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The use of carbon nanotubes (CNTSs) in the form of vertically aligmeays or films has
been of interest due to the super-compressible response and thetalbkt used as electrical
and thermal contacts. CNT arrays have shown the remarkable dbilitygact as foam-like
structures and exhibit localized, coordinated buckling within specifigioms. An

understanding of the buckling region evolution and the resulting effedtsedoulk CNT array



response are important, unanswered fundamental questions necesslagyfiiture application

of CNT arrays. Here, we report on the low-cycle compressidnléf vertically aligned CNT

arrays to observe initiation and growth of the buckling as a funofimompressive strain and
the contacting substrate material. A critical strain of ~5.8%und above which the buckling
region length increased and below which remained at or belowpghedstrain. The results are
corroborated with nanoindentation on the surfaces, which indicateemstgfof the near surface
by 9.4%-16.5% with increasing applied strain. Also, contact counterfattedifferent stiffness,

lithium niobate and a polymer gel, were compared, which resulted mgebaf ~32% in total

array height after cyclic compression. Raman spectroscopyNdn atrays before and after
compressive deformation was performed observing repeatable atadashifts in the strained
regions. Also, to observe the applicability of CNT arrayscastact sensors, electrical
resistance change during compression was measured and found teeirttyed times in the
parallel versus vertical direction. Observation and resulthefbuckling region nature and
relationship with applied strain and contacting substrates aretanpéor applying the nanotube
arrays to energy absorbing cushions, tunable dampers, thermal tgoractact sensing,

chemical sensing, or in sliding contact.
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Chapter One - Introduction

The use of carbon nanotubes (CNTSs) in the form of vertically aligmeays or films has
been of interest due to the super-compressible response [1] afulitii¢cabe used as electrical
[2] and thermal [3] contacts. Because of the high elastic modehsle and flexural strengths
[4-10], CNTs have many significant features for mechanipglieations. The mechanical
properties of individual carbon nanotubes have been characterized in comprelssi@j §hd in
tension [13], as well as mechanical characterization of composade of dispersed CNTs at
low loadings [14-17]. However, analysis of mechanical properties ehtexl CNT arrays are
only now becoming of more interest. CNT arrays or forests hase aenealed to show an
increased stiffness [18], measured the contact resistance of [1%h&0jscoelastic nature and
fatigue resistance have been characterized [21], contachgvattgles on compressed surfaces
have been measured [22], tribological properties considered [10], amdblean made into
continuous CNT composites [23] and multifunctional brushes [24]. In additids, andilms
of unorganized CNTs have been characterized for their compressivetigop25]. A unique
observation from the compression of organized VACNT arrays i®tadized, periodic buckling
which occurs during loading (Fig. 1.1). The buckling is coordinated andranly in

specified regions of the array. This is of particular intechst to the effects on contact
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conditions for the use as cushions, brushes, or electrical contadiserv@tions of the buckling
have been limited, but multiple end conditions have been studied. Ca¢l¢thalve observed
buckling with a fully released free film (two free surfaceg)ere Zbib et al. [26] and Tong et al.
[27] both fixed one surface. Pushparaj et al. [2] fixed both ends as well astzéc28] (who
also tested compression of fully released films, though did not repckting), allowing tensile
testing. Various strains were applied by all authors rangmg¢p 85%. As well as varying
strains, the range of array geometries has varied from heighits oh to over 3mm, and the
height effect has been studied in detail by Tong et al. [27]. afdkps of the different
conditions for testing, not to mention the variability in fabricatioohtéques, two salient
observations can be made from these studies, 1) the measured bpekiagis consistently 10
— 12 um, and 2) that coordinated buckling of the CNT arrays occurayahat the tube end in
contact with the growth substrate. Though the buckling period has been megstEd,kand
the total height change measured as a function of loading cifwdesize of the buckling region
has not been characterized as a function of loading cycles. isTgasticularly important for an
understanding of the long term performance of the arrays wieehimgontact conditions. For
example, Cao et al. [1] measured the high cycle (1000 cyclggnss of CNT array forests to
strain observing the beginning of an asymptotic relationship betdefmmation change and
cycles; others [2, 26-27] have applied a single or an unknown numberle$ eyad have not
guantified the extent of the buckling region. This thesis reportietiggh of the buckling region
and the total array deformation as a function of low-cycle commregor a VACNT array in

contact with a stiff (LiNb@ material and a compliant (Gel polymer) material; whére t
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contacting side of the array was released from the growttiratédosnd contains the buckling
region. A critical buckling region length scale of 75 um isitdied, which above controlled and
uncontrolled buckling may occur depending on the applied strain.

The effective modulus of VACNT arrays have been characteugmg nanoindentation [29,
30], and nanoindentation also utilized to observe buckling of thin CNT {itjs However,
indentations on the buckled or compressed turf were never mentionedresent a method to
characterize changes within the near-surface of the VAG@NIOmntact with a substrate. Here,
nanoindentation is used on the surface of the arrays to charatterigtéect of compression on
the effective stiffness of the VACNT array for different appliedistia

Raman spectroscopy is a powerful and popular technique to study vibratioperties and
electronic structures of CNT [32, 33], particularly for chadeation of the diameter
distribution, chirality, purity, and architecture [34, 35]. Various carbmaterials have been
analyzed by Raman spectroscopy including single-walled (SWCJS®%), double-walled
(DWCNT) and multi-walled (MWCNT) carbon nanotubes [37, 38] and famayar and
composites of CNTs [39]. However, the Raman features of QMiGer strain are relatively
unexplored. Rajay [40] has applied tensile strain on a SWCNT bundle 1Liptdostrain and
observed Raman spectra changes indicating a debundling of the nanothbefaman
frequencies associated with the graphitic band are found to deevithsampplied strain due to
the elongation of the C-C bond and radial breathing modes (RBM) are foumtrease,
indicating a strain-induced decoupling of nanotubes within the bundle. Rarmagecterization

of MWCNT arrays under axial compressive strain is utilizete e explore the electronic

3



structure of the buckled region in Fig.1.1. Raman scattering Buchkikdibuckled regions on
the side surface of the CNT array are characterized witteRa&pectroscopy in order to observe
the effects of plastic strain on the Raman features of thg,amhere discrete shifts have been
observed.

A fundamental understanding of the compressive response of VACHSaontributes to
the design of CNT-based sensing systems, for the use in taotict; and potentially gas
sensing applications. CNT arrays may be utilized as strg@ gensors which have high gage
factors due to the good piezoresistive properties of CNTs. THutrieal response of CNT
arrays has been used in electromechanical switches [41] whereffect of a mechanical
perturbation drives the electrical response. Thus, the electaspbnses of the array under
compressive strain are of great importance and interest to dtudlamentals of the
electro-mechanics. Pushparaj [2] has measured the electrimdliativity of compressed CNT
arrays and showed reversible conductivity and compressive strpomses in the elastic range
of the array for both perpendicular and parallel tube directions. Howfevesensing and control
purpose, localized plastic deformation of the array occurs wdeated cyclically [1]. Here the
electrical response of the CNT array under compressive Sgameasured to determine
relationships between the resistance changes with respibe &oray deformation. A model of
the geometry and resistivity effects on resistance changeesented, which captures the
experimentally observed trends. Electrical conductivity measumedhe perpendicular
direction to the CNTs greatly enhances the response sensitiithtyswain and provides a

simplistic method for implementing CNT arrays as sensing devices.
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Fig. 1.1 — Scanning electron microscopy (SEM) of VA CNT arrays: (A)
Buckling region of the VACNT imaged after compressi  on tests (10 cycles),
compression applied by Si wafer (not shown) in cont act with upper portion
of array in the image, the buckling-to-straight CNT interface is presented in
the center (10 pm scale bar); (B) Higher resolution imaging of VACN T
buckling after compression (10  um scale bar); (C) Side view image of
uncompressed region in VACNT array (10 um scale bar); (D) Image of
uncompressed CNTs at higher magnification, showing entanglement of as
grown tubes (5 pm scale bar).



Chapter Two - Compression Response
VACNT Array

In order to study the effects of VACNTs applied to compresspptications, and for their
use as super-compressive cushions, electrical contacts and sywtchigermal conduits, In this
chapter, VACNT arrays will be tested under low cycle uniaxéampressive loading.
Deformation variation of the VACNT arrays corresponding to theewdfit compressive

displacement and counterface material elastic modulus will be exploredtresiye

2.1 VACNT Array Sample Preparation

Vertically Aligned Carbon NanoTube (VACNT) arrays are dengaicked regions of CNTs
grown with a metal catalyst on a substrate. The VACNTsbeatihought of as a “brush” with
thousands of carbon nanotubes acting as bristles. Verticaglyedl MWCNTs (multi-walled
carbon nanotubes) were grown into VACNT “forests” on a Si wafieigus three- temperature
zone chemical vapor deposition (CVD) tube furnace [42]. A thm &f Al,Os (thickness: 10
nm) and iron catalyst (thickness: 2 nm) were deposited usintpetino@-beam evaporator on a
silicon substrate with 600 nm thickness of silicon oxide. The substrate was usegiagence

of ethylene gas as the carbon feedstock at high temperature (960%) 25 min to grow the



CNTs. The grown VACNT forests had heights of ~1.2-1.4mm and covegiseup to 1 chin
area, and individual tubes are estimated to have diameters of ~142hm The forest is
attached via an adhesive to a second Si wafer that actstastaral support, the process of
which inverts the growth region of the CNTs (formerly in conteith the catalyst covered Si
wafer) so that a flat, uniform surface is presented afteasel from a sacrificial layer. Samples
for testing were prepared by using a blade to remove sectiotlse 0/ACNT array. The
contacting area of the resulting sample was kept nominallypatnt and had heights of ~1 mm.
Samples for low cycle compression of VACNT s group are from meee of array, while
samples for low cycle compression of VACNTs with different cdate stiffness are cut from

another piece of array.

2.2 Contact Counterface Material

Two types of materials were used as the contact counteMdm@s doing compression test:
lithium niobate (LINbQ) and a gel polymer. Counterface materials are cut, usingnéestasteel
blade, into 1.5cm*1.5 cm (W*L) square pieces with thickness of ~1.5mm, wareHarge
enough in area to guarantee VACNTSs are fully in contact wétctlunterface when compressed.
Ultrasonic cleaning in purified water was performed for 30 aeeach sample. Counterface
materials are wax mounted to the loading anvil. Wax is utilagedn adhesive due to the strong
adherence between the materials and the compression anvil, as Wedlease of removal of the

samples from the anvils. If using a strong adhesive, the samplesfound to become easily



damaged when removed from the sample holder.

Lithium Niobate

LiINbO3; is a ferroelectric material of considerable interest to dipéical, laser, and
communications industry, due to its large values of nonlinear optiealro-optic, piezoelectric,
and acousto-optical coefficients [43]. Here, good surface finismngrms of roughness and
large surface stiffness are the reasons why it is chaxsséme compression counterface. Since it is
much stiffer than the VACNT array (LINRR02Gpa [44]; VACNT: 15-100MPa [26, 29]), and
the surface roughness is on nanometer scale, the most sigrsfieamtenergy when performing

compression will be in the VACNT sample.

Gel Polymer

A polymer gel is used as a compliant counterface material elagsic modulus is 1Mpa [45]
which 10-100 times smaller than VACNTs stiffness (15-100MPa [26,, 28])s during
compression with CNTs, the VACNT sample and also the gel coaogewill deform. The idea
of using soft material as one contact substrate is to find outhehebntact counterfaces with
different elastic modulus will cause changes to the compression results.
2.3 Fullam Loading Stage/Digital Microscope

The loading instrument used for the compression test is a disateontrolled precision
stage (Fullam, Latham, NY). The apparatus is designed for heglisfon load or displacement

controlled uniaxial tension or compression testing under light micrescdteel compression
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anvils are fixed by screws to the stage. In this experim&@NA samples on silicon substrates
are wax mounted to one compression anvil and the counterface is mouttiedotber. The
distance between two anvils can either be manually controlled thietsoftware setup. The load
cell and displacement transducer have resolutions of +/- 0.5% offtllescales. The full
displacement travel of the stage is 60mm and has a max sttaiofrOmm/min. The load cell
has a range of 4.5kN (1000Ib). When the experiment is running, the twie aroxe towards
each other (compression) or back from each other (relaxation). Gasptat of the anvils and
the applied load data corresponding to time are recorded duringtth&ftessthe test is finished,
load-displacement curves can either be plotted in the softwéine ocaw data can be copied as a
text file for further analysis.

The precision loading stage is placed beneath a high-resolutioral digitroscope
(Kenyence VHX-500) for real time imaging during the comgi@s test. The digital microscope
is composed of a camera, lens system, and a monitor with arbadthputer system for image
processing and storage, and has 1600*1200 pixel resolutions for still imadesn 800*480
actual pixel resolution for videos at a frame rate of 15F/s. A VH-Z100 zewsnd used for the

imaging which has a zoom capability up to 1000x [46].

2.4 Compression Test Setup

To observe in situ the buckling of the VACNT arrays, uniaxial cesgon testing was
performed using the precision stage. The stage was mountedthadsigital microscope for

real time imaging (Fig. 2.1). The substrates which the CNaysrare attached were mounted



with wax to the stage, with one end free. Uniform compressiappbed perpendicular to the

array for prescribed displacements using the counterface substrates.

Low Cycle Compression of VACNTs

Arrays were compressed up to ten cycles, with each cycle ingoan initial contact of the
surface, a displacement to a prescribed value, and a retracaaoniritial position. Subsequent
cycles began at the new surface location. Before, during, ameaéie cycle, an optical image
was taken from the side of the sample compressed region. The cacemtesed in the test was
LiNbO; (described in 3.2), which has a surface roughness on the nan@oales and was
chosen to provide a surface with much larger stiffness such trdgfatimation would occur in
the CNTs. The prescribed displacemejsused were 50 um, 10@m, and 200 pm, with a
compression rate of 1@m/sec and a retraction rate of 1 mm/sec. Images were tased
determine the extent of the CNT buckling region and the total heighe CNT array after each
cycle. Buckling was observed optically to occur only at the serfa contact with the
substrate, and not throughout the bulk or at the location where the asayaunted with epoxy
(Fig. 2.2) (Fig 1.1). Measurements for array heights and buckligigrrdengths were made
across the entire width of the sample surface to obtain statisignificance in the results.
Values were obtained for no less than 10 data points with the buckgiran length defined as
the distance from the free surface to the location where itstebfiickle met with the straight
tubes in the array, and the total array height defined as ttencisfrom the free surface to

where the array was attached to the underlying substtBig.2.3
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Low Cycle Compression of VACNTs with Different Counterface Stiffness

Two types of counterface materials with an order different campdéi were used for low
cycle compression to observe effects on the VACNT buckling. The compressi@tempht )
is fixed to 100um for each cycle in this test. The two counterface mateusdsl were LINDQ
and a gel polymer (see chapter 2.2 for material details).tinflemethodology proceeded in the
same order as the previously explained compression test. Image®asurement data of the
buckling length and total array height before and after each loawiclg are defined and

recorded.

2.5Low Cycle Compression of VACNTSs Test Results
The measured buckling region length and the total VACNT dreaght are plotted in Figs.

2.4 — 2.6. Ten cycles were performed for each compression disigacexcept for the 200
pum case. The total height of the array der200 um decreased rapidly (see Fig. 2.6b) and a
crushing of the forest (severe out of plane displacements) wasvethsehen tests were
performed beyond that, making further compression cycles inconswsiégnthe other data.
Buckling period was observed by SEM to be 10 — 12 um (Fig. 1.1) andstemtsiith other
reports [44]. For each displacement value, the trend in the buclkdmgihl results had
variations which were distinctly different. The 50 um compression test exhibited three regions
associated with the buckling, beginning with an abrupt increadeeibuckling length after the

first cycle (Fig. 2.4a). This represents the initiation or tret buckling length. Subsequent
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compression cycles manifested a decrease in buckling length afteryekchrtil the 7th.  This
region is associated with a compression of the initial bucklingomegyithin itself, and
corresponds to the overall decrease of n80in the total array height (Fig. 2.4b). As the
cycles continue, a constant value of the buckling length is reachésbqim. For thé= 100
um case, there is a markedly different construct to the bucldimgth change with respect to
compression cycles (Fig. 2.5a). Similar to the aforementioreB0 um case, the buckling
length increases for the first cycle. A region spanning from2tiee to 4th cycles shows an
increase in the buckling length, indicating that the previous compress$ithe buckling zone
does not occur, at least not immediately. A constant value of ~158 plvserved after the 4th
cycle, which is a region where further applied displacemerdlastically absorbed by the
buckling region and is evident in the total length remaining constgt 2.5b). Similar
phenomena were observed in the high cycle compression tests bgt Gho[1l]. What is
interesting is that the buckling length continues to increase uindetotal length decreases
during the 10 cycles. This indicates for changes in applied disptatethat different
asymptotic values of the buckling length exist, and that the bucldgign for thed= 100 um
case is fully absorbing the displacement within the buckling regmme a critical value was
reached. There was some indication from observations that outsltke lmickling region after
the first few cycles, cracks would occur in the unbuckled regiomsecto the edge of the
buckling region. After additional cycles, these cracks resulteéadickling which would extend
the buckling region even though the substrate never came in corttadt wiThis is evidence of

a fatigue in the CNT array, and shows the potential extent béiitg ~50um beyond the
12



buckling region front. In the case of the largest displacerier20Qum, which was subjected
to only three compressive cycles, a similar trend agfdrOQum is observed, but the rate of the
buckling length increase and the rate of the total array heeglease are much larger (Fig. 2.6)
indicating a further dependence on applied displacement. Asymptaiesviar the buckling
and height are not observed with this case as were the two rsaiagfacements, due to the
array becoming crushed at increasingly higher displacameittis is different to results for
high strain (85% compression of the total height) seen previously [26¢hwvere found to
rebound from the large compression displacements even after 100Q cyidhes could be due
to the differences in boundary conditions, where a fully rele@seattached) CNT array film

was used in those studies.

2.6 Low Cycle Compression of VACNTswith Different Counterface Stiffness Test Results

Measurement of CNT array buckling length and normalized totaly height (ratio of
current array height over the initial heightfor each cycle was done for both groups (Gel as the
contact counterface & LiNbfas the contact couterface). Results are plotted in Fig.2.7-Fig.2.9.
With respect to the normalized total array height variationGelrcompressed sample, the array
height decreased less than 5% of the initial height with 10 cyflésading, while for the
LiNbO3; compressed sample, the array height is decreasing & ab@it 0.03/cycle and finally
reached ~0.67. The buckling length variation trend doesn't show too muekeddé between
the two counterface groups. Buckling length of the two both abruptlgaeed to values of

~118um for the LiINb@compressed case and 45um for the Gel compressed case afiet the
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loading cycle which indicates the initiation of the buckling, and contincreasing for the ™
cycle due to the spanning of the buckling region. It keeps on spannitigetd cycle although

in a not very stable manner due to the complex structure charige sample. With repeating
cycles, it is slightly increasing but more likely reachingt@ady state, 1n@n for the LINDQ
compressed case and 1B for the Gel compressed case. However, the absolute value of the
buckling length of each cycle for the two cases have noticehtidgences, which is mainly
because the two samples went through different deformation evoldtimoking back at
variation trend of the normalized total array height as aaerfer. For the LiNb@compressed
case, buckling length is increasing with loading cycles buttdked array height decreasing
correspondingly can be explained as new buckling was forming céusescreasing of the
buckling length for the first several cycles, but from tffec§cle where a constant buckling
length is reached, the buckling region is starting to be compressising dynamic equilibrium
condition of the buckling length but the overall length of the array staodecreasing trend. For
Gel Polymer compressed case, the increasing buckling lengitsasdue to new buckling
formation but when a steady state was reachBaty6le) the total array height remains constant
which indicates that further applied displacement is elastiehlbprbed by the buckling region
and the Gel Polymer counterface. Since LiNlgorders of magnitude stiffer than the VACNTs
sample, the applied displacement can only go to the VACNTSs agsaiting in similar buckling
region formation but more decreasing in total array height cadparGel Polymer compressed
sample. With the same amount of applied displacement to the two @smpreounterparts,

LiNbO3; compressed VACNTs absorbed entire strain energy but GemBolcompressed
14



VACNTSs absorbed partially and the rest goes to the Gel Polymer. Thamstle@ugh the buckling
regions of the two have similar length, the intrinsic properoé them are expected to be
different. Nanoindentations were performed in this region for boths dasexplore the stiffness

differences between the two, which is described in detail in Chapter 3.1.

2.7 Compressive Response Analysis

Measurements of the buckling region lengths after compressian foand that the CNT
array permanent deformation decreased with multiple cycles wlisglacement is small,
however, with the increase of compression displacement, buckling lemgiteased until
reaching a critical value after only a few cycles. Watlfurther increase in displacement the
deformation becomes fully plastic, which causes the buckling léagtbntinue increasing in an
uncontrolled manner with the cycles. This is better realizembbgidering the first three cycles
of the buckling length variation (Fig. 2.9). An intriguing result beesnevident when
observing all three compression displacement results togethere vidrethe first cycle, the
buckling region lengths come to a similar value of ~70 um, regssdbf the applied
displacement amplitude. Thus, the results seem to indicate thatisha critical length of
permanent buckling that will occur after only one cycle. This coatdir due to the array only
being capable of absorbing a specific amount of energy in the ériouckling for an
undeformed sample. Once buckling is established, compression within tkkéndpuzould
occur or further buckling may occur once a compaction limit isheé This is difficult to

establish precedence with, since only one other study has peifoytiee actuation for constant
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amplitude of the same samples [1], and no studies have measurextaht of the buckling

length region. It is unknown if this critical value is inherent tosa¢y packed CNT arrays, as
seems to be for the 10 — 12 um periodicity in the CNT buckling, drisf dependent on the
boundary conditions or the fabrication methods of the arrays. Foritiesteported here, all
CNT arrays were utilized from the same processing and hamdiedimilar manner, which has
lead to the repeatability of the data. When observing the rasiig. 2.9 after the first cycles,
it becomes evident that the initial permanent buckling servesdasnarcation point, and for
displacements below the value (i.e. 50 um) compression of the buckling,oandrfor larger

displacements, an increase in buckling length occurs. Additionallyareition between

extensions of the CNT buckling length to a constant value withesyekrsus uncontrolled
extension occurred above 100 um. The ceiling for this value is unknowrs gmdsumably

linked to the applied strain and hence array height; though the indeperdearcay modulus

with height has been demonstrated for strains similar to beréo(0.2) [27], for single cycle

compression.

Another approach to the uniform compression results is to consider rythenhpplied
strain in the entire system, but the local strain which is cdogum the buckling region at the
surface. Strains in this region will be indicative of the abitir the array to absorb energy and
be used in repeated contact applications. The applied sigfpis defined from an initial array
state, where, =0 / Lo , though as the cycles are increasgdyill increase sincé will remain
constant for the displacement controlled compressionandll decrease after each cycle due to

the permanent array deformation. If the local strain withirbthekling region 4oca)) is defined
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by,

whereLg is the buckling region length ahdg is defined through a constant initial array height

LO by1

Lo=Llg+Lly (2

with L*y an initial unbuckled region length assumed to be approximatéd oy Ly . The
unbuckled region length is measured after each cycla;asL — Lg , with L the total array

height after each cycle. Eq. 1 can be rewritten using Eg. 2 and the assumptiorsabove a

Lg —(Lo - L
€local = 2 L (—OLU . ) 3)
0

which provides a representation of the local strain in the bucklgigrre Eg. 3 only remains
valid when the assumption &fy =~ Ly holds, which is not the case for all data acquired here.
Fig. 2.10 shows the results of Eq. 3 versus compression cycles fonitbem displacements.

The case 0d = 200um is not plotted for comparison because the assumption for Eq. 3 does not

hold sinceLy falls in value for each cycle. Comparing the case8 of50 and 10Qum, the
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results for the local compressive strain continue to increade aytles foré = 50 um, not
leveling off until the # or 8" cycle for values of -0.29 to -0.35. This shows that the array
continued absorbing energy as permanent strain, with an increes@paction of the buckling
region occurring with cycles. It is fully believed that if tbgcles were carried out for this
applied strain level, then a further leveling off of the lo¢edis would occur. For the higher
displacement o6 = 100um, the results show that a constant value of ~ -0.1 is reacheltiyyapi
indicating that no significant plastic deformation of the bucklingoreg being added after each
cycle, and the displacement remains in a fully elastic reginThe fact that the 1Qdn case has

a smaller asymptotic local strain may be misleading, inadity the overall buckling length for
this case is larger in value than theB0 case, though what Fig. 2.10 is presenting is the overall
strain within this buckling region with cycles. Fig. 2.10 shows tiratLOOum case has a more
rapid rise to the asymptotic local strain value, as weless bverall compaction occurring with
elocal = -0.1 versus ~ -0.3 for the 50n case. For larger applied strains (beneath a critical limit
as observed here the 20fh case has uncontrolled buckling growth) the results give evidence
that compaction and growth of the buckling to a critical value is itapbfor the response of
successive compression cycles. Below a specific applied dtiairtritical energy necessary
for the sustained steady-state energy absorption in not obtainedurdémel fenergy through
compressive cycles must be applied prior to a steady-statevidoa of strain being obtained.
Since the period of the buckling is observed to remain consisteitical éength of the buckling
region is necessary to act as an energy absorbing cushion, or reatiganwithin the bulk of

the array may be occurring creating entanglements which prelédéic stiffening. Further
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study into the effects of the counterface surface conditionsqughness and surface energy) is
of interest to determine the effects of the free surface boyedaditions on the buckling length
and overall array compression. The results reported here diesthie show the transition for
applied displacement affecting the evolution of the buckling regioWAGNT arrays, and
demonstrate that for changes in the applied strain from only 7.5% tqQ @d&%tpressive
displacement can create an uncontrolled growth of the buckling rediois. shown that the
buckling region is responsible for the absorption of the applied dispéatds when fixed arrays
are repetitively compressed and can elucidate the applicatfilihe materials for applications,
such as switches, MEMS devices, or surface cleaning, whertatmsgilcontact conditions will

be important.
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Digital Microscope i

ontact Sulj

VACNT Sample Stage Drive

Precision Stage

Fig. 2.1 - Testing apparatus showing the VACNT arra ys mounted to the stage
on the left side with a free surface towards the ri  ght of the figure; the contact
substrate is attached to the right side of the stag e; the digital microscope
was positioned directly above the VACNT-LINbO 3 contact interface to
capture the compression and post -buckling region length.
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Fig. 2.2 - (A) Compression of the VACNT free surfac e, with the CNTs
anchored at the bottom to a substrate; (B) Retracti  on from the VACNT
surface reveals the buckling region that forms from contact with the
contact substrate at the top surface.
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Fig. 2.4 - (A) Buckling region length measurement as a function of compression cycles for the 50 um
displacement case; (B) Total array height measurem ent as a function of compression cycles; Initial
buckling length is compressed with increasing cycle s reaching a steady -state value at ~7 t cycle.
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Fig. 2.5 - (A) Buckling region length measurement a s a function of compression cycles for the 100 um
displacement case; (B) Total array height measureme nt as a function of compression cycles; Buckling
length continues to grow with increasing cycles rea ching a steady -state value at ~4 th cycle.
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Fig. 2.6 - (A) Buckling region length measurement a s a function of compression cycles for the 200 um
displacement case; (B) Total array height measureme nt as a function of compression cycles; Buckling
length grows with increasing cycles, as the total h eight decreases. Only 3 cycles were performed due to
the severe height change.
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Fig. 2.9 - Measurements of the buckling length for the first three

cycles of the three displacement cases. All cases have a similar
buckling length after the first cycle, after which the 100 and 200 pm
cases increase in length and the 50 um case shows a small

decrease.
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Fig. 2.10 — Local strain (Eq. 7) as a function ofc  ompression
cycles for the &=50 and 100 um cases. The 100 pm
displacement reaches a steady-state earlier thanth e 50 um
case, where the strain remains inside the buckling region. For
the 50 um case the local strain increases with cycles duet o
compaction within the buckling region until reachin g

th

steady-state after the 7 = cycle.

29



Chapter Three - Characterization of CNT
Arrays by Nanoindentation and Raman
Spectroscopy

Low cycle compression will result in localized buckling occurretheoVACNT array. The
intrinsic property of the buckled region, which acts to provide enabgprption when using
VACNT array to compression applications, is of great inter@stsimportance. In this chapter,
the buckled and unbuckled regions of samples tested in Chapter Two wilhkecterized and
compared using Nanoindentation and Raman Spectroscopy techniques, whighowide

elastic modulus and the vibrational characteristics of the tested regipastiesly.

3.1 Characterization of CNT Arrays by Nanoindentation

Instrumented Indentation

Nanomechanical property testing of the VACNT was performed usmgnstrumented
indenter (MicroMaterials NanoTest) to obtain Young’s modulus of th€NA arrays. During
the indentation process the apparatus measures the movement of miber imdeontact with the
testing sample and the displacement and load applied during loading/unloadiecpaded. The

instrument has a resolution of N for the load and 0.06nm for the depth.
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Microscale compression of the VACNT arrays was performedgusire instrumented
indenter with a large radius (@m) of curvature diamond indenter. Sample substrates were
mounted using wax to create a strong bond to the aluminum sample staicavidg easy
removal. Indentation tests were performed before and after thermandompression tests.
Five load-controlled indentations were made on each sample suritfiteawoading and
unloading rate of 0.01 mN/s. Indentations were spatially placedsatne surface to maintain
an accurate representation of the near-surface properties. Thdidptacement curves were
utilized to determine the slopes of the initial loading and unloadingoperof indentations, and
to calculate the elastic modulus of the VACNT surfaces. Fivierdiit VACNT array samples
were nano-indented following the above procedures: 1. An uncompressgde; 2. A sample
after 10 uniaxial compressive loading/unlodaing cycles with digpiaato=50um. 3. A sample
after 10 uniaxial compressive loading/unloading cycles with displacem28fum. 4. A sample
after 10 uniaxial compressive loading/unloading cycles with displacgin100um. (Note: they
were all compressed to LiNROsubstrate). 5. A sample after 10 uniaxial compressive
loading/unloading cycles with displacemestlOQum but the contact substrate was changed to
Gel Polymer. (Note: The compressive responses of all thesesdiviples were discussed in
Chapter 2)

The elastic stiffness of all 5 samples is analyzed pdrjorming a linear regression of the
first 500 nm of the unloading data similar to Doerner and Nix [4ftgr ahe maximum
displacement value began to decrease, to obtain a Sqpe P / h),whereP is the applied load

and h is the measured displacements. This was performed for eachding curve and
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averaged. The slope of the unloading curve for spherical analysieea&lated to the modulus

of the CNT array through the reduced elastic moduiny (using the Hertzian contact analysis

radius [48],
a-3 3PR
4E,

(1)

and the mutual approach of the contact surféces(a’/ R), whereR is the indenter radius.

The reduced modulus is,

(2)

with E andv; the elastic modulus and Poisson ratio for the diamond indenter eduiattdGPa
and 0.07, respectively, aiitd andvs the VACNT elastic modulus and Poisson ratio. The exact
value of vs has been reported between 0 (foam-like material) to 0.19 (singletutee), or
alternatively the reduced modulus is simply reported by sonmm@ytavoiding the CNT array
Poisson ratio. Using the geometric relationship for the apparensraficontact as a function

of the penetration depthy) for a spherical indenter geometry,

a=,/2th ~h3 -
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where hp is assumed to be the average of the maxiama residual indentations, and Eg. 1, the
reduced modulus is written as,

S

(2th—h§,)1/2 @

Er=

Nlw

Nanoindentation on Compressed VACNT Array Results

The Load versus displacement data acquired duhagridentation are presented in Figs.
3.1- 3.5. All curves have a familiar form where enthtion depth increases with applied load
during loading. Once a maximum prescribed valuadbieved, the load decreases as the
indenter is retracted. These results in the umhgadurve follow a different path, with load
rapidly decreasing over a smaller displacement,cwdir due to fully elastic retraction, versus
the elastic-plastic loading curve. For all curvesorded, a residual indentation depth was
observed when the indenter was fully unloaded. rBs&lual plastic deformation of the CNT
array is similar to the observed plastic defornratothe uniform compression tests, though it is
not clear if this is due to the same buckling madma, since indentations are shallow enough to
be within the critical buckling period of 10 — 1. Though, compared to the results for the
0= 50 um uniform compression test, it may not be necestarg prescribed displacement to be
of the same magnitude as a buckling region for &iwom, since the buckling region showed
growth beyond the 5am displacement. Regardless, performing indentadtodepths on the

order of the buckling allows a clearer picture ofgmtial mechanisms. From inspection of the
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curves Fig3.1-Fig3.3 which are from low cycle coegsion of VACNT arrays(Chapter 2.5)
(sample 1-3 defined in 3.1), two observations camiade of the results. From the loading
curves it is observed that at initial loading thesaests a region of increased stiffness for the
compressed samples extending up to ~500 nm, whichtipresent in the uncompressed samples.
This is analyzed by measuring the linear slopes faoregression analysis of the loading curves
for the first 500 nm of displacement (Fig. 3.6),dashows a ~17% increase between the
compressed and uncompressed samples averagedhevierdéntation results.  After the first
500 nm, the loading curves take on a shallowerestgpich is approximately maintained to the
maximum load. Similar observations of an initiséiffening region have been observed by
indentation with a blunted Berkovich diamond intdGNT array surfaces [30], as well as
indentation into thin (200 nm to 1pdn) CNT array films [31]. This event, best descdilzs a
knee in the loading curve, may occur due to tubeklng at the scale of the indenter, though
since the knee was not observed in the uncompress®egle, which should undergo similar
buckling, the stiffening may be due to a changdiler orientations due to the permanent
bending (from the buckling region) and an increddasl entanglement. Agglomerates of CNT
aggregates have shown a similar behavior with amease in stiffness occurring due to
entanglements between microaggregates [25]. Témndeobservation is a change in the slope
of the unloading curves for the different sample$he two compressed cases showed an
increase over the uncompressed case in slope dunfaading, indicating a larger elastic
stiffness of the VACNT array.

For indentation results of low cycle compressionVACNT arrays with different contact
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counterface (sample 4 and 5 defined in 3.1), wkigh3.4 & Fig 3.5 show, differences of both
loading and unloading curves can be seen betwdebQsiand Gel Polymer compressed cases.
LiNbO3; compressed curve has stiffer slopes of both lgadimd unloading curves than the Gel
Polymer compressed case which is analyzed by takimgpr regression of first 500nm
displacement of loading and unloading curves rmspdy. The stiffer slope of LiINb®
compressed case in terms of the loading curvesatel that with same indentation depth, more
force is needed for the indenter to penetrate tittothe sample than the Gel Polymer
compressed case. By analyzing the unloading sbbpke two, the LiINb@ compressed case
has a larger elastic stiffness of the array tharGbl Polymer compressed one.

The reduced modulus of the contacts was calculaded) Eq. 4 for each case and averaged,
yielding results: sample 1-3: for the uncompressachples of 13.2 +/- 0.3 MPa and for the
compressed samples of 14.4 +/- 2.4 MPa and 15.4.%MPa = 50 and 20Qum, respectively)
which shows a stiffened elastic unloading respdoséhe compressed samples; sample 4 and 5:
for the LiINbQ; compressed sample of 25.32+/-5.74 MPa and foiGilePolymer compressed
sample of 12.19+/-1.16 MPa. The array modulus pp@pmated by the reduced modulus for
= 0, since the array stiffness is small compareith Wie diamond indenter. When a non-zero
value of the array Poisson ratio is chosen (&g 0.19), the array modulus follows the same
trend and is computed to be sample 1-3: 12.7 &-MPa for the uncompressed samples and
13.9 +/- 2.4 MPa and 14.8 +/- 1.0 MPa for the caaped sampleg£ 50 um and 200um,
respectively); sample 4 and 5: 19.42+/-4.33 forliidbO; compressed sample and 9.24+/-0.87

for the Gel Polymer compressed sample. The magnivfidhe values measured for the reduced
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elastic modulus are similar to those reported bhers, ranging from 15 — 100 MPa [26,29],
though are lower than those reported for dense @MNE, which were 1-2 orders of magnitude
higher [31].

The result for the increase in modulus observedth@ uniformly compressed arrays
(especiallyo= 200 pm) may be due to the fiber interactions Wwitiold the fibers in the buckled
formation. Van der Waals interfacial forces predmgtween neighboring nanotubes contribute
to the buckling phenomena as well as provide areased resistance when compressed at the
scale of the individual buckle (the scale of th@entation measurements). When the nanotubes
are in an initial state in the array, they are pnesd to be approximately vertical; here the
interfacial forces will be acting predominately pendicular to the plane of the surface (normal
to the tube surfaces). Once the nanotubes ar@émmaanently buckled state, due to the curved
CNT surface, there will now be interfacial forcdsatt act in the direction normal to the
indentation surface. These forces may providesstance to the indenter unloading as the
buckles relax, and this mechanism may also corirituthe increase in stiffness observed in the
first 500 nm of the loading curves.

The higher elastic modulus of LiIN@@ompressed arrays over Gel Polymer compressed
arrays maybe due to more interactions between nbestsince harder material compressed
sample absorbed more strain energy which dissigatedhe array resulting in more failure of
nanotubes. Increasing of tube-tube interactions prdvided more interfacial forces make the

penetration and retraction of the indenter harder.
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3.2 Characterization of CNT Arrays by Raman Spectroscopy

Raman Spectroscopy

Raman spectroscopy was performed to investigate@ibrational characteristic of VACNT
arrays under strain. Raman spectroscopy useeat@agxcite the atomic bonds in a material.
A detector collects the reflected light and a congoa between the collected and original
wavelengths gives information on the phonon modaseé system. The Raman spectrum of a
VACNT array which is mainly composed of MWCNTSs istr in information. For MWCNT, the
most typical prominent Raman features of MWCNT arthie D-Band (disordered) and G-band
(graphite) modes. The D-Band mode is a longitudmgtical phonon and is known as the
disordered or defect mode because a defect isregljtn elastically scatter in order for the
process to conserve momentum, this mode is uslzdigted between 1300-1400¢nj36];
However, the presence of D-Band cannot be corcblatehe presence of various defects (such
as hetero-atoms, vacancies, heptagon-pentagon kiaks, or even the presence of impurities,
etc) [36]. Usually, the D-Band feature is utilizég combining with G-Band feature. The
intensity ratio of the D-band peak over the G-basdk I/l is interpreted as the quality
measure of nanotubes. The higher s ratio, the more broken of the?sgymmetry of the
nanotube happens [40], which in other words meaoserdamage to the tube structure. The
G-Band mode is a tangential shear mode of cartmnsathat corresponds to the stretching mode
in the graphite plane and always located aroun® t58'{79]. Since the G-Band is representing
the stretching of the C-C bond, when the bond lehgind angles of graphene are modifie by

strain, the hexagonal symmetry of graphene is rdl&8]. Thus, G-Band is a very good

37



indicator of strain effects on CNTs, although G-dbaependence on externally induced strain is
still controversial [38]. SWCNT usually shows mplé G-band peaks due to the phonon wave
vector confinement along the SWCNT circumferentiaéction and due to symmetry breaking
effects associate with SWCNT curvature [35]. Ndweldss, MWCNTs mostly don’'t show
obvious splitting of G-band or it is small and smeebout because of the effect of the diameter
distribution within the individual MWCNT and becausef the variation between different tubes
in ensemble of MWCNT in typical experimental sansgl&5]. Thus, in most cases only a single
G-band peak is observable for MWCNTs. However, M0/VCNTs that contains very small
diameter innermost tubes, it is possible to obsespbtting of G-band because of the
well-protection of the innermost tube by the outglinder and more significantly, the special
small diameter (<2nm) nature of the innermost t[8#. Also, those MWCNT always show
RBM in the spectra which is supposed to be too Istndle observed in MWCNT [35]. RBM is
associated with the symmetric movement of carb@msatin the radial direction and it is a
measure of tube diameters. However, because oé dignmeter nature of most MWCNT, the
RBM signal is too weak to be observable in mosésas

Raman spectroscopy performed here uses a ThernaweNislmega spectrometer with a
758nm wavelength laser at 20-30 mW depending osdhened region. 256 scans were taken
over a 3600 cifiRaman shift. A measurement spot size @hiwas used for the micro-Raman
spectroscopy. Unbuckled and buckled regions weaarseed on a compressed CNT sample that
exhibited wave-like buckling patterns. Four und spatially resolved micro-Raman

spectroscopy was obtained in the buckling and ukibdaegion respectively.
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Raman Spectroscopy Results and Analysis

The Raman spectra with frequency ranging from 11009 cnt of both unbuckled and
buckling regions can be seen in Fig3.7 and FigdoB.each spectrum, D-band (~13009rand
G-band (~1600cm-1) are obviously presented. Thgu&acy and intensity values of each peak
are picked up for analysis. By averaging G-barakpalues for spectra of both unbuckled and
buckling regions separately, the average G-ban# pelue up shifted from 1602.2 to 1606.9
cm™. The averagép/l ratio is calculated to be 1.40 for the unbucklegion and 1.44 for the
buckling region. The 4.7 cmRaman up shift of G-Band peak between unbuckled an
buckling region indicates C-C bond change in theotzbes, which can either due to the
nanotue-nanotube interactions or due to the bra¥es® symmetry within the individual
nanotubes. Rajay, etc [40] confirmed that whenyapglstrain to the CNTs bundle, only a small
fraction can be transferred to individual nanotutéhin the bundle and most part of it will
result in nanotube-nanotube interactions. Basedhenvery tinylp/lg ratio change (~2.8%)
between the strained region and unstrained regignsymmetry of individual nanotubes were
not damaged, at least not affected much. Nanotabetobe interactions accounts mostly for the
up shift of G-Band peaks. In the buckling regioampressive strain causes more interactions
and bundle effect between nanotubes, which mahduntesults in the abbreviation of the C-C
bond reflected by the increase of the G-Band p&ak. G-Band shoulder at lower frequency
(~1577cnt) for both unbuckled and buckling region (Fig 3.7F8 3.8) might be the splitting

G- peak, which is common in SWCNTs but usually oloservable for MWCNTSs or it may be
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due to defective graphite-like materials in theagrf49]. No literature about G-Band splitting
for MWCNT array was found so far. Further explavatiof the G-Band shoulder is needed. At
lower frequency regions of the Raman spectra, rdmleathing mode (RBM) is observable for
both unbuckled and buckling region arrays. Fig $h®ws two representative spectra of each
case. Multiple peaks are presented, which may leetalthat not only one nanotube contributes
to the RBM because of the array effect and theiruatl nature of MWCNTSs. Here, a peak with
highest intensity in the RBM region was chosendiaalysis. The RBM frequencywggy) for the

unbuckled region nanotube is 230.2 ¢rimplying a diameterd) of 1.03nm by the relation

orgm = A/d¢ + B (5)

whereA= 223.5 crit nm andB= 12.5 cnit* [51]; for the buckling region nanotube, a diametgr
of 1.05 nm was calculated from the RBM frequencg®4.9 cni using equation (1). The small
innermost nanotube diameter feature of the arraypkamay contribute to the shoulder of the
G-band [50]. The 6.7 cthdown shift in the RBM frequency between the untettkand
buckling nanotubes may corroborate the strain-iaduebundling/bundlinig phenomenon [40].
More interactions and bundle effect in the buckliegiion are represented not only by the
increase of G-Band frequency but also by the dadvifh af the RBM.

Another set of Raman scans (5 spots) with a spdisédnce of pm in line was performed
within the buckled region in order to explore igrinsic Raman feature. The G-band peak versus

the scan locations for each spot was plotted in3Fi§. The plot indicates that the G-band peaks
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of different locations even within the buckled @yihave an approximately 1 to 7 ¢m
frequency variations. One possibility is that sitlse CNT is bent to failure, the C-C bond of
regions along the nanotue might be elongated, alabeel or remained. Thus, Raman scans in
different locations along the tube growing direntimight show variability in the C-C bond
change reflected by the G-band peak shift. Therqibssibility is that there might be density or
nanotube-nanotube interactions variations witha ltlackled region, which will cause different
C-C bond change of CNTs. Although further explanaton the G-band frequency of different
locations in the buckled region is needed, Ramatufe variations occur not only between

buckled and unbuckled CNTs but also within the tingkregions.
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Fig. 3.1 - Load-Displacement curves from nanoindent ation of uncompressed

VACNT array.
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Fig. 3.3 - Load-Displacement curves from nanoindent
array after three cycles with
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0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

5= 200 pm e
B MR .
*_ o ¢ ".'.' "3
- L4 e * n * *
IS4 ¢« = . .
| | A O %
i 0’0.:. 0‘ " '? AAO‘AZ’:;lA.:.QA
. o
¢, ¢ .0' IAOIEEAO;QI w 2‘: &!% AA
* * e o A
B . mEem .;ﬁ“-“%i e AAO ﬁ%‘%
. '.'II:IAAOA:A 4 A‘b A o.p.l}‘:o a
B o " Eb ° o A Aro A & A5, A
0o o @t Ay m °2° A A A AR A
¢ N ® A% A - é:'m
B +* u Z%& £ 8 AA °
¢ . "edma A ata A ity »
. © sam
SEEUREW L SR h
A= S Iy A A
‘e af 2 2 d8 .
- ® an A *
IO‘-M vy W Jﬁ‘.“'
‘é.AﬂO - £ A;- %
| & A o ° [o) é. 3.‘
o o EALCSs %
# A »
S 1 1 1 1 ]
0 500 1000 1500 2000 2500

Displacement (nm)

ation of compressed VACNT
8= 200um. Slope change in the loading curve is
Increase in unload  ing slope is present compared

with the uncompressed case (Fig. 3.6).
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Fig.3.6 — Calculated slopes (N/m) by regression ana lysis of the initial
loading (first 500 nm) and the unloading curves for indentations presented
3.1-3.3. Increase in slopes is observed f rom the uncompressed
state to the array compressed with 200

in Figs.
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[ Unbuckl ed Region 1]
[ Unbuckl ed Region 2]

1200

D-Band

1400

Raman shift (cml)

G-Band

1600

Fig.3.7 — D-Band and G-Band spectra in the uncompre ssed regions of the VACNT Array.
Four scans were taken in line parallel to the nanot
distance between each scan spot.
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[ Buckl ing Region 1]
[ Buckl ing Regi on 2]
[ Buckl ing Regi on 3]
[ Buckl i ng Regi on

D-Band G-Band

1200 ’ 1400 ’ 1600
Raman shift (cm1l)

Fig. 3.8 — D-Band and G-Band spectra in the compres  sed regions of VACNT Array. Four
scans were taken in line parallel to the nanotube g  rowing direction and thereisa5 pum
distance between each scan spot.
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[Buckling Region]
230.2
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Raman shift (cm-1)

Fig. 3.9 — Radial Breathing Mode (RBM) comparison between unbuckled and buckled
regions. The RBM peak down shifted from 230.2t0 22 4.9 cm™, which indicates a

strain-induced bundling effect in the buckled regio n.
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Chapter Four - Electrical Resistanct
Measurement of VACNT Array Under
Compression

In order to use VACNT arrays for sensing appliaagiothe electrical resistance variation of
the arrays both in perpendicular and horizontal thhe array growing directions under

compressive strain is explored in this chapter.

4.1 Sample Preparation

Two types of CNT array samples were prepared fertéist to measure resistance changes
during normal compression; one, where resistancge@sured perpendicular to the tube growth
direction (lateral measurement orientation), andtlzr type for measurement parallel to the

tube growth direction (vertical measurement origorg.

Lateral sample preparation
A 5.55 x 4.35 x 3.33mm (W x L x H) MWCNT array groven a Si substrate is used as the
sample. The array is attached via epoxy gel, wigchn electrically insulated adhesive, to a

second Si wafer that acts as a structural supti@tprocess of which inverts the growth region
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of the CNTs (formerly in contact with the catalysivered Si wafer) so that a flat, uniform
surface is presented after release from a saalifi@yer. Two electrical leads with diameter of
~0.3mm were attached to the parallel vertical sioieghe array via silver epoxy that has an
electrical resistivity of 0.38-cm. The silver epoxy covered the entire span petigalar to tube

growth direction but with a thickness less than 20Rthe array height on each side (Fig 4.1).
The silver epoxy provides an adhesive for the watectrodes and electrical conductivity

between the electrode and the CNT array.

Vertical sample preparation

A3.04 x2.77 x 1.18mmW x L x H MWCNT array was used to prepare the vertical damp
The array was released off the growth substrateguai razor blade, yielding a freestanding
structure. Two 0.25 mm thick copper plates coatéith & ~7Qm thick silver epoxy layer,
deposited by spin-coating at a rate of 5000rpn6fi®, were attached to the two free surfaces of
the CNT array forming a sandwich sample. Two eie&t leads were soldered to the copper

electrodes (Fig 4.2).

4.2 Dynamic Resistance Measurements during Compression Testing

Electrical resistance change of the two sampleggpeel will be measured during low cycle

compression test.
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CNT Resistance Measurement Circuit

An electrical circuit was built in order to meastine dynamic resistance of the CNT array
(Fig.4.3). The circuit is comprised of a 3 volt [PBwer supply, a 10Q safety resistor to avoid
an open circuit, a 50mV/10A shunt resistor useddi@rmine the current in the circuit, the CNT
array and two signal amplifiers built parallel keetshunt resistor and the CNT array separately in
order to magnify the voltage signals due to thelkrasistance of the two for measuring purpose
and also in order to avoid applying high voltageoas the CNT array. The output voltage signals
from the amplifiers are transferred to a Data Asiain System for real-time signal recording.
The gain factors of the amplifiers built across shent resistor and the CNT array were chosen
to be 1659 and 9 respectively so that the voltageats can be magnified to values within the
DAS resolution range. Since the shunt resistorahlasown resistancd{), once the voltagev)
across it was obtained, the currehti( this series circuit can be calculated by diwidthe
voltage by its resistance. The DAS provides theldi®d voltage drop across the shunt resistor
(Vs) and across CNT array{) individually. The actual voltages of the two damcalculated by
dividing the amplified voltage by the gain factmkthe amplifiers across them respectively.
The resistanceR) of the CNT array can be calculated Ry= V//I. All the voltage signals
corresponding to time before and during the congiowestest are obtained by the DAS with a
sampling frequency of 30Hz. Resistances of the GiXays after each loading cycle were
calculated using the method described above fdn data point from DAS and then averaged.
Current strain was calculated using the measuney &eight values by dividing the change of

array height after each loading cycle by the atraight value before the current compression
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cycle.

Lateral Sample Measurements

The same precision loading stage as for the testribed in section 2.1 was used for
compression testing here. The sample is mountedabgyanoacrylate adhesive to the
compression anvil. A Lithium Niobate sample wasduss the counterface and adhered with
cyanoacrylate to the opposite compression anvihe ifitial position of the compression test is
when the sample and the counterface are broughtimeipient contact with one another, as
observed by the digital microscope mounted abogddhding stage. Six compression cycles,
with prescribed displacements of 109 to 60Qum, with and increment of 1@én, were
performed on the sample at a loading rate of 10gen&nd unloading rate of 1mm/sec.
Resistance of the sample before and during the m@ssn test was measured using an
electrical circuit described later. Also, CNT artagights, defined by the distance from where the
CNT array was attached to the underlying substmatke free surface, are measured initially and
after each loading cycle all across the entire hwiolt the sample surface to obtain statistical

significance in the results.

Vertical Sample Measurements
To measure the resistance changes in the verdogble during compression, polished silica
samples were adhered using cyanoacrylate adhesitteetsteel compression anvils to create

insulated mounting surfaces. The vertical sample thian wax mounted to one silica covered
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anvil. Compression tests with prescribed displas@nof 10@um to 40@m with an increment

of 10Qum were performed on the sample, yielding four cydt#al. Every compression cycle
begins when the other side of the anvil in contaith the sample judging by the digital
microscope above the loading stage and ends wleenirttoading process is finished, during
which two sides of the anvil will separate from leather for a distance same as the compression
displacement. The loading rate isuffysec and the unloading rate is 1mm/sec. In thieeent
compression test, resistance of the sample is bemgsured using the same circuit as for the
lateral sample. The CNT array heights, definedheydistance between where CNT was adhered

to the silver epoxy films, were also measuredalfiitiand after each loading cycle.

4.3 Resistance Measurements Results

Fig 4.4 and Fig 4.5 show the plots of electricais@ance versus time on varying the applied
compressive strain for lateral and vertical samgdspectively. The spikes in the data are due to
noise, which needs to be addressed for future empat. Removing the compressive strain from
the CNT array results in a partial recovery ofatgyinal shape but with height shortening and
buckling forming at the free surface. Likewise, #lectrical resistance regained partly of its
value but lower than the no load value. This ingisathat the electrical resistance and
compressive strain responses of the CNT array argally reversible because of the plastic
deformation occurred in the array. Pushparaj [Heobked similar trend. For the lateral sample,

resistance was measured perpendicular to the talwerg direction. Electrical current can pass
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through the sample solely due to nanotube-nanoittieeactions, but for the vertical sample;
electrical current can also transmit through nabesuthemselves [52]. The resistance change
after each loading cycle over the initial resiseamatio delta R/Rversus strain for the lateral
sample and vertical samples are plotted in Fig. #l& slope of elta R/Rcurve represents
sensitivity to strain of the sample. With smallagtr (less than 10%), the two cases both show
low sensitivity to strain but do not have much @iénce. However, with larger strain, the lateral
sample shows a significantly larger sensitivitystaain than the vertical sample which can be
seen by comparindelta R/Rslopes of the two, 2.25 for the lateral sample ! for the
vertical sample. This indicates that the laterahsueement configuration is more sensitive to
strain parallel to nanotube growing direction thia@ vertical measurement configuration.

The decrease in resistance for both cases iswtdhto the bending of the CNTs, which
results in an overlap of the electron states i@t CNT walls, leading to an increase in the
accessible number of conduction channels [52]. Aeotpossibility is that on compressive
loading, the CNTs bend and the array structure rhesodenser; eventually more of the CNTs

touch each other leading to lower resistance [2].

4.4 Discussion of Resistance Measurements Results

Lateral Sample
Observing from the geometry change before and afterpression of the lateral sample (Fig.

4.7), Lo, length in x-direction andV, width in z-direction are assumed to be unchangée.
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Height in y-direction is the only geometrical védnlia during compression. The exact conductive
patterns between two electrodes are unknown, arythenia the way the yellow curves show in

Fig 4.7. By definition, resistance is the functioihresistivity and the sample geometry. Due to
the complex structural change in the array duriog@ression, not only the geometry changed,
but also resistivity may have changed as well begaluiassuming resistivity remains constant,
the geometry change in the lateral sample will eagsistance change in the opposite way to

current results from the equation:

L _ pLy

R T

(1)

where p is the resistivity of the sample. Thus, the resuiust be a combination effect of both
resistivity and sample geometry. In order to exploow the two variation parameters affect the
resistance change, an 2-D model of the electrid firethe CNT array was simulated in Fig. 4.8,
whereL denotes conductive path from one electrode tather, which is the longest linear way
electrons can go through the array so that geonedtegt can be reflected by the resistance
change to the largest extent. The conductive ma#ssumed to remain the same way across the

whole widthWin z-direction of the sample. L then can be regmésd by:

L= /L§+4Hi2 2)

where, Ly is length in x-direction which is assumed to behanged andH; is the array height
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after each loading cycle.
Resistivityp must be changing corresponding to the appliedrstraidiscussed above but in

an unknown way. Assumingis a function of the applied strain as:

p=at+be+ce?+de’+eet+............ (3)

wherea, b, c,etc are constants need to be determinésithe applied strain which can be shown
ase = 0/H, andH are the prescribed compressive displacement atial array height of each
loading cycle respectively. The applied compressivain to the sample is so small (max 0.21)

that higher order terms in equation (3) can beawtgt. Equation (3) can be rewritten as:

p=atbe 4)

Plugging equations (4) and (2) in to equation itig,resistanc® can be shown as:

(beta)- L%+Hi2

R-— (5)

W-H;

where constard is the initial resistivity and constabtis the resistivity change with respect to
strain. By fitting the constructed model with thgeriment results, constaatis determined to

be 15.6Q -mm andb equals to -19.%2 -mm. Sincea denotes the initial resistivity of the array, it
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is a unique solution. Constantcan have deviation of 0.2 to still well fit theptimental data.
The fitting results captured the experimental deltéch is shown in Fig 4.9, which justified the
proposed model indicating that the resistance ahasm@ combination effect of both resistivity

and geometry change of the CNT array.

Vertical Sample

For the vertical sample (Fig. 4.10), the conducpe¢h is theoretically thought to be along
the CNTs growing direction (Y-axis) perpendicularthe underlying surface. Areas (X-Z plane)
of both top and bottom surfaces of the array aseiraed to be unchanged during compression.
After compressive loading cycles, the array heidhk is the only geometrical variable of the
CNTs array. By definitionR = pLi/A [53], wherep is resistivity of the sample and A is the array
surface area (X-Z plane). The electrical resistaresus array height for each loading cycle is
plotted in Fig. 4.11, which shows that with decnegsf the array height, electrical resistance
decreases correspondingly, but the two are notlimear relationship which indicates that when
strain caused array height shortening reachedtaiceralue, resistivity is changed causing the
deviation of the resistance decreasing trend san@g surface are@ is assumed unchanged. By
taking linear regression of the curve composedhef first three data points and the curve
composed of the last three data points respectisklpes S= R/L= p /A of the two curves can
be obtained. If taking the slojtimes the surface arda which is measured to be 8.4 Mmrthe
resistivity of the array can be calculated to bangjing from 40.082-mm to 16.33Q-mm,

which is due to the array structural disorder aedding of nanotubes during compression,
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though the exact relationship between which andrésestivity change needs to be further
explored. The array height decreasing and the asang of the resistivity together result in the
decreasing of the array electrical resistance.

Applied compressive strain in CNTs growing direntiwill cause electrical resistance
decreases both perpendicular and parallel to thepeession direction which may be due to
resistivity change of the array. Results of proplos®del for the lateral sample case captured
experimental data and analysis to the vertical $amgsistance change shows geometry change

is not the only contributor, which further confirchthe assumption.
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Fig 4.1- Lateral sample side view
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Fig 4.2 - Vertical sample side view
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Fig. 4.3 - Diagram of the CNT array dynamic resistance measurement circuit.
Voltage signal of the circuit is transmitted to the DAS (Data Acquisition
System).
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Fig. 4.6 — Resistance change over the initial resis  tance ratio vs. applied strain for both lateral

and vertical sample

67

40



4
)

—

Fig. 4.7 — Lateral sample geometry evolution before and after

1
\
o

compression. W is the width in z
and prepresent resistivity before and after compression,
heights

-direction, po
L, is the length in x- direction and H o/H; are array
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Fig. 4.8 — 2-D Conductive path model of the Lateral = sample. L denotes the length of

the conductive path, which is from one electrode pa ssing the middle of the array free

surface to the other electrode; the blue box repres  ents the CNT array.
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the curve decreases from 4.8 Q-mm to 1.9 Q—mm indicating a resistivity drop
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Chapter Five — Conclusions:

Low cycle compression of VACNT array:

® The buckling region growth showed a dependency lom @pplied displacement
indicating a critical value of ~5.5% for compressistrain where buckling remains
within a controlled region versus uncontrolled gtiewFor low displacements, evidence
of buckling compaction was observed that was nesgmt in larger applied strains
further demonstrating the displacement dependency.

® Counterface material with small elastic modulud alisorb strain energy when using as
a compressive counterface, which does not happehda materials. ~32% of total
array height difference when compressed by cowatesf with different elastic modulus
indicating a counterface material dependency ofctirapressive response of the CNT

array.

Characterization of VACNT array by nanindentation:
® The indentation experiments indicate elastic moslwiiVACNT array of 12.7 +/- 0.3
MPa for the uncompressed samples and 13.9 +/- P4 &hd 14.8 +/- 1.0 MPa for the

compressed sampleé=(50 and 20Qum, respectively)and also indicate that VACNTSs
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arrays compressed by Gel Polymer for @dOunder the same loading conditions will
have surface stiffness of 12.19+/-1.16 MPa and325:5.74 MPa for LINb®
compressed case.
Characterization of VACNT array by Raman Spectrpgco

® Raman Spectroscopy in the buckled and unbuckledonggshows that applied
compressive strain to the VACNTs arrays will causmre nanotube-nanotube
interactions in the buckled region than the unbedkiegion, which will result in the
abbreviations of C-C bond reflected by the up shiifthe G-band peak on the spectra.
The sp symmetry of individual nanotubes is not affectedctn by the applied strain .
G-band peak variations also occur within the butklegion which may be due to the
difference of deformations along the tube direction due to variations of the

nanotube-naotube interactions within the bucklgpbre

Electrical Resistance Measurement of VACNTSs arrajetu compression:
® \With increasing of the applied compressive stralectrical resistance of the CNT array
(both in the vertical or lateral direction) will cease correspondingly because of
sample geometrical change and structural changeedawesistivity decrease, ~27% for
the lateral sample and 60% for the vertical samplso, electrical resistance of the
VACNTSs array is partially reversible with releasinfjthe load. Because of the plastic
deformation occurred in the array, resistance wdk regain to its original value.

Multiple loading cycles to the sample results ia tiverall decreasing of the resistance.
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Chapter Six — Future Work:

Future works for experimental improvements or mesplorations on VACNT arrays
compressive response include:

® Compression tesWarying the loading rate, initial array height gn@&ameter a time to
see how these changes will affect the bucklingtleagd array height evolution. Instead
of using digital microscope to capture images dythre test, if SEM can be used to do
so, it will largely improve the length measuremacturacy.

® Raman SpectroscopyRaman Spectroscopy on strained MWCNTSs array lisasthew
and challenging topic due to the multi-wall nan@&ustructure and the complex
nanotube interactions. Performing and analyzing &ascans precisely on different
locations within the buckling region, or on samptasmpressed by different strain,
cycles, counterface material, etc will provide morgght info to understand the strain
effect to the array form of MWCNTSs.

® Electrical Resistance Measurement of VACNTs armageu compressioninstead of
using silver epoxy as the conductive adhesivetewhtCNTSs array to the electrodes, use
a certain adhesive that is stronger and dryingfashce arrays are easily fell off from

the substrate when silver epoxy is used. Suggestionnt the CNT array to the loading
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instrument vertically instead of laterally to avaiding adhesives to attach the array to
the electrodes, but this needs materials coatetth@mrray surface to bundle the tubes
together, like a graphene sheet. Design a bettgrovaeleasing CNTs array from the
grown substrate and attach it to a new substratause current method needs to be
super careful or the sample will be damaged vesyjhyeduggestion: mount CNTs array
samples on a precision controlled stage and thieig ine sample to a well fixed thin
but strong wire to cut the array from the grown srdie in order to get a flat array
surface without damaging the array structure. Desgtest that can explore how
localized strain can affect the resistance chandeoth vertical and lateral direction of
the sample. Suggestion: instead of compressin@MiE array to a counterface that can
cover the entire sample surface, indenting into shdace with different sizes of the
indenter or indentation depths Better design threutti so that it can have higher
measurement resolution since the resistance of VISCMray is usually very small and
even a smaller resistance change even after higiliedpstrain. More precise
measurement circuit will improve the results accyraSuggestions: based on the
current circuit design, increasing the gain factbthe amplifier, build noise prevention
system into the circuit and also reprogrammingRaéa Acquisition System to improve
its resolution. Current method for measuring resis¢ of the lateral sample has
problems that electrodes need to be attached viduobive adhesive on the side of the
array which may limit the compressive strain. Swfjgas: The four-point probe

method which is designed for measuring resistieityhin layers may help solve this
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problem by having electrodes down on the bottorthefarray. .
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