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ARTICLE INFO ABSTRACT

Keywords: MXenes, a novel class of monolayer transition metal carbides and nitrides, have gathered significant attention in
M"“Olayer materials science for their exceptional properties. This study focuses on investigating the influence of atomic
TizC defects on the fracture toughness of MXenes and similar monolayers. Comprehensive understanding and
gﬁ::te modeling of the fundamental physical mechanisms that govern MXene defect-mediated fracture is largely un-
Fracture explored. Here, molecular dynamics simulations and theoretical fracture mechanics are employed to investigate
Toughness the role of slit vacancy defects in the toughness of Ti,C MXene. The material is found to exhibit brittle fracture

behavior, and compared to classic predictions, its strength is significantly degraded by short defects. Two
physical mechanisms are proposed to model MXene fracture — the material nonlinear elasticity, and the
quantization of the crack driving energy. Combining both effects, this model is in excellent agreement with the
MXene simulated toughness and may find application in other materials exhibiting similar toughness degrada-
tion and nonlinear elasticity.

1. Introduction

MXenes, a recently-introduced family of two-dimensional transition
metal carbide and nitride atomic monolayers, attract considerable
attention in materials science due to their remarkable properties,
including high conductivity, excellent mechanical strength, and prom-
ising applications across various fields such as energy storage, coatings,
nanocomposites and sensing devices [1]. At the same time, MXenes
exhibit brittle behavior which makes them susceptible to flaws, a critical
factor determining their structural integrity and reliability in practical
applications [2].

Derived from the chemical exfoliation of 3D MAX phases (M - tran-
sition metal, A - metal, and X - carbon or nitrogen), MXenes are obtained
through processes utilizing etchants like HF, HCL-LiF, and NH4HF; [1].
Despite efforts to control reaction conditions, variability in wet solution
chemistries often results in defects, layer irregularities, and structural
misalignments within synthesized layers [1,3]. Structural reorganiza-
tion during chemical etching, coupled with local chemical coordination,
significantly impacts defect formation energy. MXenes exhibit lower
carbon-vacancy formation energies compared to other 2D materials like
graphene and MoSy, which, combined with high migration energies,
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indicate stability of vacancy defects [4]. In other words, formation of
vacancies is easier as the layer can stabilize more effectively even with
missing atoms, and defects do not cause significant structural reconfi-
guration. The crystallite size and quality of the MAX phase also enable
selective layer removal (precise removal of the A layers), affecting
nanosheet integrity [3]. MXenes display complex fracture patterns due
to their hexagonal atomic structure and intrinsic material orientations
(armchair and zigzag), exhibiting anisotropic mechanical properties [2].

Atomic defects, including vacancies, grain boundaries, and surface
terminations [5-8], are crucial for tailoring MXene-based materials to
meet specific application requirements. Atom-vacancy defects are
particularly significant, observed by atomic resolution STEM in syn-
thesized MXenes [1]. The impact of vacancy defects on the toughness of
2D monolayers has been widely investigated by molecular dynamics,
successfully predicting the atomic-scale fracture behavior [9-17].
Recently, these techniques have been applied to MXenes as well [2,
18-20], but these studies still lack theoretical description of the
fundamental driving mechanisms. Hence, comprehensive understanding
and modeling of how vacancy defects impact MXene fracture toughness
remain elusive. We note that experimental investigation of such struc-
tures is not practical, nor is inducing slit defects of various lengths in real
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MXene monolayers, making investigation by molecular dynamics a
viable and even necessary approach.

This paper presents a systematic investigation into the influence of
MXene defects on fracture toughness, by inducing slit vacancy defects of
varying lengths into the structure. Through molecular dynamics simu-
lation [21] and theoretical fracture mechanics [22,23], we explore the
structural evolution of a TiyC MXene under mechanical loading,
emphasizing the role of defects in initiating and propagating fracture.
This MXene type, comprising two layers of Titanium atoms engulfing a
single layer of Carbon atoms, is deemed as representative of a wide
variety of MXenes and monolayers. Exerting tensional load, while
monitoring the local stress concentration at the defect tips and identi-
fying fracture initiation, we obtain the material strength and its
dependence on the defect length. Our theoretical modeling, which
combines two physical mechanisms — nonlinear elasticity and energy
quantization — offers fundamental understanding of MXene fracture
mechanics.

2. Materials and methods
2.1. MXene and vacancy defects

The two-dimensional TiyC configuration was selected for molecular
dynamics simulations as representative of monolayer MXene materials.
Both armchair type and zigzag type chiralities were simulated. The Ti,C
monolayer sheets were approximately square, modeled with dimensions
ranging from 15.10 x 14.95 nm? to 172.56 x 170.79 nm?, depending on
the defect length. The corresponding numbers of model atoms ranged
from 8232 to 1075,072 (armchair defects) and 1075,104 (zigzag de-
fects). Multi-vacancy defects were located near the center of the MXene
nanosheets. A defect oriented in the armchair direction was termed
‘armchair defect’, whereas a defect oriented in the zigzag direction was
termed ‘zigzag defect’. Each nanosheet was over ten times larger than
the induced defect to avoid edge effects [24], ensuring accuracy better
than 0.5 % [25]. A supercomputer was employed for calculating the
large models; the largest models of ~1M atoms took 60hr to calculate
using 128 cores.

Being a solution-processible material, MXene may incur vacancy
defects that remain stable after processing. Additionally, MXene may
inherit inherent defects from the MAX-phase precursor [26]. These de-
fects range from single, isolated vacancy defects to clusters of vacancies.
They are commonly found in MXene structures, and have a significant
impact on their mechanical properties [1]. In the simulation, we ob-
tained the corresponding defect models by removing one or more atoms
sequentially from the regular atomic sites in the crystal structure [27]. A
wide range of defect lengths were implemented, from single vacancy to
128 vacancies, to examine the fracture behavior at long defects,
approaching the behavior of a continuum, as well as at short defects of
atomic scale, whose behavior deviates from continuum fracture
mechanics.

During molecular dynamics simulations of two-dimensional mate-
rials with long, narrow induced defects, re-bonding can occur due to the
close proximity of the defect surfaces. This can lead to unphysical defect
closure or distortion of the stress field at the defect tip. In this study, the
stabilization process for monolayer Ti;C with elongated defects did not
result in defect closure. However, in ultra-long defect models, in-
teractions between the defect surfaces occurred, leading to distortions in
the stress field at the crack tip. To prevent this, in the ultra-long defects
(n =72, 96, 128), overstressed atoms on the defect faces but far from its
tips were removed to avoid generating undesired changes caused by the
potential function.

The choice of linear slit defects, oriented perpendicularly to the load
applied by middle tension, allows parametric analysis by varying the
defect length, making it possible to obtain the intrinsic material
toughness, as well as validation by known theoretical models of fracture
mechanics. The applicability of fracture mechanics theories to atomic
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monolayers analyzed by molecular dynamics is elaborated and justified
in Supplementary Note S4.

2.2. Molecular dynamics (MD) simulation

The large scale atomic/molecular massively parallel simulator
(LAMMPS) [28] was used to perform the molecular dynamics simula-
tions with the reactive force field [29]. The reactive force field is widely
used to study the intra-plane and interlayer mechanical behavior of
MXene and can accurately predict the deformation of MXene structures
[7,19,30,31]. Refer to Supplementary Note S1 for validation of the
effectiveness of reactive force fields in the analysis of Ti,C mechanical
properties, particularly its fracture toughness in the presence of
embedded defects. This validation includes comparison to other MXene
MD analyses, as well as to MXene DFT (Density Functional Theory)
analyses.

Quasi-static relaxation of MXene nanosheets, using the conjugate
gradient method prior to uniaxial tension, yielded a local energy mini-
mum configuration with an energy tolerance of 1 x 1071° kcal/mol and
a force tolerance of 1 x 10710 (kcal/mol)/lgx. The MXene models were
then fully relaxed under the NPT (conservation of matter, pressure, and
temperature) ensemble at a temperature of 10°K for 50 ps to relieve the
internal stresses in the structure and achieve a stable configuration.
Finally, tensile loading was simulated under the NPT ensemble by
applying a constant engineering strain rate of 10~%/fs on a periodic box,
by changing the dimension of the box in the stretching direction. The
strain rate was applied just as a programming parameter, which does not
induce a dynamic response in the simulated object. The simulated ten-
sile loading used a time step of 0.2fs. The loading direction was
perpendicular to the defects’ length. The free open visualization tool
(OVITO) was used to visualize the simulation results [32].

The tensile simulations were performed at a quasi-static temperature
of 10°K to minimize the dynamic fluctuations of the structure. In order
to obtain accurate stress field distributions at the atomic level, the
structures were treated with the NVERE algorithm, which is a simple
method for obtaining static equilibria of molecular systems using the
micro-regular (NVE) ensemble [33]. The method enables more stable
equilibrium configurations than conventional optimization algorithms,
essential for studying the mechanical properties and deformation
mechanisms of two-dimensional materials. NVERE minimizes the po-
tential energy based on the NVE ensemble, and the model treated this
way keeps its temperature around 0°K. We used low temperature in
order to obtain accurate stress distributions and eliminate the effect of
thermal fluctuations on the atomic-scale fracture of brittle materials.
The stress-strain curves of defect-free MXene (Fig. 1b) demonstrate that,
within the strain range below 10 %, temperature changes affect only
marginally the mechanical response of the structure. When applying the
maximum critical fracture stress criterion (see ahead), the critical frac-
ture strain for most defective structures falls within the 10 % range, as
shown in Supplementary Table S2. Therefore, the effect of temperature
variations on the mechanical response of MXene with defects is expected
to be minimal as well.

Supplementary Note S2 provides detailed description and justifica-
tion for simulating at low temperature, an approach widely used to
minimize thermal noise. That said, we realize that our simulation pri-
marily reflects the intrinsic mechanical properties of MXene under
idealized low-temperature conditions. The fracture stress and strain at
higher temperatures require further studies for comprehensive evalua-
tion. Therefore, as part of our future work, we plan to conduct additional
simulations at a broader range of temperatures, including room tem-
perature and higher, to more comprehensively understand the temper-
ature effects on MXene mechanical behavior.

By spatially averaging the atomic stresses, an accurate map of the
atomic stress distribution was obtained with a truncation radius of 3 A.
To calculate the stresses and moduli in the MXene, the thickness of the
monolayer model was chosen to be 2.31A (other thickness definitions
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Fig. 1. Molecular dynamics Ti,C MXene model. (a) Model structure and loading directions. (b) Elastic stress-strain curve of a pristine, defect-free model, at 0°K
and 300°K, exhibiting nonlinear elasticity with initial elastic modulus E. The plot presents the low strain regime, which is of primary interest to this study (the high
strain regime is shown in Supplementary Figure S4). The monolayer thickness used in calculating the stress and modulus is t = 2.31A [18,34].

are also known in the literature) [18,34]. The maximum critical fracture
stress of the Ti-C bond was determined from the available literature to be
60 GPa, and was used to determine whether the Ti-C bond at the defect
tip exceeded the bond strength [5]. This criterion was used in the study
to detect the initiation and propagation of MXene cracks and to evaluate
the critical fracture state of defects of different lengths and orientations.
Because of the way the potential function was implemented, this frac-
ture criterion was not sufficient for generating spontaneous propagation.
Therefore, once a bond exceeded its strength, it was discretely decom-
posed, and this was repeated multiple times to emulate propagation (see
supplementary video). Spontaneous and continuous propagation was
also validated by running the model without the use of a fracture cri-
terion, demonstrating that after the first bond is broken, propagation
continues relentlessly until complete fracture. The use of a maximum
critical fracture stress criterion is justified in Supplementary Note S2,
explaining how it resolves issues with the force field at high strains, with
the selected specific value of 60 GPa obtained by DFT analysis of MXene.

3. Results and discussion
3.1. Tiy,C MXene and slit defects

The Ti,C MXene is a two-dimensional monolayer, consisting of two
external layers of Titanium (Ti) atoms and an internal layer of Carbon
(C) atoms, bonded via Ti-C covalent bonds (Fig. 1a). Each carbon atom is
bonded to six titanium atoms, whereas each titanium atom is bonded to
three carbon atoms. The MXene is not isotropic and its properties are
dependent on the chirality direction, of which we chose to explore the
principal chiralities - armchair (AC) and zigzag (ZZ). To analyze its
fracture behavior in the presence of defects, the TioC was modelled and
simulated by molecular dynamics (MD), applying unidirectional uni-
form strain at constant rate to the model. The simulation was validated
by running a pristine, defect-free TiC model (Fig. 1b), yielding an
average modulus of about 630 GPa and an average strength (far-field
stress at fracture) of about 50 GPa, in line with the literature [2,7,35].
See materials and methods for definitions and details.

The MXene elastic behavior is nonlinear, a material property that has
a significant impact on the fracture toughness, to be shown later. We use
the empirical Ramberg-Osgood equation [22,36] to fit the stress-strain
curve in the elastic range, using the following form:

o o\™
=—1 — 1
ez | @
where ¢ is the far-field (applied) stress, E is the modulus (slope at the
origin), oy is a reference stress, « is a dimensionless constant, and m is a

strain hardening/softening exponent. The parameters a, oo and m
determine the degree of nonlinearity. Fitting Eq. (1) to the data obtained
by the simulation we get m = 2 + 0.1, with « fixed at 1 to avoid over-
parameterization (two independent parameters are sufficient for that
equation [22]). Setting m = 2 in order to simplify the modeling, the
calculated fitting parameters are E = 637 and 623 GPa and oy, = 72.8
and 66.1 GPa for armchair and zigzag loading directions, respectively
(R% > 0.9999). These moduli and stresses are calculated at 0°K tem-
perature, whereas at 300°K they are slightly lower (see materials and
methods, and justification in Supplementary Note S2).

Slit defects of gradually increasing length were induced in the model,
in both armchair and zigzag chiralities, and were simulated under load
(Fig. 2a). The model size is at least 10 times larger in each direction than
the defect length, to avoid geometrical edge effects on the stress field
[11-13]. The defects are vacancy defects, created by alternating
removal of Ti and C atoms in the following sequence: front-layer Ti
(defect designated by 1ti), C (1tilc), back-layer Ti (2tilc), C (2ti2c), and
repeating this sequence until four Ti atoms and four C atoms are
removed (4ti4c) (Fig. 2b). Longer defects up to 64ti64c were also
simulated (Fig. 2c). See details in materials and methods.

The straight cracks formed in this way are positioned perpendicu-
larly to the stress direction, such that an armchair defect is tensioned in
the zigzag direction (Fig. 2b and c upper rows), and a zigzag defect is
tensioned in the armchair direction (Fig. 2b and c lower rows). Armchair
defects can alternatively be induced by a different removal sequence to
avoid the small bulges in the defect’s right face, but this would entail
skipping the removal of every second C atom in the sequence and was
therefore not used. Although the simulated defects may not necessarily
appear as such in actual MXenes, they allow thorough analysis of the
MXene fracture toughness over a wide range of defect sizes, as well as
comparison and validation by fracture toughness theory and known
models. As will be shown later, while the toughness in the presence of
long defects conforms to linear elastic fracture mechanics (LEFM), short
defects significantly degrade the toughness compared to LEFM
prediction.

The fracture toughness is determined from the strength dependence
on defect length. Thus, the defect length is a key parameter in the
analysis, and, because the defect is induced by sequential removal of
atoms, its length is a discrete function of the number of missing atoms.
To obtain this function we observe the repeating unit cell and defect
dimensions defined in Fig. 3a and b. In the case of a zigzag defect, each
removed atom, whether Ti or C, adds a distance h to the defect length. In
the case of an armchair defect, each removed atom adds a distance [ to
the defect length, except when a removal of a C atom is not in line with
the defect main axis where only % is added, occurring once every four
atom removals. This leads to the following functions of the defect half-
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Fig. 2. Defect types and loading. (a) Loading at strain rate ¢ with far-field stress o perpendicular to the defect length. The maximum local stress omax Occurs at the
defect tip. The model size 2L in each direction is at least 10 times the defect length 2a. (b.c) Simulated defects oriented in armchair and zigzag directions, designated
by the number of missing Ti and C atoms. The defect length and model size (nm), 2a/2L, are denoted below each configuration.
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length a with respect to the number of missing atoms (that is, atom
vacancies) n:

@ n—2
1] 4’ mod (T) =0
dc=3 n+1 )
ol el B otherwise 2
Azz = En

The subscripts AC and ZZ stand for armchair and zigzag defects,
respectively. The condition with the mod function is used to denote the
terms n = 2,6,10.., where the C atom removal is off the defect’s main
axis (seen in Fig. 3b); the mod function provides the remainder - the
integer left-over remaining from integer division, e.g., for n = 6 it is
0 and the condition is met, whereas for n = 11 it is 1 and the condition is
not met. The floor function |x| (greatest integer less than or equal to x) is
used for the length of the other terms, where the C atom removal is
inline. This definition ensures that in a defect-free model (n = 0) the
defect length will be zero as required. The armchair function yields a
sequence a,c :é(O, 1, 15, 2, 3, 4, 45, 5, 6..) forn =0,1,2.., which
can be verified on the model geometry. The defect half-width b is con-
stant, given by bac =2 =0.771A and bz, =L = 0.890A, which vanishes
in a defect-free model. The length of the simulated defects is depicted in
Fig. 3c as function of the number of missing atoms.

3.2. Stress concentration and crack propagation

The stress distribution in a defected model under uniaxial tension is
not uniform, and stress concentration appears at the defect tips. The
example in Fig. 4a shows a model with an armchair defect, under a
uniform horizontal tensile load of about 31.9 GPa, while the stress at the
defect tips amounts to 60 GPa. The stress map is characteristic of defects
in continuum solids, with elevated stress at the defect tips (red atoms)
while low stress across the defect gap (blue atoms), much lower than the
far-field stress and close to 0 GPa. The fracture condition used in the
simulation is when the local maximum stress oy, €xceeds the ultimate
(fracture) stress of 6, = 60 GPa (see details in materials and methods,
and justification in Supplementary Note S2) [5]. An exclusion to this

Stress [GPa]

(b)
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criterion occurs in armchair loading of the pristine model and the 1ti
zigzag defect (but not in longer zigzag defects), which start yielding
(Fig. 1b) at a local stress of 57 GPa instead of 60 GPa.

A remarkable observation is the stress nonuniformity far from a
defect, as seen in the magnification (Fig. 4a, circular inset): the average
stress in a carbon atom (~43 GPa) is higher than in a titanium atom
(~27 GPa). As a result, in a pristine model, the fracture criterion is
reached at a far field stress lower than 60 GPa: in armchair loading di-
rection 49.6 GPa (strain 0.18), and in zigzag loading direction 51.0 GPa
(strain 0.13). The reason for this nonuniformity is the TiC triple layer of
atoms, with carbon atoms in the middle and titanium atoms on top and
bottom, which, to maintain equilibrium in its free state, sustains internal
stresses. This molecular configuration is different from single-layer
atomic structures such as graphene. When pristine graphene is
analyzed using the same fracture criterion, the stress distribution is
uniform, and the far-field stress is the same as the maximum stress. By
contrast, in the Ti;C model before loading, the atoms bear tensile or
compressive prestresses, different for each atom type whether Ti or C,
and different in each of the three directions. Such prestresses were also
reported by other MXene MD simulations [30]. Thus, although the Ti
and C atoms incur the same stress increment under load, its superim-
position over their different prestresses results in an inhomogeneous
stress field and consequently weakening of the strength.

These prestresses are also a likely contributor to the Ti;C nonlinear
elasticity, as are the intrinsically nonlinear interaction between the Ti
and C atoms [2]. Atomic prestresses result from the interactions between
atoms, involving changes in atomic positions and interatomic forces,
and can cause deviations from linear elastic behavior. These local dis-
tortions and forces can affect the overall material response to stress and
strain, leading to nonlinear elasticity. We see this nonlinearity within
our region of interest, up to about 10 % strain (Fig. 1b), and therefore it
is unlikely the result of large deformations. When an external stress is
applied on a structure with internal prestresses, the local stress is a su-
perposition of the applied stress and the prestress, whether positive or
negative. As the external tension stress is increased, the local stress at an
atom with a tensile prestress initially rises moderately until the prestress
is completely overcome, and then rises at a higher rate (see example in
Supplementary Note S8), whereas the local stress at an atom with a
compressive prestress initially rises steeply until the prestress is

Fig. 4. Local stress and crack propagation. (a) Nonuniform stress distribution around a typical defect, peaking at the defect tips to 60 GPa (the fracture strength
criterion). The circular inset zooms in on a region far from the defect, exhibiting stress nonuniformity. (b) Spontaneous crack propagation, induced by removing Ti-C

bonds which exceed the fracture strength.
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completely overcome, and then rises at a moderate rate. The resultant
effect in the TiyC structure is larger stress-strain slope (elastic modulus)
at low strain, and smaller slope at high strains. The degree of nonline-
arity (Eq. (1), parameters m and o)) is affected by the prestress fields and
bonds elasticity in the MXene structure.

When the maximum local stress exceeds the fracture stress, a crack
starts propagating spontaneously from the defect tips. Crack propaga-
tion was simulated at a slowly increasing far-field load by dissociating
over-stressed bonds without creating new ones. The crack propagates
continuously until complete rupture of the model (Fig. 4b and Supple-
mentary GIF animation file), a failure behavior characteristic of brittle
materials. The driving force for this propagation is the increasing stress
concentration at the tips of the crack as it grows. In terms of fracture
mechanics, the energy released in the regions across the crack gap (blue
regions) grows with the crack growth and is dissipated by the fracture
energy needed to break bonds. See more details about the propagation
simulation in the materials and methods section. The conditions for an
unstable defect, which may develop into a crack propagating until
failure, are analyzed by J integral analysis in Supplementary Note S5.

During the simulation, the stress field was continually monitored,
and fracture was identified when the stress at the edge of a defect, omax,
exceeded the fracture criterion of 6, = 60 GPa. The far-field stress at
that point, oy, is the model strength, depicted in Fig. 5a for all tested
models. Stress concentration is defined as the ratio between the
maximum local stress and the far field stress. Because the model’s
elasticity is nonlinear (Fig. 1b and Eq. (1)), the stress concentration is
not constant but depends on the applied stress, and therefore we specify
itat ¢ = oy:
p— O’u

K. = 3)

of

depicted in Fig. 5b and c. Note that K; of a pristine model is not exactly 1,
as might be expected, but a little higher because of the stress nonuni-
formity in the unloaded structure as described above.

Stress concentration at the tip of a long defect generally depends on
the defect length 2a and the tip radius p. For an elliptically-shaped defect
in a plate, the stress concentration was calculated by Inglis [37]:
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This expression can also be used as an approximation for oblong non-
elliptical defects of length 2a and tip radius p to a reasonable accuracy
(equivalent-ellipse approximation) [37,38]. For sharp defects, this pre-
diction unrealistically diverges, an outcome that drove Griffith to
develop his energy-based model for fracture, to be detailed in the next
section. However, the tip of an MXene defect is neither circular (Fig. 3b),
nor is it sharp. The best that can be done is to try fitting Eq. (4) to the
MXene MD simulation results (Fig. 5c, dashed lines). We see a reason-
able fit for long defects, implying that long defects behave similarly to
defects in a continuum solid, but somewhat poorer fit for short defects.
Furthermore, the calculated fitting parameter is p = 18A (but larger,
28A, when fitting just the short length region), a large radius indeed
compared to the atomic radius of 2.1A (Fig. 3a, bond length) or the
defect half-width b. We may infer that (i) Inglis model overestimates the
stress concentration in short defects, and (ii) the Ti>C defect tip is blunt.
A better fit can be derived from fracture mechanics (Fig. 5c, solid lines,
Eq. (17)), as described in the following section.

3.3. Fracture toughness

The theory of fracture mechanics replaces the stress concentration
approach by energy balance as a criterion for fracture, avoiding the
theoretical stress divergence at the tip of an infinitesimally sharp crack.
The usage of fracture mechanics in the analysis of atomic monolayers
analyzed by molecular dynamics is elaborated and justified in Supple-
mentary Note S4. Thus, a crack will propagate when its growth releases
an amount of elastic energy sufficient to overcome the fracture energy
(the energy to dissociate bonds across the crack faces). For linear elas-
ticity, the elastic energy released by a cracked plate (blue low-stress
regions in Fig. 4), calculated by Inglis [37] and used by Griffith [39],
is given by (plane stress) [22]:

U. = (27a°B) (%)

where the term 62 /2E is the elastic energy density in these regions prior
to the presence of a crack, and the term 27a%B denotes the volume of
these regions (27a? is equivalently the area of two triangles, each with
base 2a and height za, and B is the plate thickness). The fracture energy,
on the other hand, is U; = 2aBG, where G is the cohesive fracture energy
per unit crack area (see calculation example of G in Supplementary Note
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Fig. 5. Strength and stress concentration. (a,b) Strength and stress concentration for the simulated defected models. The defect designation indicates the number
of removed atoms in each atom type. (c) Stress concentration vs. defects half-length, and theoretical trendlines (only zigzag lines are shown, to avoid clutter). The
inset is a log-log plot of the same data. The dashed-curve is a fit to Eq. (4) (Inglis) (psc = 17.9A and Pzz = 18.4A, R? > 0.97). The solid curve is a fit to Eq. (17)
(fracture mechanics) (o, /rrf* =1.15, a = 345113;, R? > 0.99), much better than the Inglis fit.
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S6). Griffith energy balance is obtained by equating the change in these
energies due to an incremental change in crack area, dU, /dA = dU; /dA,
where A = 2aB is the crack area. The first derivative is known as the
energy release rate, 7. Solving for the fracture stress:

EG K
- 6
o na /ma (6)

where K;. = VEG is the material fracture toughness (mode I).

This classic solution applies to linear elastic fracture mechanics
(LEFM). It is depicted in Fig. 6 (thin solid lines) against the simulation
results, and shows convergence to the data at very long defects (Kj. =
1.67 and 1.71 MPa-m®® for armchair and zigzag defects, respectively),
but rather poor prediction (strength over-estimation) for defects of half-
length below about 20A. This deviation is best seen in the log-log plot
(Fig. 6b), and, as will be described, can be attributed to the nonlinear
elasticity of the TipC MXene and the quantization of the released elastic
energy. A cross-check of these fracture toughness values is obtained by
calculating the energy to remove an atom at the edge of a defect, rep-
resenting a small incremental growth of crack length (see Supplemen-
tary Note S6).

When the elasticity is nonlinear, as is the case with the TioC MXene,
the elastic energy density stored prior to the presence of a crack is ob-
tained by integrating the area underneath the stress-strain curve
(Fig. 1b). Thus, the elastic energy released by a cracked plate is given by:

€
o? m+1/c\"
U, :ve/r;de = ZﬂazBi {1+2{xm7+2<o_—0> } (2]
0

where v, is the volume from which the elastic energy is released (blue
regions in Fig. 4a), approximated by the volume used in linear elasticity,
27a®B. The integral is the elastic energy density, calculated by change of
€ 0
variables, /0 ode = /0 a(%) do, where de/do is obtained by deriving
Eq. (1) with respect to o. This solution applies to nonlinear elastic
fracture mechanics (NLFM). In a nonlinear elastic material v, may
depend on the stress, as regions of high stress have different stiffness
(lower in the MXene case) than regions of low stress. To simplify the
analysis, we assumed in the equation above that this stress dependency
is incorporated in the nonlinearity term in brackets, and will be reflected
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zigzag defects
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in the fitting to the simulated strength data. We see that in NLFM the
energy released for driving the crack is larger than the energy in LEFM
(Eq. (5)) due to the factor in brackets, reducing the toughness. In other
words, the stiffness at fracture at high stress (short defects) is smaller
than that at low stress (long defects) (the slope of the stress-strain curve
at high stress is smaller, Fig. 1b), and therefore the elastic energy den-
sity, which is inversely dependent on the modulus, is larger. The
nonlinearity effect is higher for larger values of the ratio /0y, that is at
high stress.

The elastic nonlinearity is not expected to affect the fracture energy
Us; = 2aBG. The energy balance is obtained by equating the change in
the elastic and fracture energies with respect to an incremental crack
growth, dU./dA = dU;/dA. The first derivative is known as the
nonlinear energy release rate, J, or J contour integral, for whichJ = Zis
the special case of linear elasticity. Solving for the critical crack length:

EG

——m H
ﬂaj? {1 +H <3> }
a0

This expression yields the strength dependence on crack length, and
is validated by J integral analysis in Supplementary Note S5, including
crack instability analysis. For the MXene analyzed in this study (m = 2,
a =1 and hence H = 3/2), an instructive approach is to simplify Eq. (8)
by applying a series expansion approximation to the term in brackets:

2
o 1]
a= o} - ﬂ_of " 2702 ©)

m+1

— 22—
am+2

®

a=

The accuracy of this approximation is of order O(((rf /00)4) (that is,
the magnitude of the next term in the expansion), better than 10 % for
typical actual values of o7 (Fig. 5a) and o, (Eq. (1), 6y<<0y); the accuracy
may be further improved by fitting the constant second term to the
simulation data. Solving for the fracture stress:

KIc
z(a+p)

3EG  3K2

2

— 1
2n0§ (10)

of =~ where p =

= 2
2nog

The value of the constant nonlinearity term p is 3.05A for armchair
defects and 2.63A for zigzag defects, and its effect is to reduce the
strength (fracture stress) at short defects. We note that p is constant only
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Fig. 6. Simulated strength and fracture modeling. Strength of armchair and zigzag defected models tensioned perpendicularly to the defects length vs. the defects
half-length, and theoretical trendlines (only zigzag lines are shown, to avoid clutter). The NLFM-+QFM curve is fitted to the data with fracture toughness K;. = 1.67
and 1.71 MPa-m®® and a* = 3.22 and 3.51A (R? > 0.99) for armchair and zigzag defects, respectively. The QFM curve is depicted for fracture quantum g = 1.33 and
1.54A calculated by Eq. (13). The NLFM curve is depicted for nonlinearity parameter p = 3.05 and 2.63A calculated by Eq. (10). (a) Linear-linear plot. The
magnification (inset) shows the prediction for the pristine strength, o7. (b) Log-log plot. The arrow marks a single case that yielded prior to breaking. Acronyms:

LEFM - linear elastic fracture mechanics, NLFM - nonlinear fracture mechanics, QFM — quantized fracture mechanics.
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for m = 2 (the exponent in Eq. (1)), when the elastic nonlinearity can be
approximated by it, otherwise it is a function of oy. This solution is
depicted in Fig. 6b (NLFM, long-dashed line) and agrees much better
with the simulation results compared to LEFM, but still slightly deviates
from the data at short defects.

To resolve this deviation, we apply the theory of quantized fracture
mechanics (QFM) developed by Pugno and Ruoff [23]. QFM assumes
quantization of the LEFM fracture criterion, attributed to the discrete
propagation of a crack in an atomic-scale structure such as the MXene,
and consequently discrete strain-release energies. In LEFM the stress
intensity factor in a cracked plate is a continuous function of the crack
length, K;(a) = o\/7a. However, in an atomic-scale structure the length
of the crack is a discrete function of the number of vacancy atoms. To
recover continuity, the stress intensity factor is averaged over a distance
of atomic scale, g, termed the fracture quantum. Thus [23]

(1)

and the fracture stress is

KIc
o Jaa+q2)

The fracture quantum can be estimated by the discrete step in defect
length per each atomic vacancy [23]. Using Eq. (2), the following esti-
mate is obtained:

(12)

2a 3—1 = 1.33A armchair defect
q= v 4 (13)

h = 1.54A zigzag defect

The QFM quantization effect is a reduction in the strength (fracture
stress) at short defects, similar to the NLFM effect but much smaller. This
solution is depicted in Fig. 6b (short-dashed line) and deviates signifi-
cantly from the data at short defects. QFM also offers a correction of the
fracture toughness for blunt cracks, described in Supplementary Note
S7.

The strength expressions in NLFM (Eq. (10)) and QFM (Eq. (12)) are
similar in form, suggesting that the values of p and q /2 imposed on a are
additive. Therefore, we may write a combined expression of both
theories:

K, o5
of ke =1 —, wherea" =p+q / 2 14
rla+a) J1+%

where o} is the MXene pristine strength (that is, the far-field stress at
failure, Eq. (15)). The term a* is a material property, which depends on
the material nonlinearity (through p) and the discreteness of the atomic
structure (through g), both inherent properties of the MXene. This
equation is fitted to the simulation data in Fig. 6a and b (thick solid
lines) with good agreement, where a* served as the fitting parameter,
yielding 3.22A for armchair defects and 3.51A for zigzag defects.

3.4. Pristine strength
The predicted pristine (that is, defect-free) strength is obtained when
a=0 (Eq. (14)):

KIc
ax

O’; = (15)
indicated in Fig. 6a (inset) and close to the simulated strengths. Unlike
LEFM, the strength prediction when NLFM and QFM are combined does
not diverge when there is no defect, making this fracture mechanics
approach more realistic than LEFM.
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As noted, the term a* is a material property, but what is its signifi-
cance? We have shown that it comprises two variables, the nonlinearity
term p and the fracture quantum q. In the case of the Ti,C MXene, the
effect of the nonlinearity on fracture toughness is predominant over that
of the quantization, particularly in a structure with short defects (see
Fig. 6b). Quantization is relevant for atomic-scale structures, with de-
fects of atomic scale, but its effect vanishes in micro-scale or macro-scale
structures where harmful defects are typically micro-sized or larger (that
is, a>q). By contrast, nonlinearity has an effect on fracture toughness at
all scales, such that high nonlinearity (small o, leading to large p, Eqs.
(1) and (10)) tends to reduce the strength of a structure with short de-
fects. NLFM as formulated in Eq. (8) still ‘suffers’ from the unrealistic
divergence of the strength for infinitesimal cracks and pristine struc-
tures, but the expression in Eq. (10) seems to avoid this divergence even
though it is a result of an approximation. Be that as it may, the combi-
nation of NLFM and QFM delivers good predictions for the finite
strength of the pristine MXene (Eq. (15) and Fig. 6a, inset).

Following these thoughts, in a nonlinear elastic, brittle material that
is free of defects, fracture mechanics as formulated in Eq. (10) may
provide the material finite strength, rather than diverging strength as in
LEFM. Thus, at size scales above atomic scale, where quantization may
be neglected, the pristine strength may possibly be related to nonline-
arity by:

2
o} = \/;0'0 (16)

where p from Eq. (10) was substituted into Eq. (15). og is inversely
related to the degree of nonlinearity, so that material with large oy is
closer to linear elasticity, whereas material with small ¢, is closer to
nonlinear elasticity. In other words, the more linear a material is, the
higher its pristine strength, and vice versa. This is a remarkable pre-
diction, which relates the pristine strength of nonlinear elastic materials
to just the degree of nonlinearity. An example of such nonlinear elastic
material is amorphous silica, a brittle material [40]. The physical
rationale behind this relation is the likely effect of prestresses, discussed
in detail in the stress concentration section, which contributes simulta-
neously to nonlinearity and to strength reduction.

The QFM theory suggests that NLFM and LEFM are both limit cases of
QFM [23]. This is indeed implied in Eq. (12), such that when setting g =
2p it reduces to NLFM and when setting g = 0 it reduces to LEFM. QFM
further suggests that for scales larger than the atomic scale, the fracture

quantum could be derived from the material strength, ¢ = 2K2/ (mrfz)

(Eq. (12) with a = 0), and thus may have values larger by several orders
of magnitudes than the atomic scale; so, ‘finite crack extension’ would
be a more appropriate term than ‘fracture quantization’ [23]. However,
both suggestions are more phenomenological than analytic, as they
extend the scope of the fracture quantum away from its fundamental
physical meaning, as well as presuppose prior knowledge of the strength
and fracture toughness from experiments or simulations. More about
this further on.

3.5. Stress concentration relation to fracture toughness

The finite strength of the MXene, provided by the combined NLFM
and QFM theory, and the finite stress concentration at the defect tip,
imply a relation between the fracture toughness and the stress concen-
tration. Substituting Eq. (14) in (3):

K=2alata)=22/1+2 a7
K]c O'f a*

This expression is depicted in Fig. 5c (solid lines) with good fitting to
the simulation data, much better than the fit to Inglis equation (equiv-
alent-ellipse, Eq. (4)). The term o, /a} > 1 is the ratio between the ulti-
mate local stress (the fracture criterion) and the strength of the pristine,
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defect-free structure, both material properties as they are invariant with
respect to shape and size. We would have expected this ratio to be equal
to 1, were it not for the inherent prestresses in the MXene structure at
free state, as explained before; these prestresses cause local stress con-
centrations, which account for the simulated initial stress concentration
(Ko > 1) in a defect-free MXene (Fig. 5b and c).

The square-rooted term is different from Inglis stress concentration
equation. For very long defects, the stress concentration converges to

K, =~ g—f\/ai, compared to K; = 2\/§ for the equivalent-ellipse approxi-

mation, both proportional to the square root of the defect length, but
with different prefactors: whereas the prefactor for the ellipse approxi-
mation is purely geometric, the prefactor in the fracture mechanics
expression depends on three material properties oy, o7 and a* (see also

the correction for blunt cracks in Supplementary Note S7, which in-
troduces p into QFM). This is a more complex view of the concept of
stress concentration, which, beyond geometry, considers the initial
stress concentration due to inherent prestresses, the material nonline-
arity, and the quantization at the atomic scale.

3.6. Comparison to other materials

Here, we compare the fracture toughness K;. of Mxene to other
materials. Evidently, K. by itself is not sufficient for describing the
material fracture toughness, and must be combined with the non-
linearity+quantum term a* (Eq. (14)) to fully describe the material
strength in the presence of a defect. However, a* values are currently not
available in the literature, and therefore our comparison is limited to K,
representing the fracture toughness in the presence of long defects
where a* is negligible with respect to a.

The fracture toughness Kj. of the Ti,C MXene is found by strength
fitting to be 1.67 MPa-m®® (armchair defects) and 1.71 MPa-m®®
(zigzag defects) (Fig. 6). Slightly higher values (2.15 and 2.10 Mpa-m®®)
are predicted by using bond dissociation energies (see Supplementary
Note S6). These values are about the same as glass ceramic (1.4-1.7
Mpa-mo‘s), higher than silica glass (0.6-0.8 Mpa-mo‘s), and moderately
lower than typical carbides (2-5 Mpa-mo‘s) and alumina (3.3-4.8
Mpa-mo‘s) [41]. In that sense, the MXene belongs to the class of
moderately brittle materials. A similar MD study on Ti»C resulted in
higher values (most probably due to different fracture criterion and
thickness definition), about 4.8 MPa-m%®° (armchair) and 6.0 MPa-m®®>
(zigzag), using the moduli and fracture energies in the expression Kj, =
VEG, and even higher values for Ti3Cy [2]. Comparing to other mono-
layer structures, the fracture toughness of graphene was found to be
about 2.8 MPa-m®® [9], and that of single-wall CNT 2.5-2.9 MPa-m%5
[10], somewhat higher than the MXene, possibly because these struc-
tures have little or no prestresses.

The degradation in strength of defected structures as compared to
LEFM prediction was also observed in graphene, which exhibits some
nonlinear elasticity [9,11]. By contrast, a study on the fracture tough-
ness of CNTs did not reveal such degradation, nor nonlinearity [10].
Both examples are in line with the discussion above, each from a
different outlook. A study on multilayer MXene investigated its fracture
toughness without comparing to LEFM, but showed that in a thicker
MXene (Ti3Cy) atoms rearrangement at the crack tip leads to layer
thinning and larger dissipated energy [2]. At any rate, we expect that
nonlinearity and quantization should generally apply to monolayer and
multilayer MXenes of various types, as both physical mechanisms are
not specific to the TioC MXene described in this study, but are rather of
universal nature.

4. Conclusion
MXene is a newly introduced inorganic, two-dimensional, nanoscale

material with promising mechanical properties. Its processing by strong
etching solutions induces defects which degrade its toughness. In this
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study, we investigated the fracture behavior of TioC MXene by means of
molecular dynamics and fracture mechanics theory. Of particular in-
terest was finding whether MXene, a naturally brittle material, conforms
to classic linear elastic fracture mechanics (LEFM), and at what scale (if
any) does it resemble a continuum solid. To that end, we induced slit
vacancy defects into the MXene monolayer, ranging from single-atom to
128-atom vacancies, and applied tension at a constant strain rate. By
monitoring the local stress concentration at the defect tips, we were able
to record the failure stress and determine the model strength and its
dependence on the defect length.

We found that when the defects were very long (above ~20A), and
consequently the strength was low, the MXene strength conformed to
LEFM, with fracture toughness in the order of 1.7 MPa-m%®, similar to
ceramic but slightly lower than graphene and SWCNT. However, in the
presence of short defects of length below ~20A, we observed a signifi-
cant deviation from LEFM, amounting to as high as 30 % degradation in
strength. Our theoretical analysis shows that the combination of two
very different physical mechanisms is the cause for this degradation —
nonlinear elasticity and energy quantization.

The first mechanism derives from the nonlinear elasticity of the
MXene, witnessed by its curved stress-strain trendline. This mechanism
is absent from linear atomic-scale materials such as SWCNT, which was
shown to conform to LEFM [10]. The second mechanism, described by
the theory of quantized fracture mechanics (QFM), accounts for the
discrete steps in defect size as atoms are removed from the structure.
Typically, elastic nonlinearity is difficult to model, but simplification
and approximation allowed us to arrive at a closed solution for the
strength. Both mechanisms manifest themselves as constant length
terms added to the defect length — the nonlinearity term and the fracture
quantum - the predominant one in this specific MXene structure being
the former. These constant length terms ensure that the strength pre-
diction does not diverge when the defect length tends to zero, a key
discrepancy in LEFM, enabling finite strength prediction of a defect-free
structure.

This study contributes to a fundamental understanding of MXene
fracture toughness, as well as offering general insights for materials of
similar nature. Further research is anticipated in investigating para-
metric variations, such as various defect shapes and orientations,
loading configurations, dynamic response at high strain rates, and wide
temperature range. The proposed approach may be applied in other
atomic structures which exhibit similar toughness deviation and
nonlinear elasticity, such as graphene and multilayer MXene. At larger
size scales, the simplified nonlinearity fracture model (NLFM) may be
used to explain the fracture behavior of nonlinear elastic, brittle mate-
rials, such as amorphous silica. Nanocomposite structures may be
treated similarly, for example the multi-layered, laminate-like confor-
mation of stacked MXene [42].
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