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Abstract

Functionalized imgle-walled carbon nanotubes (SWCNTSs)/epoxy nanocomposite
suspensions &reprepared anadhjected into threelimensional (3D) interconnected
microfluidic networls in order tdabricate composite beams reinforced with patterned
oriented nanotube$he microfluidicnetworks verefabricated by theobotized direct
deposition of fugitive ink filaments inlayerby-layer sequence onto substrates, followed
by their epoxy encapsulation and the ink removal. Then, the nanocomposite suspensions
preparedy ultrasoni@ationand threeroll mill mixing methods wreinjected into thempty
networks under two different controlled and conspaessures order to subject the
suspensions tdifferent sheaconditions in thanicrochannelsMorphological studies


mailto:daniel.therriault@polymtl.ca

revealed that the SWCNTs were preferentiallgned in themicrochannels along thigow
directionat thehigher injection pressure. The improvement of Young’s modulus of the
manufacture@D-reinforced rectangular beampreparedat the high injection pressure was
almostdoubled when compared to that of beams prepared at the low injection pressure.
Finally, the stiffness of theD-reinforcedbeams wasomparedvith the theoreticdy

predicted values obtained frommacromechanical modelhe analyticapredictions gie a
closeestimation of the stiffness at different migrgection conditions. Based on the
experimental and theoretical results, the present manufacturing techniqles ¢nab

spatial orientatiomf nanotube in the final product by taking advantage of shear flow

combined with dimensional constraining inside the microfluidic channels.

Keywords: Nanocomposites, Nanotube orientati@nalytical modeling

1. Introduction

Singlewalled carbon nanotubes (SWCNTSs) reinforced polymer nanocomposites have
attracted considerable attention for a wide varietgppfiicationssuch asigh-performance
polymer compositg[1], actuators and sensors [2], shape memory polymers [3],
electrostatic microvalvegg] and communication systems [5]. Production of high quality
carbon nanotube€{Ts) havinglarge aspect ratidheir proper dispersion and orientation
in polymer matrces as well as thenprovement of interfaciddondingare the main
parameteraffectingnanocompositemechanical performan¢@]. Grafting chemical
groups tahe surface of CNTs ihe usual approadib minimizenanotubes agglomeration
andalso to enhance their interfaciateractimmswith the polymer matrix7-9]. Carboxylic
groupsgraftedduring theacid purification process of the CNTs [1@s well aghenon-
covalent functionalization using surfactants like porphyi$, cansignificantly improve
interfacial stress transf§t2,13].

To address th€NTsalignment along a desired directionampolymer matrix, shear
flow [14,15]and electromagnetic field&6] along with dimensional constraints have been

used. The injection of nanocomposites under high shear flow dhgs€dTs to be aligned



in the direction of the flow where the degree of orientation directly deperitie @xtent of
appliedsheaf14,15]. However, depending dhetype of flow, most of the nanotubes
remain randomly oriented amstieasinduced orientation of CNTs takes place only at érgh
shear zone®imensionalconstraining effect on CNTs orientation in 1D andid3 been
employa in several nanaamposite processing techniques includibgr spinning and
electrospinning [17], compression molding [1&%trusion18] andfilm casting[19]. None
of these techniques enable manufacturing a final product with sufficienblcontthe
threedimensional (3D) orientation of the reinforcemevitire recently, an approach based
on the micro-infiltration of microfluidic networks with nanocomposite suspensiasis
been developed tmanufacture 3Beinforced microstructure bearf®0]. This approach
typically attempts to design optimized microstructwesinig different thermosetting
matrices and nanofilleréiowever, these studies have not addres=dfluence of
manufacturing process conditiosisch as channels diametejection pressuresr shear
rates on CNTs orientation arit$ resultinginfluenceonthe mechanical properties of 3D
reinforced beams.

In this paper 3Dreinforced microstructure beams were manufactured via micro
injection of 3D micrdluidic networks with purifiedSWCNT<epoxy nanocomposite
suspensionat different injection pressure&tter curingthe nanocomposite suspension, the
final product was a rectangular beam reinforced with a congilemanocomposite
microfiber scaffold. The main goal is the fabrication of nanocomposite bearfarced
with threedimensionally oriented SWCNTSs by taking the advantages of high shear flow
and also dimensional constraining in snthimeter interconnected microfluidic channels.
In addition todimensional constraining, the microchannels present large shear surfaces,
involved in the shear-induced orientation of CNIlise effective processlated apparent
shear ratemside the microfluidic channels in miengjection process were estimated from
capillary viscometryThe morphology of the nanocomposite andraDforcedbeams were
characterized under scanning electron microscopy (St ransmission electron
microscopy (TEM) andheir mechanical properties were measured under tensile testing
Furthermore, a micromechanical model is used to predict the effective stifiinbes

manufactured 3Deinforced beamm order to estimate if the manufactured samples



reached their full potentiaDur results provide sufficient evidence for the effectessof
the present manufacturing approach to enhance the stiffness of the nano@mptesiials

causedy homogenously aligning CNTs throughout the final product.

2. Experimental
2.1.Materials

The SWCNTs werproduced by means of the pulsed laser ablation technique, using
an excimer KrF laser (248 nm, 20 ns, 50 Hz, 300with) a graphite target and Co/Ni
FDWDO\WW LQ D IXUQDFH DW [21{0 BhelagpradQeeti SWMRTD WP RV SKH L
were chemically purified and functionalized by refluxing them in alBNB3 (Sigma
Aldrich) solution for 5h (more details on the SWCNTSs purification can be found elsewhere
[10]). Zinc Protoporphyrin IX(ZnPP) obtainedrom Sigma Aldrich was used &
surfactantThe two epoxy systems used in this study wespexial onecomponent dual
cure (ultraviolet/heat curable) epoxy resin fgpoxy, UV15DC80, Master Bond Inc.) and
a two-component epoxy system composed of EPON resir(MB2r-Stephenson
Chemical Companinc.) and ANCAMINE 2049(Air Products Inc.ps the hardenerhe
UV-epoxy used here contains a UV photo-initiator having an optimal absorption at 365 nm
and a heainitiator active in the 60 80°C range.

2.2. Preparation of nanocomposites

The nanocompositasereprepared by blendg the U\M-epoxy and purifiedBWCNTs
attwo loads of 0.5wt% and 1wt%lhe desirecamount of purifiedSWCNTs wasaddedo a
solution of 0.1 mM og&inc protoporphyriniX in acetone (Sigm&ldrich). The suspension
was sonicated in an ultrasonic bath (Ultrasonic cleaner 8891 Raoteer) fol30 min The
UV-epoxywas therslowly mixedwith the nanotube suspension in acetoner amagnetic
stirring hot plate (Model SP131825, Barnstead internati@a&l)°C for 4 h. After stirring,
thenanocompositenixture was simultaneously sonicated drehted irthe ultrasonication
bath at 50°C for 1 Rl he residual trace &olventwas evaporated by heating the

nanocompositenixtureat 30°C for 12 handat 50°C for 24 h in a vacuumed-ov&ole



Parmer)After theevaporation othe solvent, the nanocomposites were passed thraugh
threeroll mill mixer (Exakt 80E, Exakt Technologies) for final high shear mixirige gaps
between theolls varied in thredatchwise processing steps including 5 passes at 25 um, 5
passes at 10 um and 10 passes at 5 um, respectively. The spieeapobn roll waset to

250 RPM.The final mixture washen degassed under vacuum for 24 h.

2.3.Micro -injection of 3D microfluidic networks

Threedimensional rnicroscaffolds were fabricated using@mputer-controlled robot
(I & J2200-4, | & J Fisnar) that moves a dispensing apparkies K, EFD)along thex, y
andz axes[22,23]. The fabrication of the microscaffold began with the deposition of the
ink-based filaments on an epoxy substrate, leading to a two-dimensional fdteern.
fugitive ink was a 40 wt% binary mixture of a microcrystalline wax (SP18hiS&ra
Pitstch) and a petroleum jelly (Lever Pond’s). The following layers depesited by
successively incrementing tkgoosition of the dispensing mple by the diameter of the
filaments.The 3D microscaffold consisted of eleven layers of fugitive ink filaments,
deposited alternatively along and perpendicular to the scaffold longitudiaals. The
filamentdiameter was 150 um for a deposition speed of 4.7 mm/s at an extrusion pressure
of 1.9 MPa. The overall dimensions of the 3D ink structure were 62 mm in length, 8 mm in
width and 1.7 mm in thickness with 0.25 mm spacing between filamidrgsemptyspace
between thecaffold filaments was filledith thesameepoxy resin used for the substrate
fabrication Uponthecuring of the epoxy, the fugitive ink was removed from the structure
by the liquefaction at 100°C and applying vacuum, yielding an interconnected 3D
microfluidic network.Figure 1a shows a schematic of a typical rectangular beam which
consists of a microfluidic network embedded in the epoxy resin with its overall donens

The created tubulamicrofluidic network wasfilled by nanocomposite suspension,
through a plastic tube attached to the opened channels using the fluid dispenser as shown in
Figurelb. The micreinjectionprocesded to the fabrication of 3einforced
nanocomposite rectangular beére., nanocompositiejected beams)heinjection

pressure waseteither t00.7 MPa(defined adow injection pressurepr 4.2 MPa (defined



Figure 1. lllustration of the manufacturing process of a 3D beam reinforced wggieal and localized
SWCNTsthrough micreinjection of 3D microfluidic network: (a) overall dimensions of the noficiidic

network beams, fabricated by tieectwriting of the fugitive ink upon epoxy encapsulation and ink removal,
(b) microinjection of the empty network with nanocomposite suspension which kbe fabrication of 3b
reinforced beams (the arrow shows the direction of migextion flow), (c) isometricimage of a 3B

reinforced beam, (d) typical cresection of a nanocompositgjected beam, showing the configuration of
microchannels filled with nanocomposites.

ashigh injection pressure). For comparison purposes, beams filled with pure UV-epoxy
(defined as restimjected beams) were also prepargdortly aftertheinjection, the beams

filled by the U\tepoxy- and its nanocomposites were put under illumination of a UV lamp
(RK-97600-00, Cold?arme) for 30 min for pre-curing in order to avoid effect of Brownian
motion on the CNTSs orientatioResir and nanocomposi{®C)-injected beams were then
post-cured in the oven at 80 °C for 1 h followed by 130°C for another 1 h. The beams were
cut and polished to the desired dimensions (i.e., ~60 mm in length, ~6.8 mm in width and
~1.6mm in thicknessjor mechanical anchorphological characterizationsigure 1c

shows an isometric view ofC-injectedbeam, prepared by the nanocomposite

suspension with the nanotube load of 0.5wt% and Figure 1d show®#ssection of the

beam (microscale).



2.4.Nanotube and nanocomposites orphological characterizations

The purified SWCNTs werebserved by transmission electron microscopy (TEM)
using aJeol JEM2100~ (FEG-TEM, 200 kV) microscope. The nanotuligaman spectra
were acquired at room temperature in the 100 - 200bspactral region under ambient
conditions using a backeattering geometry on a microRaman specéter(Renishaw
Imaging Microscope Wire TM) with a 50x objective to focus the laser beam oartipes
Sample excitation was performed using a 514.5 nm @/41ine from an air cooled Ar+
laser. In addition, the SWCNTs were characterized sgyXphotoelectron spectroscopy
(XPS, Escalab 220i-XL system, VG instruments) using the monochromatic rddkation
as the excitation source (1486.6 eV, full widtinalf-maximum of the Ag 3d5/2 line = 1 eV
at 20 eV pass energygracture surface of the 3i2inforced and the bulk nanocomposite
beams were observed using field emission scanning electron microscopy\MBESHE.,
JSM7600TFE) at 2 kV in order to observe the failure modas.orientation state of the
CNTs in theNC-injected beam#rasstudied undefEM (JEOL, JEM2100F).Prior to
observation, the samples were prepared by ultramicrotoming biGkejected beams

surfaces using a diamond knife at room temperature.

2.5.Viscosity characterization

Since he degree of CNTs orientation depends on the shear rate (or applied injection
pressurepf nanocomposite flow, the shear conditions thratngimicro-injection of 3D
microfluidic networkswverestudiedat the two different injection pressurdfie complexity
of thenanocomposite flow pattern inside the complex 3D interconnected microfluidic
networkprevents accurate shear conditions to be characterized. Since the accurate
modeling of the nanocomposite flow is not the main focus of this stisilye
assumption @smade to estimate the procestated shear rates encountered inntiheo-
injection process. The microfluidic network was assunsealaindle ofsimilar
disconnected parallel channels in whtbe flow pattern isorresponding ta simple
Poiseuille flow.This flow mechanism may also occur in presstonstant capillary

viscometry.Therefore, he processelated apparent shear rate and apparent viscosity of the



pure UV-epoxy and its nanocomjtesn the microfluidic networkvere estimatetfom an
experimental method based on capillary viscomii®y24]. For the purpose of similarity
(i.e., similar flow conditions in micrmnjection process and capillary viscometryje
materialswere extruded through a micro-nozzle (5132-B2%ecision Stainless Steel
Tips, EFD,L = ~20 mm andD = 100 un) underthe sameppliedpressuresised for the
micro-injection of empty microchannels with nanocomposites (i.e., 0.7 MPa and 4.2 MPa).
To obtain the materials flow rate, ten continuous filaments of matengts depositedver

a glass substratesing the computer-controlled robot and the fluid dispes$eantly after

the deposition, thélaments were cured under illuminationtbe UV lamp for 5 min. The
flow rates of the materials were calculated from the esestion of the filaments and the
deposition speed controlled by dispensing apparatus. Thesgossh area of the filaments
was measured using aptical microscop€BX-61, Olympus) and image analysis software
(ImagePro Plus v5, Media Cybernetic3he processelated apparent shear rate and the
processrelated apparent viscosity were calculated based on capillary viscomgditioeg

including Rabinowitsch correction [24].

2.6.Mechanical properties

Mechanical propertigs.e., tensile modulus, strength and elongation at break) of the
beams were measured iteasile testing machine (Instr@i400R) with a load cell of 9\
according taheASTM D638standard. The crosshead speed s&d40l mm/min and

typical dimensions of the sample beams wé&renén x6.8mm x 16 mm.

3. Mechanical modeling

A threestep analytical homogenizatipnoceduraevas developed to estimate the
resin or NC-injectedbeamseffective mechanical propertiéSigure 2. The first
homogenization step was used to estimate the mechanical propertiebatbiCtibers.
The mechanical propertie$ the bears layerswvere calculatedh the second
homogenization step. The third step was used to derivajduted beams effective

properties. The different phases (i.e., théepoxymatrix in themicrofibers, the EPON
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Figure 2 Schematic of homogenization steps

862 matrix around the microfibers and the carbon nanotubes)assumed to be linearly
elastic and perfectly bonded. The Mdanaka methof5] was used in the first and

second homogenizatiatepswhile the Classical Lamination Theory was used at the last
step According to the MoriFanaka scheme, the effective stiffnémssor,C,,;, for a two
phase material is given by:

Cwr Cn cl(C C):TIA o) 6T]} 1)

where C,,, and C,; referrespectivelyto matrix and reinforcemenstiffness tenserand ¢

is thereinforcementsolume fraction.T is given by:

T [I S:Ct:(C. C)4 (2)

where S is the fourtherder Eshelb tensor [26] that depends on the reinforcement shape
as well as the matrix properties (the detailed expresgortshelbys tensor can be found

in Appendix A.

Equation () leads to a transversely isotropiat@rial if it is applied to a composite

reinforced by aligned carbon nanotubes.
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Figure 3. (a) Euler angles, (b) Orientation Probability Density Function (ORIDE (c) probability of finding
a CNT oriented atr10” from X,.

Whennanotubes are oriented arbitrarily, a weighted orientation averaging musihi® us
obtain the effective elasticity tens@>, as:

2S5 825
3 3 37, C"E, , dn & dAd
(C) s , (3)
3 Y3IT, MsinEdd @ T M
00O

where g 77 A&/ £ is the Orientation Probability Density Function (OP[#j)] and

T

CTr T, M E , |, I:MMRE' , , T M E (4)
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whereR and R" (details onR can be found in [27]are the corresponding rotation matrix
and its transpose/, A and £ as shown in FigureaBare the Euler anglesed for

defining the CNT orientations. The OPDF can be interpreted as the probabilityiraj ha
CNT oriented according to specific values &f A and ENote thatsin( 7jin equation (3

is due to the transformation to the spherical coordinate syBtenmg theinjection

process, the shearing forces axesymmetricwith respect to the flow axigs a result, it

was assumed that the CNT orientation distribution was also axisyinwith respect to
the fiber axis X, . Therefore,g( ,7, /) wassimplified to g( }[27]. In this study, the
OPDF introduced by Maekawa et @8]

(sin ¥° *(cog y*!

g7 = , (5)

2
Isin P *(fos Y° 'd

0

where P and Q are parameters accounting for the degree of reinforcement alignment, was
used Tablel lists differentvaluesof P and Q and the corresponding orientatioR$ots

of OPDF for four different values dP and Q are illustrated in Figure 3b. Figure 3c

shows the probability of finding a CNT oriented @0* from X, .

Since nanotubes tend to form bundles, the elastic properties of SWCNT bundles
reported in [29wereused as the reinforcemeprioperties in the model:

40.68 1240 3932 O 0 ¢
12.40 625.72 1240 O 0 &
C 39.32 1240 4068 O 0 & 6
Nanotube 0 0 O 2.44 O 0« ' ( )
0 0 0 0 136 O«
0 0 0 0 0 244

11



Table 1. Values of P andQ and the corresponding orientations.

Orientation P Q
Random 0.5 0.5
Partially aligned (20%) 0.5 15

Partially aligned50%) 0.5 8
Aligned (99%) 0.5 150

Equations (Lto (5) were used for the first homogenization step wigraas set to

Cranouner The UMepoxy was assumed to be isotropic with a Young's modulus of 1.32 GPa
and a Poisson’s ratio of 0.3. Nanotube bundig®ect ratiavas arbitrarilyset to 20Gand
two different volume fractions (V. F.), 0.5 and 1% (equal to weight frasiioce CNT and
epoxy matrix haveimilar density)we considered

For the second homogenization stegcle layer was considered as a unidirectional ply

(i.e. composites with completely aligned fibers). Equation (1) was usedCyithual to

<C> obtained in the first step. The EPON 862nmavas assumed to be isotropic with

Young’s modulus and Poisson’s ratio of 3.1 GPa@gg¢respectively. The aspect ratio of
the fibers(the ratio of their lengtlbvertheir diameterjvas set ta00 (i.e., long fibers).

The compositdeamconsistsof two parts; longitudinal layers and transverse layers.
The volume fraction of fibers ieach layer wa84.67%, based on the number and
dimension of fibersTherefore, th&eams stiffness tens@jotal, Was obtained according to

the Composite Laminateh€ory as

NIC:I NRt Ct R:F

Total N| Nt ! (7)

wherel andt correspond to longitudinal and transverse direcfioespectivelyc, and c,

were obtained from the second step and correspond t(r,r}]e)f the longitudinal and

transverse layers, respectivdlythis specific casec, and c, wereequal.N denotes the

12
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Figure 4. Typical TEM images of (a) theasproduced and (Iurified SWCNTs soot material

number of longitudinal and transverse layers wat 6 and 5, rggectively. R is the

rotation matrix corresponding to the 90° rotation of the transverse layers.

4. Results and discussion

4.1.Nanotubeand nanocomposite morphologicatharacterizations

Figure4 shows typical TEMmicrographsf the lasessynthesized SWCNTsefore
and afteitheir chemical purificationThe nanotubes are obserwedseltorganizemost
ofteninto bundlesfeatuing a high aspect ratio since their length can reach up to several
microns and their diameter is in the nanometer range. Figure 4a showsMhmage of
asproduced SWCNTSs. In conjunction with the SWCNTSs, other carbonaceous structures
and impurities such as graphite and/or metal catalyst nanoparticlesdesknsthe TEM
image) are observetdihe nanotube chemical purification enabled to remove residual
catalyst particles and other carbonaceous impuasasbserved iRigure 4b

Figure @ shows typical Raman spectra of thepasduced and purified SWCNTSs.
The spectra represerthree typical peaks for the nanotubes including a narrow radial
breathing mode (RBM) band centered around 185%, ¢he D-band centered around 1350
cmt and the G-band around 1B6m*. The RBM band provides relevant information in
terms of SWCNTs diametef30]. Our SWCNTs are found to have a narrow diameter
distribution centered around 1.2 nm. The G-band corresponds to the symmgtric E
vibrational tangential mode in graphlike materials and theband is as a signature of

disorder and/or defects in these structures. The G/D intensity ratio ialyensed to

13
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Figure 5. (a) Raman spectra and (b) photoelectron spectra of the nanotubes before ahdiafteemical
purification (acidic treatment)

assess the degree of purity of the nanotubes. After subjecting the nanotiliges t
purification process, their G/D peak intensity rasideen to decreasgnificantlyin
compaison to that of the agroduced mats. This indicates that the nitric acid oxidization
based purification process inherenthgates additional structliidefects in the nanotubes.
This is also confirmed by the XPS analysis shown in Figure 5b. The XPS sésnkighat
the C1s core level peak of purified SWCNTs is consisting of three clear compaoviale
that of asproduced samples exhibits only a relatively narrow C=C peak. The main peaks
for both curves centered around 284.5 eV are due to tmsgding for the bulk structure
of nanotubes. For the purified nanotubes, the two extra shoulders appearing clearly at ~ 286
eV and ~288 eV are attributed to C-O and/or C-NHx bonds, and to the COO group of
carboxylic acid groups [31,32]. Based on the XPS results, the purification procesd has |
to carboxylic groups grafting onto the SWCNTSs surfaces (i.e., covalentdoalktation).
Figures6a and 6b showhe SEM images of the fracture surface of the bulk pure UV
epoxy and itassociatethanocomposite with the SWCNT loading of 0.5wi¥#spectively.
The fracture surface of thpre epoxy resirs smooth while theanocomposite shows a
layered fracture surface. The larger roughness of the fracture softheenanocomposite
samplemight be attributed tpossble toughening effednduced by the presence of carbon
nanotubes as reported in literature [33]. Figures 6¢ and 6d show higher magnification

images of their fracture surfad@ased orfFigure 6dthe absence of micresize aggregates

14



Figure 6. SEM images of the fracture surface of the bulk (a}&péxy and (b) its nanocompaosite containing
0.5wt% purifiedSWCNTSs after ultrasonication angréeroll mill mixing. (¢) and (d) higher magnification
images of (a) and (b), respectively.

of CNTs suggestsfairly uniform dispersion of the nanotubtleast at thenicroscale. The
surface modification of CNTimiterface[34] and the effective mixing procedure including
ultrasonication and thremll mill mixing [11] arebelieved to be responsible for achieving
the good dispersion of CNTs.

4.2.Shear rate estimationand viscosity characterization

Figure7 shovs the processelated apparent viscosityx ) with respect tahe
procesgelated apparent shear raieg, ) induced by the extrusion of the pure UV-epoxy

and its nanocomposites for five different extrusion pressures incltititgo extrusion
pressurescorresponding to the low (shown ag Bnd high (shown aszPmicro-injection
pressuresThe error bars are based on the standard deviations from the mean value obtained
from the measuremenlthough theestimation of shear conditiomgere needed onlipr

15



w
! P1
g v
Z o] r
g -
S L P2
2 s Eos v
= &
T P1 !.i
: s
o
=% ? P2
g 0. UV-epoxy
2 ®  Nanocomposite-0.5wt%
% ¥ Nanocomposite-1wt%
E P2
& P1 ¢ Jv
Q O ...
S o e =3
o
T T i T L i T i LN |
101 102 108

Process-related apparent shear rate (s")

Figure 7. Viscosity-shear rate estimation of the pure 8@goxy and its hanocomposites in microchannels
using a method based on capillary viscometry.

two pressures (i.e.,;.Rand B) corresponding to two micro-injection pressures, the
viscosityshear rate values were alslotained foithe threeadditional pressures in order to
studythe rheological behavior of the materifds the pressuresetween P and B.
However, sce the presentiscometry is pressure-constant, different combinations of
viscosityshear rate werebtaired forthe neat epoxy and its nanocompositeseach

extrusion pressure. Therefore, lowgr, were obtained for the nanocomposites compared

to the neat Uvepoxy at the same extrusion pressuheés to the increase of viscosity with
the addition of SWCNTSs. Since the viscosity of nanocomposite is a good indicator of the
guality of nanotube dispersion, the reasonable increase of the nanocompgosiéyvi
compared to the pure resin could support the effectiveness of nanocomposite mixing
processes.

The incorporation of SWCNTSs into the epoxy led to the apparition of shear-thinning
behavior (i.e., negative slope, decrease of viscosity with increase of gkgafheslight
sheasthinningbehavior midpt be attributed to the nanotubes orientation along the flow

directionat higher shear rategable 2 lists the values estimated fgr  and .z of the

materials only for the two pressures (i.e. ad B). According tocapillary viscosity
equations [24]applying higher pressure gradient will lead to higher shear rates. degen
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Table 2.Estimation of the proceseglated apparent viscosity and the proaetsted apparent shear rate in
microfluidic network.

Iniecti Procesgelated Procesgelated
. . njectionpressure . .
Injected material apparent shear rateapparent viscosity
(MPa) 1
(sh (Pa.s)
0.7 177 11.6+1.5
Pure UVepoxy 4.2 879 10.9+1.6
. 0.7 87 61.2+3.5
- 0,
Nanocomposite-0.5wt% 42 554 41 3+4.4
. 0.7 38 115.8+7.6
0,
Nanocompositd-wt% 42 414 49 1+5 2

on the viscosity of matrix and the aspect ratio (i.e., length/diameter) of thg, file extent

of the shear forces to induce an orientation could be different [35]. In general; sigfar
rates consequentyauses the SWCNTSs to align with the flow and frequently rotate by 180°
in Jeffery orbits. The Brownian motion that may impose small disturbancesmtuitate

to the rotational motion by increasing the frequency of Jeffery orbitsTBéfefore, higher

Z,, corresponding to the high micro-injection pressure (i.8.isfexpected to increase the

degree of orientation of nanotubes.

4.3. Morphological characterization of the 3Dreinforced beams

The fracture surface of a few representativer8inforced (resinand NCijected)
beamsn tensile testing was observed under SEM in order to examine the matroftber
interface Figure8a shows SEM image of typicdlacture surface dd resininjectedbeam
prepared ab.7 MPaand Figure8bis closeup view of the surface of a microfiber. No
perpendicular microfiber§.e., microfibers in transverse layeesk seemand the fracture
surface is extensively embedded with the surrounding matrix. This suggestethat
cohesive failure tdoplace in the region filled with the surrounding reSmilar failure
mechanism was observed for the fracture surface of tihecoenpositanjected beamdn
addition, no debonding and no pull-out of the embedded microfiznesobserved,
indicating thathe microfibers were stronghyonded to the surrounding matribis

confirms that the very low shrinkage of the UV-epoxy used in this study prevented the
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probable shrinkage-induced detachment of the microfiber surface from the miceofluidi
channel walls.

Figures 8¢ and 8d shoWwEM images othe nanocomposite (0.5wt% SWCNTSs)
micrdfibers (i.e., the nanocompositéed the microfluidic channelsdlong the longitudinal
directionfor thenanocompositéjected beamprepared at thiwsw and highinjection
pressures, respectiveligure 8e and 8f show TEM images of the nanocomposite
containing 1wt% for similar processing conditions. The arrows show the directilonvof
inside the microfluidic channels along the longitudinal direction of the beams. For the
beamsprepared at low injection pressure (i.e., corresponditigettow shear ratgdhe
TEM imageof embedded micrdber (Figure8c and 8gdo not indicate any preferential
orientation and the nanotubggregatearerandomly oriented in the matriA clear change
in the orientation of SWCNTis the microfibers along the longitudinal direction is
observed for the microfluidic channels filled at high injection pregsre corresponding
to the higher shear rate) (Figudd and 8f). The highgressurénducedshear rate caused
the nanotubaggregateto bealignedin the longitudinal channels along the directodn
flow. Considering the fact that the nanotubgscally tend to exist as entangled
agglomerates when mixed into a polymer masome nanotubes remathrandomly
oriented in their aggregatddowever, nost of nanotube aggregatesrewell stretched
along their lengths. Although the degree of orientation increased with thesaaesahear
rateby applying higher micro-injection pressuitas still far from a perfect alignment.
Comparing the TEM images for two different injection pressures sugbasksgher shear
rate not only contributes to the CNTs alignment but also entidedurther dispersion
within the matrix Note that o preferential orientation of SWCNTs aggregates
observed in the microfluidic channels along the width direction of 3D-reinforcedsldeam

both microinjection cases
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Figure 8. SEM images of typical fracture surface of (a) a representative injected beam folédvé®a and
(b) a closeup view of an embedded microfiber. Themainted circles highlight the microfibers; and TEM
images of SWCNT orientation state inside the nibemnelsalong the longitudinal direction for the
nanocomposite (0.5wt%hjected beams filled at) low injection pressure and (d) high injection pressure
and for the nanocomposite (1wtdhjected filled & (e) low injection pressurand (f) high injection pressure
(arrows show the direction of flow in longitudinal direction of the beam).

4.4.Mechanical properties

Theinfluence of CNTs and their orientation on the 3D-reinforced beaethanical
propertiesvasstudied under tensile loadingsgure9 shows stresstrain curves ofhe
pure resinand nanocompositejected beam#or the low andhehigh injection pressures.
The error bars were calculated from the 95% confidence intervals on the mean value
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obtained from the measuremenfthe stresstrain curves of the resiand NGinjected
beams show a linedehavior followed by ahortplasticresponse of the stress under strain
beforefailure. This is a typical behavior of brittigolymers like epoxieshe failure
behavior of th&8D-reinforcedboeams were slightlinfluencedby the addition of the
SWCNTSs, estimated to be ~0.18wt% (0.5wt% in hanocomposite microfibers) and
~0.35wt% (1wt% in nanocomposite microfibers) in the overall beam voltabée 3
summarize the mechanical properties of B@-reinforcedbeamsthe bulk epoxies and
their deviations. The Young’s modulus and the tensile strength of thangsited beams
were measured to #34GPaand 64.MPa, respectivelyror the NCinjected beams
containing 0.18wt% of nanotubes, prepared at low injection preskarayérage Young'’s
modulus inceased t® .51 GPa, about a% enhancement. Their failure strengths increased
by 6% to a value of 68.8Pa.The incorporation of 0.35wt% SWCNTwther increased
theYoung’s modulus (by 14%) and the tensile strength (by 13%) of theiBiizrced
beamsA fairly good dispersion of SWCNTs within the UV-epoxy matrix and also a proper
stress transfer between the host polymer matrix (thehdxy) and the carbon nanotubes
are believed to be responsible foe reasonable increasetheNC-injected beams
mechaical properties (stiffness and strengtihe interfacial bonding between SWCNTs
and epoxy molecules through the functional groups are thought to facilitate losfertra
Figure 10 represent&/o proposednteraction mechanisms in this studyovalent gafting
of carboxylic groups at the nanotube surfaces offers interaction possibihtyh&iepoxy
groups [37]. Non-covalent functionalization of SWCNTSs using ZnPP affords the
opportunityfor additionalinteracton with epoxy matrix{10]. The ZnPP molecules can
LOQWHUDFW ZLWK WKH QG QROMXEHD Edtd&iQ pbupsdRoxided E
by both covalent and non-covalent functionalizations of the SWCNTSs are capable to
interact with epoxy groupgotentially leading to an enhanced stress transfer.
Thehighermicro-injection pressure led tortherimprovement in mechanical
propertes of the 3breinforced beamfor the same nanotube loadingbe average
Young’s modulus increased by 13% for 3D-reinforced beams containing 0.18wt%
nanotubes and 25% for the beams with 0.35wt% nanotubes compared to thgeetsd-

beams. For both nanotube loadingi® &vergebeams Young's modulus improvements
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Figure 9. Tensile properties of the 3@inforced beams: Averaged strassain curves of the resiand NG
injected beams filled (a) at 0.7 MPa and (b) 4.2 MPa miigeztion pressure.

were doubled when comparedthe beams prepared at lewnjection pressurelhese
considerablemprovementgabove average compared to those reported in literature as
listed in Tabled) in mechanical propertieouldbe attributed t&WCNTsshearinduced
orientation Another contribution may come from probable better dispersion caused by
breakage of aggregates at higher sheas faf§. Given the amount of SWCNTs added, the
considerabldeams Young’s modulumprovenent when compared tihe bulk-
nanocomposite (i.e., molded sample) and also thidtke reported in literature (Talzly
suggestshe effectiveness of the present manufastumethod to take the advantage of

nanotube orientation in microfluidic network.

Table 3.Mechanical properties of the redimjected and the nanocompositgected beams prepared by
micro-injection of the materials at two different shear rates and bulk epoxies.
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Young’'s Young's Tensile Tensile Elongation Elongation
Type of beams Modulus Modulus Strength Strength  at break at break
(GPa) Var. (%) (MPa)  Var. (%) (%) Var. (%)

Bulk UV-epoxy 1.32+0.02 50.4+1.1 14.6+0.4
Bulk-EPON862  3.10+0.05 79.8+1.6 3.2+0.1
Resininjected 2.34+0.03 0 64.7+0.7 0 4.4+0.1 0
0.5wt%NC-
injected0.7 MPa 2.51+0.05 +7 68.6+£1.4 +6 4.2+0.2 -4
1wt%-NC-
injected0.7 MPa 2.67+0.03 +14 72.7£2.1 +13 4.1+0.1 -7
0.5wt%NC-
injected4.2 MPa 2.65+0.04 +13 71.1+1.4 +10 4.5+0.1 +2

0 -
LW NC 2.93+0.07 +25 74.3+1.8 +15 4.4+0.1 0

injected4.2 MPa

Figure 10. Schematic of proposed interaction mechanisms between SWCNTs andnegtoixythrough both
carboxylic group grafting [31] and nesovalent functionalization of SWCNTSs [9].

4.5. Stiffness prediction with homogenization model

Table5 liststhe computed Young’s modulus of the resin- and nanocompuesied

microfibers for aligned, partially aligned and randomly oriented caBlespredictions of

theYoung’s modulus of th&)V-epoxymicrdfibersincreasedy about 706 following the

addition of Wt% of randomly oriented CNTs while this value for the aligned CNTs showed

an increase 0405% in comparison witblV-epoxyfibers. Table6 lists the finalanalytical

predictionsof the resin andNC-injected beam#or the differentcasesstudied The NG

injected beams with the CNTs alignment alonglémgitudinal direction and random
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orientation in transverse direction showed the highest value of the Young’'s modulus.
Although the stiffness of a layer in longitudinaledition increases with the nanotube
alignment in the channels, this factor decreases the longitudinal stifirtezssverse
layers.In the resininjected beams, there awaly small differences between the analytical
and experimental resul{gd%). This confirms that the microfibers are strongly bonded to
the surrounding matrix, as observed by SEM. Assurttiagthere is the same initial
difference between the analytical and experimental estimations for thej@ééted beams
as for the reshinjected bearms, the 50% aligned CNTSs in the longitudinal and randomly
oriented in the transverse layers appears to be the most appropriate asston e
structural state of CNTs in N{Djected beams prepared at high injection pres3ims.is
also supported by TEM observations. On the other hand, applying theesssaringo
keep the initial difference between the analytical and experimental estimatiache NC
injected beams and the resin injected beams under low pressure stippbrts
observations: lovinjection pressure results in randomly oriented CNTs in both longitudinal
and transverse layers.

The reasonableonsistencyetweerthe analytical estimatiorendthe tensile
experimentsndicatesthat the CNTs reinforcementn®t far from achievinggs theoretical
potential. The differences might be attributed to the following phenomena: prdteble

presence of impurities produced along with CNTs like amorphous carbon which was not

Table 4.Comparison of increase of storage modulus at 25°C by adding SWGNPsxy matrices achievet
in our work with those reported in literature.

Increase of Normalized
Researcher SWCNTs property (Increase of
wt.% (%) property/wt.%)

(%)
Barrera et al. [7] 1.0 31 31
Sun et al. [12] 1.0 26 26
Wang et al. [8] 0.5 30 60
Our results 0.5wt% —0.7 MPa 0.18 (whole beam) 7 39
Iwt%— 0.7 MPa 0.33 (wholebeam) 14 42
0.5wt% — 4.2 MPa 0.18 (whole beam) 13 72
1wt% — 4.2 MPa 0.33 (whole beam) 25 75
Bulk-epoxy nanocomposite 0.3 (molded) 10 33
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Table 5. Analytical Young's modulus of the resiand NGbased microfibers with aligned, partially aligns
and randomly oriented CNTSs.

Type ofmicrofiber Young’'s modulus (GPa) Young’s modulus Var.(%)
Nonreinforced 1.32 0

V.F. 0.5% V.F. 1% V.F. 0.5% V.F. 1%
Random oriented CNTs 1.78 2.24 35% 70%
Partially aligned CNTs (20%) 2.25 3.26 79% 147%
Partially aligned CNTs (50%) 3.35 5.36 153% 306%
Aligned CNTs 4 6.67 203% 405%

considered in modelingnay affect the mechanical propertigsThe curvature of the

flexible CNTs bundles may reduce their effective aspect ratio as obsgriéibimages

[38]. In addition, the slippage of the inner nanotubes in bundlesatsaylecrease the
effectiveness ohanoreinforcement8. A homogeneousrientation statevasassumed in
whole crosssection area ahe microfluidic channelddowever, theshear ratenaximumat

the channel wall gradually reduces towards the channel center at which the shear rate
becomes ero. In other words, the carbon nanotubes near the microfluidic channel center
were subjected to very low shear rates and consequently might be randontldoiiéis
effect could be reduced through the injection of even smmaicrochannels4. The Mor-
Tanaka model has an intrinsic accuraay, for the volume fraction considered, it should be

quite good.
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Table 6. Analytical and experimental Young’'s modulus of the resind NGinjected beams with alignec
partially aligned and randomly oriented CNTSs.

Longitudinal Young’s modulus
(GPg
Experimental

CNTs orientation state in

o Analytical
Longitudinal ~ Transverse Injection pressure
Fibers Fibers 0.7 MPa 4.2 MPa V.F. V.F.
V.F. V.F. 1% V.F. VF.1% 05% 1%
0.5% 0.5%
Resininjected beams 2.34+0.03 2.4
Aligned Aligned 297 3.54
Partially Partially
Aligned Aligned 262 2.89
Random Random 2.51+0.05 2.67+0.03 259 278
Aligned Random 3.01 3.62
: Partially
Aligned Aligned 2.95 3.5
Partially
Aligned Random 269 296
(20%)
Partially
Aligned Random 2.65+0.04 2.93+0.07 2.89 3.37
(50%)

5. Conclusion

Threedimensional microstructured beams reinforced with SWCNT/epoxy
nanocomposite with spatial localization and orientation of the nanotubes were &ibricat
via the nanocomposite micinjection of a microfluidic networkThe nanotuberientation
was performedby taking the advantages of shear flow and dimensional constraining of
smalldiameter channels. The SEM observationeaed a fair dispersion of SWCNTs
aggregates in Udpoxy matrix after the ultrasonication and threkmill mixing. The
morphological analysis using TEM showed a random orientation of SWCNT aggragate
the lower shear rate, caused by the lower injection pressure, while the nanatdes w
partially aligned along the direction of flow at higher shear rate, dduséhe higher
injection pressure. For the beams reinforced with the partially aligned nangtyregates,
the improvement of Young’s modulus was doubled compared to the beams with randomly

oriented nanotubes. The stiffness values of the beams prelolyctied micromechanical
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model for the case of partial orientation of nanotubes were close to the expdradatnta
indicating the efficiency of the present manufacturing method in orientation and
localization of CNTs within a polymer matrix. To furthergaithe nanotubes, higher
injection pressures (i.e., higher shear rate) and snthflereter microfluidic channels (i.e.,
higher constraining effect) could be employ€&lde flexibility of this manufacturing method
enables the design of functional 3&nforced nanocomposite macroscopic products for a
wide variety of applications such as structural composite applications and cartgoimne
micro electromechanical systems. It is worth noting that the nanomaterialsarated

inside the 3D microfluidic network can be used to enhance the structure properties other

than mechanical such as electrical or thermal conductivity.
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Appendix A

“The components of Eshelby tensor for a fibrous reinforcement are [27]:

1 A1 X’
Sy m(l 2, 7 1 1 2, az—l)g)’
3 a’ 1 9
Sii S 8L ) a2 1 41 Qm)(l 2@Q 4@ 1))9,
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1 a’ 3

B S g gae ) ¢ 0% @ 0°

S S a1 die e ¢ 29w

S S 2(11 m)(1 2 a21 7 2(1lom)(2(323 1) L Bnb,
Se g T Gap L 299

So S g g 20 D) s L 2nd,

where a is the aspect ratio of the reinforcement defined as the ratio of itéh lémgts

diameter andyfor fiber reinforcement is given by:

a

V@ "

a@ 1"* cosh'd

Then, the Eshelby tenso?,, has the following matrix form:

Slll 3122 %133 O O O a
211 222 2333 O 0 0 «
S S S S 0 0 0 «
0 0 By, 0 0 «
0O 0 © 0 B, 0«
0 0 0 0 1w
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