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a b s t r a c t

A relatively new and large class of materials, two-dimensional (2D) early transition metal carbides

(MXenes), produced by etching of A elements from their parent MAX phases, have demonstrated

outstanding performance in many applications. However, the mechanical behavior of MXenes, which is

critical for device fabrication and performance, has not been sufficiently investigated. In this work we

report the results from in-situ scanning electron microscopy (SEM) uniaxial compression experiments

conducted on two types of multilayer accordion-like MXene particles, Ti2CTx and Ti3C2Tx, along

both in-plane and out-of-plane directions. Significant anisotropic behavior was observed associated

with progressive failure mechanisms. Molecular dynamics (MD) modeling was conducted to analyze

the behavior of intact and defected monolayer Ti2C and Ti3C2 MXenes in tension and compression.

Structural analysis for both in- and out-of-plane uniaxial compression is presented and compared

with experimental data, revealing that the overall mechanism is controlled by the intrinsic elastic and

plastic properties of MXenes, as well as their multilayer structures. The intrinsic material properties

were estimated based on structural analysis from experimental results.

© 2020 Elsevier Ltd. All rights reserved.

0. Introduction

Two-dimensional (2D) transition metal carbides and nitrides
(MXenes) have emerged as a new class of materials for a broad
range of applications in energy storage [1–6], composites [7–9],
lasers and optoelectronics [10–12], sensors [13,14], electromag-
netic interference shielding [15,16], and materials for the next
generation of telecommunication networks based on terahertz
frequencies [17]. Different MXenes have been synthesized by
selective metal extraction and exfoliation from ternary transi-
tion metal carbides (TMCs) and nitrides, known as MAX phases,
in fluorine-containing etchants [18,19]. MXenes have a general
formula Mn+1XnTx where M represents an early transition metal
(Ti, Zr, V, Nb, Ta, Cr, Mo, Sc, etc.), X is carbon or nitrogen, and n
= 1, 2, 3 or larger [20–22]. T denotes the terminating functional
groups (e.g., fluorine, oxygen, and hydroxyl groups) introduced
during wet synthesis [23–25]. Among various MXenes, Ti3C2Tx
and Ti2CTx have been first discovered and remain the most
widely investigated so far. They have demonstrated high electri-
cal conductivity on par with solution-processed graphene [26],
while their exceptional electrochemical properties show great
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promise for flexible electronics and planar devices [27–29]. Their

mechanical property is critically important especially when these

devices are subjected to thermomechanical strains. After etch-

ing of the A element layers from the MAX phases, the solid

dense MAX particles are converted into less dense multilayer

MXene microparticles with accordion-like structure typical for

exfoliated graphite. This layered structure is suspected to give

rise to strongly anisotropic mechanical behavior as well as plas-

tic deformations, which is supported by the indentation results

on 2D materials like graphene [30,31]. However, due to small

size and experimental constrains, as well as relative novelty of

the material, the mechanical characterization of multilayer MX-

enes has been scarce, especially with regard to their mechanical

anisotropy, fracture, and plasticity.

In-situ scanning electron microscope (SEM) uniaxial compres-

sion experiments facilitated by nanoindenter [32,33] have been

widely used to characterize nanomaterials [34–38]. The force

versus displacement data as well as SEM images of structure

deformation obtained in these experiments provide detailed and

accurate characterization of mechanical properties and reveal the

corresponding failure mechanisms [30,39,40].

In this work, a flat-punch diamond tip was used to conduct

uniaxial compression-loading on two types (Ti2CTx and Ti3C2Tx)

of multilayer MXene microparticles along the in- and out-of-

plane directions with respect to the MXene sheets. The force

versus displacement response was measured and detailed failure
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mechanisms were proposed and analyzed based on the exper-

imental data and SEM images. The bending, yielding, and de-

lamination failure modes observed in these experiments reveal

complex structural behavior of multilayer MXenes under uniaxial

compression. To understand the effect of intrinsic material prop-

erties and the multilayer structure on the overall mechanical be-

havior of multilayer MXenes, the MD and analytical modeling has

been conducted and material properties extracted through fitting

the experimental results. The MD modeling results were only

used to qualitatively describe the stress–strain response profiles

of monolayer MXenes in tension and compression. The analytical

modeling will be utilized to quantitatively estimate the bulk

MXene properties by comparing with the experimental results.

Two analytical structural models for in- and out-of-plane nanoin-

dentation modes are derived to reveal the nonlinear anisotropic

structural behavior originating from global bending, folding, and

interfacial delamination. The structural analysis and the deriva-

tion of the corresponding equations for in- and out-of-plane

loading scenarios could be found in Supplementary Information

(SI).

1. Material and methods

1.1. MXene synthesis

Ti3AlC2 was prepared by known techniques [41]. Powders of

titanium (-325 mesh, 99%, Alfa Aesar), aluminum (�325 mesh,

99.5%, Alfa Aesar), and graphite (�325 mesh, 99%, Alfa Aesar)

were ball-milled using zirconia milling cylinders in a polyethy-

lene jar for 12 h at 100 rpm in 3:1.1:1.88 molar ratio. The mixture

was subsequently sintered in Ar flow in an alumina boat using a

tube furnace (GSL-1800X-KS60-UL, MTI Corporation) at 1550 �C

for 2 h with heating rate 10 �C/min. For Ti2AlC synthesis, the

initial powders of titanium carbide (typically 2 µm size, 99.5%,

Alfa Aesar), titanium (�325 mesh, 99%, Alfa Aesar), and aluminum

(�325 mesh, 99.5%, Alfa Aesar) were ball-milled in a molar ratio

of 0.85:1.15:1.05. The mixture was then heated under Ar flow in

an alumina boat at 10 �C/min to 1400 �C and held at this temper-

ature for 4 h. The sintered ceramics were manually crushed into

powders by pestle and mortar.

1.2. MXene preparation

Ti3C2Tx MXene was synthesized by selective etching of Al from

Ti3AlC2 [19]. The etching for indentation experiment was done

by slowly adding 0.2 g of Ti3AlC2 (�325 mesh, particle size 

45 µm) to hydrofluoric acid (HF) (25 wt%, 2 mL) in a 50 mL

plastic centrifuge tube. The mix was stirred for 24 h at room

temperature followed by repeated washing with deionized water

and centrifugation cycles until the pH of supernatant reached

5.5–6. Multilayer Ti3C2Tx dispersion was obtained by adding DI

water (10 mL) and sonicating for 1 min. The dispersion was

diluted 50 times with DI water and diluted dispersion (20 µL) was

drop-cast on Si wafers followed by water evaporation in ambient

environment for 12 h. The procedures for preparation of Ti2CTx
MXene were similar to Ti3C2Tx except that the concentration of

HF was 10 wt.% and etching time was reduced to 6 h. The sample

for TEM measurement was prepared by slowly adding Ti3AlC2

(0.3 g, 325 mesh, particle size  45 µm) to a mixture of lithium

fluoride (LiF) (0.3 g) and hydrochloric acid (HCl) (3 mL, 9 M) in

a 50 mL plastic centrifuge tube. The etching lasted for 24 h at

35 �C followed by repeated washing with deionized water and

centrifugation cycles until the pH of supernatant reached 5.5–6.

After that, the Ti3C2 colloidal solution was obtained through 5

min hand-shaking followed by 1 h of centrifugation at 3500 rpm.

The concentration of Ti3C2 colloidal solution was ⇠5 mg/mL.

1.3. SEM, TEM, and in-situ SEM nanoindentation

The nanoindentation experiments were conducted using the

Hysitron R� PI85 in-situ SEM pico-indenter with a 5 µm diameter

flat punch diamond tip as illustrated in Fig. 1(a).

SEM imaging (Helois Nano Lab 600) was carried out with

secondary electrons at relatively low accelerating voltage (5 kV)

and current (43 pA) to avoid any potential damage of the MXene

samples.

TEM imaging was conducted using Tecnai F20 TEM at 200

kV accelerating voltage. The solution was diluted 500 times with

DI water and the sample for TEM was prepared by drop-casting

diluted MXene colloidal solution (10 µL) on 2000 mesh Cu TEM

grid followed by water evaporation in ambient environment for

12 h.

A displacement-controlled loading protocol with loading rate

of 5 nm/s was adopted in the experiments. Indentations to differ-

ent depths were conducted either parallel or perpendicular to the

basal planes of MXene layers. Force versus displacement curves

and the corresponding SEM images of structure deformation were

obtained. The MXene particles selected for indentation were in

the micrometer size range. The basal planes of MXene layers

were oriented either vertically (Fig. 1(b), (d)) or horizontally

(Fig. 1(c), (e)) with respect to the Si substrate and the loading

direction, corresponding to the in- or out-of-plane orientations.

SEM images in Fig. 1(b)–(e) show pristine MXene particles prior

to indentations. The contact area underneath the probe and the

length along the indentation direction were shown in detail in

section S.1 of SI.

1.4. Analytical modeling

MD modeling was carried out using Large-scale Atomic/

Molecular Massively Parallel Simulator (LAMMPS) program [42].

The ReaxFF was used to describe interactions between Ti, O, C,

and F atoms. The details of the MD modeling can be found in

section S.2 of SI. The analytical modeling was based on Euler

beam kinematics and the corresponding details are provided in

section S.3 and S.4. of SI.

2. Results

2.1. In-situ SEM nanoindentation

The nanoindentation experiments were conducted using a

Hysitron R� PI85 in-situ SEM pico-indenter with a 5 µm diameter

flat punch diamond tip as illustrated in Fig. 1(a). Force versus dis-

placement curves and the corresponding SEM images of structure

deformation were obtained. The basal planes of MXene layers

were oriented either vertically (Fig. 1(b), (d)) or horizontally

(Fig. 1(c), (e)) with respect to the Si substrate and the loading

direction, giving rise to either in- or out-of-plane loading, cor-

respondingly. SEM images in Fig. 1(b)–(e) show pristine MXene

particles prior to indentations. The contact area underneath the

probe and the length along the indentation direction, as shown

in Fig. 1(f)–(g), were computed from the SEM images and shown

in detail in section S.1 and Table S1 of SI. Given the challenges

from controlling both the sample geometry and indentation align-

ment, 4 successful cyclic loading experiments and additional 8

successful monotonic loading experiments were conducted. The

results from the 4 cyclic loading experiments are presented in

this main section. The results of the other 8 monotonic loading

experiments are tabulated in Table S2–S3 in section S.1 of SI. The

errors for Young’s modulus and yield strength, which are from

defects variation among different samples, are within 10%.
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Fig. 1. SEM photographs of (a) flat punch diamond probe approaching sample, (b) in-, and (c) out-of-plane indentation of Ti2CTx , (d) in-, and (e) out-of-plane

indentation of Ti3C2Tx multilayer MXene microparticles. (f) Contact area outlined by white dashed line and (g) length along the indentation direction indicated with

white dashed line (image from out-of-plane indentation of Ti3C2Tx is shown as example).

2.1.1. In-plane indentation experiments

The force versus displacement graphs for in-plane compression

of Ti2CTx and Ti3C2Tx are presented along with the SEM pho-

tographs at critical incidents in Fig. 2. The critical cycles I0, I1,

I2, I3 are labeled in red. In the first few loading/unloading cycles

(I0 � I1), the force monotonically increases in a non-linear fashion

due to a developing contact between the indenter tip and the

sample. Starting at I1 and on, the force fluctuates as the upper

parts of the MXene particles, which are in direct contact with the

indenter, are being folded due to local yielding till I2 (also seen

in Fig. 2(d) and corresponding SEM photographs). With the in-

creasing indentation depth in each subsequent loading/unloading

cycle, the force significantly drops after I2, as the interfacial frac-

ture propagates through the structure (white lines indicating two

separated surfaces), and eventually splits the particle, as shown

in Fig. 2(c), (f).

2.1.2. Out-of-plane indentation experiments

The force versus displacement curves for out-of-plane loading

of Ti2CTx and Ti3C2Tx multilayer microparticles are presented

along with the corresponding SEM photographs at critical in-

cidents in Fig. 3. In a few first loading/unloading cycles, the

individual MXene nanosheets were compressed without signifi-

cant change of the distance between layers (O0-O1). Subsequently,

the gaps between layers were gradually closed (O1-O2), followed

by local shear failures observed till O3, where a major crack

developed in the structure, leading to its final failure signified by

the instantaneous drop in force to zero in Fig. 3.

2.2. Modeling and analysis

The bottom-up approach is taken to understand the progres-

sive failure mechanisms of MXenes. The tensile and compressive

behaviors of monolayer and a-few-layer MXenes were investi-

gated in MD modeling. An overall trapezoid-shaped elastoplastic

stress–strain profile was observed for MXenes under both tension

and compression.

We then pursued the analytical modeling by only taking the

trapezoidal elastoplastic stress–strain profile from MD into con-

sideration. The values predicted by MD for the Young’s modulus

and yield strength, however, were not taken into consideration

in the analytical modeling. Our discretion to use only the stress–

strain profile but not the values of Young’s modulus and yield

strength from MD as input for the analytical modeling is justified

by the problems with scaling, where the values predicted by

MD can be significantly different from the actual values due to

atomic vacancies, defects, and randomness of the curvature at

the nanoscale in the real material. The aim of the analytical

modeling is to link the nonlinear tensile and compressive be-

havior of accordion-like structures assembled from monolayer

MXenes to their structural response under uniaxial compression.

By comparing the analytical modeling results with experimental

data, the effective Young’s modulus and yield strengths were

extracted for accordion-like multilayer MXenes.

2.2.1. Analytical modeling

MD results (S.2 of SI) show that the uniaxial stress versus

strain curves of the monolayer and a-few-layer MXenes demon-

strate an initial linear and recoverable response (linearly elastic

stage) followed by an irrecoverable stress plateau stage (yielding

3
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Fig. 2. In-plane indentation of MXene microparticles: (a) force versus displacement response of Ti2CTx , (b) SEM photographs of Ti2CTx at critical incidents labeled

in panel (a), (c) post-failure interfaces of Ti2CTx . (d) Force versus displacement response of Ti3C2Tx , (e) SEM photographs of Ti3C2Tx at critical incidents labeled in

panel (d), (f) post-failure interfaces of Ti3C2Tx .

strength) and stress reduction stage (softening stage). A trape-

zoidal elastoplastic stress versus strain profile (as illustrated in

Fig. 4) was assumed in the analytical model for the MXenes when

considering their structural deformations at the nanoscale. This

trapezoidal shape serves as input for the subsequent analytical

modeling while the exact values of Young’s modulus, E, and yield

strength, σy, are determined by fitting with experimental results.

The accordion-like multilayer MXenes were idealized as wavy

layers illustrated by cartoons in Fig. 5. The Euler–Bernoulli kine-

matics (i.e., axial deformation with rotation) was used to model

the bending process of MXenes with the idealized intrinsic tensile

and compressive stress versus strain profiles as shown in Fig. 4.

Note that the trapezoidal profile was assumed for both tensile and

compressive loading. Derivation of the corresponding equations

and further details are provided in section S.3 and S.4 of SI.

2.2.2. In-plane indentation

Observing the experimental force versus displacement curve

and the deformed states of MXenes, the mechanical response

4
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Fig. 3. Out-of-plane indentation of MXene microparticles: (a) force versus displacement response of Ti2CTx , (b) SEM photographs of Ti2CTx at critical incidents labeled

in panel (a), (c) SEM photographs of post-failure Ti2CTx , (d) force versus displacement response of Ti2CTx , (e) SEM photographs of Ti2CTx at critical incidents labeled

in panel (d), (f) SEM photographs of post-failure Ti3C2Tx .

of accordion-like MXenes can be divided into three stages as

illustrated in Fig. 6a.

1� elastic deformation stage, I0-I1, where the force resistance is

mainly due to elastic bending of the MXene layers and indicated

as ED-S. In this stage the multilayer MXene was modeled as a

set of attached wavy beams with sinusoidal profile and initial

deflection (a0) (Fig. 6a). The Euler–Bernoulli beam theory was

applied to model the force versus displacement responses. At the

beginning the beam is mainly deformed axially by compression.

As deflection increases, bending moment becomes dominant and

5
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Fig. 4. Analytical material model of Ti3C2 MXene: (a) comparison between

stress–strain profiles used in analytical modeling and those obtained from MD

modeling; on the right are MD snapshots of the monolayer MXene under tension

and compression; (b) SEM, TEM photographs, and cartoons illustrating two-scale

tension–compression of MXene.

causes stiffness reduction. When the maximum stress at the

mid-span reaches the compressive yield strength (I1), the force

versus displacement (Pe,c-δe,c) could be obtained by setting this

maximum stress equal to yield strength, σy, which gives,
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σyh
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where, Pcrit = EI π
2

l2
0

is the critical load for mode-I buckling, le is

the current unit length, h is the unit thickness.

2� plastic folding stage, I1-I2, where segments of the wavy MX-

ene layers fold continuously as the MXene monolayers enter the

plastic behavior regime and indicated as PF-S. After I1, the plastic

zone has developed at mid-span, causing folding as shown in

Fig. 6a, I2. Subsequently, the unit undergoing the folding process

loses its load-bearing capacity leading to a significant force reduc-

tion. Upon complete folding of this unit, the neighboring segment

undergoes a short elastic re-loading sub-stage before repeating the

identical folding processes. This process is repeated for all beams

(monolayers within the multilayer MXene structure), resulting

in multiple fluctuations in the force versus displacement curve

(Fig. 6a, I1-I2 range). For brevity, the units undergoing folding

process, completely folded and remaining elastic are referred to

as folding units, folded units and elastic units, respectively.

Each folding unit undergoes 3 yielding sub-stages and 1 elastic

sub-stage subsequently, defined by the yielding zone develop-

ment: single side yielding sub-stage, double sides yielding sub-stage,

plastic hinge sub-stage and elastic re-loading sub-stage. The force

versus displacement responses for the plastic folding stage were

obtained via structural analysis presented in following sections

Fig. 5. Two-scale model of Ti3C2 MXene: (a) comparison between stress–strain profiles used in analytical modeling and those obtained from MD modeling; on the

right are MD snapshots of the monolayer MXene under tension and compression; (b) SEM, TEM photographs, and cartoons illustrating two-scale tension–compression

of MXene.
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Fig. 6. Structural analysis of in-plane indentation on Ti3C2Tx . Force versus displacement response for (a) all stages and (b) one cycle of PF-S, (c) ED-S stage modeling,

(d) PF-S stage modeling, (e) D–S stage modeling.

and compared with experimental data, as shown in Fig. 6a, one

cycle with detailed notations is extracted and shown in Fig. 6b.

In single side yielding sub-stage, indicated as PF-S1 in Fig. 6b, c,

the folding unit is under both bending and compression, thus the

yielding zone initiates at single side of the cross-section. In this

sub-stage, the plastic zone is constrained within a small area, thus

the profile for the folding unit still follows the sinusoidal func-

tion. The modeling results include both increasing and decreasing

phases, shows that while plastic zone is within a limited area, the

structure still has loading bearing capacity (B1 in Fig. 6b), which

is reduced by further development of plastic zone. The end of

this sub-stage is at the moment while maximum tension stress in

this cross section also reaches the yield strength (C1 in Fig. 6b).

Taking advantage of the stress distribution, the force (Pps,c) and

displacement (δps,total,c) corresponding to this end point are as,

hσy � Pps,c

12h

✓

h2
+

5hPps,c

σy

◆

=
Pps,c

h2

s

4
�

l0 � δps,c

�

π2

✓

δps,c +
a20π

2

4l0
�

Pps,c

Eh

◆

(3)

δps,total,c = δps,c +
�

n � 1 � nf

�

δps,el,c + nf (l0 � 2h) (4)

In the double sides yielding sub-stage, plastic zone develops at

both compression and tension sides of the mid-span cross section.

The analysis procedure for this sub-stage is similar to that of

single side yielding sub-stage but with different stress distribution

along the cross-section. Modeling illustration is shown as PF-S1 in
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Fig. 6d. It should be noted that the double sides yielding sub-stage

is a transient stage between the single side yielding sub-stage and

the plastic hinge sub-stage, which cannot be traced explicitly from

the experimental results.

In plastic hinge sub-stage, indicated as PF-S2 in Fig. 6d, as de-

formation progresses, the plastic zone occupies the whole cross-

section and forms a plastic hinge at the mid-span of the folding

unit, which allows this unit to bend freely at the mid-span under a

constant moment resistance, denoted as My. As the deflection app
increases further, complete folding is achieved, leaving the folding

unit no deformation capacity (D1 in Fig. 6b). Correspondingly, the

unit length lpp decreased to twice the unit thickness, h. The critical

force Ppp,c for this point is obtained as,

Ppp,c =
Mpp,c

app,c
=

σyh
2

2l0
(5)

Within former 3 yielding sub-stages (single, double sides yielding,

plastic hinge sub-stages), the force reduces to a limit, where the

elastic units underneath the folded unit undergoes elastic unload-

ing. Upon the complete folding of the folding unit, these elastic

units undergoes a short elastic re-loading sub-stage, indicated as

PF-S3 in Fig. 6b, before entering the similar 3-stage yielding

process. For this sub-stage, the mechanism for each elastic unit

is similar to that of former described in the elastic deformation

stage.
3� delamination stage, I2-I3, where the interfacial delamina-

tion between MXene monolayers leads to a significant drop in

force response and indicated as D–S. This stage begins when

the interlayer energy release rate, G, reaches the critical energy

release rate, Gc . The energy release rate G could be obtained

adopting Griffith’s theory:

G = �
d

dlcrack
(U � F) = �

d

dlcrack

�

Ud,bending + Ud,compression � Pdδd
�

(6)

where, lcrack is the crack length, U is the strain energy com-

posed with bending (Ud,bending ) and compression (Ud,compression)

stain energy stored in elastic units, F is the external work relating

to applied force Pd and total displacement δd. The force versus

displacement (Pd,i � δd,i) at this point, i.e., point I2 as shown in

Fig. 6a, is then:

Pd,i

✓
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EA
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2

(nl0)
3

 

nl0 � 2δd,i +
nd,ela

2
d,0π

2

2(nl0 � δd,i)

!

(7)

where, nd,el is the number of elastic units, ad,0 is the current

deflection.

Stable delamination continues as the energy release rate G

stays constant at Gc , which gives continuously decreasing force

with increasing displacement. The overall structural failure occurs

when the force resistance loses completely.

It should be noted here that the interfacial properties along

with the alignment obtained using Eqs. (6) and (7) are mainly

an average property, which is affected by both the waviness

of the structure as well as the material alignment, i.e., relative

orientation between material direction and loading direction.

2.2.3. Out-of-plane indentation

Based on the development of the plastic zone as well as

the force versus displacement responses, overall process of out-

of-plane indentation can be divided into 3 stages as shown in

Fig. 7.
1� Elastic stage, where the system is within the elastic defor-

mation domain, corresponding to the part of the curve between

points O0 and O1 in Fig. 7a and indicated as E–S. In this stage,

the structural profile follows cosine function with kinematic com-

patibility at the boundaries. The deflection, ahe, decreases with

ongoing loading process while unit length, l0, keeps constant.

Forces of two directions are in presence for this stage: vertical

loading
�

Phe,v
�

applied by the indenter; horizontal loading
�

Phe,h
�

applied by the reactions of fixed ends. Relations between Phe,v and

Phe,h could be obtained with moment/force balance conditions.

The force versus displacement (Phe,v�δhe) relation is then obtained

through Castigliano’s second theorem.

The end of this stage corresponds to the time instance when

the maximum stress of mid-span cross section reaches the yield

strength, σy. Adopting stress distribution function and the corre-

sponding force versus displacement (Phe,v,c �δhe,c) relation is then

obtained as:

Phe,v,c =

σy +
πhEIδhe,c
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2� Yielding stage, where the plastic zone develops, corre-

sponding to the part of the curve between points O1 and O2 in

Fig. 7a and indicated as Y–S. While mid-spans of the neighboring

layers are in-contact, plastic zone starts to develop along lon-

gitudinal direction continuously till the complete closure of all

gaps. This sub-stage is defined as continuous yielding sub-stage.

The force versus displacement (Phc,v � δhc) relation for this stage

is given by,
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3� Strain hardening stage, where all layers are completely

pressed against each other corresponding to the part between

points O2 and O3 in Fig. 7a and indicated as SH-S. When the gaps

between the layers have been fully closed and the plastic zones

fully developed as shown in Fig. 7d, the force versus displacement

curve mainly reflects the strain hardening of the compressed

multilayer MXene particle before the onset of local shear failure.

Eventually, the samples were crushed when the shear cracks have

grown extensively leading to the final failure evidenced by a

sharp drop in force after reaching O3.

2.3. Material property estimation

To fit our experimental data with the structural analysis model,

two sets of parameters should be considered: (1) material prop-

erties, including Young’s modulus, yield strength, and critical

energy release rate; (2) geometric parameters of the accordion-

like structure, including initial unit length, unit deflection, and

section thickness.

For in-plane cases, firstly, the geometric parameters are ob-

tained by measuring example units from the SEM photographs

(section S.1 of S.I.). Knowing that these values are highly de-

pendent on the location of the measurement and selection of

units, we measured all MXene layers in each sample and loosely

determined the geometric parameters as average of measure-

ments at first. The Young’s modulus and yield strength, are then

calculated by enforcing modeling results fit with experimental

force–displacement curves, as shown in Fig. 6a, where Eq. (1)

is used for fitting with the force and Eq. (2) for displacement.

To have a better fitting, the geometric parameters are adjusted

within the measurement range. With these determined Young’s

8
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Fig. 7. Structural analysis of out-of-plane indentation on Ti3C2Tx: (a) force versus displacement response, (b) E–S stage modeling, (d) Y–S stage modeling, (e) SH-S

stage modeling.

modulus and yield strength, the first fluctuation as in PF-S stage

is calculated and compared with experimental results. 2 points

are paid with extra attention to determine this curve: the end of

PF-S1 stage, indicated as C1 in Fig. 6b, which is determined with

Eqs. (3)–(4), and the end of PF-S2 stage, indicated as D1 in Fig. 6b,

which is determined with Eq. (5). These results were not fitted

well with the experimental results at first try, we then iteratively

re-adjusted the Young’s modulus, yield strength as well as the

geometric parameters to make themwork for both ED-S stage and

PF-S1, PF-S1 stages. The following fluctuations are then calculated

with the determined parameters without trying to fit every point

from the experimental data. The critical energy release rate is

determined by fitting the D–S stage with the experimental data:

the starting of this stage, point I2, is first determined from the

experimental results. Eq. (7) is then used to calculate the crit-

ical energy release rate while geometric parameters and other

material property values are kept the same with former stages.

Similar procedures are used when extracting the geomet-

ric parameters and material properties for out-of-plane cases.

The geometric parameters are loosely determined by measure-

ments in SEM images, and then the Young’s modulus and yield

strength are determined by fitting E–S stage experimental data

with Eq. (8), where the geometric parameters are adjusted within

the measurement range for better fitting. Then, these deter-

mined values are used to fit the Y–S stage. The Young’s modulus,

yield strength and geometric parameters are then iteratively

re-adjusted to fit with both stages.

The estimated mechanical properties are listed in Table 1 for

both in- and out-of-plane indentation cases for both MXenes.

3. Discussion

The extracted Young’s modulus and yield strength of Ti3C2Tx
are slightly higher than those of Ti2CTx. Considering that both

MXenes have the same hexagonal lattice structure [43], this dif-

ference may arise from different number of atomic layers com-

prising the monolayers of these two MXenes, an effect that was

recently observed for adhesion [44]. The interfacial adhesion en-

ergy shown in Table 1 for Ti3C2Tx is slightly lower than that of

Ti2CTx. It should be noted that this interfacial adhesion energy

estimated with the structural analysis model is different from

the adhesion energy between monolayers. Instead, the interfacial

adhesion energy also includes the energy dissipated from layer

tearing, shearing, and eventually kinking as observed in Fig. 2(c),

(f). In comparison with the Young’s modulus and strength calcu-

lated at the nanoscale with MD (S2 in SI), the extracted values

are much lower. Taking intact monolayer MXene for comparison,

the extracted Young’s moduli in compression and tension are

65%–84% and 46%–66% of those obtained with MD, respectively.

The values of yield strength are 4%–6% for tension and 10%–15%

for compression relative to the results obtained with MD. Large

discrepancies between the material properties extracted fromMD

modeling at the nanoscale and continuum structural analysis at

a larger scale, confirm the suspected size effects (defects, non-

uniform surface chemistry, randomness of the curvature at the

nanoscale), meaning that the mechanical properties of multi-

layer MXene particles are expected to be much lower than the

properties of their monolayers.

4. Conclusions

We reported stage-wise mechanical behavior of accordion-

like multilayer Ti2CTx and Ti3C2Tx MXene particles under uniaxial

compression along in-plane or out-of-plane directions measured

using in-situ nanoindentation with SEM visualization. A highly

nonlinear responses and large residual deformations were ob-

served under cyclic loading/unloading. Bending, buckling, tearing,

shearing, kinking, and delamination phenomena were observed

while the MXenes underwent structural failure under increasing

compression force. High mechanical energy dissipation due to

nonlinear stress–strain response was found for multilayer MX-

enes indicating their potential in impact-tolerant devices. Facili-

tated by structural analysis, the Young’s modulus, yield strengths,

and interfacial adhesion energies were extracted from the exper-

iments. The results show higher values of these properties for

multilayer Ti3C2Tx in comparison with multilayer Ti2CTx, which

confirms the suspected monolayer thickness effect. Finally, the

9
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Table 1

Estimated bulk mechanical properties of multilayer MXenes.

In-plane

(Ti2CTx)

In-plane

(Ti3C2Tx)

Out-of-plane

(Ti2CTx)

Out-of-plane

(Ti3C2Tx)

Young’s modulus (GPa) 234.76 285.03 182.23 268.42

Yield strength (GPa) 0.66 1.18 0.91 1.28

Interfacial adhesion energy (J m)�2 2.65 2.48 N.A. N.A.

reported yield strengths of the accordion-like multilayer MXenes

are much lower than theoretical values indicating the effects of

scaling on mechanical strength of MXenes.
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