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Multiwalled carbon nanotubes (MWCNTs) with aspect ratios (ARs) ranging from 94 to 474 were incorporated into polysty-
rene (PS)/poly(methyl methacrylate) blends using solution mixing and melt mixing. Also, two functionalized MWCNTs were
prepared from the nanotubes having AR 94: one was oxidized by nitric acid while the other was further modified with
amine-terminated PS attached to carboxyl groups to form amides. The two functionalized MWCNTs (1 wt %) were used to
show that which phase the carbon nanotubes (CNTs) were located in could be controlled with nanotube surface chemistry.
When nanotubes were confined to the minor phase, the size of the minor domain first decreased with adding low AR CNT as
expected due to the increased viscosity of the minor phase. However, at higher ARs, the size increased beyond the size for
the minor domain with no nanotubes, and at high enough AR, the shape of the minor domain changed from spherical to an
elongated irregular shape. VC 2015 American Institute of Chemical Engineers AIChE J, 61: 3500–3510, 2015
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Introduction

The morphology of immiscible polymer blends refers to the
shape (continuous vs. sea-island; circle vs. irregular) and size of
domains in the blends; the morphology has a great influence on
blend properties.1–13 The morphology can be tailored somewhat
by polymer composition,14–16 viscosity ratio,14 annealing time/
temperature,8,9,14,17 flow rate of the blends,6,14,18 interfacial
forces between the polymers14,19 as well as other factors. A third
component acting as a modifier is often introduced to manipu-
late the morphology and/or the interfacial adhesion between
the two immiscible components in order to improve blend
performance. Fillers and especially nanofillers can change the
morphology type and phase size mostly because of a combina-
tion of changed viscosity ratios during morphology creation
and reduced coalescence due to steric hindrance. Examples of
such fillers include nanoclay,2–5,10,20 carbon black,8,21 copoly-
mers,9,22–24 and nanoparticles.11–13,25–27 For example, Filippone
et al.2 have incorporated organoclay into poly(ethylene)/poly
(amide) 6 (PA6) blends and found that the clay changes the sea-
island structure of the blends to the cocontinuous morphology,
and the rubbery modulus of the composites increased. Carbon
black2 and nanoparticles13 have also been found to change
blend morphology. Copolymers9,22–24 and Janus particles25 can

be located at the interface, and can reduce the domain size of

the minor polymer phase as well as possibly increasing the

interfacial adhesion.
Due to their excellent mechanical properties as well as high

electrical and thermal conductivities, carbon nanotubes

(CNTs) have been widely investigated in the field of material

science and engineering.28–36 For polymer blends, CNTs have

been widely studied with respect to their location in the blends

as well as their effect on the domain size and shape.35–49

Zhang et al.35 added pristine CNTs to polypropylene (PP)/PA6

blends, and found that the nanotubes were selectively located

in the PA6 phase and formed an elongated structure that

improved the electrical properties. Wu et al.36 modified CNTs

with maleic anhydride and added them into polystyrene (PS)/

PP blends, and found that the modified CNTs act as a plasti-

cizer for both polymers and as heterogeneous nucleating

agents for PP. Several studies also indicated that the amount

of CNTs also play a key role in the morphology change of the

polymer blends.38,39,41,49 In terms of the localization of the

CNTs in the polymer blends, CNTs generally prefer to locate

in one phase of a blend35–48 and usually not at the interface or

in both phases. Which phase seems to depend on the respective

surface energies of the blend components, and the anisotropy of

nanotubes is the reason for the very strong partitioning.49

In this work, we studied the effects of nanotube aspect ratio

(AR) on blend morphology and nanotube surface chemistry on

the location of CNTs in polymer blends. Blends of two immis-

cible amorphous polymers, PS and poly(methyl methacrylate)

(PMMA), were studied in order to eliminate crystallinity

effects. Any study of blends with one or both components

being semicrystalline has the confounding effect of nucleation
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by nanotubes prohibiting the isolation of the effect of nano-
tubes on blend morphology. For AR studies, multiwalled car-
bon nanotubes (MWCNTs) having different ARs ranging from
94 to 474 were investigated; no other studies to our knowledge
have examined the effect of nanotube AR on blend morphol-
ogy. In fact, most commercial MWCNTs have an AR around
100.50 Both melt mixing and solution mixing were carried out
to prepare nanotube/polymer blend composites. Solution mix-
ing has the advantage of creating a morphology that is not as
affected by kinetic factors with slow solvent evaporation and
thermal annealing. Melt mixing has the advantage of eliminat-
ing the influence of the interactions between solvent and
CNTs. In other words, the fact that one type of nanotube might
tend to agglomerate in the solvent vs. another is not an issue in
melt mixing. For nanotube chemistry studies, three types of
AR 94 nanotubes, pristine (untreated), nitric acid treated, and
PS-grafted after nitric acid treatment, were melt mixed with
PS/PMMA blends.

Experimental

Materials

PS having average Mw � 210 kg/mol was from Dow Chem-

ical and the PMMA, having average Mw � 120 kg/mol was

from Sigma Aldrich. Four different MWCNTs (SouthWest

Nanotechnologies, Norman, OK) were investigated, where the

diameter, length, and the AR for each MWCNT are shown in

Table 1. The average ARs are 94, 250, 313, and 474, respec-

tively, with CNT lengths ranging from 0.95 to 4.23 lm and

diameters at �10 nm and the number of concentric cylinders

was roughly identical as well. All tubes were made using the

same general procedure; with AR 94 being commercially

available as SWeNTVR SMW100 and AR 474 being available

as SWeNTVR SMW200. Analyses for the length and diameter

of pristine CNTs were described elsewhere.51

Chemical modification of nanotubes

AR 94 tubes were oxidized using a solution of 35% nitric

acid (Sigma Aldrich) following the method described in the

literature.52 The CNT and nitric acid mixture was first bath

sonicated at 458C for 30 min, followed by vacuum-filtering

using a Teflon membrane with pore size 0.2 l (PTFE 0.2 l).

The black solid was then rinsed with deionized water until the

rinsed water had a pH 5 7. The resultant black samples were

dried at 808C overnight under vacuum. Acid-functionalized

AR 94 is labeled as AF-MWCNTs.
A portion of the AF-MWCNTs were then dispersed in thi-

onyl chloride (SOCl2) to convert the ACOOH groups to

ACOCl groups on the surface of the MWCNTs. Typically,

100 mg of the AF-MWCNTs were dispersed in 20 mL SOCl2
followed by magnetic stirring at 708C for 24 h. The resultant

mixture was then centrifuged at 3000 rpm for 10 min. The

supernatant of the mixture was carefully removed. The black

solid obtained was dispersed in 10-mL dimethylformamide
(DMF) along with 500 mg amine-terminated polystyrene

(NH2-PS, Mw =108 kg/mol and polydispersity index

(PDI) 5 1.12, from Polymer Science). The mixture was
bubbled with nitrogen and bath sonicated for 30 min. Samples

were transferred to a hotplate with stirring at 1308C for 4 days

under nitrogen atmosphere. After reaction, the samples were
rinsed with DMF to remove unreacted NH2-PS. The black

solid was finally dried at 808C overnight under vacuum. The

samples obtained are MWCNTs grafted with PS are labeled as
PS-MWCNTs. PS-MWCNTs were investigated by transmis-

sion electron microscopy (TEM) and the images are shown on

the right hand side of Figure 1a, where amorphous formations
are observed to coat on the CNTs as indicated by the arrows,

indicating that the PS has been successfully coated on the

CNTs. In addition, thermogravimetric analysis shows that
approximately 30 wt % PS was grafted on the surface of the

CNTs as indicated in Figure 1b (gas conditions: mixture of

helium and air at flow rate of 10 and 40 mL min21).

Composites preparation

For solution mixing, PS/PMMA blends mixed with pristine

MWCNTs having different ARs ranging from 94 to 474 were
prepared in toluene (Sigma Aldrich). MWCNTs of 0.4 mg

weight were first dispersed in 5 mL toluene using bath sonica-

tion for 20 min; bath sonication was used instead of horn soni-
cation because the bath sonication intensity was much weaker

(i.e., to lessen nanotube breakage). Twenty minutes was cho-

sen because this time was found to be the minimum required
so that no nanotubes were observed on the bottom of the vial

in 1 h, which we assumed was a measure of good dispersion.

In a separate glass vial, 40 mg PS-90K/PMMA blends were
dissolved in 5 mL toluene, and the PS-90K/PMMA solution

was then mixed with the nanotubes, further bath sonicated for

30 min to assure good dispersion of MWCNTs in the polymer
blends. The samples prepared by this method are shown in

Table 2, where the components of each of the samples are

listed.
For melt mixing, composites were prepared using a DSM

twin-screw micro compounder having volume 5 cm3 (DSM

Xplore, MD Geleen, The Netherlands). Before mixing, the

samples were dried at 808C under vacuum overnight. CNTs
weighing 0.04 g (either pristine or modified) were premixed

with 4 g of PS/PMMA blends in a glass vial. The mixtures

were then fed into the compounder with mixing conditions: 5
min at 1908C and a mixing speed of 150 rpm under nitrogen

atmosphere, and the extruded strands were used as described

below. Samples prepared by this method are also shown in
Table 2. This article mostly focuses on blends in which the

ratio of PS:PMMA is 80:20 in weight, and hence, PMMA is a

minor phase due to the fact that the CNTs, except for those
coated with PS, are found in the PMMA domain as will be

shown later.

Morphology characterization

Scanning electron microscopy (SEM) was applied to charac-

terize the domain size of the samples on a Zeiss NEON High

Resolution SEM and a ZEISS DSM-960A SEM. For solution-
mixed samples, several drops of the mixture were placed on a

silicon substrate, and the samples were placed in the fume hood

until the solvent evaporated. The thin film obtained was
annealed in a vacuum oven at 1708C for 5 h to ensure the surface

concentration ratio of PS/PMMA film is stable at the original

Table 1. MWCNT Average Length and Diameters

CNTs
Diametera

(nm)
Initial

lengthb (lm)
Initial

length (lm)
Length after melt

mixing (lm)

AR 94 7.8 0.74 0.95 0.84
AR 250 10.4 2.60 n/a 2.32
AR 313 9.9 3.10 n/a 2.96
AR474 9.5 4.50 4.23 4.12

aMeasured with TEM.51

bMeasured with AFM.51
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mixing ratio.53 After cooling to room temperature, the samples
were submerged in formic acid to remove the PMMA phase (or
the cyclohexane to remove the PS domain), following by rinsing

with formic acid (or cyclohexane), and then drying in the oven
at 808C for overnight. For melt-mixed samples, the extruded
strands were cryogenically fractured in liquid nitrogen and the

Figure 1. Transmission electron microscopy images (a) and thermogravimetric analysis (b) for the pristine AR 94
carbon nanotubes and the carbon nanotubes grafted with polystyrene.

The arrows in (a) indicate amorphous PS formations on the surface of the carbon nanotubes.

Table 2. Components of the PS/PMMA/CNTs Composites Prepared via Solution and Melt Mixings*

Samples PS/PMMA CNTs SF Dn (lm) Dv (lm)

Solution mixing S-0 80/20 n/a 1.00 1.07 1.73
S-1 80/20 AR 94 0.79 0.66 1.35
S-2 80/20 AR 250 0.74 1.18 1.77
S-3 80/20 AR 313 0.70 1.38 2.19
S-4 80/20 AR474 0.65 1.45 2.18

Melt mixing M-0 80/20 n/a 0.91 0.75 1.03
M-1 80/20 AR 94 0.89 0.64 0.92
M-2 80/20 AR 250 0.86 0.78 0.99
M-3 80/20 AR 313 0.78 0.92 1.46
M-4 80/20 AR474 0.77 1.16 1.55
M-5 20/80 AR 94 n/a n/a n/a
M-6 80/20 AR 94 acid functionalized n/a n/a n/a
M-7 20/80 AR 94 acid functionalized n/a n/a n/a
M-8 20/80 AR 94 polystyrene grafted n/a n/a n/a
M-9 80/20 AR 94 polystyrene grafted n/a n/a n/a

*In all cases, the amount of CNTs is 1 wt % in the composites. SF, Dn, and Dv are defined in Eqs. 1, 2, and 3, respectively.
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fractured samples were placed in formic acid to extract the

PMMA domain (or in cyclohexane to extract the PS domain).

The samples were then rinsed with formic acid (or cyclohexane),

and finally dried in a vacuum oven at 808C overnight. Before the

SEM experiment, samples were coated with approximately a

4-nm-thick layer of iridium to enhance visibility.
TEM experiments were carried out with a JEOL 2000-FX

TEM using an accelerating voltage of 200kV. The samples

prepared by solution mixing were spin-coated to form a thin

film and then annealed at the same conditions as the SEM

samples. For the melt-mixing samples, the extruded strand

was sectioned by a microtome to obtain thin films having

thickness approximately 100 nm, and the thin films were col-

lected using the lacey carbon substrate. All TEM samples

were stained by ruthenium tetroxide (RuO4) to obtain good

contrast between the PS and PMMA domains. Because RuO4

will stain the aromatic groups on the PS, the PS phase will

present as the darker phase on the TEM image.54

Shape and domain size determination

The morphology of the PS/PMMA blends was characterized

with respect to both shape and size from micrographs based on

more than 200 domains. The shape factor (SF) was used to

characterize the shape of the blends and it was calculated by

the equation shown below55

SF5

P
Ai

4pAi

P2
iP

Ai
(1)

where Ai and Pi are the area and perimeter of the minor-phase

domain. The value for SF ranges from 0 to 1, indicating the

shapes from line to circle. The size of the minor polymer

phase was characterized by the number average diameter (Dn)

and volume average diameter (Dv) determined following the

method proposed in the literature56 as shown below

Dn5

X
NiDiX
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(2)

Dv5

X
NiD

3
iX

NiD2
i

(3)

where Ni and Di are the number and diameter of the ith
domain, respectively. For Eqs. 2 and 3 where the domains

were not circular in the two-dimensional (2-D) image, the

average diameter was used.

Length measurements

The length of CNTs with different AR after melt mixing

was determined by SEM. To measure the CNTs lengths after

melt mixing, a procedure similar to Krause et al.57 was used.

Figure 2. TEM images for the solution-mixed and melt-mixed samples having CNTs with aspect ratios 94.

The less dark phase is PMMA and the dark phase is PS domain.
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First, 100 mg of the polymer blend was loaded in a vial of

20 mL of DMF. The vial was heated at 608C and mixed with a

magnetic stir bar to dissolve the polymer. The solution was

then filtered with a 0.22 lm PTFE filter to isolate the nano-

tubes. While the CNTs were still on the filter an additional

200 mL of DMF was used to rinse the CNTs and remove any

residual polymer. The filter was then placed in 50 mL of DMF

and bath sonicated for 30 s. This step was done to dislodge the

CNTs from the filter. On a silicon wafer, 0.25 mL of the DMF

solution with the CNTs was deposited on a 2 3 2 cm2 Si wafer

and allowed to dry overnight in a fume hood. For as-received

nanotubes, �3 mg of CNTs were dispersed in 20 mL of DMF

using bath sonication for 30 min, followed by depositing a

0.25 mL drop on the a 2 3 2 cm2 Si wafer and drying

overnight in the fume hood. To measure the length of the

CNTs, a Zeis Neon 40EsB SEM was used and the average

contour length for each nanotube sample was calculated based

on the results of 100 tubes.

Results and Discussion

The location of the pristine CNTs with AR 94 in the PS/
PMMA blends are shown in Figure 2 for the samples prepared
by solution and melt mixing, respectively, where the images
were taken by TEM with PMMA as the minor domain (for
comparison, a TEM image with PMMA as the major domain
prepared via melt mixing is shown in Figure 6). In Figure 2,
the PS is the main phase (80 wt %), which is shown in dark.
As shown in the figure, the CNTs primarily locate in the
PMMA phase for the samples prepared by both solution and
melt mixing (similar results are shown in Figure 6), in agree-
ment with the literature that CNTs prefer to stay or migrate to
a more polar domain in polymer blends.35,38,41–46 In addition,
for all nanotubes with different AR, SEM images (shown in
Figures 3 and 4, Supporting Information, Figures S-1, and
S-2) demonstrate that after the PMMA phase was extracted,
the nanotubes locate in the holes (PMMA), while after the PS
phase was extracted, the nanotubes locate on the surface of the

Figure 3. SEM images for the PS/PMMA/CNTs composites prepared via solution mixing where CNTs have aspect
ratio ranging from 94 to 474 as indicated in Table 2.

The ratio of PMMA:PS is 20:80 and the PMMA domain has been extracted by formic acid.
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PMMA, further indicating that the MWCNTs prefer to stay in

the PMMA domain. Therefore, this article will focus on how

the nanotubes change the PMMA morphology in the PMMA/

PS blends, where the PMMA is the minor phase in the blends.
Figure 3 shows SEM images for the PS/PMMA blends

mixed with and without nanotubes via solution mixing. SEM

was used to characterize the shape and size of the PMMA

domain, instead of TEM, due to the fact that the latter may

have overlapped domains. By inspection of Figure 3, the SF

and domain size of the polymer blends are influenced by

changing the AR of the MWCNTs. To quantitatively analyze

the effects of the AR on the shape and size of the polymer

blends, values for the PMMA minor phase based on Eqs. 1–3

are shown in Table 2. As demonstrated in Table 2, for solution

mixing, the SF of PMMA in the neat PS/PMMA blends is

1.00, but reduces with increasing AR of the nanotubes.

However, even more dramatic than the SF change is how the

morphology becomes much more irregular with AR as shown

in Figure 3.

Figure 4 shows SEM images for the PS/PMMA blends

mixed with and without nanotubes via melt mixing and the

PMMA phase was extracted by formic acid. The SF for the

PMMA phase shows less reduction upon adding nanotubes for

samples made by melt mixing vs. those made by solution mix-

ing consistent with a visual comparison between Figures 3 and

4. Our initial hypothesis was that the length reduction of the

nanotubes in the melt was much greater than that in solution,

which caused the smaller effect; however, length reduction

after processing was minimal as shown in Table 1 and Figure 5.

In fact, the results in Table 1 concerning length reduction

via melt mixing in a conical twin-screw stand in stark contrast

to those presented elsewhere in which the length reduction

was significant after melt mixing for MWCNTs with AR

�10057–61 and even more significant with higher AR tubes.51

We do not observe great breakage of nanotubes in this work

presumably due to the protection from the capsule effects of

the minor phase in the polymer blends (a detailed investigation

on the breakage CNTs in melt mixing of polymer blends will

Figure 4. SEM images for the PS/PMMA/CNTs composites prepared via melt mixing where CNTs have aspect ratio
ranging from 94 to 474 as indicated in Table 2.

The ratio of PMMA:PS is 20:80 and the PMMA domain has been extracted by formic acid.
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be the subject of a future study). Overall, perhaps the reason

for the smaller changes in anisotropy shown in melt mixing is
that the films prepared by solution mixing are more 2-D, while

that in the samples prepared by melt mixing are more 3-D;

such a difference in dimensionality would be expected cause
such difference in SF response for 2-D images. Regardless,

samples prepared by both methods indicate that the PMMA
phase became more anisotropic when adding CNTs in the

blends.
The number average diameter (Dn) and volume average

diameter (Dv) of the PMMA domain first decreases with add-
ing the shorter nanotubes (AR 94), but then increases with

increasing length of the CNTs. For solution mixing, the Dn

decreases from 1.07 lm for the neat polymer blends to 0.66
lm and Dv reduces from 1.73 to 1.35 lm when adding 1 wt %

AR 94 nanotubes. When adding longer nanotubes, Dn and Dv

both increase with increasing the length of CNTs. For exam-

ple, with AR 250 (length � 2.6 lm) and AR 474 (length
� 4.23 lm) CNTs, Dn of PMMA phase is 1.18 and 1.45 lm,

respectively, both higher than the counterpart in the neat

PS/PMMA blends. For melt mixing, very similar behavior has
been observed that Dn and Dv first decrease with adding short

nanotubes, and then both increase with increasing the AR
(length) of CNTs.

The average diameters are clearly much smaller than the
nanotube lengths. However, what about the maximum dimen-

sion of the nanotubes, is it reasonable that the nanotubes will
fit inside of the domains? For the AR 94 tubes (length � 0.9

lm), the maximum length of the domain is less than the aver-

age length of the nanotubes. For the remainder of the tubes,
the maximum lengths of the domain shown in Figures 3 and 4

seem to be long enough that tubes of these contour lengths

Figure 5. Length distribution for the CNTs with aspect ratios ranging from 94 to 474 before (a) and after (b) melt
mixing.
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could be encapsulated within, given that MWCNTs are defi-

nitely not straight as Figure 2 shows. We do not understand

why the domains for the AR 94 tubes do not encapsulate the

tubes.
Hence, at lengths typical of most commercial nanotubes,

nanotubes located in the dispersed phase reduce the dispersed

phase size substantially likely due to the significant increase in

minor phase viscosity that occurs with the addition of nano-

tubes, hindering drop coalescence. CNTs have been

found38,39,41 to influence the domain size of the polymer

blends previously as a function of nanotube composition, but

this report is the first time to our knowledge that the AR of

CNTs is found to also influence the shape of the minor phase

for blends of two amorphous polymers. Obviously, the large

nanotube persistence and contour lengths force a distortion of

the normal spherical shape so as to encapsulate the highly ani-

sotropic nanotubes. Further, with increasing length of CNTs,

the domain size of the minor phase that contains the nanotubes

increases as well. Single-walled CNTs can be forced to bend

to form a ring in oil/water or water/oil emulsion and the size

of the ring depends on the size of the droplet.34 In our case

with MWCNTs, the polymer droplet changes shape and size to

include the nanotubes in the PMMA domain as shown in Fig-

ures 3 and 4. These two situations represent opposite ends of

possible behavior, in one case, the forces are large enough and

the flexural rigidity small enough to cause the long anisotropic

nanotube to bend, while in the other case, the phase reshapes

itself to encapsulate the filler.
In the case of the PS/PMMA blends (20/80 in weight) where

PMMA is the main phase, no results for the domain size are

available for the composites due to the fact that the CNTs pre-

fer to locate in the PMMA domain (Figures 2 and 6) and the

morphology of the polymer blends without and with CNTs are

found to exhibit cocontinuous structure (shown in Figure 6

and Supporting Information, Figures S-1 and S-2). The addi-

tion of longer nanotubes does seem to alter the morphology,

but clear trends cannot be established based on the EM images

collected.
The location of the CNTs in the PS/PMMA polymer blends

was investigated on the AR 94 nanotubes having different

Figure 6. TEM results for the polymer blends incorporated with pristine, acid oxidated, and PS-grafted carbon
nanotubes using melt mixing.

The components of each sample are indicated in Table 2. The arrows in M5 and M6 indicate carbon nanotubes. The less dark

phase is PMMA and the dark phase is PS domain.
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functionalities: pristine, acid-functionalized, and PS-grafted

CNTs. The three types of CNTs were melt mixed with the PS/

PMMA blends at the mass ratio of either 80/20 or 20/80 as

indicated in Table 2. The samples obtained were microtomed

into thin films and observed with TEM, and the results are

shown in Figure 6. For both pristine samples M1 and M5,

most of the CNTs locate in the PMMA domain, independent

of the amount of the PMMA, which was also shown Figure 2.

In samples M6 and M7, where the CNTs have been oxidized

by nitric acid to produce carboxylic groups on the surface,

CNTs also locate in the PMMA domain, regardless of the size

of the PMMA phase. Finally, for M8 and M9, where CNTs

were grafted with PS on the surface, the nanotubes are found

primarily in the PS domain. To further investigate localization

of the nanotubes, samples M5, M7, and M8 having 20 wt %

PS were submerged in the cyclohexane to selectively extract

the PS domain; also, the sample M9 having 20 wt % PMMA

and 1 wt % PS-grafted CNTs was submerged in the formic

acid to remove the PMMA domain. The composites after

selective extraction are shown in Figure 7. Sample M8 is

much lighter than the rest of the samples shown in the same

picture: M8 is nearly white, whereas the other three samples

are still black demonstrating that the PS-MWCNTs locate in

the PS domain because the nanotubes are able to be extracted

using a solvent for the PS only.
This finding for PS/PMMA blends is in good agreement

with several studies that different functionalities on their sur-

face can either yield different localizations for the CNTs in

other polymer blends,62–65 or selectively insert in the hard

phase or the soft phase in a polyurethane.66 The localization

adjustments for CNTs in the polymer blends confirms that dif-

ferent functional groups on the surface of CNTs can drive the

nanotubes to be found in a different phase.

Conclusion

The morphology of the PS and PMMA polymer blends has

been altered using CNTs having different ARs ranging from

94 to 474 and different surface functional groups. The former

changes both the shape and domain size when the nanotubes

partition into the minor phase, while the effect of the latter is

with respect to which phase the nanotubes will partition. The

SF was found to decrease with adding CNTs, indicating the

minor domain becomes much less circular, and also decrease

with an increase in AR (or length) at the same added tube frac-

tion. In addition, the domain size of the minor phase has been

found to decrease significantly when adding CNTs with AR

94 due to the higher viscosity of the minor phase that inhibits

drop coalescence. The domain size increases with increasing

ARs when adding nanotubes with ARs ranging from 250 to

474 becoming substantially larger than the domain size with

no nanotube addition due to the fact that for the minor phase

to encapsulate these long tubes, the domain size must get

larger.
We have also shown that the preferred phase for a nanotube

can be altered based on the surface chemistry of the nanotube.

Along with viscosity, which is a well-known way to alter

blend morphology, this work has shown that the morphology

of polymer blends can be altered substantially by changing the

length of a high AR nanofiller as well as changing surface

chemistry.
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