wo 2014/197078 A2 [PV RO O A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/197078 A2

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

International Filing Date:
14 March 2014 (14.03.2014)

Filing Language: English
Publication Language: English
Priority Data:

61/784,247 14 March 2013 (14.03.2013) US

Applicant: THE BOARD OF REGENTS, THE UNI-
VERSITY OF TEXAS SYSTEM [US/US]; 201 West 7th
Street, Austin, TX 78701 (US).

Inventors: LU, Hongbing; 3613 Snidow Dr., Plano, TX
75025 (US). BAUGHMAN, Ray, H.; 5428 Willow Wood
Lane, Dallas, TX 75252 (US). HAQUE, Mohammad, H.;
2400 Waterview Parkway Apt. 935, Richardson, TX 75080
(US). FANG, Shaoli, D.; 430 Bulkingham Road, #1633,
Richardson, TX 75081 (US).

Agents: GARSSON, Ross, Spencer et al; Greenberg
Traurig, LLP, 77 West Wacker Drive, Suite 3100, Chicago,
IL 60601 (US).

11 December 2014 (11.12.2014) WIPO | PCT
International Patent Classification: (81)
B32B 5/08 (2006.01)

International Application Number:
PCT/US2014/027188

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to the identity of the inventor (Rule 4.17(i))

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

[Continued on next page]

(54) Title: METHOD OF FABRICATING CARBON NANOTUBE SHEET SCROLLED FIBER REINFORCED POLYMER
COMPOSITES AND COMPOSITIONS AND USES THEREOF

(57) Abstract: A novel method of fabricating
carbon nanotube sheet scrolled fiber and fiber
tows (carbon, graphite, glass, natural polymer,

101

MWNT sheet

synthetic polymer, metallic, silicon carbide,
Kevlar, etc.) in composites with improved inter-
facial shear strength, compressive strength, yield
strength, stiffness and toughness has been repor-
ted. Single or multiple layers of carbon nan-
otube sheet, with a bias/wrapping angle of 0°
and 90°, has been scrolled around single fiber
and fibers tows to improve the above mentioned
mechanical properties of the matrix surrounding
the fiber. Other common methods of growing
CNTs directly on the fibers actually damage the
fiber surface during the required precursor de-
position and CNTs growth process. This demon-

FIG.1

strated solid-state method overcomes such
known problems. The CNTs sheet scrolled fiber
is embedded into the polymer matrix exhibits
significant (80%) increase in interfacial shear
strength, compressive strength and toughness.



WO 2014/197078 A2 WA 00 VN 000 0 O

— as to the applicant's entitlement to claim the priority of Published:
the earlier application (Rule 4.17(iii)) —  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))




10

15

20

25

30

WO 2014/197078 PCT/US2014/027188

METHOD OF FABRICATING CARBON NANOTUBE SHEET SCROLLED FIBER
REINFORCED POLYMER COMPOSITES AND COMPOSITIONS AND USES
THEREOF

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS
[0001] This application claims priority to U.S. Patent Appl. Serial No. 61/784,247, filed on
March 14, 2013, entitled “Method Of Fabricating Carbon Nanotube Sheet Scrolled Fiber
Reinforced Polymer Composites And Compositions And Uses Thereof,” which patent
application is commonly owned by the owner of the present invention. This patent application

is hereby incorporated by reference in its entirety for all purposes.

GOVERNMENT INTEREST
[0002] This invention was made with government support under Grant No. FA9550-09-1-
0527, FA9550-07-1-0579, and MURI Grant R17535 awarded by the Air Force Office of

Scientific Rescarch. The government has certain rights in the invention.

FIELD OF INVENTION
[0003] Improved performance polymer composites are provided by steps that include the
wrapping of single carbon nanotube sheet, or multiple carbon nanotube (CNT) sheets about
mechanically reinforcing fibers or fiber tows at a bias angle (in the case of wrapping with a
single CNT sheet) or multiple bias angles (in the case of wrapping with multiple CNT sheets)
between 0° to 90°. Wrapping is sufficiently high compared with the wrapped diameter so that
more than one complete turn of wrapping of component individual nanotubes or individual
nanotube bundles occurs. Polymer infiltration couples the strength and modulus of the nanotubes
or nanotube bundles with that of the polymer matrix so that the fiber or fiber tow interface with
the polymer matrix is strengthened, and improved mechanical properties (modulus, yield
strength of CNT doped matrix surrounding a wrapped fiber or fiber tow, compressive strength)

of the composite result.

BACKGROUND OF INVENTION
[0004] Recent increase in the use of fiber (or fiber tow) reinforced polymer matrix composite
in aerospace, automotive, wind energy turbine blades, offshore drilling. sports equipment and
other structures has motivated the development of new composites having increased strength and

increased specific strength (strength per unit mass of composites). Composites fail in three
1
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different modes: matrix cracking, fiber fracture, and debonding at the interface. Load transfer has
to be by way of the interface between fibers and matrix. Enhancing matrix stiffness and the
strength of the matrix surrounding a fiber, and increasing the fiber/matrix interfacial strength will
increase the stiffness and strength of the overall composites.

[0005] Load transfer has to take place through the interface between the fiber and polymer
matrix, and the matrix is responsible for carrying the shear loads. The stiffness and transverse
strength of fiber-reinforced composites depends on the mechanical behavior at the interface with
a thickness approximately 100 nm or less. Swadener ef al. determined that the failure or the
delamination of a glass fiber occurs in the matrix 3 nm away from the fiber surface. [Swadener
1999]. Similar behavior has also been observed in single walled carbon nanotube (SWNT)
nanocomposites. Ding ef al. observed that a few nanometers of polycarbonate remains wrapped
around a SWNT when the SWNT is pulled out of the polycarbonate matrix in fracture. [Ding
2003]. In order to increase the strength of composites, it is critical to improve the interfacial
mechanical properties through modification of the polymer matrix, fibers or the interface.

[0006] Huang ef al. has reported the interfacial micromechanics of carbon fibers in
thermoplastic by determining the distribution of interfacial shear stress along fibers in single-
fiber model composites using Raman spectroscopy. [Huang 1996]. The variations of fiber strain
with position along the fiber in these composites are almost linear, indicating that stress transfer
from matrix to fiber in the system is predominantly by frictional shear. It was found that the
maximum values of interfacial shear strength for the polymethyl methacrylate (PMMA) and
polycarbonate (PC) model composites are much lower than the value obtained for the same
fibers in a thermosetting epoxy resin matrix. These low values of interfacial shear stress in
thermoplastic systems can be explained by the lack of chemical bonding between the fiber and
matrices, and possibly the effect of residual solvent. The interfacial adhesion in the systems
stems primarily from mechanical interlocking, which can be enhanced by preparing the
composites at higher temperatures. It is shown for PMMA that the maximum interfacial shear
stress correlates very well with the radial pressure on the fiber as a result of thermal mismatch
between the fiber and matrix.

[0007] In recent years, considerable effort has been made to enhance interfacial shear
strength using CNTs grafted onto glass or carbon fibers to increase the interfacial shear strength
(IFSS) [Mei 2010; Thostenson 2002; Qian 2010 I, Qian 2010 II, F Zhang 2009; Q Zhang 2009,
Zeng 2010, Zhao 2010]. Besides nanotubes, grafting polyhedral oligomeric silsesquioxanes

(POSS), an emerging new chemical technology for nano-reinforced organic-inorganic hybrids,
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has been demonstrated by Zhao et al. [Zhao 2010] and a 61% increase in Interfacial Shear
Strength (IFSS) is claimed. Sager et al. showed improvement in interfacial shear strength with
CNTs coated carbon fiber embedded in epoxy matrix by a single fiber fragmentation method.
[Sager 2009]. Two configurations have been investigated: carbon fiber having radially (with
11% increase in IFSS) and randomly (with 71% increase IFSS) aligned multiwalled nanotube
(MWNTs) embedded in epoxy. The use of randomly oriented MWNTs is observed to give
higher interfacial shear strength due to a potentially higher percentage of MWNTSs aligned with
the £45° principal stress directions under pure shear loading. However, they have reported
significant reduction in ultimate tensile strength and modulus for the composites. On the other
hand, Sharma et al. have demonstrated that growing CNTs on carbon fiber provides 69%
improved tensile strength compared with that for untreated carbon fibers. [Sharma 2011].
Bekyarova et al. has demonstrated selective deposition of multi- and single walled carbon
nanotubes (CNTs) on woven carbon fabric by an electrophoresis technique. [Bekyarova 2007 I].
The introduction of 0.25% of MWNTs in the carbon fiber (CF)/epoxy composites results in an
enhancement of the interlaminar shear strength by 27% and significantly improved out-of-plane
electrical conductivity. Reports on modification of the carbon fiber with surface treatment alone
to increase the IFSS are also claimed. [He 2010, Li 2008; Moon 1992].

[0008] Besides engineering the carbon fiber to enhance the fiber/matrix interface, dispersing
regular and functionalized CNTs in epoxy resin is another approach to achieve improvement in
IFSS. [Zhu 2012; Zhu 2007, Zhu 2003, Che 2009; Ma 2009; Rubi 2011; Sui 2009]. Carbon
nanotube fiber itself has also been used to evaluate the IFSS by other groups. [Ganesay 2011,
Ozden-Yenigiin 2012, Zu 2012]. Bekyarova et al. have demonstrated dispersion of SWNT-
COOH in epoxy and subsequent use for infiltration of carbon fabric (CF) by the vacuum assisted
resin transfer molding technique to fabricate SWNT-COOH/epoxy/CF composites. [Bekyarova
2007 II]. Mechanical tests demonstrate that the incorporation of SWNT-COOH improves the
mechanical performance of the composites and produces a 40% enhancement of the shear
strength for a SWNT-COOH loading of 0.5 wt %. Tseng et al. and Cheng et al. have shown that
functionalizing CNTs by plasma modification improves the tensile strength and electrical
conductivity of covalently-integrated epoxy composites. [Tseng 2007, Cheng 2010]. Another
approach for improving IFSS is to modify the interlaminar interface, which was used by Fan et
al. and Tsotsis to fabricate the hybrid MWNT/glass/epoxy composites. [Fan 2008; Tsotsis 2009].
Up to 33% increase in the IFSS is reported by the introduction of MWNT into the composite.

Multifunctional performance of carbon nanotube offering improvement in electrical and thermal
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conductivity by dispersing CNTs in thermoset and thermoplastic resin has been reported by
many groups. [Assael 2009; Cheng 2010”; Kotaki 2009].

[0009] Godara et al. has compared the gain in IFSS by introducing carbon nanotube in
unidirectional glass fiber/epoxy macro-composites in three ways: (1) in the fiber sizing, (2) in
the matrix and (3) in the fiber sizing and matrix simultaneously. Interfacial shear strength was
investigated using single-fiber push-out microindentation. [Godara 2010; Godara 2009]. The
results of the test reveal an increase of IFSS in all three cases. The same group (Godara et al.)
has demonstrated the influence of dispersed CNTs in epoxy matrix on the coefficient of thermal
expansion (CTE) for various composites measured in the transverse direction to the fiber
orientation. [Godara 2010; Godara 2009]. They have reported dispersing thin-MWNTSs and
functionalized (with amine group, -NH;) double walled nanotubes (DWNTs) lowers the CTE
most effectively compared to that of MWNTs. This is possibly because thin-MWNTs and
functionalized DWNTs effectively block thermally induced movements of the chains, due to
their reduced size and higher interaction, thereby significantly reducing the increase in free
volume. The functionalized DWNTs are even more effective due to the alignment of the polymer
chains along the CNTs in axial direction because of the presence of surface -NH, functional
groups. This would result in a reduction in average free polymer chain length and association of
part of the polymer chains with CNT having near-zero coefficient of thermal expansion (CTE),
leading to a significant decrease in the CTE. Barber et al. have reported how the interfacial
strength between a single CNTs and a polymer matrix increases dramatically when the nanotube
surface is chemically modified, though the data scatter was very high. [Barber 2006, Barber
2003]. The tests have been conducted by pulling out single CNTs using an atomic force
microscopy (AFM) tip. A comprehensive computational model has been developed for fiber
pull-out test by Zhong et al. [Zhing 2003].

[0010] Advances in characterization of the IFSS have also been reported by some group on
single fiber pull test conducted in-situ in a scanning electron microscope (SEM). Manoharan
2009. Desaeger et al. have demonstrated micro-indentation tests to evaluate IFSS on different
kinds of reinforced polymer composites (carbon and glass fibers embedded in thermoplastic and
thermoset matrices). [Desaeger 1993] Besides fiber reinforced polymer composites, metal and
carbon [43] matrix composites are also being investigated for interfacial properties using
nanoindentation technique [Uresia 2005; Tezcan 2008].

[0011] Despite these advances, major performance improvements are needed to address the

increasing practical demands for light-weight, ultra-strong, ultra-high-modulus composites.

4



10

15

20

25

30

WO 2014/197078 PCT/US2014/027188

SUMMARY OF INVENTION
[0012] Applicants have discovered a novel method for fabricating carbon nanotube (CNT)
sheet modified fiber and fiber tow composites having improved interfacial fiber/matrix bonding.
This improved bonding results from helically wrapping a nanotube sheet about fibers or fiber
tows, and using resin infiltration to couple fiber and matrix. Other methods grow CNTs directly
on carbon fibers, which can induce damage on fiber surface during the required precursor
deposition and CNTs growth process, whereas, this invented solid-state method overcomes such
problems. The CNTs sheet modified fiber is embedded in a polymer matrix, where the fiber is in
contact with the polymer through CNT/polymer nanocomposite in which the layered (single or
multiple) nanotubes sheets are impregnated in polymers. Experimental investigations, both in
micro and nano scale, have shown about 80% increases in interfacial shear strength by this
materials combination.
[0013] A key requirement for successful practice of the present invention related to the
nature of the wrapping of carbon nanotube sheet about a fiber (or fiber tow). The coupling of a
nanotube or nanotube bundle to the polymer matrix forms CNT/polymer nanocomposite
surrounding a fiber (or fiber tow) which increases the stiffness (modulus) and strength of the
polymer surrounding a fiber (or fiber tow).
[0014] This method distinguishes itself from prior-art methods in that it deploys the ultra-
high strength of individual nanotubes and the topological effect of more than one turn of
nanotube wrapping to provide highly effective fiber (or fiber tow) coupling to the surrounding
polymer matrix. In contrast with the popular methods of chemically modifying fiber surface or
catalytically growing nanotubes on this surface, this topological method of fiber composite
interface reinforcement does not weaken fiber strength associated with producing chemical
defects on the fiber surface.
[0015] FIG. 1 shows a schematic diagram of a MWNT sheet 101 being scrolled
circumferentially on a carbon fiber 102 at a wrapping (bias angle) a (it has a range between 0°
and 90°). The MWNT sheet scrolled carbon fiber is then embedded into a polymer matrix.
[0016] FIGS. 2A-2B show the SEM images of different sections of a carbon fiber. FIGS.
2C-2D show SEM images of the same carbon fibers of FIGS. 2A-2B, respectively, when
circumferentially scrolled with a MWNT Sheet of 2 mm wide.
[0017] The fiber tow has been infiltrated with polyvinyl alcohol (PVA) to bind the fibers

within the tow. Tows of different diameters have been used in this work, they are 300 um, 100
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um, 50 um and 40 pm. Fiber tows in other diameter can be used. The MWNT acrogel sheets (5
mm wide for tow larger than 100 um and 2 mm for tows smaller than 100 um) have been
scrolled around each of the fiber tows. To ensure that the number of fibers used in a tow is
identical, a long fiber tow has been cut into smaller segments for making the scrolled fibers and
for the control specimen (without the use of MWNT sheet scrolling). The wrapping angle, used
in this work, was between 0° to 30° with the MWNT sheet aligned with the carbon fibers. Other
wrapping angles (between 0° and 90°) can be used.

DESCRIPTION OF DRAWINGS
[0018] FIG. 1 is a schematic diagram showing a MWNT sheet scrolling a carbon fiber.
(Drawing is not to scale).
[0019] FIGS. 2A-2B are SEM images of neat carbon fibers.
[0020] FIGS. 2C-2D are SEM images of carbon multiwalled nanotube (MWNT) sheet
scrolled carbon fibers (the neat carbon fibers shown in FIGS. 2A-2B, respectively, after they are
circumferentially scrolled with a 2 mm wide MWNT sheet).
[0021] FIG. 3 is a schematic diagram for a fiber pull-out test when a MWNT scrolled fiber
is embedded into a polymer at the bottom of the paper frame.
[0022] FIG. 4 is a graph that shows the force versus displacement in the pull-out tests for
300 um diameter tow wrapped with CNT sheet embedded in bismaleimide (BMI) matrix, and
the control (300 um diameter tow embedded in BMI matrix (plot 402), no CNT sheet has been
used to wrap the 300 um fiber tow (plot 401)).
[0023] FIG. 5 is a graph that shows the force versus displacement in the pull-out tests for
100 um tow (CNT wrapped 100 um diameter tow embedded in BMI matrix (plot 502) and 100
um diameter tow embedded in matrix without CNT wrapping (plot 501)).
[0024] FIG. 6 shows a schematic view of the push-out test configuration using a
nanoindentation technique.
[0025] FIG. 7 is a graph that shows the load displacement results for the push-out tests,
where the fibers tows are not completely pushed out, showing increased interfacial strength for
MWNT scrolled carbon fiber tow compared to the tow without MWNT.
[0026] FIG. 8 is a graph that shows the load displacement plots for the push-out tests,
showing increased push-out force required for the MWNT scrolled carbon fiber tow compared
to the one without embodiment of MWNT.
[0027] FIG. 9 shows a schematic view of the polishing test of the carbon nanotubes scrolled

carbon fiber embedded in polymer matrix.
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[0028] FIG. 10A is a surface topography (top view) taken by atomic force microscopy of an
exposed carbon fiber after polishing. FIG. 10B is a surface topography (top view) taken by
atomic force microscopy of a carbon nanotube scrolled carbon fiber when embedded in polymer
matrix.

[0029] FIG. 11A is a surface topography (isometric view) taken by atomic force microscopy
of an exposed carbon fiber. FIG. 11B is a surface topography (isometric view) taken by atomic
force microscopy of a carbon nanotube scrolled carbon fiber when embedded in polymer matrix.
[0030] FIG. 12A is a graph that shows a line section profile along the fiber center for a neat
carbon fiber. FIG. 12B is a graph that shows a line section profile along the fiber center for a
carbon nanotube scrolled carbon fiber. FIGS 12A-12B show the magnitude of the exposed fiber
ends after polishing.

[0031] FIG. 13 is a graph that shows the surface Young’s modulus of neat bismaleimide
(BMI) resin and MWNT/BMI resin interphase measured using nanoindentation technique (bars
1301 and 1302, respectively).

[0032] FIG. 14 shows a schematic view of the compression test of the carbon nanotubes
scrolled carbon fiber embedded in polymer matrix.

[0033] FIG. 15 is a graph that shows the load-displacement plots for the compression tests
of single carbon fiber and MWNT scrolled carbon fiber embedded in BMI matrix, showing delayed
onset of failure and increased peak compressive load for the MWNT scrolled carbon fiber tow
compared to the one without MWNT.

[0034] FIG. 16 is a schematic diagram showing a false-twisting process for wrapping CNT

sheet on carbon fibers in scaled-up production.

DETAILED DESCRIPTION
[0035] Single or multiple layers of CNT (single walled nanotube, double walled nanotube,
multi walled nanotube. Functionalized nanotubes, etc) sheet (also called a web) will be scrolled
around a fiber or fiber tow (carbon, graphite, glass, natural polymer, synthetic polymer, metallic,
silicon carbide, Kevlar, etc.). Subsequently, the CNT scrolled fiber or fiber tow is embedded into
a polymer (thermoset or thermoplastic, such as epoxy, polymers dispersed with nano/micro
fillers, etc.) matrix. This method allows modification of the interface between fiber and polymer
matrix to form CNT/polymer nanocomposite to provide significantly enhanced interfacial
reinforcement (stiffness, interfacial strength, yield strength, compressive strength, toughness) in

polymer matrix composites. This CNT sheet/web scrolled fiber embedded in polymer matrix
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also exhibits improved thermal and electrical conductivity for the polymer matrix composite.

MATERIALS

[0036] Carbon nanotube sheets used for scrolling were drawn from a carbon nanotube forest

that had been grown by chemical vapor deposition (CVD) using acetylene gas as the carbon
precursor. The nanotubes have an outer diameter of ~10 nm and contain ~6 walls. Transparent,
highly oriented MWNT sheets are fabricated by drawing from a MWNT forest. The as-produced
MWNT sheets are acrogels having a carbon network density of ~1.5 mg/cm’, which is close to
that of air (dry air density is 1.2 mg/ cm’), and have a high specific strength (i.c., strength
normalized to density) of up to 144 MPa-cm’/g. Sheet areal density is between 1 pg/cm” and 3
ug/cm?). Densification due to surface tension in acetone (or methanol, not used in this
investigation) decreases sheet thickness to as low as ~50 nm and increases sheet specific
strength to ~560 MPa cm’/g. [Zhang 2005; Aliev 2009]. Alternatively, carbon nanotube sheets
suitable for invention embodiments can be produced by synthesis of the nanotubes in the gas
phase using floating catalyst methods and subsequent collection of these nanotubes in sheet form
or as arrays that can be converted to sheet form.

[0037] PAN-based carbon fiber of 5.2 um diameter with sizing is used in the work. The
density of the carbon fiber is 1.78 g/cm’. The tensile strength and modulus of the carbon fiber
are 5.31 MPa and 276 GPa, respectively. Two different epoxy materials have been used: Loctite
Epoxy used for general purpose (produced by Henkel) and high temperature acrospace grade
BMI Matrimid® 5292A (produced by Huntsman) resin system [Loctite Epoxy; Matrimid
52924].

METHODS USED FOR NANOFIBER WRAPPING ON CORE FIBERS AND FIBER
TOWS

[0038] This CNT sheet/ web can be scrolled around the fiber where the fiber is aligned or at

angle with respect to the sheet length. This fiber is embedded in polymer matrix (either
thermoplastic or thermoset) where the fiber or the fiber tow is in contact with the polymer

through the scrolled nanotubes (single or multiple layered) in between.

PERFORMANCE IN A COMPOSITE

[0039] Significant improvement in interfacial shear strength has been observed when a fiber
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or fiber tow is circumferentially scrolled with MWNT sheet. Pull-out test, using tensile testing
machine, in macro scale and push-out tests, using nanoindentation, in micro scale, have been
conducted to investigate the effect of MWNT sheet present around the carbon fibers. Both
general purpose and high temperature BMI resin matrix are used and improvements were found
in all cases. Scrolling smaller diameter tows provide better interfacial improvements. In ideal
case scrolling each individual fibers, having the highest surface to volume ratio, would provide

the most improvements.

Fiber Pull-out Test
[0040] FIG. 3 shows a schematic diagram for a fiber pull-out test. A section of a MWNT

scrolled fiber tow 301 is embedded into an epoxy 302 (Loctite Epoxy heavy duty, Henkel) at the
bottom. The top portion of the fiber tow is embedded into a bigger block of polymer 303 to
allow pulling. In preparation of the sample, the polymer embedded fiber tow is attached to a
paper frame 304 for alignment. The embedded lengths of the scrolled fiber 301 in epoxy 302
have been controlled to be approximately 3 mm and 2 mm for 300 um tow and 100 pm,
respectively. After 2 hours of curing at room temperature, and mounting on a fixture in a
material test system, both sides of the paper frame are cut.

[0041] These experiments have been conducted on an Instron materials test system using a
load cell of 1 kN. The test is under displacement control and the loading rate is 1 mm/min. The
pulling force as a function of the displacement is recorded and analyzed to determine the IFSS.
[0042] FIGS. 4-5 show the pull-out force plotted as a function of displacement for neat and
MWNT sheet scrolled fibers embedded in epoxy. The use of scrolled fiber embedded in epoxy
has increased the pull-out force from an average of 9.85 N to an average of 12.82 N for the 300
um tow (an increase of 19%), and has increased the pull-out force from 4.58 N to 6.0 N for the
100 um tow (an increase of 30%). The area enclosed by the pull-out force-displacement curve
up to the peak load, indicative of the toughness or ductility of the interface, has improved in both
cases. The curve profiles after peak loads are different due potentially to the embedment length
and difference in cure times. The contact surface areas (between MWNT and fibers) to volume
ratios are estimated to be 0.013 and 0.04 um™, for 300 um tow and 100 um, respectively. The
contact between MWNTs and fibers was made at the outer fibers of the fiber tow. It is
anticipated that with the reduction of the fiber tow diameter, the contact surface area to volume
index will increase following 2/R, with R being the diameter of the tow. Therefore tows having

smaller diameter or in an ideal case individual fiber would have the maximum surface to volume
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ratio. In the case where a single fiber, with a diameter 5 um, is wrapped around by MWNT
sheet, the surface area to volume ratio increases to 0.8 um™, which is 61 times or 40 times the
corresponding values for the 300 um tow and 100 um tow, respectively. As a result, the
interfacial shear strength is anticipated to increase significantly.

[0043] Table 1 summarizes the results for the pull-out tests. Table 1 shows a comparison of
interfacial properties of neat and MWNT scrolled carbon fiber tows embedded in Loctite Epoxy

resin matrix measured by pull-out test.

Table 1
Pull-out Force, N 9.85 12.82 4.58 6
Fiber Tow Diameter, mm 0.3 0.3 0.1 0.1
Embedded Length, mm 2 2 2 2
IFSS, MPa 523 6.8 7.29 9.55
% Improvement - 30.15% - 31.00%

Fiber Push-out Test

[0044] FIG. 6 shows the schematic of the push-out test using a spherical tip nanoindenter
601. The diameter of the tip is 10 um. The maximum tow diameter of 50 um is used with the 10
um tip. The neat and nanotube scrolled fiber and fiber tows 602 are embedded in the polymer
603 cured in disks of 150 um and 60 um thick, respectively. The 150 um thick specimens are
used for loading-unloading and the 60 um thick specimens are used for complete fiber push-out
test. A supporting metal disk 604 with a hole larger than the tow diameter is placed below the
specimen so that there is space available for the pushed out fiber tow. Load displacement data
has been recorded for the IFSS calculation.

[0045] FIG. 7 shows the loading-unloading force data for the push-out test for neat and
MWNT sheet scrolled fibers as a function of displacement. In this test configuration, unloading
portion of the load-displacement curve was also recorded. As shown in FIG. 7, the area under
the load-displacement curve, a measure of the toughness, is significantly higher for MWNT
sheet scrolled fiber embedded in polymer matrix (curve 702) than for the case which does not

contain CNT wrapping around a carbon fiber (curve 701).
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[0046] Complete push-out test results are shown in FIG. 8 (curve 802 for the MWNT sheet
scrolled fiber embedded in polymer matrix and curve 801 for the case which does not contain
CNT wrapping around a carbon fiber). In this case the tow diameter is 40 um and the specimen
thickness is 60 um. The push-out force gradually increases and saturates during the debonding
and push-out process. This saturation period is very short and depends on the thickness of the
specimen.

[0047] Table 2 summarizes the improvement in interfacial shear strength after scrolling
fiber with carbon nanotube sheet. Table 3 shows a comparison of interfacial properties of neat
and MWNT scrolled carbon fiber embedded in Matrimide 5292 BMI resin matrix measured by
push-out test.

Table 2

Pull-Out Force, mN 141.68 256.05
Fiber Tow Diameter, mm 0.04 0.04
Embedded Length, mm 0.06 0.06
IFSS, MPa 18.79 33.96
% Improvement - 80.72%

[0048] The key advantage of using scrolled MWNT sheet over growing nanotubes on fiber
surface is that MWNT sheet provides a continuous covering of the fiber with excellent surface
adhesion and then the sheet itself is engaged in interacting with the surrounding polymer matrix.
This provides a significant increase in available surface area that is firmly adhered to the core of
the structure, the fiber. CNT sheet can also be wrapped around carbon fiber with carbon
nanotube grown radially. Reinforcement due to the strong adhesion of CNT sheet at both sides
with fiber and matrix, the negative thermal expansion coefficient of the nanotube also provide
significant benefit to minimize the local debonding due to exposure to thermal oxidation when

the composite is subject to high temperatures.

Polishing Test

[0049] Carbon nanotube scrolled single carbon fiber embedded in polymer matrix and the
same without any carbon nanotube have been polished using sand paper (4000) and later in a
pad 901 with 0.3 um aluminum powder, as shown in FIG. 9.

[0050] It is well documented that when composite specimens are polished for imaging, the

stiffer fibers wear at a slower rate than the parent matrix leading to topographic differences
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between the fibers and the surrounding matrix [Schoeppner 2007]. Strong difference in modulus
and hardness of the fiber and polymer matrix causes exposure of the fiber end due to extra
wearing to the polymer matrix as evident in FIGS. 10-12. This causes a significant difference in
surface topography that is more prone to interfacial failure due to the availability of extra surface
arca of the previously embedded fiber. This mismatch of the wear behavior and hence the
susceptibility toward interfacial weakness is dramatically reduced by the scrolling of carbon
nanotube around the fiber. There is 135% reduction in the mismatch for exposed fiber ends,
which is consistent with the significant improvement in interfacial shear strength determined
from push-out test shown in Table 2.
[0051] Measurement of modulus has been conducted using a cube corner nanoindenter tip
has been conducted on neat BMI matrix and on MWNT/BMI matrix interphase. The surface
modulus has increased from 5.3 GPa to 7.1 GPa (an increase of 34%) as shown in FIG. 13.
[0052] Table 3 shows a comparison of exposed length of neat and MWNT scrolled carbon
fiber embedded in Matrimide 5292 BMI resin matrix measured using a atomic force microscope
(Asylum MFP-3D Stand Alone).

Table 3

Exposed Length of Fiber End, nm 486.00 207.00

% Improvement - 135%

[0053] Table 4 shows a comparison of surface Young’s modulus of necat BMI resin and
MWNT/BMI matrix interphase.
Table 4

Surface Young’s Modulus, GPa 53 7.1

% Improvement - 34%

Compression Test

[0054] Carbon nanotube scrolled single carbon fiber embedded in polymer matrix and the
same without any carbon nanotube have been subjected to compressive load using a flat punch
nanoindentor 1401, in a configuration with schematic diagram shown in FIG. 14.

[0055] Micro-buckling of a fiber in composites, under compression, is a major cause of
failure. FIG. 15 shows the force vs. displacement for a compression test of single carbon fiber

and MWNT scrolled carbon fiber embedded in BMI matrix (plots 1501 and 1502, respectively).
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The specimens have been polished until 180 um thick giving a characteristic aspect ratio
(thickness to diameter ratio) of 36 for the 5 um carbon fiber. A nanoindenter tip of 2.2 um has
been used to apply compressive load on the carbon fiber in the two cases. For the onset of the
failure, the use of MWNT scrolled carbon fiber has shown an increase from 13.37 mN to 23.80
mN (an increase of 78%). MWNT scrolled carbon fiber has shown an increase of peak
compressive load from 20.58 mN to 29.78 mN (an increase of 45%).

[0056] Table 5 shows a comparison of exposed length of neat and MWNT scrolled carbon

fiber embedded in Matrimide 5292 BMI resin matrix measured.

Table 5
Onset of Failure, mN 13.37 23.80
% Improvement - 78%
Peak Compressive Load, mN 20.58 29.78
% Improvement - 45%

False Twist Process

[0057] FIG. 16 shows a schematic diagram of two rollers 1602 and 1603 rotating about their
own axes, while oscillating along their respective axial directions. As shown in FIG. 16, roller
1602 is moving in a counterclockwise direction (shown by arrow 1605) and roller 1603 is
moving in a clockwise direction (shown by arrow 1606). In the oscillation illustrated in FIG.
16, (a) roller 1602 moves axially in the right direction (shown by the solid line of double arrow
1607) when roller 1603 moves axially in the left direction (shown by the solid line of double
arrow 1608) and (b) roller 1602 moves axially in the left direction (shown by the dashed line of
double arrow 1607) when roller 1603 moves axially in the right direction (shown by the dashed
line of double arrow 1608).

[0058] As rollers 1602 and 1603 move along their axial directions (such as in the direction
of the solid line of double arrows 1607 and 1608, respectively), they will wrap CNT sheet on
one section of carbon fibers (unrolled from rollers 1601). In next motion, when rollers 1602 and
1603 are moving in opposite axial directions (such as in the direction of the dashed line of
double arrows 1607 and 1608, respectively), rollers 1602 and 1603 will wrap CNT sheet 101 on
the carbon fiber 602 in the opposite circumferential directions. During this process, the rollers
1601, 1602, 1603, and 1604 will rotate about their own axes (which are parallel to the axes of
rollers 1602 and 1603), thus allowing this process to continue. This method allows wrapping

large number of carbon fibers 602 in preparation of CNT sheet wrapped carbon fibers 1609. The
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surface of the rollers 1602 and 1603 is preferably comprised of a metal layer, a plastic layer, a

rubber layer, or a combination thereof.

APPLICATIONS

[0059] The present invention distinguishes itself from the other cases where carbon
nanotubes are grown or grafted on individual fiber in a number of ways.

[0060] A helically wrapped fiber or fiber tows (carbon, glass, natural, synthetic, etc)
wrapped using single or multiple layers of carbon nanotube sheet at bias angles between 0° and
90° provides significant increase in interfacial properties and strengthens the matrix properties
surrounding the fiber in the composites. As the length of carbon nanotube sheet is longer than
the diameter of the fiber, the carbon nanotube sheet has to be broken first to break the fiber
interface between carbon fiber and polymer matrix.

[0061] This method provides large area contact between carbon nanotube and fiber
generating enhanced interfacial bonding. Other methods provide only point or line contact
between the two resulting relatively weaker bonding.

[0062] The helical structured carbon nanotubes sheet interface between fiber and matrix
provide high concentration of carbon nanotube producing high volume fraction of carbon
nanotube in polymer to form CNT/polymer nanocomposite and hence strengthening the
interface. Polymer matrix is impregnated into the carbon nanotube interface providing access
between fiber and polymer matrix as well. The compressive and yield strength are also
significantly increased due to the formation of CNT/polymer nanocomposite.

[0063] Conventional methods are limited by the fact the fiber surface might not be entirely
covered by nanotubes leaving space for direct fiber matrix contact which is not desirable.

[0064] This method provides higher surface contact area between carbon nanotube and
matrix including the benefit of the CNT aerogel or zerogel with highly porous CNT structures
with high surface area compared to the conventional methods.

[0065] Conventional methods commonly engage the nanotubes with the polymer matrix as
line contact where the nanotubes are weakly supported on the fiber surface whereas in the
present method the matrix is in surface contact with the acrogel like nanotube sheet which itself
is well adhered to the stiff fiber structures..

[0066] This fabrication method included solid state scrolling of the as-produced or densified
carbon nanotube sheet around fiber whereas the other methods requires fiber to be inside the

CVD reactor to graft nanotubes on fiber surface which is more complex, expensive.
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[0067] The method provides a uniform and continuous areal surface contact between
nanotubes and fiber whereas conventional methods provide discrete and point surface contact
between the two.

[0068] Interlocking mechanism point and line contact in conventional methods vs. diffused
polymer into carbon nanotube networks for this method.

[0069] This present invention has the potential to be scale-up compared to conventional
methods where use of CVD reactor to grow carbon nanotube on fiber limits up scalability.

[0070] Single walled carbon nanotube sheet can be used for the scrolling/wrapping process.
[0071] Double walled carbon nanotube sheet can be used for the scrolling/wrapping process.
[0072] Multi walled carbon nanotube sheet can be used for the scrolling/wrapping process.
[0073] A single or multiple layers of the above can be sued for the scrolling/wrapping
process.

[0074] A wrapping/bias angle of 0° to 90° can be implemented for the scrolling/wrapping
process.

[0075] Multiple CNT sheet can be wrapped around a fiber or fiber tow at different bias
angles.

[0076] The wrapped CNT sheets infiltrated with polymer forms nanocomposites
surrounding a fiber or fiber tow (carbon, graphite, glass, natural polymer, synthetic polymer,
metallic, silicon carbide, Kevlar (poly-paraphenylene terephthalamide), etc.). The
nanocomposite enhances stiffness (modulus) and yield strength to provide support to the fiber
when it is in compression to resistance to increase the micro-buckling and higher compressive
strength results.

[0077] The interfacial shear strength at the fiber/matrix interface of the fiber reinforced
polymer composites has been increased.

[0078] The compressive strength of the fiber reinforced polymer composites has been
increased.

[0079] The yield strength of the fiber reinforced polymer composites has been increased.
[0080] The toughness and stiffness of the fiber reinforced polymer composites have been
increased.

[0081] The nanotube scrolling process has significantly improved the overall mechanical

properties of the polymer matrix surrounding the fiber in the composite.
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ADDITIONAL INFORMATION

[0082] The examples provided herein are to more fully illustrate some of the embodiments
of the present invention. It should be appreciated by those of skill in the art that the techniques
disclosed in the examples which follow represent techniques discovered by the Applicant to
function well in the practice of the invention, and thus can be considered to constitute exemplary
modes for its practice. However, those of skill in the art should, in light of the present disclosure,
appreciate that many changes can be made in the specific embodiments that are disclosed and

still obtain a like or similar result without departing from the spirit and scope of the invention.

VARIOUS FEATURES OF THE INVENTION

[0083] The present invention includes a novel method of fabricating carbon nanotube sheet
scrolled fiber and fiber tows (carbon, graphite, glass, natural polymer, synthetic polymer,
metallic, silicon carbide, Kevlar, efc.) in composites with improved interfacial shear strength,
compressive strength, yield strength, stiffness and toughness has been reported. Single or
multiple layers of carbon nanotube sheet, with a bias/wrapping angle of 0° and 90°, has been
scrolled around single fiber and fibers tows to improve the above mentioned mechanical
properties of the matrix surrounding the fiber. Other common methods of growing CNTs directly
on the fibers actually damage the fiber surface during the required precursor deposition and
CNTs growth process. This demonstrated solid-state method overcomes such known problems.
The CNTs sheet scrolled fiber is embedded into the polymer matrix exhibits significant (80%)
increase in interfacial shear strength, compressive strength and toughness.

[0084] While embodiments of the invention have been shown and described, modifications
thereof can be made by one skilled in the art without departing from the spirit and teachings of
the invention. The embodiments described and the examples provided herein are exemplary
only, and are not intended to be limiting. Many variations and modifications of the invention
disclosed herein are possible and are within the scope of the invention. Accordingly, other
embodiments are within the scope of the following claims. The scope of protection is not
limited by the description set out above.

[0085] The disclosures of all patents, patent applications, and publications cited herein are
hereby incorporated herein by reference in their entirety, to the extent that they provide

exemplary, procedural, or other details supplementary to those set forth herein.
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What is claimed is:

1. A method comprising:

(a) selecting a fiber material selected from the group consisting of fibers and fiber
tows;

(b) helically wrapping nanofibers or nanofiber bundles from a first nanofiber sheet
about the fiber material to provide nanofiber-scrolled fibers, wherein

(1) the step of helically wrapping wraps the individual wrapping nanofibers

or individual nanofiber bundles more than one complete turn about the fiber material;

and

() embedding the nanofiber-scrolled fibers in a polymer matrix to form a polymer

composite that is reinforced by nanofiber-scrolled fibers.

2. The method of Claim 1, wherein the helically wrapping is performed at a first wrapping

angle between 0° to 90°.

3. The method of Claim 1, wherein the helically wrapping is performed at a first wrapping

angle between 0° to 30°.

4. The method of Claim 1, wherein the fiber material is selected from the group consisting
of carbon fiber, graphite fiber, glass fiber, natural polymer fiber, synthetic polymer fiber,
metallic fiber, silicon carbide fiber, poly-paraphenylene terephthalamide fiber, and combinations

thereof .

5. The method of Claim 1, wherein the first nanofiber sheet comprises a carbon nanotube

sheet.

6. The method of Claim 1, wherein the first nanofiber sheet comprises carbon nanotubes
selected from the group consisting of single walled carbon nanotubes, double walled carbon

nanotubes, multi-walled carbon nanotubes, and combinations thercof.
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7. The method of Claim 1 further comprising helically wrapping a second nanotube sheet

about the fiber material, wherein

(1) the helically wrapping of the first nanotube sheet is performed at a first wrapping

angle between 0° to 90°,

(i1) the helically wrapping of the second nanotube sheet is performed at a second

wrapping angle between 0° to 90°, and

(i)  the first wrapping angle and the second wrapping angle are different angles.

8. The method of Claim 1 further comprising helically wrapping a plurality of nanofiber
sheets about material, wherein the helically wrapping of the nanofiber sheets in the plurality of

nanofiber sheets is performed at different wrapping angles between 0° to 90°.

9. The method of Claim 1, wherein the nanofiber-scrolled-fiber reinforced polymer
composite has a stiffness and a yield strength that are significantly increased as compared to the
stiffness and yield strength of a fiber reinforced polymer composite comprising the fiber
material embedded in the polymer composite in which the fiber material has not been treated

with the step of helically wrapping.

10.  The method of Claim 9, wherein the nanotube-scrolled-fiber reinforced polymer
composite is more resistant to micro-buckling as compared to a fiber reinforced polymer
composite comprising the fiber material embedded in the polymer composite in which the fiber

material has not been treated with the step of helically wrapping.

11.  The method of Claim 1, wherein the nanotube-scrolled-fiber reinforced polymer
composite has an interfacial shear strength that is significantly increased as compared to the
interfacial shear strength of a fiber reinforced polymer composite comprising the fiber material
embedded in the polymer composite in which the fiber material has not been treated with the

step of helically wrapping..
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12. The method of Claim 1, wherein the nanofiber-scrolled-fiber reinforced polymer
composite has a compressive strength and a yield strength that are significantly increased as
compared to the compressive strength and the yield strength of a fiber reinforced polymer
composite comprising the fiber material embedded in the polymer composite in which the fiber

material has not been treated with the step of helically wrapping.

13.  The method of Claim 1, wherein the nanofiber-scrolled-fiber reinforced polymer
composite has a toughness and a stiffness that are significantly increased as compared to the
toughness and the stiffness of a fiber reinforced polymer composite comprising the fiber
material embedded in the polymer composite in which the fiber material has not been treated

with the step of helically wrapping.

14. The method of Claim 1, wherein the nanofiber-scrolled-fiber reinforced polymer
composite has an interfacial shear strength, compressive strength, and toughness that are each at
least 80% greater than the interfacial shear strength, the compressive strength, and the toughness
of a fiber reinforced polymer composite comprising the fiber material embedded in the polymer

composite in which the fiber material has not been treated with the step of helically wrapping.

15.  The method of Claim 1, wherein the polymer is a thermoplastic or thermoset polymer.

16. A nanofiber-scrolled-fiber reinforced polymer composite comprising;:
(a) a fiber material selected from the group consisting of fibers and fiber tows;
(b) helically wrapped nanofibers or nanofiber bundles about the fiber material,
wherein
(1) the individual nanofibers or the individual nanofiber bundles are helically
wrapped about the fiber material more than one complete turn; and
() a polymer matrix embedding the fiber material and the helically wrapped

nanofibers or nanofiber bundles.
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17.  The nanofiber-scrolled-fiber reinforced polymer composite of Claim 16, wherein the first
nanotube sheet is helically wrapped about the fiber material at a first wrapping angle between 0°

to 90°.

18. The nanofiber-scrolled-fiber reinforced polymer composite of Claim 16, wherein the
first nanotube sheet is helically wrapped about the fiber material at a first wrapping angle

between 0° to 30°.

19.  The nanofiber-scrolled-fiber reinforced polymer composite of Claim 16, wherein the
fiber material is selected from the group consisting of carbon fiber, graphite fiber, glass fiber,
natural polymer fiber, synthetic polymer fiber, metallic fiber, silicon carbide fiber, poly-

paraphenylene terephthalamide fiber, and combinations thereof .

20.  The nanofiber—scrolled-fiber reinforced polymer composite of Claim 16, wherein the

first nanotube sheet comprises a carbon nanotube sheet.

21.  The nanofiber-scrolled-fiber reinforced polymer composite of Claim 16, wherein the first
carbon nanotube sheet comprises carbon nanotubes selected from the group consisting of single
walled carbon nanotubes, double walled carbon nanotubes, multi-walled carbon nanotubes, and

combinations thereof.

22.  The nanofiber-scrolled-fiber reinforced polymer composite of Claim 16 further

comprising a second nanotube sheet helically wrapped about the fiber material, wherein

(1) the first nanotube sheet is helically wrapped at a first wrapping angle between 0°

to 90°,

(i1))  the second nanotube sheet is helically wrapped at a first wrapping angle between

0° to 90°, and

(i)  the first wrapping angle and the second wrapping angle are different angles.
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23.  The nanofiber-scrolled-fiber reinforced polymer composite of Claim 16 further
comprises a plurality of nanotube sheets helically wrapped about the fiber material, wherein the
nanotube sheets in the plurality of nanotube sheets are helically wrapped about the fiber material

at different wrapping angles between 0° to 90°.

24.  The nanofiber-scrolled-fiber reinforced polymer composite of Claim 16, wherein the
nanotube sheet scrolled fiber reinforced polymer composite has a stiffness and a yield strength
that are significantly increased as compared to the stiffness and yield strength of a fiber
reinforced polymer composite comprising the fiber material embedded in the polymer composite

without the helically wrapped individual nanofibers or the individual nanofiber bundles.

25.  The nanofiber-scrolled-fiber reinforced polymer composite of Claim 24, wherein the
nanotube sheet scrolled fiber reinforced polymer composite is more resistant to micro-buckling
as compared to a fiber reinforced polymer composite comprising the fiber material embedded in
the polymer composite without the helically wrapped individual nanofibers or the individual

nanofiber bundles.

26.  The nanofiber-scrolled-fiber reinforced polymer composite of Claim 16, wherein the
nanotube sheet scrolled fiber reinforced polymer composite has an interfacial shear strength that
is significantly increased as compared to the interfacial shear strength of a fiber reinforced
polymer composite comprising the fiber material embedded in the polymer composite without

the helically wrapped individual nanofibers or the individual nanofiber bundles.

27.  The nanofiber-scrolled-fiber reinforced polymer composite of Claim 16, wherein the
nanotube sheet scrolled fiber reinforced polymer composite has a compressive strength and a
yield strength that are significantly increased as compared to the compressive strength and the
yield strength of a fiber reinforced polymer composite comprising the fiber material embedded
in the polymer composite without the helically wrapped individual nanofibers or the individual

nanofiber bundles.
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28.  The nanofiber-scrolled-fiber reinforced polymer composite of Claim 16, wherein the
nanotube sheet scrolled fiber reinforced polymer composite has a toughness and a stiffness that
are significantly increased as compared to the toughness and the stiffness of a fiber reinforced
polymer composite comprising the fiber material embedded in the polymer composite without

the helically wrapped individual nanofibers or the individual nanofiber bundles.

29.  The nanofiber-scrolled-fiber reinforced polymer composite of Claim 16, wherein the
nanotube sheet scrolled fiber reinforced polymer composite has an interfacial shear strength,
compressive strength, and toughness that are each at least 80% greater than the interfacial shear
strength, the compressive strength, and the toughness of a fiber reinforced polymer composite
comprising the fiber material embedded in the polymer composite without the helically wrapped

individual nanofibers or the individual nanofiber bundles.

30.  The nanofiber-scrolled-fiber reinforced polymer composite of Claim 16, wherein the

polymer is a thermoplastic or thermoset polymer.
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