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ABSTRACT

While the mechanical properties of the stoichiometric B2 S-phase of NiAl are well established, the effect
of off-stoichiometric composition on the fracture behavior has not yet been systematically studied over
the entire composition range of 40-55% Al. Here we use microbending tests on notched cantilever beams
FIB-milled from NiAl single crystals with an aluminized as well as an oxidation-induced composition gra-
dient to determine the influence of the Al concentration on the fracture toughness. Small variations from
the stoichiometric composition are shown to lead to drastic changes in fracture behavior. Ni-rich NiAl
shows a gradual decrease of fracture toughness and plastic energy dissipation with Ni-concentration that
follows the inverse proportionality to the yield stress postulated by the Ritchie, Knott and Rice (RKR)
model. Al-rich NiAl, however, shows a concentration-independent low fracture toughness and no signs of
accompanying plasticity - both which can not be described by the RKR model. Detailed atomistic simula-
tions show that rather than affecting the theoretical fracture toughness according to the thermodynamic
Griffith criterion, structural vacancies in Al-rich NiAl lower the kinetic barrier for crack propagation, ex-
plaining the observed different concentration dependence of the fracture toughness. Similar observations

are also expected for fracture in other off-stoichiometric B2 aluminides.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

The intermetallic phase NiAl is regarded as promising candidate
material for high temperature applications because of its low den-
sity, high thermal conductivity and excellent oxidation resistance
[1,2]. However, the low fracture toughness and poor ductility at
room temperature as well as the comparatively low creep strength
have been major obstacles towards its application as high tempera-
ture structural material [3]. NiAl, which crystallizes in the B2 (CsCl)
structure, is however frequently used as a bond coat material for
oxidation protection of turbine blades and vanes in aircraft engines
[4]. These bond coats have a characteristic composition gradient
throughout their thickness, which is believed to significantly af-
fect their mechanical behavior and failure resistance under load
[5]. Understanding the composition dependent mechanical prop-
erties of NiAl is therefore of prime importance for improving the
reliability of bond coats on turbine blades and vanes.
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The study of the composition dependence of fracture in inter-
metallic alloys is, however, also interesting from a fundamental
point of view. The fracture toughness of semi-brittle materials like
B2 NiAl is determined by the competition between bond breaking
and dislocation processes at the crack tip [6]. While the influence
of Al concentration on the yield stress and the dislocation mobility
in NiAl has been extensively studied [7-9], including by atomistic
simulations [10-14], no such detailed studies exist regarding the
bond breaking processes leading to brittle cleavage.

Since typical bond coats have thicknesses of just up to 100 um,
testing their mechanical properties with standard methods is chal-
lenging. In-situ microscale mechanical testing of cantilevers milled
by a focused ion beam (FIB) as introduced by Di Maio and Hal-
ford [15,16] can address these challenges and has been success-
fully applied to determine the properties of materials like Si [15],
TiAl [16,17], W [18], Cu [19] and recently also of NiAl bond coats
[20-22]. The study by Jaya et al. [20] was however conducted on
polycrystalline parts of the bond coat so that grain boundary (GB)
fracture dominated. The cantilevers in [21] were milled in individ-
ual grains, thus in principle allowing to compare their results to
macroscopic fracture toughness on single crystalline NiAl, see e.g.,
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[23]. However, they only studied stoichiometric and NiggAlyy coat-
ings, which contained additional elements like Cr, Co and Pt.

A different approach to study the influence of Al concentration
on the fracture behavior of NiAl thin films was used by Wellner
et al. [24]. They used thermal cycling to induce strain in polycrys-
talline NiAl films of different homogeneous compositions on a Si
substrate. Stoichiometric and Ni-rich NiAl films showed no cracks
in their study, whereas Al-rich films exhibited pronounced crack-
ing. However, the fracture toughness could only be determined for
Al-rich films, where GB fracture dominated. A systematic study
on the influence of off-stoichiometric composition on the fracture
toughness of pure, single crystalline NiAl is currently lacking.

By performing microcantilever tests with different cantilever
sizes and geometries on stoichiometric NiAl, Ast et al. could estab-
lish that the fracture toughness of NiAl at room temperature does
not depend on the specimen size for characteristic lengths down to
the micro scale [25]. In-situ microscale testing on compositionally
graded single-crystalline NiAl thus present a unique model system
to study the effect of off-stoichiometric composition on the frac-
ture behavior of the intermetallic B2 Nig s, _xAlgs_,4x Phase.

A complementary approach to study the influence of Al con-
centration on the fracture toughness of NiAl is the use of atomistic
simulations. Atomistic simulations have provided considerable in-
sight in the atomic scale details of brittle fracture and crack tip
plasticity in general [26]. Previous molecular static (MS) simula-
tions of cracks in NiAl [27,28] have confirmed the experimental
finding that the {110} planes are the primary and most probably
the only natural cleavage planes of NiAl [23]. Dislocation emis-
sion was only observed for mixed mode loading or cracks on other
planes. The emitted dislocations had (100) type Burgers vectors
and were gliding on either {100} or {110} planes [27,28]. Molecular
dynamics (MD) simulations at 5 K by Guo et al. [29] suggest that
at low temperatures and high strains the stress-induced formation
of martensite might contribute to the dissipation of strain energy
ahead of the crack front. However, unphysical phase transitions at
crack tips are a notorious problem for potentials of the embedded
atom method (EAM) type [30,31]. All simulations so far were per-
formed on stoichiometric NiAl. In general, very few simulations on
the effect of the local chemical composition on crack-tip processes
exist [26,32,33], and none of them in NiAl

Here we combine nanomechanical tests on different regions of
compositionally graded pure NiAl single crystals with atomistic
simulations to investigate the influence of Al concentration on the
fracture toughness of B2 NiAlL

2. Materials and methods
2.1. Sample preparation and testing

The influence of the chemical composition on the mechanical
properties of the B2 phase was investigated using two single crys-
talline NiAl samples. Both were manufactured from pure elements
with a purity of > 99.95% for Ni and > 99.999% for Al. Single crys-
tals were cast by the Bridgman process and cooled with a cool-
ing rate of 1K/min, see [34] for details of the sample prepara-
tion. According to [35,36] this slow cooling rate effectively reduces
the number of thermal vacancies in the stoichiometric sample. To
introduce a gradient in chemical composition, sample 1 was an-
nealed in a furnace under air atmosphere at 1100°C for 100 h
The gradient, which developed due to the growth of alumina at
the surface, was analyzed by energy dispersive X-ray spectroscopy.
Sample 1 covers only the Ni-rich part of the phase field. Therefore,
a second NiAl single crystal was aluminized in a pack cementa-
tion process and subsequently diffusion annealed to increase the
Al-content (sample 2). The annealing temperatures to generate the
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Fig. 1. a) Schematic of a microcantilever used to tests cracks in the “soft” orienta-
tion together with the NiAl unit cell and crystallographic directions. The crack plane
is parallel to a (110) plane. b) SE micrograph of the geometry of a microcantilever.

Ni-rich and the Al-rich samples was 1100 °C at most and both sam-
ples were air-cooled afterwards.

The samples were subsequently ground with maximum orienta-
tion deviation of 5° and finished with electropolishing. The micro-
cantilevers were then prepared according to the routine proposed
by Igbal et al. [17] along the edge of the sample in different po-
sitions of the chemical gradient. The advantage of this procedure
is that all microcantilevers have the same crystallographic orien-
tation, which was confirmed by electron backscattered diffraction
(EBSD) measurements. The orientation of the microcantilevers is
shown in Fig. 1a). Cracks with (110) plane orientation were intro-
duced such that their crack front was oriented along the [001] di-
rection. This orientation is often referred to as “soft” orientation,
because the yield stress in tensile test along this direction is be-
low 270 MPa [37,38], much lower than the one in the “hard” (100)
direction (=~ 1400 MPa) [38]. The {110} planes were shown to be
the natural cleavage planes of NiAl with a relatively low fracture
toughness of 4 MPa m'/2 [39]. The FIB milled microcantilevers
were tested inside a scanning electron microscope (SEM) (Cross-
beam 1540 EsB, Carl Zeiss AG, Germany) using a micromanipula-
tor equipped with a force measurement system (FMS) (Kleindiek
Nanotechnik, Germany). This allows the in-situ observation of the
experiment and also to track the displacement with digital image
correlation (DIC). Here, the software VEDDAC 5.1 [40] was used to
evaluate the displacement fields. Fig. 1b) shows the final microcan-
tilever geometry. In the following, the force that is applied by the
indenter tip is denoted by F, the beam thickness by B, the width
by W, the notch length by a and the distance from the indenter
tip to the notch by L. Macroscopic experiments to determine the
fracture toughness make use of nominally atomically sharp cracks
introduced by fatigue pre-cracking. This is not possible in the mi-
croscopic setup. Instead, a notch is milled from the top with a fine
FIB current of 10 pA and 30 kV acceleration voltage. The notch
radius is approximately 10 nm, similar to the ones in [25]. For a
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more detailed description of the testing methodology the reader is
referred to [17,25,41].

2.2. Fracture mechanical analysis

The fracture toughness can be calculated from a notched bend-
ing test according to Eq. (1), if the plastic zone around the crack tip
is small compared to the dimensions of the bending beam [42]:

FQL a
Kio = BW 3 (W) M)
This equation uses the maximum force Fnax for Fy at the point of
fracture and the beam geometry as introduced above. A geometry
function for this beam geometry, which only depends on a and W
was determined by finite element modeling (FEM) by Igbal et al.
[17].

According to the standards for fracture toughness determination
[42,43], several requirements must be fulfilled. Due to the small
size of the microcantilevers, not all of them could be met in this
setup. The present approach was however shown to lead to results
comparable to macroscopic tests [17,21,25]. If, however, the extent
of the plastic zone at the crack tip is comparable to the speci-
men size, and the load-displacement curve shows a deviation from
the elastic behavior, elastic-plastic fracture mechanics (EPFM) has
to be used instead of Eq. (1). This requires the calculation of the
J-integral that takes the elastic J and the plastic contribution Jj
into account [43]:

K& —v?) 24,
J:Jel +Jp1 = E B(W—a)

Here Kjq was calculated with Eq. (1) using Fy = Fy 95 and is then
accordingly denoted by K; g 5. Following [43], Fy 95 was determined
from the load-displacement plot as the force at the intersection of
a straight line through the origin with a slope of 0.95E (see Fig. S1
in the supplementary material). The term (1 —v2)/E in Eq. (2),
which combines the Young’s modulus E and Poisson ratio v, was
calculated from the elastic constants c;; for the specific chemical
composition [44] and the orientation of the crack following [45].
The plastic contribution J, was determined by using the area A
under the load-displacement curve, excluding the elastic contribu-
tion. The value of the constant was set to 2. The J-integral was then
used with the expression

JE

1-v2

(2)

Koy = (3)
to calculate the fracture toughness Kq;. As the samples did not
fulfil all the requirements of the standards for fracture toughness
determination, Kq is referred to as conditional fracture toughness
[18].

2.3. Calculation of the theoretical fracture toughness

According to Griffith [46], the theoretical plane strain fracture
toughness K; can be expressed in terms of the energy release rate
G by

Kg = v/ GeE-1, (4)

with E being an orientation dependent elastic constant that can be
expressed in terms of ¢;; [45]. For fracture to take place, the critical
energy release rate Gg has to equal the energy of the surfaces 2y;s
created by the propagating crack:

Gg = 2ys. (5)

To evaluate K; for different chemical compositions, ¢;; and ys
need to be determined for these compositions. This was achieved
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by performing MS calculations on a sample containing 15 x 15 x 15
B2 NiAl unit cells. The respective off-stoichiometric compositions
were modelled by randomly replacing Ni atoms by vacancies for
Al-rich compositions, and Al atoms by Ni atoms on the Ni-rich
side [47]. For the calculation, periodic boundary conditions (PBC)
were used in all directions, and the box size was adjusted to obtain
a stress-free minimum energy configuration. The surface energies
were calculated by performing the MS simulations without PBC
in the [110] direction. The calculations were performed on three
different samples to provide an average value for the elastic con-
stants and surface energies, independent of the individual atomic
arrangement. All MS simulations were performed with the FIRE al-
gorithm [48], and the EAM potential for NiAl by Pun and Mishin
[49]. This potential was shown to reproduce well the equilibrium
and defect properties of NiAl as determined from ab-initio simula-
tions and experiments [49]. The relevant properties of this poten-
tial are provided in Table 1 in the supplementary material.

2.4. Atomistic fracture simulations

To study cracks under mode-I loading, an atomically sharp crack
was introduced in a cylindrical sample of radius R = 15 nm by dis-
placing the atoms according to the linear elastic solution of a crack
in an infinite anisotropic elastic body [45,50]. PBCs were used in
crack front ([001]) direction and atoms in a boundary layer of two
times the cut-off radius of the potential were fixed. The setup is
shown in Fig. S2 a) of the supplementary material. To determine
the fracture toughness, MS calculations were performed where the
applied stress intensity factor was iteratively increased in steps of

AK; = 0.007 MPa m?. The critical stress intensity factor Kj. was
taken as the stress intensity at which the entire crack propagated
by at least one atomic distance. For details of the simulation pro-
cedure see [30,51]. The calculations were performed on five sam-
ples to study the influence of the statistical distribution of atomic
species in the off-stoichiometric samples. Doubling the sample size
to R=30 nm only lead at maximum to a change in the fracture
toughness within one increment AK;.

A different set-up (Fig. S2 b in the supplementary material)
was used to study propagating cracks. A sample size of 70 x 70 x
20 nm3 with PBC in the [001] direction and fixed boundary condi-
tions in the other directions was used. A blunted crack was intro-
duced at the center of the sample by removal of one half-plane of
atoms. Afterwards, the displacement field of a semi-elliptical crack
was applied and the configuration was strained by a value slightly
below the critical strain ¢ according to the Griffith energy balance
as determined following [52]. The crack tip was located at 40% of
the box length in [110] direction. The entire configuration was re-
laxed ensuring zero stress in PBC direction. Standard MD simula-
tions with a starting temperature of 0 K were performed while
the sample is homogeneously strained in [110] direction at a strain
rate of 108 s, while maintaining zero stress in the orthogonal di-
rections. Dislocations and their Burgers vectors were identified us-
ing slip vector analysis method [53]. The Open Visualization Tool
(OVITO) was used for visualization of the atomistic simulation data
[54].

3. Results
3.1. Microstructural and chemical analyses

The micrographs in backscattered electron contrast and the
chemical composition of both B2 NiAl samples are shown in Fig. 2.
With increasing Ni- and Al- content towards the right side of the
samples a light grey and dark grey zone with the chemical gra-
dient can be distinguished from the grey stoichiometric NiAl on
the left side of both samples. The Al-content of sample 1 (Fig. 2a)
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Fig. 2. a) SEM micrographs and corresponding concentration profiles of both sam-
ples with gradients towards high a) Ni- and b) Al-content.

decreases sharply within a distance of 10 um from the stoichio-
metric composition to 45 at% and then gradually falls off to a
concentration below 40 at%. The overall gradient in the chemi-
cal composition of sample 2 (Fig. 2b) is less steep than in sam-
ple 1, but also exhibits a jump in the concentration profile close
to the stoichiometric composition. Since a martensitic phase trans-
formation is know to occur during quenching from temperatures
above 1000°C to room temperature [55,56], and for Ni-rich NiAl
and NiAl-martensite also the formation of the orthorhombic NisAlz
phase has been reported for temperatures below 700°C [57], only
measurements in the composition range between 40 and 55 at%
Al were included in this study to guarantee that the fracture tests
were performed in a single B2 phase.

3.2. In-situ microcantilever bending experiments

Depending on the composition, purely linear elastic as well as
elastic-plastic load-displacement response of the notched micro-
cantilevers were observed during the bending experiments. Fig-
ure S1 in the supplementary material shows two representative
cases together with the constructions to determine the neces-
sary parameters to calculate the fracture toughness according to
Eq. (1) or (2). Representative load-displacement curves for differ-
ent compositions can be found in Fig. 3a). The linear elastic parts
do not have exactly the same slope, because the distance L of the
crack from the loading point, i.e., the contact with the indenter,
is not identical in all cases. The different L are however consid-
ered in the determination of the fracture toughness, Eqs. (1) and
(3), see also Fig. 3b). The Al-rich microcantilevers show a linear-
elastic behavior up to the point of fracture. Here, the maximum
load Fnax can be used for the value of Fy in Eq. (1) to deter-
mine the fracture toughness. That way, the average fracture tough-
ness of cantilevers with Al-rich compositions was determined to
Ki of 2.1 +£0.2 MPa m!/2. Stoichiometric and Ni-rich NiAl micro-
cantilevers, however, showed an elastic-plastic behavior. For these
compositions, the condition Fpax/Fygs > 1.1 [43] is not met, and
EPFM Eqgs. (2) and (3) rather than LEFM (Eq. 1) has to be used.
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Fig. 3. (a) Representative experimental load-displacement curves for different Al-
concentrations. (b) Plot of stress intensity factor vs. relative displacement as cal-
culated from (a) using Eq. (1). The fracture toughness values determined by
Egs. (1) and (2) are provided next to the data points in (a).

Fig. 3a) clearly shows that for the Ni-rich compositions, Ay de-
creased with decreasing Al-content. The fracture toughness val-
ues of all tested specimens are shown in Fig. 4. For purely brit-
tle materials, Eqs. (1) and (3) lead to the same fracture tough-
ness Kjq = Kq . Therefore, only Kg ; is plotted in Fig. 4. In the case
fracture was accompanied by plastic deformation, the difference
Ko — Kiq were used to evaluate the amount of plasticity and the
deviation from the purely elastic behavior of the load-displacement
curve. The data points in Fig. 4 are color-coded according to this
measure. In this Figure, the increase of plastic deformation and
fracture toughness with increasing Al concentration in the Ni-rich
part of the B2 phase is clearly evident. In Al rich NiAl, however,
no plastic contribution to Ko ; could be discerned, and the fracture
toughness appeared not to be influenced by the Al concentration.
In the B2 part of sample 1, the microcantilever with composition
closest to the stoichiometric composition had the highest fracture
toughness (Kq j = 4.8 MPa m'/2) and the largest deviation from the
LEFM calculation (K g5 = 0.9 MPa m'/2).

Fracture surfaces of broken microcantilevers with different Al
concentrations are shown in Fig. 5. Al-rich NiAl like the example
at 53 at% in Fig. 5 shows typical cleavage fracture with a smooth
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schematic load-displacement (F —s) curves for linear-elastic (left) fracture behavior
of Al rich samples and elastic-plastic (right) fracture behavior of Ni rich concentra-
tions.

crack onset right below the notch. Cracks in Ni-rich B2 NiAl, how-
ever, show a more ragged appearance, see Fig. 5. A common fea-
ture for all cracks in Ni-rich microcantilevers is a short initial
phase of stable crack growth before final fracture. The arrow in
Fig. 5 shows where the final fracture initiated. The step-like struc-
ture below and parallel to the notch suggests that the crack might
have momentarily stopped before finally fracturing the cantilever.
The initial stable crack growth can also be seen in movie M1 in the
supplementary material.

3.3. Atomistic calculations

The lattice constant ap, the elastic constants ¢;; and the sur-
face energy of (110) surfaces y(119) were calculated for B2 NiAl

Acta Materialia 234 (2022) 117996

for the composition range between 35 at% Al to 60 at% Al. Values
for 45, 50, and 55 at% Al are provided in Table 1 of the supple-
mentary material. While cq; is lowest for stoichiometric NiAl, ci
and c44 show a significant decrease with increased Al concentra-
tion. It is interesting to note that the Young’s modulus in [110] di-
rection Ejy19), however, shows an increase with increasing Al con-
tent, see Table 1 in the supplementary material. This can be un-
derstood by calculating the anisotropy ratio A, which also shows
a decline with increasing Al concentration. With decreasing elastic
anisotropy, the differences between the Young’s moduli in different
directions have to become smaller, i.e,, Ejy11) decreases while Ejyyq
and Ejyg) increase.

Based on the determined values of the surface energy and
the elastic properties, the theoretical value for the critical stress
intensity factor K; was calculated following the Griffith concept
|46] taking into account the anisotropic relationship between the
applied K; and the crack tip displacement field [45]. This the-
oretical fracture toughness according to LEFM assumes perfectly
brittle fracture and is the lowest possible fracture toughness of
this material. Its dependence on the composition is shown in
Fig. 6. Its value is nearly constant in the Ni-rich part (K; ~
0.76 MPa m'/2), slightly increases in the Al-rich part close to the
stoichiometric composition and then decreases with increasing Al
concentration.

The critical stress intensity factor Kj, determined from the qua-
sistatic fracture simulations are provided in Fig. 6 and Table 1. For
the off-stoichiometric compositions, they are relatively close to K,
while the stoichiometric composition figures a significantly larger
K than Kg. This difference is commonly attributed to the lattice
trapping [26,58] effect. Like in the study by Ludwig and Gumb-
sch [27], no dislocation emission was observed, also for the off-
stoichiometric samples, see Fig. S3 in the supplementary material.
The difference in their value for Kj. = 0.65 MPa m!/2 to our result
of K; = 0.87 MPa m!/2 is most probably rooted in the different po-
tential used in this study.

The generally large differences between atomistically and ex-
perimentally determined values of the fracture toughness which
are obvious in Fig. 6 are well-known and are attributed to the ide-
alized simulation setup, that precludes effects due to the activity
of pre-existing dislocations, imperfect cleavage surfaces or atomic-
scale crack tip blunting, which are all present under typical exper-
imental conditions.

Fig. 5. Fracture surface of microcantilevers with different chemical composition given in at%. The arrows indicate where the initially stable crack growth changed to unstable

crack propagation.
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Table 1

Results of the quasistatic and dynamic fracture simula-
tions: K; - theoretical fracture toughness according to
Eq. (4); K. - critical applied stress intensity at which the
crack either propagates or crack tip plasticity occurs; &g -
critical strain according to the Griffith energy balance; &,
- critical strain at which large-scale bond breaking pro-
cesses 0CCUr; &qis1o — Strain at which the first dislocation
is emitted; Behavior: D - dislocation emission, B - brittle
crack propagation.

NissAlys NiAl NigsAlss
Quasistatic:
Kg (MPa m'/2)  0.769 0.762  0.768
Kic (MPa m'/2) 077 £0.02  0.87 0.794+0.05
behavior: B B B
Dynamic:
ec (%) 24 2.6 2.1
Ecr (%) 3.22 3.32 2.21
Edislo (%) 4.1 4.0 34
behavior: B+D B+D B+D

Whereas the determination of Kj. by static simulations and the
concept of lattice trapping are well-established for uniform or or-
dered structures [59], determining the fracture toughness for crys-
tals with atomic-scale disorder like in the off-stoichiometric cases
is less straight-forward. In general, a crack can propagate by break-
ing all crack-tip bonds within one load increment, or by subse-
quently breaking of individual or multiple bonds during successive
load increments.

The first case is exemplary shown in Fig. 7b for the case for
stoichiometric NiAl, where all crack-tip bonds are identical and a
large lattice trapping was observed. Similarly, all cracks in Ni-rich
NiAl propagated within one load increment, see, e.g., Fig. 7a. How-
ever, the locally varying bonding situation at the crack tip resulted
to negligible lattice trapping, see Table 1.

In contrast all but one crack in Ni-55 at%Al showed prior bond
breaking (PBB) processes before the crack propagated at K, see
Figs. 7c and 8. Interestingly, PBB in the Al-rich samples was only
observed when the vacancies were not located directly at the crack
front and these samples also showed higher fracture toughness
values than the sample with vacancies directly at the crack tip that
showed no PBB. A possible explanation could be that the strength
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of metallic bonds as modelled by the EAM formalism depends on
the environment, with lower coordinated atoms having stronger
individual bonds [60]. In this context it is important to point out
that it was recently found that EAM potentials have one order of
magnitude higher lattice trapping than what would be expected
from Density Functional Theory calculations [61]. However, prior
breaking or reorganization of some crack-tip bonds before the en-
tire crack propagates can still be expected for cracks in disordered
media.

It is furthermore interesting to note that in Fig. 6 Kj. could be
smaller than predicted by the Griffith equation. This can be ex-
plained by the fact that the propagating crack produces only a sur-
face increment of one atomic spacing, whereas the surface energy
used to calculate K. according to Griffith in Fig. 6 was averaged
over a large area as well as multiple realizations. Crack advance
for values of K;. smaller than the thermodynamically averaged K;
is thus possible in the small setups used in typical atomistic simu-
lations. The present, established method therefore can not be used
to determine thermodynamically reasonable values for the fracture
toughness in atomically disordered systems. This would require the
propagation of the crack over large distances, which - under pure
K-controlled loading - is not possible with the currently available
boundary conditions.

Crack propagation therefore was studied using a strain- rather
than a K-controlled setup. Snapshots from the MD simulations are
shown in Fig. 9. For the stoichiometric sample, Fig. 9b), the crack
propagated for a couple of lattice constants and then started to
emit a dislocation on the [100](010) slip system. The crack was
slowed down by the emission of the dislocation, but under the
constant strain rate of 108 s~1, the crack propagated further and
emitted another dislocation on the mirror symmetric [010](100)
slip system. The entire process can be seen in supplementary
movie M2.

The sample with 45 at% Al, Fig. 9a), behaved similarly to the
stoichiometric sample: The Griffith strain ¢; at which the elasti-
cally stored energy in the sample is identical to the surface energy
as well as the critical strain &. at which the crack started to prop-
agate were comparable. Also the emission of the first dislocation
(on the [010](100) system) took place at roughly the same strain,
see also Table 1. The emission of the second dislocation, however,
took place significantly later compared to the stoichiometric sam-
ple, see supplementary movie M3.

The Griffith strain for the sample with 55 at% Al, Fig. 9c), was
smaller than for the other samples (Table 1). More importantly,
however, is that crack propagation started at a value of g that
was only slightly larger than &; and 50% lower compared to the
stoichiometric and Ni-rich samples. In addition, the crack front ap-
peared rougher and dislocation emission started on both slip sys-
tems, see also supplementary movie M4. The crack propagation
distance as a function of time for all the compositions is shown
in Table 2 in the supplementary material.

Large slip traces that are in agreement with the observed
(100){010} dislocations were also seen in microcantilever tests per-
formed in the same orientation [25]. That dislocations were ob-
served in the dynamic but not in the static simulations can have
multiple reasons. The large strains necessary in the clamped strip
geometry could have lowered the energy barrier to nucleate dislo-
cations through the well-known tension-shear coupling [62]. Dis-
location emission could also be related to a dynamic crack tip
instability, or the kinks and jogs in the propagating crack front
provided preferable sites for dislocation nucleation [63]. In gen-
eral it has been shown, that the emission of loops rather than
straight dislocation lines as enforced by the boundary conditions
and the static minimization in the K-controlled setup, Fig. S2a)
in the supplementary material, requires lower activation energy
[64].
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Fig. 7. Example for the determination of the critical stress intensity factor (Kj.). In all cases the entire crack propagated by one atomic distance within one load increment,
resulting in a unique value for Kj..

4. Discussion with the presented results on near-stoichiometric, Ni-rich NiAl, see
Fig. 6.
The fracture toughness of stoichiometric B2 NiAl has been While the experiments on the Ni-rich samples showed a con-

determined by macroscopic fracture experiments to lie between tinuous decrease of fracture toughness and accompanying plas-
5 and 9 MPa m'/2 [23,34,39]. Using the same methodology as tic deformation (Fig. 4), the Al-rich samples showed nearly con-
in this paper, Ast et al. showed that these values were repro- stant low fracture toughness values between 1.7 and 2.4 MPa m!/2,
duced in microscale experiments [25], and their values agree well even for minute deviations from the stoichiometric composition.
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55 at.% Al

K, = 0.731 MPa m®5

Fig. 8. Example for the determination of the critical stress intensity factor when prior bond breaking (PBB) processes take place before the entire crack has advanced by
one atomic distance at the load Kj.. This behavior was only observed when structural vacancies were present close to the crack tips in Ni- 55 at.%Al. PBB are highlighted by

dashed ellipses. The atom colours and green arrows have same meaning as in figure 7.

a) 45% Al, g5 = 2.4 %, £,,=3.22 %

At =88ps
e=41%

At =67 ps
£e=40%

%

At =98 ps
£=422%

At =189 ps
£=517%

At =101 ps
£=435%

z[001] x[110]

At crack surface:
®Ni OAl

Slipvector Y component, A
2ET .2

b) 50% Al, £ = 2.6 %, £, =3.32 %

At = time from start of crack propagation
Aa, = average crack advance from &,

c) 55% Al, £5 = 2.1 %, £, = 2.21 %

At =116 ps
£=34%

At =130 ps
=354

At =230 ps
£=4.58%

Aa,, Aa,; = average crack advance
from previously shown timestep

Fig. 9. Snapshots from the MD simulations of cracks in NiAl samples of different compositions subjected to a constant strain rate &y, = 108 s~': during the process of
dislocation emission (top row), propagation of crack and dislocations (middle row), and emission of further dislocations (bottom row). Only atoms belonging to defects other
than the initial crack (dark grey: Ni, light gray: Al) are shown using slip vector analysis. The arrows shown next to the dislocations in the bottom row indicate the Burgers

vector directions of the dislocations.

This compares well with the Al concentration-independent frac-
ture toughness values of 2.2-2.9 MPa m'/2 determined by Wellner
et al. [24] for polycrystalline NiAl films with 50.4-52.4 at.% Al An
increase in Al concentration therefore seems to affect the fracture
toughness of NiAl in a qualitatively different way than an increase
in Ni concentration.

Fracture toughness is traditionally seen as being inversely pro-
portional to the tensile strength of the material, as a higher yield
stress oy, implies a smaller plastic zone and less dissipation of elas-
tic strain energy as well as less efficient shielding of the crack tip
by the motion and multiplication of dislocations. In contrast to its
impact on fracture toughness, the effect of off-stoichiometric com-

position on the hardness of NiAl has been well studied. Figure 10a)
shows the microhardness determined by Pike et al. [8] as function
of the deviation Ac from the stoichiometric composition. The hard-
ness increases continuously with increasing deviation from the sto-
ichiometric composition, which is mainly caused by constitutional
defects such as anti-site Ni atoms or vacancies on Ni sites. Ther-
mal defects in NiAl and therefore the thermal history can have a
noticeable influence on the hardness of stoichiometric NiAl, too.
However, in our samples, we do not expect a significant influ-
ence of thermal defects on the fracture toughness of our stoi-
chiometric as well as off-stoichiometric Ni- and Al-rich samples.
The stoichiometric samples were cooled with a very slow cooling
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Fig. 10. a) Hardness H and yield stress oy, = H/3 of off-stoichiometric NiAl as deter-
mined by Pike et al. [8] shown as function of the square root of the deviation from
the stoichiometric concentration Ac for Al- and Ni-rich compositions. The results of
linear fits are provided next to the plots of the fit function. b) Fracture toughness
values from Fig. 4 as function of o, as calculated from the fits in a). The lines indi-
cate fits of the RKR model for the yield-stress dependence of the fracture toughness
with the shown parameters.

rate of 1K/min after casting, which reduces the number of ther-
mal defects significantly. Similarly, the temperatures of the anneal-
ing procedure or the pack cementation process to generate the off-
stoichiometric samples did not exceed 1100°C and the subsequent
cooling rate was also rather slow. Thermal vacancies, and thus also
tripple defects consisting of two thermal vacancies on the Ni sub-
lattice pairing with the anti-site Ni, are therefore not expected to
play a major role influencing the fracture toughness of our sam-
ples. Furthermore, the effect of thermal defects on the mechanical
properties has been shown to be generally of minor importance for
off-stoichiometric compositions [8].

As shown by Schroll and Gumbsch [13], the binding energy
of the point defects associated with the deviation from the stoi-
chiometric composition to dislocations decreases very quickly with
the distance from the dislocation core. Therefore Fleischer’s the-
ory instead of the Labusch theory of solid solution strengthening
[65] has to be applied as shown by the proportionality of the hard-
ness H to ~/Ac [8]. This proportionality enables us to map the con-
centrations in Fig. 4 onto values for oy = H/3 using the fits shown
in Fig. 10a). The resulting correlation between fracture toughness
and yield stress is shown in Fig. 10b).

According to the classic model by Ritchie, Knott and Rice
(RKR)[66] the fracture toughness K. is proportional to [67]

Kic oc o, VD72, (6)

assuming a Ramberg-Osgood relationship ¢/ey = o /oy + (0 /oy)N
between stress ¢ and strain &, with the subscript y indicating the
value at yielding, o a constant and N the work hardening expo-
nent. The corresponding fits in Fig. 10b) show that the fracture
toughness in the Ni-rich regime follows this model, with a work
hardening exponent N = 3.6 + 0.5 that agrees well with the value
N = 3 determined by Bowman et al. [68] for stoichiometric NiAl
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with a grain size of 10 um. Al-rich NiAl, however, does not fol-
low the RKR relationship, with the fit requiring an unphysical value
of N < 1. The composition dependence of the obtained fracture
toughness values is thus consistent with the generally recognized
composition dependence of hardness for Ni-rich NiAl, but this is
not the case for Al-rich NiAlL

Clearly, the fact that structural vacancies on the Al-rich side
are more potent hardeners than Ni-antisites in the Ni-rich regime
can by itself not explain the different dependence of the fracture
toughness on the off-stoichiometric concentration. Even for similar
values of oy the fracture toughness can be significantly different,
see Fig. 10b). Similarly, the degree of plasticity (Fig. 4) and the frac-
ture surfaces (Fig. 3) are significantly different for Ni- and Al-rich
specimens with identical Ac.

The atomistic calculations show that these differences can not
be explained by differences in the theoretical fracture toughness K;
(Fig. 6) or in the statically determined fracture toughness (Table 1).
Also the MD simulations show the same type and number of dislo-
cations being emitted in the same order for NissAlys and NigsAlss
(Fig. 9).

However, the MD simulations show that the additional strain
&qr — £ Necessary to initiate crack propagation from a crack loaded
at the theoretical fracture strain & is significantly lower in the
Al-rich sample than both the Ni-rich and the stoichiometric sam-
ple (Table 1). Crack propagation therefore seems to be favored
by the presence of structural vacancies. A detailed analysis of the
stoichiometric sample with high time resolution shows that even
at 0 K the crack propagated by the nucleation and migration of
kink pairs, see Fig. 11. The same mechanism was observed in off-
stoichiometric compositions and is shown in supplementary ma-
terial Fig. S2. Similar crack propagation by kinks was also recently
observed in Si [69]. It is important to note, that this dynamical pro-
cess can not be captured by the typical static simulations.

The intersection of the crack front with structural vacancies
automatically leads to kinks on the crack front. The dynamics
of brittle crack propagation will therefore in Al-rich samples be
dominated by the propagation of the kinks rather than their
nucleation.

Although no triple defects were explicitly included in the sim-
ulations, the presence of two vacancies in the triple defect should
have the same effect of producing kinks on the crack front than
single vacancies.

Structural vacancies thereby play a dual role in fracture of Al-
rich NiAl: they not only impede dislocation motion and thereby
reduce plastic dissipation and shielding, but additionally facilitate
crack propagation, by lowering the kinetic barrier for crack ad-
vance. The same mechanisms and behavior should therefore also
be observable in other B2 aluminides in which structural vacancies
occur, like FeAl and CoAl. Furthermore, the B2 phase in NiAl in-
situ composites, which have been suggested as novel high temper-
ature alloy system [70], might experience a similar embrittlement
by structural vacancies.

5. Summary

Microbending tests on notched cantilever beams were used
to study cracks propagating on {101} planes in (110) direction
in stoichiometric and off-stoichiometric B2 NiAl single crystals.
While stoichiometric NiAl showed the highest fracture toughness,
the fracture toughness and plastic energy dissipation decreased
gradually with increasing Ni-concentration, Al-rich NiAl showed
a concentration-independent low fracture toughness and no signs
of accompanying plasticity. While the dependence of the fracture
toughness on the yield stress of Ni-rich NiAl can be successfully
described by the RKR model, no such correlation exists for the Al-
rich samples.
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4

Fig. 11. Crack propagation by the nucleation and migration of kink pairs in the stoichiometric sample. Crack propagates along x direction. Only the lower half of the sample
is shown with atoms colored by their potential energy, clearly showing the fracture surface. (a) Initial crack front position, (b) kink pair nucleation, (c) kink pair migration.

Atomistic calculations showed that the theoretical fracture
toughness as well as the fracture toughness determined from static
simulations were comparable for Ni- and Al-rich NiAl. Similarly,
MD simulations showed no significant difference in crack tip plas-
ticity in both regimes.

Detailed analysis of the MD simulations revealed that crack
propagation took place by the nucleation and propagation of kink-
pairs. As the intersection of the crack front with vacancies auto-
matically generates kink-pairs, structural vacancies can - in addi-
tion to their role as potent obstacles for dislocations - act as crack
front kink pairs.

Thus rather than affecting the theoretical fracture toughness ac-
cording to the thermodynamic Griffith criterion, structural vacan-
cies in Al-rich NiAl lower the kinetic barrier for crack propagation,
explaining the observed different concentration dependence of the
fracture toughness. Similar observations are also expected for frac-
ture in other off-stoichiometric B2 aluminides and their compos-
ites.

In addition, the static, K-controlled simulations showed that
the usual approach for determining the fracture toughness, namely
identifying the onset of crack propagation and the use of relatively
short crack front segments, can not be applied to fracture in atom-
ically disordered systems. Here, the development of new statistical
approaches is required.
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