture surfaces of the steels after
the tensile tests. The fracture surface of the DP steel was
characterized by mixed fracture surface morphologies of
the dimples, corresponding to ductile fracture and
cleavage, which had a brittle morphology. The TDP steel
possessed a fracture surface with dimples, and cleavage
was hardly observed. By contrast, the fracture surface of
the TM steel was composed of fine dimples, dimples with
large diameters, and flat facets. Fine and shallow dimples
and quasi-cleavage fracture surfaces were confirmed in
the QT steel, which had a more brittle fracture surface
than the TM steel.

3.2 Void initiation and growth behaviors during
tensile deformation

Figures 5 and 6 show SEM micrographs of the cross-
sectional area of the steels observed at a portion that was
far from the fracture surface (corresponding to a relatively
low tensile-deformed portion (Fig. 5)), and near the
fracture surface, corresponding to a largely tensile-
deformed portion (Fig. 6). Voids were initiated at the
ferrite/martensite interfaces and at the interior of the
martensite in the DP steel with a small plastic deformation
region, and the number of voids at the ferrite/martensite
interfaces and at the interior of the martensite increased
owing to the large plastic deformation. The TDP steel
possessed smaller and fewer voids initiated at the ferrite
grain boundaries and ferrite/transformed martensite
interfaces in the small plastic strain region compared to
the DP steel. When a large plastic strain was applied to the
TDP steel, the void size increased significantly. In the QT
and TM steels, a large number of fine voids were initiated
at the block, packet, and prior austenite grain boundaries

of the martensite, and the number of voids increased
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Fig. 5 SEM micrographs of cross-sectional area with
small strain of (a) DP, (b) TDP, (c) QT and (d)
TM steels. Yellow arrows represent voids.

o e e vy, ',r.:;_i =% 5pm

Fig. 6 SEM micrographs of cross-sectional area with
large strain of (a) DP, (b) TDP, (c¢) QT and (d)
TM steels. Yellow arrows represent voids.
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Average number of voids
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"6z 03 04 05 0s
Local plastic strain
Fig. 7 Variations in (a) average number of voids and

(b) average size of voids as a function of local
strain in DP, TDP, QT and TM steels.
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owing to the large plastic deformation, although the size
of the voids hardly changed. The variations in the average
number and size of the voids as a function of the local
plastic strain in steels are shown in Fig. 7. The local plastic
strain was calculated from the ratio of the thickness before
and after tensile deformation, as observed using SEM.
The average number of voids in the DP and TDP steels,
which consisted of a polygonal ferrite matrix, hardly
increased with increasing local plastic strain, and the
average number of voids was small in comparison with
that of the QT and TM steels, although the average
number of voids drastically increased with increasing
local plastic strain in the QT and TM steels, which were
composed of a lath martensite matrix. In contrast, the
average size of the voids in the TM and QT steels
gradually increased with local plastic strain, whereas that
of the DP and TDP steels increased significantly. In
particular, the TDP steel possessed a small average void
size at a local plastic strain of less than 0.3, whereas the
average void size was significantly higher at a plastic

strain of more than 0.3 compared to the QT steel.

3.3 Synchrotron X-ray diffraction measurements

Figures 8, 9, 10 and 11 show variations in elastic strain
(i.e. stress) of a, o’ and y phases, difference of elastic
strain between ferrite and martensite (delastic strain), full
width at half maximum (FWHM), change in relative full
width at half maximum from initial value (AFWHM,
plastic strain), volume fraction of retained austenite and
corresponding nominal stress-strain curve of the DP, TDP,
QT and TM steels. Figure 12 shows variations in phase
fractions of ferrite + martensite (f{o+o)) Or martensite (fy)
matrix, retained austenite (f;) and transformed martensite
(far) as a function of nominal strain with nominal stress-
strain curve in DP, TDP and TM steels. Although the
microstructure of the DP steel consisted of ferrite and
martensite, the elastic strain and FWHM of the diffraction
peaks of both aFe321 and yFe311 were analyzed because
of the appearance of diffraction peak of yFe311 slightly.
Moreover, the elastic strains and FWHM of ferrite and
martensite were analyzed separately because Gaussian
fitting of the diffraction peaks of ferrite and martensite,

which are generally observed at similar energies, could be
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carried out independently. The elastic strains of aFe321
and yFe311 drastically increased at the elastic region of
nominal stress-strain curves, and then monotonically
increased at the plastic region. The elastic strain of
martensite was higher than that of ferrite, implying that a
high tensile stress was applied to martensite during plastic
deformation. At the plastic deformation region, FWHM of
martensite of oFe321 increased drastically with
increasing plastic strain in comparison with that of ferrite.
The approximation of yFe311 could not be conducted
accurately because the diffraction peak of yFe31lwas
small at the plastic region. The volume fraction of retained
austenite could not be quantified because it gradually
decreased in the elastic region, and the diffraction peaks
of austenite disappeared. In the TDP steel, the elastic
strain of martensite was not calculated due to inaccurate
analysis of diffraction peaks owing to a small amount of
martensite and overlapping of diffraction peaks of ferrite
and martensite although the TDP steel contained the small
amount of martensite in the matrix. The elastic strain of
aFe321 and yFe311 monotonically increased with plastic
deformation, and the yFe311 underwent higher stress than
aFe321. In addition, FWHM of aFe321 and yFe311 both
increased with plastic deformation, and the increment of
FWHM of yFe311 was high in comparison with that of

oFe321. The volume fraction of the retained austenite in
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Fig. 11 Variations in (a) elastic strain (&), (b) full width at half maximum (FWHM), (c) relative full width at half
maximum (AFWHM) of martensite (o.’) and retained austenite (y) and (d) volume fraction of retained austenite
(fy) as a function of nominal strain with nominal stress—strain curve in TM steel.
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Fig. 12 Variations in phase fractions of ferrite + martensite (f(o+q°)) Or martensite (f,°) matrix, retained austenite (f;) and
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100%.

the TDP steel decreased monotonically with plastic
deformation. The elastic strain of aFe321 possessed
similar behavior as nominal stress—strain curve in the QT
steel, and FWHM monotonically increased at plastic
region. In the TM steel, the elastic strain of aFe321 and
yFe311 increased with progressing plastic deformation,
which was similar behavior as that of the TDP steel, and
vFe311 was subjected to considerable stress during plastic
deformation. Moreover, FWHM of oFe321 hardly
changed whereas that of yFe311 obviously increased in
the TM steel. The volume fraction of retained austenite in
TM steel decreased with elastic and plastic deformation;
in particular, a large amount of retained austenite
transformed to martensite in the initial region of plastic

deformation after yielding.
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3.4 Void initiation and growth mechanisms of multi-
phase steels

Figure 13 shows the band contrast, inverse pole figure
(IPF), phase, and kernel average misorientation (KAM)
maps near the void near the fracture region after the
tensile tests of the DP, TDP, QT, and TM steels. The band
contrast of ferrite was bright, and clear electron diffraction
patterns were obtained although the EBSD analysis was
performed in the vicinity of voids in the DP steel. By
contrast, the TDP, QT, and TM steels exhibited dark
region in band contrast, and a high KAM value was
uniformly distributed around the void.

The average size of the voids in the DP and TDP steels
possessing a ferrite matrix increased remarkably, whereas

the number of voids increased slightly with increasing
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Fig. 13 (a-d) Band contrast (BC), (e-h) inverse pole figure (IPF), (i-1) phase and (m-p) kernel average misorientation
maps of (a, e, i, m) DP, (b, f, j, n) TDP, (c, g, k, 0) QT and (d, h, 1, p) TM steels. Yellow allows in (a-d) represent

voids.

plastic strain in comparison with those of the QT and TM
steels (Fig. 7). The martensite particles in the DP steel
were located at the ferrite grain boundaries, whereas the
blocky retained austenite in the TDP steel existed at the
ferrite grain boundaries, and voids were initiated at the
different phases of ferrite/martensite, ferrite/transformed
martensite boundaries, or inside the martensite (Figs. 5, 6).
Void initiation was promoted owing to the stress and
plastic strain partitioning between each phase, resulting in
the occurrence of the large difference of the plastic strain
at the interfaces of each phase in the multi-phase steels
such as DP and TDP steels, which are composed of the
multiple phases with different strength and ductility®?.
Martensite was subjected to high stress and plastic strain
compared with ferrite during tensile deformation since the
elastic strain of martensite was significantly high, and
FWHM of martensite was also high compared with those
of ferrite in the DP steel (Fig. 8). According to the KAM
map analyzed by EBSD in the vicinity of the voids after
tensile deformation (Fig. 13), no remarkable increase in
the KAM value of ferrite was observed, and the results

exhibited a similar tendency to that of the synchrotron X-
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ray diffraction measurement (Figs. 8, 13). Therefore, the
voids might be initiated and grown at the phase
boundaries between ferrite, whose amount of plastic strain
was small, and martensite, which was subjected to a large
amount of plastic strain, or at the interior of the martensite
in the DP steel. By contrast, the tensile deformation
progressed as the retained austenite was subjected to high
stress, and the FWHM significantly increased in the TDP
steel (plastic strain was applied to the retained austenite
significantly) (Fig. 9). However, plastic deformation of
ferrite might also occur because the FWHM of ferrite also
increased with plastic strain, which was not as significant
as that of the retained austenite in the TDP steel. These
results are similar to those of the KAM map analyzed
using EBSD in Fig. 13. The initiation and growth of voids
were suppressed by the relaxation of stress and plastic
strain, as drastic volume expansion occurred owing to the
deformation-induced martensitic transformation of
retained austenite in conventional multi-phase steels
containing retained austenite?>?%. In the TDP steels, the
average number and size of voids might be small in

comparison with those of the other steels, owing to the
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suppression of the initiation and growth of voids due to
the effective martensitic transformation of retained
austenite in the early stage of tensile deformation. Here,
the void size of the TDP steel was large in the region
where the plastic strain was large compared to those of the
QT and T™™

transformation occurred continuously during tensile

steels. Moreover, the martensitic
deformation in the TDP steel (Fig. 9). The suppression of
newly initiated voids and the growth of pre-existing voids
did not occur owing to the differences in strength and
ductility between ferrite and transformed martensite
because a large amount of retained austenite had already
transformed in the later stage of plastic deformation.
Therefore, void growth in TDP steels may be promoted at
a later stage of plastic deformation.

Numerous fine voids were observed at the interfaces of
the block, packet, and prior austenite grains of martensite
in the QT and TM steels (Figs. 5 and 6). QT and TM steels
exhibit relatively uniform deformation at the macro level
owing to their fine and uniform martensite matrix*>27.
Moreover, because the microstructure of the QT steel
possessed a single martensite phase, the elastic strain and
FWHM corresponding to the nominal stress and plastic
strain of the tensile specimen were applied to the
10). Therefore, although the void

initiation at the interfaces of different phases hardly

martensite (Fig.

occurred, the initiation of voids at the block, packet, and
prior austenite grain boundaries might be promoted owing
to the increase in the interfacial area, which was the void
initiation site, resulting in an increase in the number of
voids in the QT and TM steels. However, the growth of
voids initiated at the block, packet, and prior austenite
grain boundaries was suppressed because the boundaries
acted as obstacles. This might have resulted in the
suppression of void growth, although a large amount of
plastic strain was applied (Fig. 7). In addition, the TM
steel possessed 4.70 vol% of retained austenite (Table 2),
and the tensile deformation of the TM steel progressed
with subjecting to a high elastic strain and a large FWHM
to retained austenite compared with those to martensite as
a matrix (Fig. 11). Consequently, void growth was

suppressed in the TM steel, although a small amount of
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the retained austenite was transformed into martensite

during tensile deformation.

4. Conclusions

In this study, the initiation and growth behaviors of voids
during tensile deformation were analyzed in DP, TDP, QT,
and TM steels to develop high-strength steel sheets with
excellent tensile properties and press formability. The
results are summarized as follows.

(1) Voids initiated at ferrite/martensite phase boundaries
in the DP and TDP steels, and inside the martensite in the
DP steel, whereas the void initiation sites were prior
austenite grain, block and packet boundaries of martensite
in the QT and TM steels.
(2) The size of the voids in the DP steel consisting of
ferrite-martensite and the TDP steel with ferrite,
martensite, and retained austenite multiphases increased
significantly, although the number of voids increased
slightly. However, the small size of a large number of
voids initiated in the early stage of plastic strain, and the
number of voids increased significantly, although the size
of voids hardly increased in the large plastic deformation
region in the QT and TM steels with a fine and uniform
martensite matrix.
(3) The significant increase in the size of the voids owing
to the application of plastic strain may be attributed to the
stress and plastic strain partitioning between the different
phases in the DP and TDP steels. By contrast, the
initiation of a small and large number of voids may have
been caused by the microstructure with a fine and uniform
martensite matrix in the QT and TM steels.

(4) Suppressions of the initiation of voids in TDP steel
and the growth of voids in TM steel can be attributed to
the effective martensitic transformation of the retained

austenite.
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