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Graphical Abstract

An in situ high-temperature nanomechanical instmimes used inside an SEM at high vacuum
to investigate properties of covalently interconteddCNT porous structures in a wide range of
temperature. An irreversible buckling at the basgiltar samples was found as a major mode of
deformation at room and elevated temperatures.apert the variation of elastic modulus,

critical load to first buckle formation and othéramge in mechanical properties as a function of
temperature. We also showed a remarkable fatigistaeace of CNTs at room temperature and a
gradual change in resistance at high temperatuoéeddlar dynamics (MD) simulation of
compression highlights the critical role playeddoyalent interconnections which prevent
localized bending and improved mechanical propertie
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Abstract
Carbon nanotubes (CNT) are one of the most appgeatiaterials in recent history for both
research and commercial interest because of thtstamding physical, chemical, and electrical

properties. This is particularly true for 3D arrantents of CNTs which enable their use in larger



scale devices and structures. In this paper, thectebf temperature on the quasistatic and
dynamic deformation behavior of 3D CNT structurepiesented for the first time. An situ
high-temperature nanomechanical instrument was ussgde an SEM at high vacuum to
investigate mechanical properties of covalentlgricdnnected CNT porous structures in a wide
range of temperature. An irreversible bucking atllhse of pillar samples was found as a major
mode of deformation at room and elevated tempegatuit has been observed that elastic
modulus and critical load to first buckle formatialecrease progressively with increasing
temperature from 25°C to 750°C. To understanddatigsistance, pillars made from this unique
structure were compressed to 100 cycles at roonpdeature and 750°C. While the structure
showed remarkable resistance to fatigue at roonpéeamure, high temperature significantly
lowers fatigue resistance. Molecular dynamics (Midhulation of compression highlights the
critical role played by covalent interconnectionkiat prevent localized bending and improve

mechanical properties.

Keywords: Carbon nanotubes, In-situ nanomechanics, High ¢eatyre testing, Fatigue testing,

MD simulation



Introduction

Carbon nanotubes (CNTs), extraordinary materialth veixceptional mechanical, chemical,
electrical, thermal, and functional properties, dattracted the attention of scientists from
different fields [1, 2]. In the past two decadedNTS have been explored for different
applications, ranging from energy storage to higipact resistance materials [3-5]. Their low
density and high-temperature stability along with FPa elastic modulus of individual
nanowires have been a drive for a broad rangewétstal applications [3, 6, 7]. For more than a
decade, three-dimensional (3D) CNT-based architestinave been synthesized and their
mechanical properties have been tested under @ifésading and strain conditions [8-11]. Such
3D structures show unique mechanical behavior saslsuperelasticity, viscoelasticity, self-
stiffening, high-frequency damping, and others I82- Undoubtedly, most of these properties
are important for specific structural applicatiomsd are not observed in conventional bulk
ceramics and metals. In some applications, mecabbehavior at elevated temperatures is one
of the key issues as the engineering componentsxgesed to high-temperature environment
[17, 18]. Evaluation of high-temperature properttdsCNT based architectures has remained
unexplored so far, in part due to experimentalidifies. Although CNTs start oxidizing above
500°C in the ambient environment, they are stableigher temperature in vacuum and inert
atmosphere. Thus, an inert or vacuum environmergsgential for evaluation of its high-
temperature mechanical properties. To understaachamical behavior of small-scale CNT
structures, we also need high precision instrumidiatiscan operate at an elevated temperature in
vacuum. In this study, an SEM nanomechanical instnt was used to conduct high
temperature mechanical testing at a vacuum level6f Torr and at a maximum temperature of

750°C.



We have chosen CVD grown vertically aligned intewoected nanotubes (reported to be the
nanotube 3D architecture with highest stiff) forr gnechanical testing [19, 20]. To maintain
uniform samples for testing, square cross-sectfomioro-pillars were fabricated from the 3D
carpet of CNTs. High-resolution SEM was used fgsteang video and images during testing
and to correlate mechanical properties with defoionabehavior. To gain further insights into
the deformation process, fully atomistic reactivelesular dynamics simulations were carried

out.

Experimental procedure

CNT growth: The blocks of carbon nanotubes were grown by atedmrapor deposition using
ferrocene and xylene on silicon wafer substratestaiD of the synthesizing technique of 3D
structure is discussed elsewhere [7, 19]. The sartd the substrate was sputtered by 10 nm
aluminum and 1.5 nm iron films prior to the grovgitocess. This technique allowed to produce
the interconnected 3D-CNT scaffold in varying siZzBse density of 3D structure can be varied
0.13 to 0.32 mg/mm [3, 19]. The morphology anddtral properties of interconnected CNTs
were investigated by scanning electron microsco@uafita ESEM, FEI Company) and
transmission electron microscopy, 2100F (JEOL), &amicroscopy, 633 nm laser (Renishaw),
and X-ray photoelectron spectroscopy.

Sample preparation and high temperature mechanical testing: An in situ hanomechanical
instrument, Pl 88 SEM Picolndenter (Bruker Nandf&es) with an integrated high-temperature
stage and an active tip heating, fig. 1a, was usedonduct uniaxial compression of pillar

samples. Micropillars of dimensions 15n X 15pum in cross-section and 25-30n in height



were prepared from the middle of the bulk samplddazyised ion beam (FIB) as shown in Fig.
1b-c. The quasistatic and dynamic compression tests conducted with a 2@m flat punch
diamond probe. Using the displacement-controlledlifack mode of the system, the pillars were
compressed to 8-38% strain at a strain rate of b The tests were conducted at room
temperature (RT) as well as at several elevatepeaestures of up to 750°@n situ mechanical
testing allowed precise alignment of the tip wiltle tsample as well as direct and real-time
observation of the deformation processes. A bepéfiterforming these tests in the SEM is that
the high vacuum environment limits oxidation andraelation of the sample, especially at high
temperatures. Water circulation through coolingckto at the sample heater and transducer
minimizes thermal drift of the system.

Simulation Details: Molecular dynamics simulations (MD) were carried asing the Mueller
parametrization [21] of the Reactive Force FieldedRFF) [22], as implemented in the
LAMMPS MD package [23]. The model CNT pillars weremprised of 5x5 arrays of 10 nm
long double-walled carbon nanotubes (DWNT). Stmeguwith and without interconnections
were considered for the simulation. For the fornvee, used defective (5% vacancies) (5,10)
CNTs inside (10,10) CNTs. For the latter, we coesed pristine (5,5) CNTs inside (10,10)
CNTs. Before carrying out compression tests, wst fininimized and then thermalized out
model systems for 400000 steps in the NVT ensemidig a chain of three Nosé-Hoover
thermostats. A time-step of 0.1 fs was employednduall simulations. For the constant force
compression tests, the bottom side of the pillas feed, and the top side was treated as a rigid
body keeping the external torque components nulirder to avoid undesired rotations. At this
point, a force ofF = 2584 nN was applied to the top side of the pilequally distributed

between all its constituent atoms. We considered t@mperatures within the range of the



experimental setup: 2 and 727C. For the constant indenter velocity tests, a alaurface
was displaced downwards at a constant rate of (S while the bottom part of the CNT pillar

was kept fixed.

Results and discussion

Interconnected CNTs were grown by CVD method oiligassubstrate, as described in detail in
our previous publication [19]. The mechanism ofation of these interconnected 3D structures
is explained as following: the initial CNT grows time catalyst deposited substrate, similar to
regular CNT forest that grown using CVD methods Hpwever, after the initial growth of a
CNTs started, the secondary catalyst (i.e. carloomce and iron) deposit on the growing CNT
and acts as a nucleation site for the growth oftte@roCNT as a branch. To understand the
morphology of the interconnected CNTSs, the top side surface of as grown interconnected
CNT blocks was imaged by an SEM (Fig. 1c-e). CNdcks have uniform microstructure and
evenly distributed microporosites. The side views&M images shows that CNT pillars consist
of interconnected network structures (fig. le-gfhe bright-field TEM images (fig. 1h-k)
confirm that individual nanotube structures arestiobnnected and covalently bonded. Fig. 1
shows the Raman spectra of interconnected CNTshndonsist of two main peaks, G-band (at

1585 cm') and D-band (at 1343 ¢, associated with graphitic-like and disorder ctues,

respectively [24]. A quantitative measurement & tlefect density in the CNT sidewall can be
determined by the ratio of these two bangs; I (0.58), which is related to the number of
defects on the surface of nanotubes and at theigmscbetween individual CNTs. In addition,
the full-width-half-maximum (FWHM) of D-band is alsrelated to the quality of CNTs. In

general, when the quality of the CNTs samples amee, the FWHM of D-band decreases. Here,



the FWHM of D-band and G-band is 165.5 and 67.9eesvely. The high FWHM of the D-
band is due to the defects on the surface of Cdlsbatween individual junctions. The peak at
~2700 cn indicate the G’-band, which is the second ordehefD band and is referred to as its
overtone. The 2D-band originated from a two-photattice vibrational process, but unlike the
D-band, it is not related to defects of the nanetulXPS was used for quantitative chemical
analysis of interconnected nanotubes (fig. 1m). Ths core level peak positions of the carbon
and oxygen atoms are approximately at 285 eV adedBrespectively (Figure S1). The peak
position at 284.5 eV, 285.4 eV and 286.2 eV cowadg to C-C, C-O and C=0O bonds
respectively.

Fig. 2a displays a typical engineering stress {rexgging strain plot which is calculated from
load-displacement data obtained from a displacemenirolled test conducted at room
temperature. The plot shows that stress increassarly with strain until a critical stress at poin
A (op), at which stress dropped to a lower stress plateglled instability stress at point Bgj.

As the strain on the structure increases (B-C)emd\wsmall stress drops can be observed. Fig.
2b-d shows microstructural changes at the pillaebMicrostructural images in this study and
others [15, 25¢tonfirm that the critical stress4) is associated with the formation of the first
buckling wrinkle at the bottom of the pillars (figb). As strain increases, additional wrinkles are
formed which lead to small stress drops in thesstagrain plots (B-C). The overall changes in
the microstructure indicate a collective bucklirghlviour, as illustrated in Fig. 2c [26]. Under
an applied load, the CNT sections of turfs, whiels i fully constrained base, reorient towards
one direction to accommodate the plastic straire [Blcal position at where the buckling starts

depends on the density and the microstructureesdaffolds. In our post-mortem analysis, the



maximum density of buckle formation was observedrrthe base, which is shown in a high-
magnification image in Fig. 2d.

Next, the results from high-temperature mechaniests are discussed. Stress-strain plots of
pillar compression at room temperature to °“@@re shown in figure 3a. The pillars were
compressed to a range of strain from 8% to 38%aritbe noticed that the pattern of stress-strain
curves remains the same at all the temperaturdsugh oo decreases with increasing
temperature. This indicates that temperature hasflaence on the nucleation of buckling event
in the nanotubes. The change in slope in the lipear of the stress-strain plots indicates that
elastic modulus decreases with increase in tempetawhich is plotted in Fig. 3b. An average
elastic modulus was calculated to be 640 MPa atwRilch decreases to 530 MPa at 300°C (7%
change), to 300 MPa at 600-700°C (46% change) &AdVIPa at 750°C (70%). Critical stress
for first buckle formationga and net stress drop, - o, are plotted as a function of temperature
in Fig. 3c. oa changes more linearly with temperaturgat RT was found to be 27.2 MPa which
reduces by 77% at 750°C. On the other hand, a stemgase in stress-drog (- og) can be
observed only at 300°C and then net stress doeshaoge significantly with temperature. The
results confirm that temperature has a significafiience to initiate a bucking event in the 3D
structure. At higher temperature, lattice fluctaai promote lowering of bond strength at the
interfaces of CNTs resulting an easy buckling evénbas been reported that heating at inert
atmosphere at elevated temperature causes progredsstruction of the integrity of CNT
structure [27, 28].

Analytical calculations were developed in ordedé&scribe the strong dependence of the elastic
modulus with the temperature. Our calculations weaieed in a model [29] that describes a

parallel array of nanotubes under compression vathsimple modification that adds a



temperature dependence and a global contributioit, tm a way that the effective elastic

modulus £') is calculated as

B = et (1) @
in which E, is the real elastic modulus&t= 0, ¢ is the nominal density facta#,is the average
inclination angle,T* and « are critical parameters to be determined ahe A,(1 — i) + i4,
depends on the individual contributions of the Idag and global slendernesg,j according to
the interaction factori). Adding the same global contribution to the patestrengtho,(here

considered as the average betwegandoy) we get

n(1+tan?(9)1% /3
( (6)2%/3)
427

op = E’. (2

Considering that the 3D CNT structures have a sgbase of sidé~ 15 um filled with perfect
cylinders of lengthL ~ 27.5um and radius- = 15nm we can calculate the local and global
slenderness asl, = 2L/r ~ 3667 and A, = LV12/l ~ 6.35, respectively. The 3D CNT
structures densityl, ~ 0.225 g/cnt and the theoretical density for multi-walled CNds~
2.45g/cnt [30] lead us to a nominal density fractipn= d,/d, ~ 0.092, which means that the
experimental structure has ~ 91% of free space wbepared to the theoretical one.

Based on the above equations and considékjng 1TPa, it is possible to derive the coefficients
by doing a best fit together with the experimemata. This lead us t6* = 1100K, a = 0.49,

0 ~ 19° andi = 0.99 with a good fit of the data (see Fig. 6). It isspible to conclude that the
3D CNT structures have a strong dependence orethperature characterized by a drastic drop
on its elastic properties and if experiments ahéigiemperatures are considered this effect is
expected to be even stronger and the mechanicgegires more affected. The 3D CNT

structures could also have a small inclination Hrelglobal slenderness has a very significant



role in the compression process. Also, Eq. (1) ttegrewith the parameters obtained here may be
utilized to estimate the elastic modulds at temperatures and densities that were not
investigated here.

To understand the fatigue resistance of the CNicatres as a function of temperature, the
pillars were compressed to 100 cycles at RT and®@50he load-displacement data were
converted to stress-strain plots which are showhRign 4a at RT and in Fig. 4b at 750°C. The
strain applied in the first cycle (black data) wa¥%. The pillar was unloaded and reloaded to
12.5% strain at"® cycle (orange data) to 100 cycles (green datad. féliowing features of the
deformation process are similar at RT and high sratpire. The stress jump, which was present
in the first cycle, was absent in the next cycleghe 2 cycle, stress-strain curve does not show
initial elastic linearity, but shows two distinatgions. The first segment of loading is fairly
smooth, and the second segment loading presentg smaall stress drops. From th& 8ycle
and onward, stress-strain curves show a similamaiieh with low stiffness during initial
straining and high stiffness during final strainiddthough both temperatures showed a similar
pattern of deformation, the major difference wére thange in compressive flow stréss at

the maximum strain. The compressive stress at 12#%&n,0;, at RT does not change much
whereaso; drops rapidly at 75C. To examine the effect of temperature, the marimu
compressive stress at 12.5% strai) i6 normalized with the compressive stress altfieycle

(00) and plotted in Fig 4c. The results were also careg with the fatigue study conducted by
Ajayan et al. on non-interconnected bonded CNT scaffolds at reemperature [31]. In the
current studyg; , 23.9 MPa, at the 2nd cycle gradually drops t@ 22Pa at 100th cycle (6.69%
reduction). Most of the reduction m appears during the initial cycles. The change:iwas

found less than 1% after 30th cycle. At %0s; in the 29 cycle is 10.4 MPa which decreases to
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4.1 MPa at 100th cycle (60.57% reduction). The geamo; in ref 27 at RT is much higher
(~20%) than the change observed in the preseny sthiith implies that interconnected CNT
structures have higher fatigue resistance thanimenconnected structures.

The vertically aligned CNTs (VACNT) and their sttuies are associated with both covalent and
van der Waal bonding in the network [32]. The bogdbetween the neighboring carbon atoms
in an individual CNT are $pcovalent resulting in superior mechanical propsrtHowever, in
most studies on VACNT, individual nanotubes arentyaattached by weak van der Waals force.
The reported values of the elastic modulus of sumtrinterconnected VACNT varies between
30 KPa — 100 MPa, unless the structure is used r@néorcement component in composite
materials [32]. The average elastic modulus of B¥#®a obtained in this study is the highest
reported by any literature for a 3D CNT structuniéhaut an embedded matrix and coating. The
enhancement of modulus is due to the presencevalarttly bonded interconnects. A reduction
in porosities can result in higher elastic moduhswever, the density of the structure in this
study is not significantly different from other dtas [31].

In the fatigue study, characteristic viscoelastidticed hysteresis with nonlinear loading curve
was observed after thé“cycle. Two distinct trajectories can be noticedthie stress-strain
curves in the loading and unloading segments. Ys&lesis loops do not change significantly
with cycles at RT showing a steady state, which ¢en described as shape memory
characteristic. This behavior can be compared thighpreconditioning nature of such structure
described by Ajayast al.[32]. The fatigue resistance of the structure was medsitra constant
compressive strain as a function of cycles. Mosthef reduction in maximum compressive
stressg; happened during initial cycles and only 1% stdgspped occurs after 30 cycles to 100

cycles. As mentioned earlier, the first cycle ok tlbading caused irreversible buckling
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deformation at the base of the pillar. The next fwles made subsequent smaller buckling
events reaching a steady state after a few cyitlesuld also be noticed that unloading curves
did not show any change as loading curve which ioosf buckling events are irreversible
deformation. Two trajectory behavior in the loadsegment can be explained using the concepts
applied to other porous and foam materials. The stiffness part of the curve appears due to
reversible bending of the structure, and afteraderstrain the sharp increase in the stiffness is
due to densification of the structure. The fittioigthe straight lines at low stiffness region and
high stiffness region confirms that the change flame deformation mode to another appears at
a critical strain which is 9.7% at’2ycle and increases to 11.2% at 100th cycle. Tlessstrain
curve changes significantly with temperature altffouhe overall nature remains similar.
Hysteresis loops decrease considerable when tteewtese conducted at 750°C as shown in Fig.
4b. The critical strain for change in deformationde appears at 7.8% df 8ycle and 13% at
100" cycle.

To better understand the nanoscopic behavior ddocananotube pillars under pressure at higher
temperatures, we have performed molecular dynasiiosilations (MD) on two sets of CNT
structures; one with and another without intercatioas. In the setup used in these simulations,
a constant force was applied to compress modealrpilit 27C (300K) and 72°C (1000K), Fig.

5. To evaluate how compression modified the strecaf CNTs, the total number of bonds in
the model structure was tracked over time. At re¢emperature, compression leads to a decrease
in bond numbem/ny. n represents the current number of bonds at a pititime scale andy

is the initial number of bonds, as shown in fig. Bd a higher temperature (743, after an
initial decrease in the number of bondsactually increases, due to bond reconstructiorthAt

simulation end, the number of bonds formed hadamsgd the number of broken bonds, as the
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high temperature and pressure favored bond recmtistin. Such a process may account for the
strengthening of the material under compressionnduthe initial cycles. It is important to
emphasize that high temperature may favor the foomeof atomic bonds, but weaken the
underlying networks and also allow increased thérailarations in the structure. An MD
trajectory of a compressive test at constant fascpresented in the supplementary material
(video S1). Observe the structure buckles readitygher temperature.

Compression MD simulations were also carried out ©NT pillars with and without
interconnections to investigate their effect on thechanical properties. A planar indenter was
moved towards the pillar at a constant velocitye (Beg. 5b). The results, displayed in Fig. 5e,
show that the maximum stress supported by thetstei@t a given strain before failure was
higher in the presence of interconnections. Theomdgformation mode was observed to be
bending or buckling failure of nanotubes. For tlasec of non-interconnected structure, as the
local stress values increased, nanotubes weretdrdeend individually. The bending mode
decreases the overall stress leading to non-moicostress behavior observed in Fig. 5e. The
simulation study shows that interconnects play yrode to prevent localized bending at a low
strain. The result corroborates our assertion ¢mdtanced mechanical properties found in the
experimental part of this study are due to theegmes of covalently bonded interconnects. This
result might be better visualized with the aid mfeo S2 of the supplementary material. Observe
that the CNTSs in the structure without interconiwex readily bend in different directions under
compression. Meanwhile, the CNTs in the structuiiéh vinterconnections remain vertical
initially (undergoing compression) and, as straicréases, eventually bend collectively.

Conclusion
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In summary, nanomechanical behavior of chemicallgrconnected 3D CNT structures without
a matrix was investigated using a high-temperatagomechanical instrument inside an SEM.
The covalently bonded structure showed elastic tusdof 640 MPa which is significantly
higher than elastic modulus of non-interconnect® Gtructures reported in the literature. A
strong dependency of temperature on elastic moduéissobserved. Elastic modulus decreases
linearly with increasing temperature and 70% reidacin elastic modulus was measured at
750°C. Buckling at the base of the pillar was foundhasajor mode of permanent deformation at
room temperature as well as at elevated tempersatQ@mitical stress required for first buckling
event decreases gradually with increasing temperatinereas net stress change due to first
buckle formation drops significantly only at 300 Compression fatigue experiments showed
that maximum load bearing stress at a particutairsteduced by a small amount at RT (6.69%)
and significantly at 75 (60.57%) after 100 cycles of loading. The natfréhe cyclic stress-
strain curves remains the same at RT and highgrdeature. MD simulations of compression of
pillars revealed that interconnections improve na@otal properties of CNT pillars by
preventing localized bending of nanotubes during@ession.
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Fig. 1. (a) Schematic view aih situ SEM nanomechanical instrument showing different
components of high temperature system, (b) Schendaficting the geometry of the sample
used for pillar compression, (c) Tilted SEM imadelee pillar sample prepared by focused ion
beam, (d) Low magnification top view and (e) sidew of the 3D interconnected carbon
nanotube architecture, (f)-(g) High magnificatioBNs image of interconnected nanotubes, (h)-
(k) Bright field TEM images of the nanotubes shagvihe junctions, (I) Raman spectrum (m)

XPS of the interconnected nanotubes.
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Fig. 2. (a) A typical engineering stress vs engimggestrain curve at room temperature. (b) High
magnification SEM image of the base of the pillao\wing buckling of the nanotubes marked by
an arrow. (c)-(d) SEM images of the pillar showhigh density region at the base of the pillar.

(e) Schematic showing the primary mode of deforomatvhich is a buckling event at the base of

the pillar.
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Fig. 3. (a) Engineering stress vs engineeringrswhthe interconnected 3D CNTSs at different
temperatures (RT, 300, 600, 700 and°@y0(b) Variation in Elastic modulus with tempenatu

(c) Change in critical stressa) and stress drow{ - og) as a function of temperature.
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2nd cycle §,) as a function of number of cycles).(The current data is compared with fatigue

loading of a non-interconnected carbon nanotuhesire’.
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Fig. 5: (&) Schematic view of the setup employetD simulations to compress a model CNT
pillar with a constant force. (b) Schematic viewaoketup used in compression tests, where a
rigid indenter was displaced downwards at constasbcity, and the response force was

recorded. (c) Cross-section of model pillars witldl avithout interconnections. (d) Results from
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constant force MD simulations. is the current number of bonds at a particulaetiandng is

the initial number of bonds. Inset showing snapshtaken att = 10 ps for simulations
considering two temperatures. (e) Results from QMIRr compression at constant velocity.
Model structures without interconnections suppantimlower loads, despite being composed of

stronger defect-free CNTSs.
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Figure S1. (a) The survey XPS spectra of CNTs, (b) elemental scan of Oxygen.
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