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ABSTRACT

Martensitic steels are widely used as a structural material in critical components
of fossil fuel and nuclear power plants, such as boilers, pipes, and fittings. Marten-
sitic steels are known to have a hierarchical microstructure that follows the Kurd-
jumov-Sachs (K-S) orientation relationship, where a prior austenite grain is com-
posed of packets separated by high angle grain boundaries or packet boundaries,
which are, in turn, divided into blocks or variants segregated by high angle grain
boundaries called block boundaries. Blocks themselves are an agglomeration of
laths divided by low angle grain boundaries named lath boundaries which have
precipitates scattered on them. This work seeks to examine, using a couple dislo-
cation dynamics — continuum mechanics approach called multiscale dislocation
dynamics plasticity (MDDP), the interactions between dislocations and packet,
block, lath boundaries, and precipitates under uniaxial tension loading and their
effect on the mechanical response of the material. The simulations are conducted
at a strain rate of 10° s™! at room temperature. The main crystallographic features
that arise during the deformation process were extracted and analyzed in terms
of their contribution to the mechanical response of the material. The orientation
relationship governing the microstructure of martensitic steels, namely, the K-S
orientation relationship, was incorporated in MDDP in an effort to accurately
capture the deformation behavior of the material in question. The strength of
lath martensitic steel was analyzed as a function of the lath width, block size, and
packet size to determine the appropriate effective grain size.
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Introduction

When the austenite (y) phase with a face-centered
cubic (FCC) crystal structure in steels is rapidly
quenched to a low temperature, a diffusionless trans-
formation forms a new phase with body-centered
cubic (BCC) crystal structure. The transformation and
the resulting phase are called the martensitic trans-
formation and martensite (a'), respectively [54]. The
morphology and crystallographic orientation rela-
tionship between prior austenite grains and the trans-
formed martensite blocks depend on alloy composi-
tion [33]. Lath martensite forms in low carbon steels
with a carbon content less than 0.6% with habit planes
close to {111}, [37]. A number of lath martensite steels
have been reported to follow the Kurdjumow-Sachs
(K-S) orientation relationship [27]. It has been shown
that Ni also affects the martensite morphology where
Fe-28.5%Ni steel forms plate martensite and has been
shown to satisfy the Nishiyama-Wassermann (N-W)
orientation relationship [24]. Martensitic steels have
a hierarchical microstructure composed of prior aus-
tenite grains (PAGs) containing packets, blocks, and
laths. Packet and block boundaries (high angle grain
boundaries) separate the many misoriented packets
and blocks [23]. These interfaces contribute to the
superior mechanical properties of martensitic steels
by obstructing dislocation motion at high angle grain
boundaries [26, 36], which makes them an attractive
choice for next-generation nuclear power plants [5,
50, 58]. In order to meet the safety requirements and
the efficiency needs, predictive tools are required to
assess the structural integrity of critical power plant
components. Recent advances in multiscale material
modeling provide a predictive capability to rigorously
scrutinize the material response under a wide range
of conditions. Such techniques also provide an explicit
representation of the material microstructure and its
effect on the overall performance under working con-
ditions. The influence of microstructural features on
the response of tempered martensitic steels must be
properly quantified and detailed to design optimal
materials and to properly assess the structural integ-
rity of critical power plant components. A study using
a finite element (FE) crystal plasticity model, where a
representative volume element (RVE) that accounts for
the microstructure of the material is taken from elec-
tron backscatter diffraction (EBSD) measurements [15],
examined the deformation characteristics of a high
chromium power plant steel at elevated temperatures
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and found good agreement with the experimental
data, thus concluding that periodic boundary condi-
tions can be used to represent the martensitic micro-
structure. Another approach at capturing the hierar-
chical packet-block-lath microstructure carried out
by [52], involved the use of the Voronoi tessellation
method where a volume/area is partitioned into dif-
ferent polygonal regions representing equiaxed grains
with random crystal orientation distribution. Build-
ing on the work of [52], the microstructural deforma-
tion of an ex-service 9Cr—1 Mo tempered martensitic
steel has been scrutinized by [34] through the use of
EBSD and multiscale crystal plasticity modeling tech-
niques, and the experimental and simulated deforma-
tion of a notched tension loaded specimen from the
macroscale specimen level down to the block level are
compared. A strain gradient crystal plasticity model
incorporating statistically stored dislocations (SSDs)
and geometrically necessary dislocations (GNDs) used
by [51], investigated the effect of SSDs, GNDs on the
yield and flow strengths of a martensitic P91 steel, the
influence of the relevant microstructural length scales
(PAG/packet/block diameter) on the global and local
mechanical response has also been studied. Crystal-
lographic and experimental studies carried out on
multilayered steels consisting of two hard martensitic
layers and a ductile layer of austenite were used to
examine the correlation between slip system activation
and the change in microstructure of lath martensitic
steel [39]. Nanoindentation and micropillar compres-
sion tests were carried out on martensite and austenite
phases in a 0.15 wt%C dual-phase sheet steel along
with macroscopic uniaxial tensile tests on specimens
of the same steel, the microstructures of the deformed
micropillars were analyzed via TEM [14], the mechani-
cal data obtained from the tensile tests along with the
microstructural evolution were used to examine the
deformation response of the steel in question. Due
to the hierarchical microstructure of lath martensi-
tic steels, different length scales are involved; there-
fore, understanding the size effects of each hierarchy,
namely, packets, blocks, laths, and precipitates, is of
paramount importance. [38] investigated the effect of
block size in lath martensitic steel using TEM obser-
vations along with a Hall-Petch type analysis when
analyzing the relationship between strength and
structure. [30] found that the yield strength decreased
with increasing packet and block widths according to
a Hall-Petch relationship. This is further confirmed
by [51] who used a strain gradient crystal plasticity



model using the Voronoi tessellation method to model
the PAG/packet/block hierarchy and the effect of this
hierarchy on the macro- and micro-scale mechanical
behavior. Others [8, 32, 47] have used experimental
methods to study and to determine the relevant struc-
tural parameters when analyzing the microstructure of
lath martensitic steels. To the authors’ best knowledge,
the microstructure of lath martensitic steels has not
been analyzed using 3D discrete dislocation dynam-
ics (DDD). Due to the many length scales involved
in lath martensitic microstructures and the presence
of many grain boundaries (packet and grain bounda-
ries), understanding the behavior at the microscale
in response to a stimulus is essential for understand-
ing the macroscale response. The interaction between
dislocations and grain boundaries using 3D DDD
has been extensively studied [12, 21, 31]. Specifically
related to this work is the study conducted by [56]
where a dislocation—GB interaction model is devel-
oped that considers both dislocation absorption and
dislocation emission at the GBs. The premise of this
model is that the framework used allows to model var-
ious types of GBs; however, they are not represented
explicitly. To that end, this study aims to model the
microstructure of a lath martensitic steel starting at
the lath level up to the packet-block hierarchy steel by
taking into account the K-S crystallographic orienta-
tion relationship using a multiscale FE-DDD method-
ology developed by [55]. Furthermore, the interactions
of dislocations with block and lath boundaries and the
influence of the lath width and the lath boundaries on
the mechanical response of the material will be exam-
ined. This paper is detailed as follows. “Methodology”
section details the methodology and the framework
used to conduct the analysis. “Simulation setup” sec-
tion presents the simulation setup for the considered
scenarios. The results are laid out and discussed in
“Lath boundaries, Packet-block simulations, and Size
effects” sections, where the lath, packet-block struc-
tures, and the size effects are modeled and investi-
gated, and finally, “Summary” section summarizes
the findings of this study.

Methodology
MDDP

MDDP [55] is a simulation model that couples 3D dis-
crete dislocation dynamics (DDD) with continuum

finite element (FE) analysis. This coupling results in
a hybrid elasto-viscoplastic framework to simulate
plasticity in crystalline materials.

In DDD, plastic deformation is determined by the
explicit evaluation of dislocations motion and inter-
actions with each other as well as with other defects.
Dislocation lines and curves are discretized into small
segments of mixed character. The dynamics of the dis-
location segments follows a Newtonian equation of
motion. As the dislocation moves, it has to overcome
local barriers such as the Peierls barrier (lattice fric-
tion) and the internal drag force. Additionally, the dis-
location may encounter obstacles such as point defects
and precipitates. Moreover, dislocation interactions
with boundaries are incorporated where image stress
of free and rigid boundaries are considered. In sum-
mary, the net driving force acting of any dislocation
segment is given by the Peach—Kohler force F; equation
below such that;

F i~ F Peierls F D+ F self T F External T F obstacle T F image

(1)
where Fpges is the Peierls force arising from lattice
friction, Fyema 15 the force due to externally applied
loads, Fp is the dislocation—dislocation interaction
force, F g is the dislocation self-force, F ;... is the
dislocation—obstacle interaction force, and Fy,,,. is the
image force from boundaries. Details on the evalua-
tion of these forces provided in [55].

As mentioned above, the dynamics of dislocations
is governed by a “Newtonian” equation of motion,
consisting of an inertia term, viscous damping term,
and driving force term such that,

. 1
m;g; + M T F; (2A)

where m; is the effective dislocation segment mass,
M,; is the dislocation mobility, and v,; is the segment
glide velocity. In BCC metals, it is established that the
dislocation mobility is dependent not only on its glide
velocity, but also on its character and the deformation
temperature. These mobility features are incorporated
in the DDD framework as discussed in [11, 45] such
that

’v .

i\ \T
Mi=[M0E+99XM0EXCOS(xi]<1— (C—gt> >$ (2B)

where T is the simulation temperature; v is the glide
velocity; and « is the dislocation character that is the
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angle between the dislocation line sense and its burger
vector. T, is the critical temperature of the material
which is the temperature above which the mobility of
screw dislocation equalizes that of an edge dislocation
(T =340 K for a-Fe); Mg is the dislocation mobility of
a pure edge segment at the reference temperature; and
c,is the material transverse speed of sound.

The equation of motion is then solved to find the
velocities, and thus, the plastic strain rate ¢, and the

P
plastic spin W), are evaluated, respectively:

N 1o
ép= le_‘il(ni®bi+bi®ni) (3)
i=1
N 1o
WP = Z%(”i‘gbi_bi@”i) 4)

I
_

1

where [; is the dislocation segment length, #; is a unit
normal to the slip plane, and V is the volume of the
representative element. The above relations provide
the most rigorous connection between the dislocation
motion (the fundamental mechanism of plastic defor-
mation in crystalline materials) and the macroscopic
plastic strain, with its dependence on strength and
applied stress being explicitly embedded in the calcu-
lation of the velocity of each dislocation.

In the macro-level, it is assumed that the material
obeys the basic laws of continuum mechanics, i.e.,
linear momentum balance and energy balance:

divs = po )

pC,T =nS-¢¥ (6)

In the above equations, S is the Cauchy stress ten-
sor, T is the temperature, Up is the particle velocity,
and p, C,, and K are mass density, specific heat, and
thermal conductivity, respectively. For elasto-visco-
plastic behavior, the strain rate tensor ¢ is decom-
posed into an elastic part £, and plastic part £, such
that:

£ = 4¢P 7)

The elastic response is expressed using the incre-
mental form of Hooke’s law such that:

s=[c] &9 ®)

where C° is the anisotropic elastic stiffness tensor.
Combining (6) and (7) leads to:
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To correct for the actual boundary conditions when
coupling DD with FE, the principle of superposition
is applied. The dislocations contained within the RVE
produce an internal stress, and the effective total stress
within the RVE is the sum of all internal stresses and
any externally applied stress. Thus, the long-range
stresses are treated as internal variables which leads
to an efficient numerical scheme. With this approach,
complex dislocation structures with mixed boundary
conditions are easily dealt with. Details of the MDDP
framework can be found in [40], Shehadeh * et al.,
2005; [43, 44, 55].

Geometry, material parameters, and boundary
conditions

To model the behavior of martensitic steels, a Burgers
vector of b = 2.48 A is used. A shear modulus of G =
78 GPa is adopted with a Poisson’s ratio of 0.34. A dis-
cretization length of 50 b is used. The ambient mobility
of a pure edge dislocation is set as My = 10° Pa™'s™"
whereas the screw dislocation mobility is amplified
by a factor of 100 so as to mimic the behavior of a real
BCC crystal, that is, Mg = 10° Pa”'s™ [9, 10, 16, 17, 45].
A mass density of 7800 kg/m® is used. Boundary condi-
tions are divided into FE boundary conditions and DD
boundary conditions. In DD, all surfaces of the RVE
are subjected to periodic boundary conditions which
are used to model dislocation motion and interaction
in bulk crystals, that is, when a dislocation segment
leaves a surface, it emerges from the opposite side of
the RVE. In FE, the loading of the samples is designed
to mimic a constant strain rate uniaxial tension condi-
tion. A displacement was applied on the upper surface
so that a constant velocity over the entire simulation
duration is attained. The side surfaces are kept free
while the bottom surface is fixed. The resulting strain
rate of this loading was found to be 10° s

Lath boundaries

For the lath simulations, the area of interest in the mar-
tensitic microstructure is the laths within a certain
block. Two low angle tilt boundaries are constructed
for the MDDP simulations in order to simulate a lath
substructure. The boundaries used are based on the
pure tilt boundary described by [22]. The boundary



width is equal to the RVE width in both the x and y
directions. The reference frame has been rotated as
shown in Fig. 1 so that the dislocation lines are parallel
to the x-axis, and the Burgers vector is oriented so as
to obtain pure edge dislocations. The GB configuration
and the boundary conditions are shown below where
L, and L, are fixed to 2 um, and L, is twice the lath
width D in order to maintain periodicity. % [Tﬁ] dislo-
cations on a (110) slip plane are piled up to form the
GB. The separation distance between dislocation lines
within the GB is d =71.5 nm. The misorientation angle
0 is calculated by using of Frank’s formula, such that
0 = b/d yielding a tilt angle of 0.23°. The LAGB model
used in this paper is that of a perfect pure edge tilt
boundary as shown below.

Kurdjumow-Sachs orientation relationship
implementation

The transformation mechanism from austenite to mar-
tensite in the K-S relationship is based on shear and
rotation. The K-S orientation relationship is an expres-
sion of the martensitic transformation from austenite
(7) to martensite (') and is written as follows:

{111),//{110}, < 110> // < 111> .

The {111}, and {110}, correspond to the close
packed slip planes of the austenite and martensite
phases, respectively. Due to symmetry, cubic sys-
tems have 24 equivalent crystallographic variants
in martensite which evolve from a single grain of
austenite if the K-S orientation relationship is main-
tained. That is, 24 combinations of planes/directions
satisfy the K-S relationship. The crystallographic
variants V7, V,, ... Vy, are listed in Table 3.

Grain boundary
dislocations

=

d

Figure 1 LAGB schematic representation.

The change in crystallographic orientation from
austenite to martensite is expressed by a matrix
equation:

M =TA, (10)

where T is the orientation transformation matrix,
and M and A are the orientation matrices made up of
three orthogonal unit vectors indicating the crystal-
lographic directions for the martensite and austenite
phases, respectively [23]. The misorientation angle
between two different variants is calculated using the
orientations for the 24 martensite variants (M; where
i=1,2,...24). The rotation matrix R between the M,
and M, variants, for example, is calculated from the
below equation:

M, = RM,;. (11)

According to Table 3, a maximum of six possible
variants or blocks can appear in a single packet.
Therefore, for this study, the RVE that will be used
in this work is going to be divided in two as shown
in Fig. 2 in order to represent a packet containing
two martensite variants, namely, the V; and V, vari-
ants. The M orientation matrix for the V; variant is
100
0 10 |. In order to acquire the ori-
001
entation matrix for the V2 variant, first, the rotation
matrix R is calculated from [24] and was found to be

-1/2 3/5 -3/5
R=|-3/51/4 3/4
3/5 3/4 1/4

-1/2 3/5 -3/5
-3/51/4 3/4

3/5 3/4 1/4
and V, was calculated by using the dot product for-
mula between the slip direction of V;, namely,
b—{ =[-0.577-0.577 0.577], and V, which has now
been rotated with respect to V; to obtain a slip direc-
tion b?= [-0.418 0.642 0.642]. The mismatch was
found to be 60° which conforms with the findings of
[23] outlined in Table 4.

The packet and block boundaries depicted in Fig. 3
are modeled as frictional barriers with very high
frictional stresses. Since packet and block bounda-
ries are high angle grain boundaries (HAGBs), thus,
impenetrable boundaries. To reflect that fact, a very
high frictional force is applied on the locations of
the packet and block boundaries. The surfaces of the

chosen as M| =

, therefore resulting in

M, = . The mismatch between V;
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Tensile displacement
control

Symmetric (001) (110)

(110)

L [111)(110)
[111](011)

L,

Figure 2 RVE schematic showing the simulation setup along
with the boundary conditions. Shown here are two LAGBs sep-
arated by a distance D = L /2. A Frank-Read (FR) source is

z

Block boundary l
v

X

Packet boundary Tensile displacemen

control

M2

M1

o1

Figure 3 Simulation setup depicting a packet containing the V,
and V, martensite variants with orientation M, and M,, respec-
tively. Each block contains a single FR source. Black and red
lines represent packet and block boundaries, respectively. The
block boundary serves to divide the packet into the two mar-
tensite variants. Packet and block boundaries are modeled as high
frictional barriers. The 60° mismatch is showcased through the
mismatch between the (011) FR sources.

RVE represent the packet boundaries while the block
boundary (red plane shown in Fig. 3) is situated in
the middle of the RVE dividing it into two blocks.
Simulation setup

Lath boundaries

In addition to the pure edge dislocation lines placed
on the (110) [111] slip system to simulate the LAGB, a
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placed in the middle between both LAGBs and belongs to the
[111] (011) slip system (blue). The grain boundary dislocations
belong to the [111] (110) slip system (red).

Table 1 Summary of the lath simulation scenarios

Lath width (D) L, (um) L (um) L, (um)
(um)

0.2 2 2 0.4

0.3 2 2 0.6

0.4 2 2 0.8

0.5 2 2 1

single Frank-Read source is placed on the (011) [111]
slip system to act as a dislocation generation mecha-
nism that can move via glide. The estimated initial
dislocation density is pgis ~ 10'*m~2. The simulation
setup is depicted in Fig. 1 with a lath width that var-
ies from 0.2 to 0.5 pm. Table 1 summarizes the differ-
ent sizes of the RVE, and the lath widths used in the
simulations. The simulated samples are subjected to
uniaxial tension at a strain rate of 10°s™.

Packet-block simulations

The next hierarchy that needs to be studied after the lath
substructure is at the packet block level. Packets can con-
tain up to six possible martensite variants. The scope of
this work is limited to modeling two martensite variants
within a single packet, namely, the V; and V, variants,
Fig. 3 shows a schematic describing the simulation sce-
narios used to simulate the mechanical response at the
packet-block level. Future work aims to expand the K-S
relationship to include more than two variants. For that
purpose, the RVE will be divided into two parts, the left
100
part representing the V; variant with M; ={ 010
001



Table 2 Summary of the packet/block scenarios considered and
their dimensions (L, X L, X L,)

Packet size (um?) Block size (um?)
2X2x2 2x1x2
3x3x%x3 3x1.5%3
4x4x4 4x2x4

Packet boundaries

7

Block boundary

z
Y
X«

Periodic \
\ /
m1 D | Precipitate

P B
® o
e @

2 um Lp‘|V
® e
M2
2um
. 2pm

Figure 4 Dislocation—precipitate—boundary interaction simula-
tion setup.

orientation matrix, and the right part of the RVE stands
for the V, variant with the orientation matrix
-1/2 3/5 -3/5
-3/51/4 3/4

3/5 3/4 1/4
calculated in “Methodology” section, and the mismatch
between V;and V, was found to be 60°.

The samples are subjected to uniaxial tension
loading conditions at 10° s! strain rate and periodic
boundary conditions. The initial dislocation density is
p ~ 101m~2. The effect of the initial dislocation den-
sity on the mechanical response is examined in “Lath
boundaries” section. Table 2 details the sizes of the pack-
ets and blocks simulated. The packet and block sizes
used in this paper are based on the findings of [51]. The
dimension of interest for blocks is the smallest dimen-
sion, namely, Ly.

Finally, for completeness’ sake, the precipitate is also
modeled as a frictional sphere, similar to the way, packet
and block boundaries are modeled, and their effect on
the mechanical behavior and dislocation density, along
with the dislocation interactions with the precipitate and
boundaries, is investigated (Fig. 4).

M, = . The orientation matrices were

Lath boundaries
Mechanical response

Figure 5 shows the stress and strain diagram for the
simulated lath widths ranging between 0.2 and 0.5 um
at a constant strain rate of 10° s at 300 K. Analyzing
the stress—strain curves reveals the following about the
material response:

1. [Initially, the behavior is linear elastic overshoot
ranging between 1100 and 1200 MPa, which is then
followed by instantaneous stress relaxation.

2. Following the elastic overshoot and relaxation,
plastic flow is initiated at ~ 700 MPa. Gradual
strain hardening is observed up until ~ 2% strain
is achieved. The plastic regime is characterized by
a serrated curve as shown in Fig. 5b.

3. The mechanical behavior in the plastic regime does
not exhibit any meaningful hardening. Harkening
back to the study by [56], it is mentioned that the
strain hardening rate and the flow stress of nanopil-
lars containing a rigid GB are significantly higher
than that in the case of a penetrable GB due to dis-
location pile up. They determined that pillars with
a penetrable GB can release stress concentration at
the GB thus lowering the flow stress and weaken-
ing the hardening rate. In the context of the current
lath boundaries investigation, given that the lath
boundaries are modeled as penetrable LAGBs, the
insignificant hardening exhibited by the mechani-
cal behavior in Fig. 5 can be explained by the phe-
nomenon observed by [56]. When the dislocation is
first trapped by the GB, hardening takes place thus
increasing the flow stress, then when it is released,
the flow stress is lowered thus balancing the hard-
ening and relaxation mechanisms at the GB.

Microstructure effect on the mechanical
response

To gain a better understanding of the mechanical
response, it is essential to analyze the role of the
microstructure. For that reason, snapshots of the dis-
location microstructure from the 0.2-um lath width
sample simulated at 10° s™! strain rate at room tem-
perature are shown in Fig. 6. Initially, two LAGBs
are constructed by piling up pure edge dislocations
on the (1 1 0) slip plane, and a single prismatic FR

@ Springer



Figure 5 a Stress—strain 1600
diagram showing the material L (a)
response to applied load. b
Plastic regime of the material 1200
showing serrations in the
stress—strain curves which are = r
attributed to dislocation-GB S 800 | ——0.2pm
interactions. o [ ——0.3um
L 0.4 um
400 i —0.5um
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.00% 0.50% 1.00% 1.50% 2.00% 2.50%
Strain
800
+ (b)
760 |
720 |
S —0.2um
E —0.3 um
2 680
o —0.4 um
S —0.5um
640
600 S
1.00% 1.20% 1.40% 1.60% 1.80% 2.00% 2.20%
Strain
(001) (110)
- (110)
[111)(110)
[111)(011)

Figure 6 Snapshots of the GB—dislocation interaction. a Inac-
tive prismatic FR source, the color red corresponds to the GB
while the blue corresponds to the FR source and the subsequent
generated dislocations. b FR sources start to bow out asymmet-
rically due to the difference in the lattice friction and mobility
between edge and screw components. ¢ As the stress increases,

source is placed between the LAGBs and is situated
on the (0 1 1) slip plane. As illustrated in Fig. 5b, once
the critical resolved shear stress is attained, the dislo-
cation source starts to asymmetrically bow out due
to the difference in mobility between its edge and
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the first instance of dislocation—GB interaction takes place
where the dislocation gets pinned on the GB (shown with arrow).
d Once the yield stress is reached, the dislocation is unpinned
and penetrates the boundary causing local plastic deformation in
the form of a small step on the GB.

screw components. As the loading proceeds, the first
instance of a dislocation —GB interaction is observed,
where upon first contact, the LAGBs prevent disloca-
tion motion through them as shown in Fig. 6¢c. When
the dislocation first touches the GB, a small step on



the GB dislocation starts to form, and the dislocation
is pinned at the boundary. As the stress increases
further, the dislocation is released from its pinning
point and penetrates the GB leaving behind a jog on
the GB as illustrated in Fig. 6d and causing local plas-
ticity at the lath boundaries. This process dislocation
pinning—unpinning is repeated as dislocations mul-
tiply which results in the observed serrations in the
stress—strain diagrams. In other words, after the first
instance of dislocation —GB interaction and following
dislocation multiplication, another dislocation will
be pinned on the GB causing local plastic deforma-
tion in the form of a jog on the GB where there was
contact between the incident dislocation and the lath
boundary. As the loading continues, the flow stress
increases and once it reaches a critical value, the dis-
location is unpinned and continues its motion through
the sample as shown in Fig. 7. When the dislocation
is unpinned, the stress magnitude drops slightly and
then continues its increase until another dislocation
is unpinned which results in another drop in stress.
This process is illustrated in Fig. 8 in relation to the
mechanical response for the 0.2-pm lath width case.
Another interesting microstructural feature that
has been detected is the rearrangement of disloca-
tions into dipole configurations (see Fig. 9), a config-
uration which leads to material hardening. However,
it is worth noting that some dipoles are not stable
and disassociate as if they are unzipping as shown
in Fig. 10. In the final microstructural configurations
in Fig. 11, it can be seen that for smaller lath widths,
the number of dipoles is significantly higher than the
number of dipoles present in the 0.4-um and 0.5-pm
cases, where in the larger lath widths, pile ups are
present. The larger number of dipoles in the 0.2-um
and 0.3-um cases is attributed to the GBs acting as

walls that confine the dislocation motion in between
them. This restricts the number of possible interac-
tions between dislocations and forces them to adopt
more energetically favorable configurations and
interactions, namely, dipole formation and disloca-
tion annihilation as shown experimentally by [42].
In contrast with this, the 0.4-pm and 0.5-um cases,
the separation distances between GB dislocations are
further apart from each other. Thus, reducing the
effect of their opposing stress field on the mobile.
By examining the final microstructure of the 0.4-um
and 0.5-um scenarios, it can be seen that in addi-
tion to dipole formation, pile ups can be seen in the
upper left corner of the RVE. A snapshot of the pile
up in the 0.5-um case is shown in Fig. 12. The pile
up results in a compressive stress reaching up to 400
MPa.

Dislocation density evolution

The effect of the dislocation density over time is scru-
tinized by plotting the dislocation density history as
shown in Fig. 13. It can be observed that the disloca-
tion densities follow a logarithmic trend in the form
ofp(t) = Alog(t) + B, where p is the dislocation density,
t is the time, A, and B are fitting constants. By com-
paring the dislocation densities of the 0.3-um, 0.4-um,
and 0.5-um lath width cases to the dislocation density
of the smallest lath width scenario, namely, the 0.2-
um case, it is seen that as the lath width increases,
the dislocation density decreases. In other words, the
smallest lath width, the 0.2 um will have the largest
dislocation density, and as the lath width increases,
the dislocation density will decrease until the 0.5-um
lath width scenario is reached where it will have the
smallest dislocation density. This occurs because, as

Incident
dislocation

Contact

] (001) 710
7 W (110)._1/

[111)(110)
[111)(011)

Figure 7 Snapshots of the dislocation pin/unpin process. a
Incoming dislocation indicated by the arrow. b The dislocation
is pinned on the GB causing a small step in the dislocation-GB.

¢ Dislocation penetrates the GB and continues moving through
the crystal (indicated by the arrow) thus increasing the size of the
step on the GB (indicated by the circle).
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Figure 8 The pin/unpin mechanism shown on the stress-strain
diagram. Once the incident dislocation approaches the lath
boundary, a small jog starts to form and the flow stress starts
to increase. When the dislocation makes contact with the GB
it remains pinned at the GB and the flow stress continues to

001" 119)

(110)

Figure 9 Dipole configuration (shown with arrows) which leads
to hardening.

the lath width decreases, the volume of the sample
will decrease and given the same number of disloca-
tions at any given moment during the loading, there
will be a higher dislocation density for the smaller vol-
umes than the larger ones. It must be noted, however,
that the dislocation density for all scenarios reaches

increase until it reaches a peak value of about 760 MPa. The dis-
location then penetrates the G and leaves behind a permanent jog
on the GB which results in relaxation. The jagged shape of the
stress-strain diagram is indicative of this process being repeated
throughout the loading process.

a plateau once the slip systems have been activated.
TEM observations by [42] show that dislocations in
lath martensite tend to rearrange themselves into a
stronger dipole character and that inside lath mar-
tensite, the dislocation density remains constant

[ili](llO) throughout the deformation process. Both of those
= findings are in support of the modeling results. In
(111](011) regard to the dipole formation, the smaller the lath

width, the more dislocations tend to rearrange them-
selves into dipoles. The reason behind the plateau in
the dislocation density curves is that the MDDP model
assumes the LAGB to be ideal with very low misori-
entation angle; thus, the dislocations are easily able
to penetrate the GB. However, the experimental find-
ings of [42] which considered LAGBs with misorienta-
tion angles up to 5° still showed that the dislocation
density inside laths remains constant during defor-
mation, meaning that modeling the LAGB as ideal is

(001) 740,
(110)

[111](110)
[111)(011)

Figure 10 a Dislocations 1 and 2 in a dipole configuration. b Dislocation 1 starts to break away from dislocation 2 in an unzipping
manner. ¢ Dipole is disassociated, and individual dislocations continue gliding through the crystal to form more dipoles.
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Figure 11 Final microstructural configurations for a 0.2 um, b 0.3 pm, ¢ 0.4 um, and d 0.5 pm.

a valid assumption. It must be noted that the initial
dislocation densities in [42] are somewhat larger, start-
ing from larger initial densities. Another key aspect

[111](110)
[111](011)

Figure 12 a Pile up (shown inside black oval) snapshot taken
from the 0.5-um scenario and b stress contour showing the effect
of the pile up (units in Pa).

to note regarding the reported dislocation densities
for the lath structure is that the values reported are
the total dislocation densities which include mobile,
immobile, and grain boundary dislocations. The lit-
erature regarding the reported dislocation densities
in lath martensite is not 100% clear if it pertains to
mobile/immobile dislocations or grain boundary dislo-
cations. For example, [19] states that the initial disloca-
tion density for the studied low-nickel lath martensite
steel is approximately 3.8 x 10" m™, and no distinction
is made between mobile/immobile and grain bound-
ary dislocations. Even in EBSD investigations [6, 18],
no distinction is made between mobile/immobile and
grain boundary dislocation densities.

Packet-block simulations
Mechanical response

The K-S orientation relationship outlined in “Meth-
odology” section was implemented in MDDP as illus-
trated in Fig. 3. The RVE represents a packet divided
into two blocks or variants, namely, the V; and V,
variants. The simulations were conducted at 300 K
using a constant strain rate of 10° s™\. Analyzing the
stress—strain diagrams for the packet-block configura-
tions in Fig. 14a reveals the following features:
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Figure 13 Dislocation
density evolution over time
comparison for D = 0.2-um,
0.3-pm, 0.4-pm, and 0.5-um
lath widths.

1014

Dislocation density (m2)
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— 0.4 um

— 0.5 pm

o

1. Initially, the behavior is linear elastic up to the
onset of yielding.

2. Following yielding, plastic flow is initiated after a
drop in stress via mass cross-slip, i.e., a dislocation
avalanche has taken place where secondary slip
systems of the type <112 > are activated, therefore
indicating plastic relaxation. The observed elastic
overshoot in all samples is most likely attributed
to the high strain rate used in this study [1].

3. Gradual strain hardening is observed afterwards
due to the cross-slipped dislocations piling up at
both the packet and block boundaries. The effect of
the hardening is balanced by relaxation processes,
namely, more cross-slip, resulting in the stress
magnitude being kept almost constant.

4. The samples undergo further relaxation. The pro-
cess of relaxation is attributed to another cross-slip
event where dislocations cross slip on both the pri-
mary slip systems of the type <110 > and second-
ary <112 > slip systems of the type.

The dislocation avalanche and cross-slip events are
evidenced by observing how the dislocation density
changes and evolves over time as shown in Fig. 14b.
Dislocation density starts to increase slightly once the
critical resolved shear stress value is reached, and the
dislocations start to bow out and multiply through
the FR mechanism. Yielding is marked by a sharp
increase in dislocation density therefore evidencing
the presence of a dislocation avalanche which can
occur through cross-slip. The dislocation density then
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reaches a plateau resulting in S-shaped dislocation
density curves. When a sufficient number of disloca-
tions have piled up against the block boundary, then
dislocations cross slip en masses and cause a disloca-
tion avalanche, thus balancing out the hardening that
was occurring due to dislocation multiplication and

pile up.

Microstructural evolution and its effect
on the mechanical response

The underlying microstructural processes are
the main drive behind the observed macro-scale
response of a material. The main microstructural
features detected in the simulations are dislocation
pile up at packet and block boundaries and cross-
slip. The dislocation pile up is first apparent once
the FR source is activated, and dislocation multipli-
cation takes place as shown in Fig. 15. The result-
ing dislocations start to pile up against the grain
boundaries. Dislocations are piling up next to each
other, as well as on top of each other later on during
the loading process as will be shown shortly. As the
stress increases, the second microstructural feature
comes into light. Yielding occurs via dislocations
undergoing cross-slip en masse or dislocation ava-
lanche. It is known that dislocations tend to cross slip
at boundaries as evidenced by the findings of [13]
where the dislocations cross slip into the (312) plane.
However, as the simulations show, dislocations also
cross slip into the (112) and the (121) secondary slip
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Figure 14 a Stress—strain 2500
diagram depicting the [ (a)
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elastic up to yielding after b [
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systems which are activated resulting in a disloca-
tion avalanche as shown in Fig. 16a. These findings
are validated by [35] who used EBSD scans of as-
quenched lath martensite, subjected to uniaxial ten-
sile deformation to prove that the activation of the
primary slip systems {110} <111 > takes precedence
over the secondary slip, namely, the {112} <111 > slip
systems, up to 20% elongation and that the lath
structure is maintained during the tensile tests. The
MDDP model was capable of detecting the activation
of the secondary slip systems, and as discussed in
“Lath boundaries” section, since the lath boundaries

only experience local deformation in the form of jogs,
their overall structure was maintained as suggested
by Michiuchi. Following the dislocation avalanche,
the dislocations then glide freely through the crystal
until they hit the grain boundaries and start piling
up next to each other leading to material hardening.
This hardening is then balanced by a relaxation pro-
cess in the form of another cross-slip where the dislo-
cations on the (112) and the (121) resulting from the
initial cross-slip themselves cross slip into the {110}
and {112} type slip planes. These dislocations then
pile up next to each other and on top of previously
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Figure 15 Frank—Read
source activation and initial

dislocation pile up. Activated FR
ctivate

source

Pile up at the block
boundary

(011)
(101)
(110)
(211)
L (i2)
M (121)

Pile up at the

packet boundary

cross-slipped dislocations as depicted in Fig. 16b and
16¢, respectively. [7] calculated the critical resolved
shear stress (CRSS) for {110}, {211}, and {123} slip
plane families that activate during micro-tensile tests
and found that CRSS(j19y < CRSS211) < CRSS(123,
meaning that it is easier for dislocations to slip on the
{110} planes than it is to slip on the {211} and {123}
slip planes. In the MDDP simulations, dislocation
slip occurred on the (011), (112) and the (121) slip
planes, which is in agreement with the experimental
results of [7].

Effect of initial dislocation density

Carbon content and thermomechanical process-
ing strongly affect the initial dislocation density
[20, 49, 57]. The carbon atoms segregate on the lath
boundaries which then increase the dislocation den-
sity. Different thermomechanical processing affects
the initial dislocation density, where following the
martensitic transformation a tempering process is
applied to reduce impurities and therefore decrease
the initial dislocation density. The initial dislocation
density of lath martensitic steels depends strongly on
the heat treatment and thermomechanical processing
with values ranging from 10! to 10* m™ for differ-
ent thermal processing conditions [25, 41].

For computational purposes, the initial disloca-
tion density used in this hovers around 10" m™.
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To examine the effect of different initial dislocation
densities on the mechanical response, three scenarios
are devised for this purpose. Three different initial
dislocation densities, 2 x 10" m™? and 7 x 101" m™
and 10> m™?, are utilized to determine whether or
not the initial dislocation density has any effect on
the mechanical response.

Increasing the initial dislocation density has no
noticeable effect on the microstructure evolution and
the main microstructural features that arise during
plastic deformation (pile up and cross-slip). How-
ever, as per the Bailey—Hirsh relation, the yield stress
is related to the square root of the dislocation den-
sity [3]. The stress—strain diagrams of the considered
cases are shown in Fig. 17a. It can be seen that the
yield point varies slightly between the three cases
due to the different dislocation densities between all
three simulations. Plastic behavior is fairly similar
in all three cases where hardening is balanced by
relaxation via cross-slip. Figure 17b depicts the dis-
location density evolution over time. All three curves
follow the same S-shaped trend. The 7 x 10'! and
10" m™2 scenarios exhibit a higher final dislocation
density following yielding due to those two cases
having two and three initial FR sources, therefore
resulting in more dislocations being emanated from
the FR sources which then pile up at the bounda-
ries. Pile ups cause an increase in dislocation density.
The increased number of piled up dislocations leads
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Figure 16 a Dislocation avalanche as a result of mass cross-slip
from the initial dislocations on the (011) slip plane and b cross-
slip which is responsible for dislocation avalanche leading to
plastic relaxation in the samples. Cross-slipped dislocations pile
up next to each other against packet and block boundaries lead-
ing to material hardening. ¢ Dislocations piling up on top of each
other.

to more dislocations undergoing cross-slip, there-
fore, an additional increase in dislocation density
and higher final dislocation densities than the 2 x
10" m™.

Precipitates and their effect on the plastic
behavior

M,;C carbides are believed to be the most important
precipitates in P91 martensitic steel and are located on
the lath boundaries. Due to the importance of precipi-
tates, the role they play on the mechanical response
of the material merits an investigation. The precipi-
tate diameter used is D), =200 nm, and the precipitate
spacing L, =571 nm which is a mean value used based
on the findings of D. F. Li et al., 2014b. Lath bounda-
ries are ignored since they have no effect on material
flow as demonstrated in “Mechanical response” sec-
tion. Precipitates are placed where lath boundaries
ought to be since M,;Cy carbides are located on lath
boundaries, as shown in Fig. 3 which depicts the simu-
lation setup for the precipitate investigation. Figure 18
shows a schematic of the dislocation interaction with
the precipitate, and how Orowan loops are formed.
Precipitates are implemented in MDDP as “frictional
spheres” similarly to the way, grain boundaries were
modeled. To elaborate on how the precipitates are
modeled, precipitates are considered as impenetrable
spheres. Similar to how a very high frictional force
was applied on a plane to model the impenetrable
boundaries, a very high frictional force is applied
inside of the RVE and its effect is limited to the loca-
tions of the precipitates. A 2-um packet divided into
two 1-um blocks, namely, the V1 and V2 variants used
in the simulations above. The sample is subjected to
uniaxial tension, and the boundary conditions are the
same as previous simulations.

Figure 19 compares the mechanical response of two
2-um samples, one where precipitates with diameter
D, =200 nm and separated by a distance Lp =571, and
the other sample where precipitates were not consid-
ered. The presence of precipitates does not have any
noticeable effect on the yield strength of the material.
However, the presence of precipitates seems to trigger
cross-slip at an earlier stage in the loading process.
That is, due to the presence of precipitates, cross-slip
happens earlier than it would have in the case where
there is no precipitates, thus earlier stress relaxation
occurs. This mechanism is further confirmed by [48]
that made use of three-dimensional DDD simulations
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Figure 18 a Incident

dislocations with one of @) ®) ©
them undergoing cross-slip Precipitate
(green). b Cross-slipped
dislocation (green) looping
around a precipitate. ¢ Cross- T
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way through the disloca-
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Figure 19 Stress—strain 2500
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to prove that dislocations can bypass particles by
cross-slip. As more dislocations loop around the pre-
cipitate, the probability of cross-slip increases since
the stress required to make a dislocation glide between
the precipitates that have Orowan loops around them
becomes higher as the precipitate gets harder. In other
words, it is energetically favorable for the dislocation
to cross slip than it is to force its way in between hard-
ened precipitates. This process is schematically shown
in the figure below.

Dislocation interaction with precipitate is complex
and depends on many factors such as the size and
shape of the precipitate, separation distance between
precipitates, the mismatch in the elastic properties
of the matrix and the precipitate materials, and the
mismatch in the stacking fault energies between the
two materials. In general, two scenarios of disloca-
tion—precipitate interaction are possible: (i) The dis-
location cuts through the precipitate via shear, and
(ii) the dislocation fully loops around the precipitate

(Orowan looping), indicating the existence of impen-
etrable precipitates. Among other things, the combi-
nation of their size and separation distance makes the
M,;C carbide precipitates impenetrable. Thus, when
the incident dislocations come in contact with M»;Cqy
precipitates, their motion will be hindered and even-
tually stopped at the vicinity of the precipitate allow-
ing Orowan looping to take place [2, 4, 29, 53]. When
dislocations encounter impenetrable precipitates, they
tend to loop around them leaving behind residues
of dislocation loops that interact with glissile dislo-
cations. With the glide of more dislocations during
plastic flow, dislocations are bound to interact with
the precipitates which lead to dislocation pile up and
material hardening. Figure 18 shows the microstruc-
tural configuration at the end of the simulation where
the plastic strain reached about 0.7%. By observing the
material microstructure, it is seen that multiple dislo-
cation loops have formed around precipitates which

@ Springer



1.00E+15

T

1.00E+14

1.00E+13

1.00E+12

1.00E+11

LI I R 1L m L s e

Dislocation density (m2)

——no precipitates

------- with precipitates

100E+10 Lot o oo o

Time (ns)

Figure 21 Comparison of the evolution of the dislocation den-
sity over time between the case without precipitates and the case
with precipitates. The stress—strain diagrams exhibit three distinct
phases. The first where dislocation density is constant and the

material has not yielded, the second after yielding where a dis-
location avalanche due to cross-slip results in a sharp increase in
dislocation density, and finally, the third where dislocation den-
sity has reached saturation.

Figure 22 Size effect in lath 2000
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is in accordance with Orowan looping mechanism as
shown in Fig. 20 [28].

The effect that precipitates have on the material is
made clear by examining the dislocation density evo-
lution of the two considered scenarios. The presence
of precipitates in the material acts as an obstacle to
dislocation motion as discussed above. Precipitates
tend to bow dislocations around them and cause a
spherical pile up which is evidenced by an increase
in dislocation density that is sharper than the case
with no precipitates. This sharp increase in disloca-
tion density, as observed in Fig. 21, in the case with
precipitates occurs at approximately 30 ns into the
deformation while the increase in dislocation density
occurs at around 50 ns into the loading process for the
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case without precipitates. The sudden increase in dis-
location density is evidence of the cross-slip occurring
within the material and of the dislocation pile up at
the precipitates. The dislocation density curves show
three distinct phases. The first phase where the dislo-
cation density is constant, the second phase represent-
ing cross-slip and dislocation pile up where the dislo-
cation density increases, and finally, the third phase
where there is saturation. In order to fully understand
the role that precipitates play in material strengthen-
ing, further simulations are required where different
precipitate spacings L, and precipitate diameters D,
are used.
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Size effects

The strength of lath martensitic steel was analyzed
as a function of the block and packet size is consid-
ered as the effective grain size as shown in Fig. 22.
By examining the flow stresses and plotting those

values as a function of 1/ /dpacer and 1/+/dpocc

where d,; et and dpjo are the packet and block sizes,
respectively. It is seen that the flow stress is directly
proportional to 1/\/E via a linear equation of the
form ogyy(€) = 0p +k(e)d™"% indicating that a
Hall-Petch type relation exists for the material when
the packet or block sizes are considered as the effec-
tive grain size.

One must note, however, that depending on the
manufacturing process of lath martensitic steels, the
packet size may increase up to hundreds of microns
while the block size reaches only 10 um. The lath
width has been shown to have no effect on the flow
stress of the material, meaning that so size effect
has been observed when considering the lath width
as the effective grain size. Therefore, the block size
should be chosen as the main parameter for size
effect investigations, a fact confirmed by Voronoi
tessellation strain gradient crystal plasticity-based
simulations carried out by [51].

Summary

The microstructure of a P91 martensitic steel was mod-
eled and analyzed according to the K-S orientation
relationship in MDDP for two martensite variants. The
dislocation interactions with GBs have been examined
in relation to the mechanical response of the material.
Results have shown that the lath boundaries have no
significant effect on the plasticity mechanisms of the
material and pose little to no obstacle to dislocation
motion. The dominant mechanisms of plastic deforma-
tion were found to be crystallographic slip including
glide and cross-slip which occurs after dislocation pile
up at packet and block boundaries. The initial dislo-
cation density does not affect the plastic behavior of
the material. The block size was found to be the most
important structural parameter when analyzing the
strength of martensitic steels. Future work will exam-
ine in detail the effect of precipitate size and spacing
on the mechanical response and expanding the K-S
relationship to more than two variants. Implementing

the K-S orientation relationship allows for the simula-
tion of two grains with different orientations.

The results of this study pave the way for research-
ers to simulate polycrystalline microstructures using
DDD simulations. The insights gained from studying
P91 martensitic steel shed light on crucial aspects of
its mechanical behavior and deformation mechanisms,
providing key information for engineering its micro-
structure in practical applications. Its most notable
applications is in power plants where its superior
creep resistance is leveraged. The significance of the
block in the mechanical behavior of the steel and the
role lath boundaries play in the plastic deformation of
P91 steel can inform and enhance macroscopic plastic-
ity models, thus bridging the gap between micro- and
macro-scale phenomena in materials science.
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