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ABSTRACT

This paper investigates the temperature and loading rate dependencies of the critical stress intensity fac-
tor (Kic) for dislocation nucleation at crack tips. We develop a new K¢ formula with a generalized form
by incorporating the atomistic reaction pathway analysis into Transition State Theory (TST), which cap-
tures the Kic of the first dislocation nucleation event at crack tips and its sensitivity to temperature and
loading rates. We use this formula and atomistic modeling information to specifically calculate the K¢
for quasi-two-dimensional crack tips located at various slant twin boundaries in nano-twinned TiAl al-
loys across a wide range of temperatures and strain rates. Our findings reveal that twinning dislocation
nucleation at the crack tip dominates crack propagation when twin boundaries (TBs) are tilted at 15.79°
and 29.5°. Conversely, when TBs tilt at 45.29°, 54.74°, and 70.53°, dislocation slip becomes the preferred
mode. Additionally, at TB tilts of 29.5° and 70.53°, at higher temperatures above 800 K and typical exper-
imental loading rates, both dislocation nucleation modes can be activated with nearly equal probability.
This observation is particularly significant as it highlights scenarios that molecular dynamics simulations,
due to their time scale limitations, cannot adequately explore. This insight underscores the importance
of analyzing temperature and loading rate dependencies of the Kic to fully understand the competing

mechanisms of dislocation nucleation and their impact on material behavior.
© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Atomistic simulations are invaluable for investigating disloca-
tion nucleation at the crack tip, as they provide detailed insights

It is widely acknowledged that the diverse behavior of cracks,
such as brittle or ductile fracture, is fundamentally governed by
the stress field near the crack tip, quantified by the stress intensity
factor (K) [1]. In terms of crack propagation behavior, dislocation
nucleation at the crack tip is the most important crack-blunting
mechanism behind the brittle-to-ductile transition [2]. Therefore,
ductile fracture is essentially a K-driven dislocation nucleation be-
havior. Due to the fact that dislocation nucleation is a thermally
activated process, the critical stress intensity factor (Kc) for dislo-
cation nucleation that influences fracture toughness, exhibits tem-
perature and loading rate dependencies.

* Corresponding authors.
E-mail addresses: f rong0901@126.com (R. Fu), ogata@me.es.osaka-u.ac.jp (S.
Ogata).
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into deformation at an atomic scale, offering distinct advantages
over traditional experiments in terms of direct observation and
controlled isolation of parameters [3,4]. However, the time scale
of atomistic simulations is typically limited to nanoseconds, which
corresponds to deformation rates significantly higher (strain rate
& > 108 s~1) than those observed in experimental settings (strain
rate § < 1071 s71) [5]. This discrepancy introduces a challenge in
matching time scales between atomistic simulations and real ex-
periments. Obviously, to quantitatively reflect the K. for disloca-
tion nucleation at experimental loading rates based on atomistic
simulation, it is necessary to achieve a physical leap in simula-
tion time to bridge this gap. The studies show that molecular dy-
namics simulation and minimum energy pathway (MEP) search in
conjunction with Transition State Theory (TST) [3,5,6], hereinafter
referred to as the TST strategy, can expose the atomistic reaction
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during the thermally activated process and the activation energy
that triggers this reaction, while the captured activation energy has
the capability of showing the rate and thermal effects on this pro-
cess. TST strategy therefore becomes a popular theoretical frame-
work for the study of thermal activation events with respect to
dislocation nucleation in recent years. For example, using this TST
strategy, Sato et al. [6] predicted the temperature and loading-rate
dependencies of the initial pop-in load considering an atomistical
estimated stress state beneath the indenter and stress-dependent
activation energies of dislocation nucleation in nanoindentation; Li
et al. [7] revealed the activation energy and strain rate sensitivity
of the interaction between edge dislocation and grain boundary in
copper. More recently, Dai et al. [8] studied the heterogeneous dis-
location nucleation behaviors from a nanoscale void in a NiCoCr
alloy and found that the rough nucleation pathway of dislocation
brings about extra thermal softening and strain-rate sensitivity for
the critical nucleation stress of dislocation.

Inspired by these foregoing studies, we propose a formula with
a generalized form by employing the TST strategy to predict the
temperature and loading rate-dependent critical stress intensity
factors of mode I crack, Kic, for the first dislocation nucleation
event at crack tips across a wide range of temperatures and strain
rates. This approach can not only quantitatively reveal K- based
on atomistic modeling information, but also focuses on how to
capture the atomistic stress field near the crack tip and calcu-
late the corresponding activation barrier for various dislocation
nucleation modes. The calculated activation barrier then serves
as a direct input parameter for TST to predict Kic, effectively
bridging atomic-scale observations with macroscopic experimental
phenomena.

Twin boundaries (TBs) at the nanoscale, which act as special
grain boundaries with high symmetry and low energy, can not only
impede dislocation motion but also serve as slip planes to accom-
modate high dislocation densities, thereby simultaneously bolster-
ing the strength and the plasticity of nanocrystalline materials con-
taining high-density nanoscale TBs [9-12]. Beyond these, TB inter-
action with a crack can deflect or blunt crack tips, depending on
TBs proximity to the crack [13,14,15]. Specifically, when microc-
racks initiate away from TBs, significant dislocation activity at the
crack tip interacts with the TB, enhancing dislocation density and
reducing stress concentration near the crack tip through disloca-
tion pileup. This interaction toughens the crack tip by dissipating
energy during crack growth [16,17-19]. Moreover, when a micro-
crack traverses TBs, it follows a zigzag path, altering crack orien-
tation and thereby improving fracture toughness [18-21]. In sce-
narios where cracks propagate parallel to TBs, a brittle-to-ductile
transition is observed as TB spacing decreases [22,23]. At larger
spacing, cracks cleave along TBs due to their intrinsic brittleness.
Conversely, at closer spacing, stress-induced twinning and disloca-
tion slip on adjacent TBs trigger a cascade of dislocation activities,
enhancing fracture toughness. These studies reveal that crack tip
toughening related to TBs primarily results from dislocation nucle-
ation at the crack tip. Despite these findings, existing studies pri-
marily focus on TB orientations of 0° and 90° relative to the crack
plane in plastic materials, overlooking the impact of slant TBs, es-
pecially in brittle or semi-brittle materials. Actually, when the TBs
are tilted, the misorientation angles of the grains on both sides
of the TBs change, which can significantly affect the stress state
at the TBs [24] and the form of the hindrance of twin boundaries
to dislocations [25]. On the other hand, microcracks often form in
random directions during sample preparation, leading to orienta-
tion variability between the TB and the crack tip, and the crack
tip orientation was found to strongly affect the fracture behavior
[26]. To address this gap, herein, we build an ideal model where
the crack tip aligns directly with slant TBs to systematically exam-
ine the dislocation nucleation at the crack tip induced by the slant
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TBs, offering a more comprehensive understanding of TBs’ general
toughening mechanisms.

In the present work, we focus on the TiAl alloy with a fully
lamellar (FL) microstructure (FL-TiAl), to investigate the impact
of slant twin boundaries on crack propagation driven by disloca-
tion nucleation from the crack tip. On the one hand, FL-TiAl it-
self is a natural material rich in TBs. Specifically, the FL-TiAl mi-
crostructure is characterized by parallel y-TiAl and minority o5-
TisAl lamellae, oriented according to the Blackburn relationship:
(111),, || (0001),, (110], |l (1150)012 [27-29]. The y phase, with
its ordered face-centered tetragonal (FCT-L1j) structure, exhibits
six orientation variants on the (111) plane because the [110] direc-
tion is not equivalent to the other two (011] directions, resulting
in three distinct y/y twin-related lamellar interfaces: true-twin,
120° rotational fault, and pseudo-twin. These interfaces are formed
by rotating the adjacent y phase around the (111) normal direc-
tion of the interface by 180°, 120°, and 60°, respectively [30,31].
Among these, the true twin boundary, akin to the TB in FCC mate-
rials, is fully coherent and has the lowest interface energy, mak-
ing it the most stable and prevalent boundary in FL-TiAl alloys
[32,33]. Previous studies on intrinsically ductile and isotropic met-
als highlight that TBs could induce dislocation nucleation at the
crack tip, which affects the incipient plasticity of the crack. How-
ever, for TiAl alloys, which is intrinsic brittleness, there are exten-
sive studies focusing on the role of TBs in the strength-ductility
mechanisms [34,35], while few investigations regard TBs-induced
crack toughening in TiAl alloys. On the other hand, TiAl alloys are
known for their strong anisotropy and limited slip systems, which
make their propensity for brittle cleavage along {111} planes [36].
Nevertheless, when a crack approaches the TBs, dislocation nucle-
ation also occurs at the crack tip, resulting in a noticeable blunting
of the crack tip [14,37,38]. Moreover, Yan et al. [39] revealed that
the relative orientation between the coherent TBs and the crack
in polysynthetic twinned TiAl alloys significantly affects the crack
propagation behavior. Although the interaction between TBs and
cracks in FL-TiAl alloys has been studied, and the crack propaga-
tion behavior is considered to be orientation sensitive, how the
stress field K near the crack tip varies with TBs orientation un-
der the mutual interactions between the crack tip and TBs remains
unknown. Therefore, studying the crack resistance related to the
slant TBs will provide more detailed information for TiAl prepara-
tion strategies to improve its toughness.

In this study, we investigate the K- for the first dislocation
nucleation at the crack tip located at various slant twin bound-
aries in nano-twinned TiAl alloys across a wide range of tem-
peratures and strain rates. For simplicity, a quasi-two-dimensional
model is employed, though future work could explore more realis-
tic crack propagation using a three-dimensional model. Our stud-
ies will quantitatively shed light on the role of the angle of the
crack plane relative to the TBs in affecting the dislocation nucle-
ation modes at the crack tip and have the potential to provide
valuable insights for developing TiAl preparation strategies to en-
hance alloy toughness.

2. Theory

2.1. Formulation of temperature and loading rate dependent critical
stress intensity factor Kjc

Due to the probabilistic nature of thermally activated processes,
the critical stress intensity factor Kjc for dislocation nucleation ex-
hibits a distribution of values rather than a single constant when
the same test is repeated multiple times. This variability necessi-
tates the use of nucleation statistics to define Kjc accurately. Ac-
cordingly, we calculate the probability and cumulative distributions
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of dislocation nucleation under varying stress intensity factors Kj,
temperatures, and loading rates.

Inspired by the model proposed by Sato et al. [6], which esti-
mates the temperature and loading-rate dependencies of the initial
pop-in load in nanoindentation, we can develop probability distri-
butions for dislocation nucleation from the crack tip. These distri-
butions, namely the probability distribution p(K;) and cumulative
probability distribution Q(K;) can be expressed as functions of the
stress intensity factor K; of mode I crack (For the derivation, as
shown in Supplementary Material S1).

The probability distribution p(K;) is defined as:

v(KI)exp[— (KK dlq*]

Ki
—Jo

where K; is the time derivation of K;, indicating that K; is a func-
tion of the externally applied load and/or displacement under spe-
cific boundary condition, thus K; is dependent on the loading rate
(or strain rate) of the specimen. K7®* represents the maximum
value of K¢ under a given K;.

The cumulative probability distribution is given by:

p(K) = (1)

‘max

I yiG yexp v(Ki*) /K dKl*]dKI

K
Q(k) = [ pekiyaig )

The rate of dislocation nucleation, v(K;), at a specific loading
condition specified by Kj, is described by:

)

where E(K;, T) represents the energy barrier for dislocation nucle-
ation at a given temperature T and stress intensity factor K;, and
kg is the Boltzmann constant. vy is the trial frequency and n is
the number of equivalent dislocation nucleation sites. At zero tem-
perature, E(K;,T =0) is estimated using free-end nudged elastic
band (FE-NEB) analysis [40,41] for the dislocation nucleation at the
crack tip under different K; conditions. To account for the tempera-
ture dependence, the Meyer-Neldel compensation relation (MN re-
lation) [42] is utilized, formulated as:

)

where T, can be the melting temperature.

The probability distribution p(K;) clearly depends on both tem-
perature and loading rate (the rate of the stress intensity factors
K;). The value of K; at the peak of p(K;) is defined as the critical
stress intensity factor K, which is also dependent on both tem-
perature and loading rate.

E(K,T)
kBT

v(K) = nvoexp<— (3)

T

E(K;, T) :E(KI,T:O)(I -7 (4)

2.2. Atomistic determination of stress intensity factors K;

In this study, we apply displacement loading to a target atomic
model with a crack to compute the atomic stress distribution near
the crack tip and derive K; by fitting the obtained atomic stress
distribution to that of the elastic solution, which will be discussed
later. It is important to note that the Large-scale atomic/molecular
massively parallel simulator LAMMPS [43], the atomistic simula-
tion software used in this study, outputs an atomic stress for
atom « as pf; which corresponds to the actual atomic stress ai‘}‘
multiplied by the atomic volume of atom «, having a unit of
GPa-m3. Due to the ambiguous definition of atomic volume, par-
ticularly in alloys, the atomic volume of individual atoms cannot
be uniquely defined; therefore, the stress distribution is not well-
defined. To address this, here we segment the model into small,
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non-overlapping units in which the atoms maintain the stoichio-
metric ratio of the alloy. We then define the volume-averaged lo-
cal stress oi‘]‘.““fk (GPa) of each unit k to obtain the near-tip stress
distribution:

N
oUE =" p (5)
a=1
where Ny is the number of atoms in unit k and €2, is the volume
of unit k.
Under Mode-I loading conditions, the local normal stress oyy
at the crack tip, perpendicular to the crack plane is described by
Williams’ expression [44] in a general form:

3
oy V27 =K+ CovV2mr + CivV2mr 2 4+ ...~ K + Cov/2mr (6)

where r is the distance from the crack tip. To determine K;, we
perform linear fitting of the oyy distribution obtained from atomic
simulation to Eq. (6). It's noted that stress values very close to the
crack tip, within the potential cutoff, are excluded from the K de-
termination to avoid uncertainties related to surface effects.

3. Model and method

To study the effect of the slant TBs on crack propagation, we
constructed a geometric crack model with TBs tilt of different an-
gles as shown in Fig. 1(a). The TB tilt angle 6, that is the angle be-
tween the normal of TB plane and the x-direction, can be tunable
from 0° to 90° by choosing a specific twin orientation with respect
to the loading axis y. Five TB tilt angles & between 0 and 90° are
considered in this paper, that is 15.79°, 29.5°, 45.29°, 54.74°, and
70.53°, respectively, and the specific lattice orientation of grains 1
and 2 on both sides of the TB are listed in Table 1. The TB spacing
d is set to be equal (15.05 nm) across all cases to circumvent the
coupling effects of multiple factors. An initial through-thickness
central crack is inserted by removing one layer of atoms and si-
multaneously excluding neighboring atomic interactions between
crack surfaces. It's noted that the crack tip is set to contact with
the TBs, as shown in Fig. 1. The reason is to make sure that the
stress field generated by the crack tip hits the TB and meanwhile
avoid the heterogeneity effect on both sides of the TB. Therefore,
the crack length L; in different models is determined by

d
" cosf 7)
To keep the periodicity of the tilted TBs along the x-direction,
the x-size (L) of the models will vary with the 6. Consequently,
we set the ratio of the crack length L, to the model length L to
a fixed value of ~0.235 to maintain the consistency between the
crack length and x-size of different models. The L and Ly values of
different models are given in Table 1, while the dimensions in the
y- and z-directions for all cases are 81.25 and 0.566 nm, respec-
tively. Periodic boundary conditions are imposed along the x- and
z-directions, but the boundary atoms within 2r¢ (r¢ is the cutoff ra-
dius of the applied EAM potential) along the y-direction held fixed
because a tensile displacement is applied along the y-direction to
drive the Mode I crack propagation. During this process, the di-
mensions W and L are allowed to relax to achieve zero normal
stress in the z and x directions, thereby establishing a plane stress
condition. These crack models are first relaxed using the conjugate-
gradient algorithm. As a representative, the relaxed atomic config-
urations with TBs tilted at 15.79°, 45.29°, and 70.53°, are shown
in Fig. 1(b-d). The TB-crack configurations are loaded in a quasi-
static manner with a timestep of 0.01 ps by controlling the y-
direction displacement of the fixed boundary atoms with an en-
gineering strain mesh of As/Hy = 0.0005, where Hj is the initial
height of the model. In each displacement step, the whole system

Lo
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Table 1

Lattice orientation of grains 1 and 2 on both sides of TB with different TB’s tilt angles.

Journal of Materials Science & Technology 222 (2025) 290-303

TB tilt Grain 1 Grain 2 Model dimensions Total number of Crack length, Ly (nm)
angle, 6 L in x-direction atoms, N (number of removed
X y z X y z (nm) atoms, Nerack)
15.79° [447] [778] [110] [221] [114] [110] 65.78 189,374 15.6
(234)
29.5° [113] [332] [110] [771] [11714] [110] 73.38 210,604 17.29
(260)
45.29° [2217] [17 17 4] [i10] [441] [118] [110] 90.79 260,222 21.4
(322)
54.74° [001] [110] [110] [221] [114] [110] 110.43 316,460 26.05
(388)
70.53° [115] [552] [110] [111] [112] [110] 191.27 548,010 45.15
(678)
(a) 1o planar fault energies, and elastic constants. In particular, it has
hhx . e .
/1 been proved to be suitable for describing the fracture mechanisms
~Fixed layer of the Ti-Al system [46,47]. All the simulations are performed by
LAMMPS code and the evolution of the atomic structure is visual-
Twi ized by an open visualization tool (OVITO) [48]. Common Neigh-
| Wi bor Analysis (CNA) and Dislocation Extraction Algorithm (DXA) are
boundary used to identify the defect structures and dislocations evolution,
respectively.
- Fixed layer 4. Results and discussion
=¥ hﬁX

) T

(c)

(b);

(d)

Fig. 1. (a) Schematic of slant TBs-crack model containing two types of grain 1 and
grain 2. hfi* is the thickness of the fixed layer. Front view of relaxed atomic config-
urations with the TBs tilt angle of (b) 6 = 15.79°; (c) 6 = 45.29°; (d) # = 70.53°.
Atoms in (b-d) are colored according to CNA. The atomic structures of FCT, hexago-
nal close-packed (HCP), and non-structured atoms are colored green, red, and white,
respectively. The same color definition is in succeeding figures.

is relaxed with the conjugate-gradient method. Repeat the same
displacement step until dislocation emission occurs at the crack
tip.

Embedded-atom method (EAM) interatomic potential for TiAl
developed by Zope et al. [45] is employed to express the interac-
tions between Ti and Al atoms. This potential was fitted on the ba-
sis of a database of experimental and ab-initial data and can give
a very good description of basic properties, such as point defects,
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4.1. Stress distribution near the crack tip

To map the stress distribution near the crack tip by the volume-
averaged local stress of Eq. (5), firstly, the region near the crack
tip is divided into non-overlapping and uniformly sized paral-
lelepiped units, which is through-thickness, along the direction
parallel to the twin boundary, and the Ti and Al atoms in the par-
allelepiped units maintain the stoichiometric ratio of the bulk ma-
terial, as shown in Fig. 2(a). To be specific, in a Ti-Al equimolar
alloy with a stoichiometric ratio of 1:1, each unit contains four
Ti and four Al atoms, as shown in the enlarged view in Fig. 2(b,
¢), which are colored with CNA and atomic type, respectively. Al-
though choosing larger units could yield a smoother stress distri-
bution, this would result in the loss of atomistic detail. Since the
atomic arrangement at the front of the crack varies with the TB
tilt angle 6, the region division is different from model to model.
As examples, the region divisions near the crack tip in configu-
rations with TBs tilted at 15.79°, 45.29°, and 70.53°, colored by
CNA and atomic type are shown in Fig. 2(d;-ds, e;—e3), respec-
tively. The corresponding arrangement and the number of atoms
in each unit cell are presented in Fig. 2(f;—f3). It can be seen there
are 4-layer atoms along the TB and 1 column of atoms along the
length in each unit cell. The volume $2; of the unit can be com-
puted from the average volume of atoms in the deforming model,
such as
Qi =W (H = 2h™)L x Ni/(N + N) (8)
where hfiX is the thickness of the fixed layer. N is the number of
atoms in the model and Nk js the number of atoms removed
to create the initial crack. N and N2k are [isted in Table 1. The
number of atoms in the unit k is N, = 8.

Subsequently, using Eq. (5), the atomic stresses in each unit
are summed and divided by the unit volume €, to characterize
the local stress at a certain point in front of the crack tip. The
volume-averaged local stress distribution near the crack tip evolv-
ing with the normalized y-displacement s = S/H; for different TB-
crack models are plotted in Fig. 3, where S is the y-displacement
of fixed boundary atoms.
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Fig. 2. Segmentation of parallelepiped units near the crack tip. The red line region in (a) indicates the segmented area. (b, c) The enlarged views of the red line region at
the right crack tip in (a). (d;-ds) The specific examples of parallelepiped unit division when TBs tilted of (d;) 15.79°, (d;) 45.29°, and (d3) 70.53°. Dashed lines represent the
boundaries of each divided unit. (f;-f3) The atomic arrangement in the divided unit corresponding to (d;-d3). Atoms in (b, d;-d3) are colored according to CNA. Atoms in
(c, e;—e3) are colored according to atom type. Red atoms represent Ti, and blue atoms represent Al.

4.2. Determination of stress intensity factors K;

Based on the Eq. (6), K; can be derived from the relationship
between oyy+/27r and r. The relationships between the oyy+/27r
and r under various normalized displacements s for different TB-
crack models are plotted in Fig. 4, and then the K; of each case is
determined by fitting these to Eq. (6) as shown in Fig. 5. Observing
that K varies approximately linearly with the normalized displace-
ment s (as seen in Fig. 5(a-e)), we describe Kj(s) using a linear
function: Kj(s) = vs + w, where v and w are fitting parameters. The
fitted linear functions K;(s) are also displayed in Fig. 5(a-e).

4.3. NEB analysis of the K;-dependent activation energy of dislocation
nucleation

After capturing the Kj(s), we examine the crack tip behavior
driven by K. Fig. 6 displays the snapshots of the first dislocation
emitted by the crack tip in different TB-crack models. As depicted
in Fig. 6, the impact of tilted TBs on crack tip behavior stems from
the nucleation of different dislocations. The behavior varies de-
pending on the path of the first dislocation: if it glides along the
slip system (112)(111) parallel to TBs, as shown in Fig. 6(a, b), the
behavior is categorized as twinning mode (where twin boundary
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migration results from dislocation motion along the twin bound-
ary). If the dislocation transmits across into adjacent grains along
the alternating slip system (112)(111), as illustrated in Fig. 6(c-e),
it is identified as dislocation slip mode. These modes can compete,
influencing the fracture behavior observed in the presence of slant
TBs.

To determine which of the two competing dislocation nucle-
ation modes predominantly influence crack propagation when TBs
have varying tilt angles, we discuss from the perspective of dis-
location nucleation rate. First, utilizing atomistic reaction pathway
analysis, we calculate the energy barriers E(K;,T=0) at T = 0 K
for the two competing dislocation nucleation modes under dif-
ferent K; conditions. This analysis is conducted using the FE-NEB
method to identify the minimum energy path (MEP) for dislocation
nucleation between specified initial and final states. The energy
barriers E(Kj, T = 0) are determined by the energy difference be-
tween the saddle point—representing the maximum potential en-
ergy along each MEP—and the initial state under corresponding K;.

Prior to the FE-NEB calculations, two local energy minimum
states (images) need to be identified, namely the initial and the
final state, which correspond to the atomic equilibrium configura-
tions before and after dislocation nucleation at the crack tip un-
der a prescribed Kj(s). Then taking the initial and the final state
as two ends (where the initial state is fixed and the final state
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is freely movable on their initial energy contours), a discretized
elastic band consisting of 13 intermediate configurations (repli-
cas) is constructed through a linear interpolation to connect the
initial and final states. The quick-min method was used for the
damped dynamics minimizer to make the elastic band converge
to the MEP. The spring constant in the FE-NEB method is set to
be 01 eV A2, and the calculations are considered to be con-
verged when the forces on each replica perpendicular to the path
are less than 0.002 eV A-l. In our calculations, the initial state
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of the atomic equilibrium configurations without dislocation nu-
cleation at the crack tip was obtained from MS simulation. While
the final state containing twinning or dislocation slip at the crack
tip, are artificially constructed (at the same K as the initial state)
by rigidly shifting the atoms parallel to the TB or sliding toward
the (112)(111) direction. Both constructed final states are then
further relaxed using the conjugate gradient method with the y-
displacement of the boundary atoms held fixed, to ensure the sim-
ulation domain and the number of atoms between the initial and



R. Fu, Z. Rui, J.-P. Du et al.

Journal of Materials Science & Technology 222 (2025) 290-303

a b) =
@ g 071" K157 ®) £ o7l = K295

& f\ " | Linear fitting of K(s & 5 —— Linear fitting of K,(s)

2°E 06) 2E o6f

2 g g8

[

£ o5} £2 05)

2 < 2

B " ogr Artemsrs0aes & 041 K=4134303%5-0.01817

s . & . :
. 0.014 0.016 0.018 0.012 0.014 0.016
Normalized displacement s Normalized displacement s
(©) @ (e)
= =
2 o7l = K.4520° S g7l = KosaTa £ o7l = K_705%
& f —— Linear fitting of K,(s) & é-\ — Linear fitting of K(s) & g’-\ — Linear fitting of Ki(s)
ZE 06} ZE o6t 2E o6r
g s 5 & 5 &
22 0sf 22 ost 22 05f
2 2 M 2 N "
£ 04 K=40.54798x5-0.04832 g 04r K=46.29662x5-0.1015 g 04 K=49.3985x5-0.02215
wn 1 1 /7] L L wnn 1 1
0.012 0.014 0.016 0.012 0.014 0.016 0.008 0.010 0.012

Normalized displacement s

Normalized displacement s

Normalized displacement s

Fig. 5. Stress intensity factor K; against normalized displacement s for the TB inclination of (a) 6 = 15.79°; (b) 6 = 29.5°%; (c) 6 = 45.29°; (d) 6 = 54.74°; and (e) & = 70.53°.
The black dots are K; value fitted using data in Fig. 4, while the red lines are linear fitting results to K(s) = vs +w.

£=0.018285

£=0.0168414

SO
T
5

SO0 BOGSIIE
AR r;vxx‘xlrxx;;ww.v, ]
e R roror SR
BB OB BB UL 00 a8S S O00S00c
S B A RG0S

SSSSEOSOsSSnS
e LS et e

sozsovs
33995¢
309009900900930¢

£=0.01390337

Fig. 6. Snapshots of the first dislocation emitted from the crack tip in different TB-crack models when the TBs inclinations are (a) 8 = 15.79°; (b) 8 = 29.5°; (c) 6 = 45.29°;

(d) 8 = 54.74°; and (e) 0 = 70.53°.

Fig. 7. The initial and final NEB images used to calculate the energy barriers of dislocation nucleation in the model with TBs tilt of 45.29°. (a) Initial NEB state; (b) Final

NEB state for twinning mode; (c) Final NEB state for dislocation slip mode.

final images are the same. Taking a TB tilt angle of 45.29° as an
example, the initial and the two potential final images, i.e. twin-
ning mode and dislocation slip mode, for the FE-NEB calculations
are presented in Fig. 7(a-c), respectively (initial and final images
for other cases can be found in Fig. S2-1 in Supplementary Ma-
terial S2). After performing the FE-NEB calculation, the resulting
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MEPs for twinning and dislocation slip modes at T = 0 K in differ-
ent TB-crack models, as a function of Kj, are illustrated in Fig. 8,
respectively.

In Fig. 9, we present activation energies E(K;, T = 0) for two
competing dislocation nucleation modes in each TB-crack model,
extracted from FE-NEB calculations, as discrete dots plotted against
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Fig. 9. Activation energies E(K;, T = 0) for two types of dislocation nucleation at the crack tip when TB inclinations are (a) 8 = 15.79°, (b) 6 = 29.5°, (c) 6 = 45.29°, (d)
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undergoes a transition from twinning mode to dislocation slip mode when 29.5° < 6 < 45.29°.

Table 2

Calculated critical stress intensity factor using Rice’s criterion (K}) and atomistic reaction pathway analysis (Kic) for different twin-crack systems at T = 0 K.

Twin-crack Burgers vector
system — - - - - -

twinning 6¢ [oN Rice K]‘} Our Kic dislocation slip 04 [N Rice K[‘é Our Kic

(MPa m%?) (MPa m©%>)

[2211(114) 74.2° 0° 0.49 0.87 113.14° 0° 0.67 227
[113]332) 60.5° 0° 0.39 0.68 99.44° 0° 0.63 0.79
[441]1118) {111)(112]  44.71° 0° 0.42 0.68 {(111)(112] 83.67° 0° 0.53 0.67
[221](114) 35.26° 0° 0.49 0.72 74.2° 0° 0.43 0.63
[111]112) 19.47° 0° 0.59 0.62 58.41° 0° 0.37 0.6

different K;. Although these FE-NEB calculations provide the acti-
vation energy-K; relation numerically, it's better to fit them to an
analytical form to express the activation energy-K; relation at any
K; to compute Eq. (1). Here, we assumed that E(K;, T = 0) can be
written the functional form E(Kj, T = 0) = A[1 — (I(I/Kl%)a]ﬁ, and it
was used to fit the obtained activation energy-K; relation, where
KIOc is the critical stress intensity factor K; at T = 0 K for which

E(KIOC, T =0) =0, while A, «, and B are fitting parameters. Here,
K]% is set to equal to Ki?**. The solid lines in Fig. 9 represent fit-

ting curves. It's important to note that since we already possess
actual simulation data for E(K;, T = 0), any fitting function that ac-
curately reproduces this data is suitable for use. The fitted func-
tions E(K;, T = 0) for two competing dislocation nucleation modes
in different cases are detailed in Table S3-1 of Supplementary Ma-
terial. In the present work, the form of E(K;, T = 0) is not so impor-
tant as long as the form can well-reproduce the E(Kj, T = 0) trend
obtained by the FE-NEB analysis. As depicted in Fig. 9, E(Kj, T = 0)
monotonically decreases with increasing K;. When E(K|,T =0)
reaches zero, a condition known as athermal dislocation nucle-
ation occurs, allowing dislocation to spontaneously nucleate from
the crack tip without the aid of thermal fluctuations. For TB tilt
angles 6 = 15.79° and 6 = 29.5° (Fig. 9(a, b)), the Kic for the twin-
ning mode is smaller than that for the dislocation slip mode. Con-
versely, for TB tilt angles 6 = 45.29°, 54.74°, and 70.53° (Fig. 9(c-
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e)), the results are the exactly opposite, indicating that under the
interference of the TB with tilt angle 6 < 29.5°, twinning mode
dominates crack propagation over the two competing dislocation
modes; while at TB'’s tilt angle 6 > 45.29°, dislocation slip becomes
the favorable nucleation mode to promote crack growth. In theory,
the linear elastic fracture mechanics-based Rice criteria are often
used to predict the Kic for dislocation nucleation from the crack
tip. Considering that y-TiAl itself is of pronounced anisotropy, here
the KIRC required for two competing dislocation nucleation modes
(twinning mode and dislocation slip mode) from the crack tip at
T = 0 K in a simplified crack model are also predicted from the
anisotropic version of Rice’s criterion [1,2,14,49,50,51]. The com-
parison between the theoretical I(l‘é, as calculated by Rice crite-
ria, and the Kjc as obtained from atomistic reaction pathway anal-
ysis is given in Table 2. The detailed anisotropic calculations KIRC
for dislocation nucleation are presented in Supplementary Mate-
rials S4. The results in Table 2 indicate that the trend of KI'E for
two competing dislocation nucleations in various TB-crack systems
predicted by Rice criteria is consistent with the Kjc obtained in
the present work, including the dominant dislocation mode based
on the K} value. However, the value of the K} is always smaller
than our Kic. This is because when the crack tip is attached to
the twin boundary, the crack propagation behavior is significantly
dominated by the interfacial shearing events along with the ap-
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plied mode I loading, which eventually leads to a complex mixed-
mode type of loading scenario [14]. As a result, KI*E, as calculated
by Rice criteria for pure mode-I loading underestimate the Kjc for
mixed loading mode.

In Table 2, the twin-crack systems are represented as ’[](),
where square brackets [] represent the crack advancement direc-
tion and round brackets () represent the pre-crack plane. 6 and ®
are the angle between the crack direction and the slip plane, and
the dislocation Burgers vector with respect to the crack front in
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the slip plane. Subscript t and d represent the twinning mode and
dislocation slip mode, respectively.

Additionally, it is noteworthy that the KI% of dislocation nu-
cleation leading to crack propagation decreases with increasing
TB tilt angle. Interestingly, for the case of TB tilt of 54.74°, the
dominant dislocation nucleation’s K¢ is 0.63, aligning with K% =
0.62 reported by Neogi et al. [14] in a study of trans-lamellar
crack advancement at a TB with the same tilt angle (they de-
fined the angle as counterclockwise rotation relative to the y-
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axis) using resistance curves (R-curves) obtained from atomistic
simulation.

4.4. Temperature and strain rate dependence of Kic

Considering that dislocation nucleation is a thermally activated
rate-controlling process at finite temperatures and is notably sen-
sitive to the rate [4,52-54], we plan to integrate transition state
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theory with the obtained activation energy-stress intensity factor
relationship E(K;, T = 0) to predict the dominant dislocation nu-
cleation mode that facilitates crack propagation at finite temper-
atures and loading rates. This model will also delineate the K¢
dependence on temperature and loading rate. This approach will
comprehensively reveal the influence of slant twin boundaries on
crack propagation behavior across a wide range of temperatures
and loading rates, including those typical of realistic experimental
conditions.
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nucleation mode over wide temperature and loading rate ranges. TB tilt angles are (a) 15.79°, (b) 29.5°, (c) 45.29°, (d) 54.74°, and (e) 70.53°. The color of the 3D plane
represents the dominant dislocation nucleation mode, orange: twining mode, and violet: dislocation slip mode.

Assuming MN relation, the temperature-dependent energy bar-
rier E(K;, T) can be estimated as E(K,T) = E(K;, T =0)(1 = T/T),
where Ty, we here simply used the melting temperature, which
is approximately 1733 K for TiAl [55]. For the calculation based
on Eq. (3), we consider the number of equivalent nucleation sites
n = 1 and set the physical trial frequency vg to 10! s71, Due to
applying a constant tensile displacement rate s to the system, and
in terms of the relation Kj(s) = vs + w derived in Section 4.2, K; at
time t is computed as K; = vst + w. Therefore, the time derivative
of K; over time t is K; = vs. Based on these relations, we compute
the corresponding frequency distribution p(K;) and the cumulative
probability Q(K;) of two competing dislocation nucleation modes
using Eqs. (1) and (2), respectively. The results under a specified
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loading rate (§=5 x 1072 s~1) at different temperatures are illus-
trated in Fig. 10, and results at a specific temperature (T = 300 K)
for different loading rates are shown in Fig. 11. In addition, for the
TBs tilted at different angles, the p(K;) and Q(K;) for two competing
nucleation dislocation modes over a wide range of temperatures
(100-1000 K) and strain rates (5 x 10° - 5 x 10% s—1) are plotted
in Figs. S5-1 - S5-5 in Supplementary Material S5.

The Kic where dislocation nucleation most likely occurs can be
directly extracted from the peak point of the p(K;) curve. The dis-
location nucleation mode with lower Kjc among the two is consid-
ered the dominant mechanism at specific temperatures and load-
ing rates, thus Figs. 10 and 11 show that twinning mode dominates
when TBs tilt at 15.79° and 29.5° (Figs. 10(a, b) and 11(a, b)), while
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Fig. 13. Probability distributions of first dislocation nucleation as a function of the critical stress intensity factor Kic for the TBs tilt angle of (a) 15.79°, (b) 45.29°, and
(c) 70.53° at T = 300 K and strain rate ¢ =5 x 10° s~1. The dots are the MD results and the solid line represents the results based on Eq. (1). The bin width of the MD

probability plot is 0.02 MPa m®3,

for the TBs tilt of 45.29°, 54.74°, and 70.53°, dislocation slip mode
dominants (Figs. 10(c-e) and 11(c-e)). The comprehensive influ-
ence of TB tilt angle on temperature and loading rate-dependent
Kic of dominant mode is displayed in a 3D view in Fig. 12. Here, it
is worth mentioning that the predicted K; of the dominant disloca-
tion nucleation decreases with the decrease of loading rate and the
increase of temperature. It indicates that at the same temperature,
the fracture toughness of the material at the atomic scale is better
than that at higher length scales, which cannot be well captured
by atomistic simulation alone.

Interestingly, as clearly shown in Figs. 10 and S5-1 - S5-5,
at § = 29.5° and 6 = 70.53°, we observe a non-negligible over-
lap of frequency distribution p(Kj) between the two dislocation
modes at higher temperatures and lower loading rates, specifically
for 6 = 29.5°, the temperature above 800 K and the loading rate
below § =5 x 10* s~1, while for 6 = 70.53°, the temperature is
above 900 K and the loading rate is below § =5 x 10% s—1. It indi-
cates that both modes can be activated, at a typical experimental
loading rate (displacement rate/strain rate) at higher temperatures.
This observation highlights the inadequacy of molecular dynamics
simulations in exploring scenarios due to their time scale limita-
tions.

It is worth mentioning here that our method well reproduce
the same mechanistic features as the experimental result of Wang
et al. [56]. They use a three-point bending test to examine the ef-
fect of the lamellar interface orientation on the fracture toughness
of TiAl PST crystals at room temperature and also concluded that
the fracture toughness increases with the decrease of the tilt angle
(corresponding to the angle of 6 in present work) of the lamellar
interfaces. Although they didn’t specifically isolate TBs from lamel-
lar interfaces, the result can roughly represent the influence of the
TBs because the TBs account for the largest proportion in lamel-
lar interfaces as pointed out in the introduction. In their study,
the fracture toughness Kic of & = 12° and € = 65.5° are 19.5 and
9.7 MPa m%>, respectively. There is an improvement of approxi-
mately 101 % of K¢ increasing with the decrease of the 8. However,
the Kic of & = 15.79° and € = 70.53° we obtained at the T = 300 K
is 0.438 and 0.332 MPa m®>, which only increases by about 32 %
as the 6 decreases. The reason for this deviation may be that (1)
The current research just focuses on 2D crack propagation, while
in practical experiments, it is usually 3D crack propagation. And for
real experiments, even very thin specimens, its thickness should be
much larger than that in MD simulations, Therefore, crack prop-
agation must be more like 3D in order to obtain lower Kic; (2)
the Kic magnitude can be significantly increased by the interaction
between complex defect structures in real materials and crack tip
stress field; (3) we set the crack tip locate at the twin boundary,
so the effect of the heterogeneity on both sides of TB on disloca-

302

tion nucleation is neglected; (4) we only focused on the first dis-
location event at the crack tip, while ignoring the influence of TB
spacing and interactions between different interfaces. Nevertheless,
the method we used in this paper bridges atomic quantities and
real experiments to a certain extent. The issues mentioned above
require further investigations and will be addressed in our future
work.

4.5. Direct molecular dynamics simulation of dislocation nucleation

To confirm the thermal activation nature of Kjc of dislocation
nucleation at the crack tip and the validity of Eq. (1) in terms of
temperature and loading-rate dependencies, we also performed 60
molecular dynamics (MD) tensile simulations (with different ran-
dom initial atomic velocity generation seeds) on crack models with
TBs tilt of 15.29°, 45.29°, and 70.53°, at T = 300 K and loading
rate § =5 x 10% s—1 with a timestep of 0.001 ps. We observed that
across all cases of TB tilt angles, the dislocation nucleation mode
that is activated consistently aligns with the predictions made in
Section 4.4. Fig. 13 shows the Kjc distributions for the first dis-
location nucleation at the crack tip in these three different cases,
which well supports the theoretical prediction of the temperature
and loading-rate dependent critical stress intensity factor Kic (see
also Section S7 in Supplemental Material for the details of Kijc com-
putation at higher temperatures).

5. Summary and conclusions

In this study, we integrate Transition State Theory with atom-
istic simulation calculations to explore how the tilt angle of
twin boundaries (TBs) affects the critical stress intensity factor
of dislocation nucleation from the crack tip (Kjc) and to predict
Kic's dependence on temperature and loading rate (displacement
rate/strain rate). This analysis focuses on the first dislocation nu-
cleation event at the crack tip. We determine the K¢ for disloca-
tion nucleation—where it is most probable—by identifying the peak
of the frequency distribution p(K;) of the dislocation nucleation
event. Our findings reveal that the dominant dislocation mode in-
fluencing crack propagation varies with the TB tilt angle. Specif-
ically, twinning dislocation nucleation at the crack tip dominates
crack propagation when TBs tilt at 15.79° and 29.5°, while for
the TBs tilt at 45.29°, 54.74°, and 70.53°, dislocation slip emerges
as the preferred mode driving crack growth. Moreover, at a TBs
tilt of 29.5° and 70.53°, at higher temperature (above 800 K for
29.5° and above 900 K for 70.53°) and lower loading rates (be-
low 5 x 10% s~! for 29.5° and below 5 x 10? s~! for 70.53°), both
dislocation nucleation modes can be activated with almost equal



R. Fu, Z. Rui, J.-P. Du et al.

probability. We emphasize that without analyzing the dependen-
cies on temperature and loading rate of typical experiments, the
overlap of these modes would remain unidentified. The rate and
temperature-dependent critical stress intensity factor derived from
our method can indeed be instrumental in higher length scale
analyses, such as crystal plasticity and dislocation dynamics. These
applications are particularly relevant when studying dislocation
nucleation from crack tips under various loading rates and temper-
atures. Our method offers a quantitative basis that can bridge the
gap typically present between atomistic and higher-scale modeling
methods, providing detailed atomistic insights that are otherwise
challenging to obtain directly in higher-scale modeling methods.
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