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Abstract

Carbon-based twisted laminar yarns were fabricated by the homogeneous incorporation of titanium and graphene nanoparticles into carbon multi-wall
carbon nanotube (MWNT) sheets. The titanium and graphene reacted to form titanium carbide (TiC) within the MWNT host matrix when ignited by
heating. The reaction between titanium and graphene within the MWNT results in the generation of 50 J/g of released heat. This indicates a roughly
28% increase in heat discharge compared to the exothermic reaction when only pure titanium and graphene are involved. The produced yarns have

a Young’s modulus of 1.9 GPa, indicating ~ 200% enhancement compared to the 0.63 GPa observed for the pristine yarn.

Introduction
The use of carbon multi-wall nanotube (MWNT) yarns as
a building block for laminar composites is an area of active
research due to their unique chemical and physical properties.!!!
Twisting CNT-fibers into yarns is a method used to improve
the performance and durability of the mechanical properties of
MWNT composite structures, particularly the Young’s modulus
and tensile strength.”?! Previous work has used a twist-based
biscrolling process to incorporate one- and two-dimensional
nanomaterials into nanofiber yarns.?! Advanced structural com-
posites with modified optical, mechanical, electrical, and mag-
netic properties have been made by this and other methods.™
MWNTs possess remarkable features, such as high surface
area, high aspect ratio, low density, excellent thermal stability,
chemical inertness, and the ability to maintain their mechanical
properties even at high temperatures.[>

In order to utilize the exceptional properties of aligned
MWNTs yarns and sheets!’! in applications where high yarn
weights are needed, it is necessary for them to be inexpensively
available on a larger scale than they are at present. Graphene
also possesses remarkable mechanical, thermal, and electrical
properties, making it an attractive filler material for compos-
ite structures.’®! When used as a filler material, graphene can
improve the mechanical properties of composite materials, such
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as their strength, stiffness, and toughness, while also enhancing
their electrical conductivity and thermal properties.”’!!

MWNTs have been modified by nano-TiC using a pressure-
less spark plasma sintering technology, and then were added
to mesocarbon microbeads to prepare high performance iso-
statically pressed graphite materials.!'? It was shown that flex-
ural strength and degree of graphitization increased by 70%
and 10%, respectively, and the thermal properties were also
improved. Such laminar or yarn composite structures poten-
tially can be used in weight-critical applications like aircraft,
spacecraft, bullet-proof vests, radiation protection suits, and
spacesuits due to their stiffness, strength, and thermal stabil-
ity.l'3] TiC has been used as a reinforcement for metal matrix
composites (MMC) by virtue of its excellent properties, such as
high melting temperature (3250°C), low density (4.93 g/cm?),
high hardness (2895-3200 HV), high chemical stability, good
wettability, strong interfacial bonding with a metal matrix, and
high Young’s modulus (410510 GPa).['¥

This study investigates the potential of utilizing MWNT
twisted yarns that are integrated with titanium carbides as a
composite material for the development of high-strength and
lightweight laminar composite structures. The emphasis on
these structural composites is primarily motivated by their com-
bination of low weight and impressive mechanical properties.
The choice of titanium carbide for reinforcing the carbon nano-
tube yarns was based on the combustion synthesis’s capability
to produce TiC rapidly (within seconds) that achieved through
the stoichiometric ratio of titanium and carbon nanoparticles.
Moreover, titanium carbide is often chosen as a reinforcement
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material in the field of materials science due to its desirable
properties such as hardness, chemical stability, as well as high
strength. The combustion synthesis of titanium carbide has
been conducted by numerous researchers,!'>"!" and the Ti-C
system is widely regarded as a prototype model system for Self-
Propagating High-Temperature Synthesis (SHS) processes.!'8]
Combustion synthesis offers numerous benefits, including supe-
rior product purity and microstructure, efficient use of time
and energy, a straightforward process with simple equipment,
rapid reaction rates, concurrent formation and densification
of the product, substitution of expensive raw materials with
more affordable options, and perhaps most significantly, low
production cost.!'”] Combustion reactions have the capacity to
release intense heat that enables rapid synthesis of TiC within
tightly wound MWNT yarns. The high temperatures reached
during reaction promote rapid diffusion of the reactants to form
the final product. This enables synthesis of TiC throughout the
MWNT yarns. Leveraging this approach, we have successfully
developed nanocomposites consisting of twisted MWNT yarns
that incorporate guest-loaded materials composed of titanium
(Ti) and graphene (GRN). In this study, the combustion synthe-
sis of titanium and graphene nanoparticles has been selected as
an efficient method for the in sifu formation of titanium carbide
(TiC) within twisted MWNT yarns for their reinforcement.

Experimental methods and procedure
A mixture of titanium (Ti) and graphene powders was prepared
by mixing commercial titanium powder (99.9% purity, Sigma-
Aldrich Co) and graphene nanoflakes with an average plate size
of 12 nm (99% purity, Sigma-Aldrich Co). A Ti-to-Graphene
weight ratio of 4 was used, which is derived from the assumed
complete reaction between the titanium and carbon. Isopropyl
alcohol (anhydrous, 99.5%) was introduced into the mixture
to prepare it for the milling process. The mixed powders were
placed into the ceramic cylindrical container of the ball-miller
with 30 ml of isopropanol as the milling media and the weight
ratio of powder mixture and ceramic balls was 20:1. The
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powder mixture was milled for 8 minutes using a high-speed
vibrating ball miller (MSK-SFM-3) at a speed of 1200 rpm to
obtain homogeneous powder mixture. The wet mixture sample
from the ball-miller was heated in an oven for 30 minutes to
evaporate the isopropanol, so that a dried titanium/graphene
mixture was obtained.

Well-aligned MWNT sheets, shown in Figure 1(a), were pro-
duced by drawing these sheets one at a time from the sidewall
of a vertically aligned carbon nanotube forest that was grown on
silicon wafers by chemical vapor deposition (CVD). The syn-
thesized carbon nanotube forest had a height of about 280 pm
and an outer wall nanotube diameter of ~20 nm. The volumet-
ric density of the synthesized CNT forests was about 63.8 mg/
cm?®. For properties comparisons with that of MWNT-TiC yarns,
2-cm wide and 7-cm-long MWNT sheets were drawn from a
vertically aligned MWNT forest and placed between two fixed
rods, as shown in Figure 1(b). The sheets were then twisted 10
times to form a MWNT yarn as shown in Figure 1(c, d).

To form strong TIC/MWNT fibers, 30 sheets were drawn
from the forest and stacked on top of each other. These stacked
30 MWNT sheets weighed 1.1 mg. This stack of forest-drawn
MWNT sheets was coated with the titanium and graphene pow-
der mixture by applying the below described liquid-powder
mixture using a small paint brush to the top of this 30-layer
stack of nanotube sheets with the mass ratio of the guest mate-
rial to MWNT of about 4. This liquid-dispersed powder mixture
was prepared by mixing titanium and graphene powder in iso-
propanol and sonicating for 20 minutes to obtain a homogene-
ous liquid dispersion. The laminar composite yarn was prepared
by twisting 30 layers of MWNT/titanium/graphene sheets with
width and length of 0.123 mm and 7 cm, respectively.

The twisted yarn was consequently heated at a constant heat-
ing rate of 20°C per minute up to 750°C using a Differential
Scanning Calorimeter (DSC) and Thermogravimetric Analyzer
(TGA), Q600, TA Instruments to initiate reaction within the
MWNT yarns. Heating was performed under an argon atmos-
phere with a 100 ml/min flow rate. The DSC was pre-calibrated
for heat flow curve integration at the used 20°C/min heating rate.

Figure 1. (a) AFM image of a MWNT sheet. (b) MWNT sheets coated with a Ti/GRN mixture. (c) A T/GRN-MWNT sheet being twisted 10
times into a laminar composite yarn, (d) Scanning electron microscope (SEM) image of a Ti/lGRN-MWNT yarn.

MRS COMMUNICATIONS - VOLUME 14 - ISSUE 2 - www.mrs.org/mrc B 191



Mns‘rc':ommunicaﬁons

S

The composition and crystal structure of the product at room
temperature were evaluated by X-ray diffraction (XRD) with
CuK, radiation (A = 1.54056 A). The morphology of samples was
analyzed using a JEOL 7800F Field Emission Scanning Electron
Microscope (SEM) and an Atomic Force Microscopy (AFM),
SOLVER Nano NT-MDT. Scanning was carried out in a semi-
contact mode. The cantilever model NSGO1_ED (manufacturer
NT-MDT) was used with the following parameters: resonant fre-
quency 120 kHz, and spring constant 7.5 N/m. The scanning of
up to 10 x 10 pm areas was carried out with frequency of 0.8 Hz.

The tensile strength and the Young’s modulus at room tem-
perature were characterized in a Universal Testing Machine
(UTM) by using ASTM D3039 standard. The sample dimen-
sions were (width - 0.13 mm, thickness—0.13 mm, length—7.5
mm) with loading capacity of 3.29 N.

Results and discussion

Characterization of MWNT yarns morphology is important
for understanding its structure and mechanical properties. The
nanotubes within low-twist MWNT yarns are highly aligned
along the length of the yarn. This alignment is a result of the
high alignment of the nanotubes in the precursor nanotube
sheets. However, twist insertion causes the development of a
yarn-radius-dependent angle between the nanotube direction
and the yarn axis. Sample morphology was analyzed using
AFM and SEM, and the results are presented in Figure 2. The
images show that MWNT bundles are preferentially aligned in
the sheet draw direction, and there are interconnected structures.
The formation of TiC through combustion synthesis within the
MWNT twisted yarns has been successfully achieved by utiliz-
ing a volume combustion reaction, which was monitored and
characterized using DSC-TGA measurements. For comparison,
the experiment was conducted with a pure mixture of Ti/GRN
mixture powders and powder integrated into the MWNT yarns.
Figure 3 shows the DTA-TGA graphs of Ti/GRN mixture pow-
der and Ti/GRN mixture integrated into MWNT twisted yarn at
the heating rate of 20°C/min under argon environment. In both
graphs, the initial endothermic peaks have been observed below
100°C due to loss of absorbed moistures which can present in
the titanium and graphene mixture from the surroundings.
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Figure 2. (a) AFM and (b) SEM images showing the morphology of 30 MWNT sheets stacked on top of each other; and (c) a 30 MWNT sheet

yarn.

192 W MRS COMMUNICATIONS - VOLUME 14 - ISSUE 2 - www.mrs.org/mrc

Subsequently, the system is gradually heated to attain the
activation energy necessary to trigger the exothermic reaction
between the titanium and graphene to form titanium carbide.
As evident from the DTA curve (upper line), ignition initiates
at 596°C, and an exothermic reaction becomes apparent at
640°C. This exothermic reaction, occurring between titanium
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Figure 3. DTA-TG curves of (a) the Ti/GRN mixture powder; and (b)
Ti/GRN mixture incorporated into a twisted MWNT yarn. In both
cases the heating rate was 20°C/min (under an argon atmos-
phere).
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and graphene, releases 39 J/g of heat. Achieving effective igni-
tion of titanium can be challenging due to the natural forma-
tion of an oxide layer on its surface. However, the presence of
nano-sized graphene flakes, consisting of one to a few layers
of carbon atoms, can overcome this hurdle by generating exo-
thermic reaction. This elevated temperature environment facili-
tates the increased production of titanium carbide (TiC) and the
substantial heat release elevates the temperature of the sample
mixture to a point where the reaction becomes self-sustaining.
Similar DTA data was observed during the heating of the Ti/
GRN mixture, which was embedded within a multi-wall carbon
nanotube yarn. It is noteworthy that the exothermic reaction in
this instance, involving titanium and graphene, releases 50 J/g
of heat, signifying an approximately 28 % increase of heat
release during the exothermic TiC reaction compared to previ-
ous observations. It can be hypothesized that the Ti + C reaction
occurring inside the MWNT yarn is more efficient, possibly due
to the presence of a greater amount of carbon source, and more
contact area between Ti and C inside twisted yarn structure,
compared to the reaction involving the Ti/GRN bulk mixture.
The heat generated from this reaction may serve to allevi-
ate internal stresses within the MWNT yarn, potentially con-
tributing to atom rearrangement to enhance structure durability.
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One possible explanation for this heat release increase could be
attributed also to the catalytic activity of the MWNTSs during the
combustion synthesis of TiC. For example, the catalytic activity
of MWNT is well documented for hydrogenation of acetylene
to ethylene with high selectivity and no methane formation.!'!

The lower curve in the graphs indicates the thermogravimet-
ric analysis showing the percentage of weight changes of the
sample at various temperatures. As can be observed throughout
the temperature increase in Figure 3, the thermogravimetric sig-
nal remains nearly constant. Only 2.14 % and 3.36 % of weight
gain have been observed on the TG curves at 750°C which is
insignificant amount corresponding to primary weight of the
sample mixture. The reason for this trace amount of weight
gain could be formation of TiO, by oxidization of the Ti with
the oxygen that might be present in MWNT/GRN interlayers.

The AFM images and XRD patterns of synthesized TiC inte-
grated into MWNT yarn by combustion synthesis are shown in
Figure 4. The in situ synthesized TiC particles are uniformly
attached with well-aligned MWNT yarn. The X-ray diffraction
graph shows mostly two prominent phases, Ti and TiC, which
are observed at their angular positions. This observation suggests
that there has been nearly complete conversion of the Ti and
graphene mixture into TiC.
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Figure 4. (2)—AFM image and (b)—XRD spectra of Ti/GRN integrated into MWNT twisted yarn after combustion; (c)— Tensile stress-strain

curves for synthesized TiC/MWNT and pristine MWNT yarns.
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Moreover, based on the intensity of the characteristic peaks,
the strongest XRD peaks, corresponding to the TiC phase at
2-Theta angles of 36, 39, 42, and 62, indicate that the synthe-
sized TiC possesses high purity and a well-formed crystalline
structure.?!! Additionally, Figure 4 reveals the presence of some
unreacted Ti particles that remain in the mixture, with their phase
being identified at 2-Theta angles of 35, 37, 40, 52, and 62. As
indicated by this XRD analysis, it is reasonable to assume that
TiC represents the ultimate thermodynamically stable phase in
the combustion synthesis of the Ti/GRN and MWNCT system.
The presence of unreacted Ti particles may indeed be attributed
to the several factors, including diffusion limitation and slow
reaction kinetics. The minimum size of coherent scattering
regions (the apparent crystallite size) of the synthesized titanium
carbide was estimated by the Scherrer equation D = 0.94/5Cos0p.
Where, D is the crystallite diameter, 2 = 1.54 A the wavelength
of the Cu filament in the XRD machine, £ is the full width at
half maximum (FWHM) of its intensity, and 0y is the angle of the
same peak. The computed crystallite sizes of the titanium carbide
were estimated in the range of 12 nm to 27 nm.

From the AFM and SEM images, it has been revealed that
MWNT bundles are preferentially aligned in the direction of
the sheet with interconnected structures, and the multiwall car-
bon nanotubes become entangled with each other. This could
indicate that the TiC nanoparticles are interconnected with
MWNT, possibly forming a complex three-dimensional struc-
ture with interlocking configurations.

The mechanical properties of produced laminar yarns can
vary based on factors such as the quality of the nanotubes, the
yarn’s manufacturing process, and the alignment of the nano-
tubes within the yarn. Figure 4(c) shows the tensile strength
measurement of the pristine MWNT yarn and synthesized
MWNT yarn at room temperature. Blue curve represents the
stress—strain analysis for the synthesized laminar yarn inte-
grated with TiC and it has been shown that the increment of
this curve is linear. The synthesized laminar composite struc-
ture exhibits excellent durability, with ultimate tensile strength
value of 300 MPa for yarn integrated with TiC, compared to a
tensile strength value of 319 MPa for pristine MWNT yarn. It
can be concluded from Fig. 4(c) that synthesized yarn retains
about 90% of pristine MWNT yarn strength.

Young’s modulus is a material property that quan-
tifies the stiffness or rigidity of a material when sub-
jected to axial or tensile loading. Young’s modulus esti-
mation of the synthesized yarn integrated with TiC
equals to E =3"pg = 3% \pg=19GPa. Young’s
modulus for pristine yarn for first linier part is equal to
E= %MP{J = 0.63GPa. From this estimation, it has been
shown that Young’s modulus of 1.9 GPa for TiC integrated
yarn is~200% greater than the Young’s modulus of 0.63 GPa
for pristine yarn. The integrated TIC/MWNT composite yarns
have showed a Young’s Modulus of 1.9 GPa, marking a sig-
nificant enhancement in comparison to the Young’s Modulus
0f 0.63 GPa observed in the pristine yarn.
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At the interface between TiC and MWNT can be chemical
bonding between the atoms of the TiC and the carbon atoms
in the MWNT. The carbon atoms on the MWNT may interact
with the titanium atoms to form TiC, creating chemical bonds.
In addition, hybridization of atomic orbitals can occur at the
interface, leading to the formation of strong covalent bonds.
This can enhance the structural integrity of the composite by
creating a more intimate connection between TiC and MWNT.
Moreover, during the combustion synthesis, an interfacial layer
may form between TiC and MWNT. This layer could be a result
of chemical reactions or interdiffusion of atoms at the inter-
face. The formation of such a layer potentially improves the
mechanical coupling between TiC and MWNT.

Conclusions

Ti/GRN mixture incorporated into MWNT twisted laminar
yarns by an exothermic reaction between a mixture of titanium
and graphene powders inside the MWNT yarn matrix, result-
ing in a combustion reaction under an argon environment. It’s
important to highlight that in this specific case, the exothermic
reaction between titanium and graphene inside of MWNT gen-
erates 50 J/g of heat release, indicating an approximately 28 %
higher heat release output compared to the exothermic reaction
involving pure titanium and graphene. One possible hypoth-
esis is that the Ti + C reaction that is taking place within the
presence of MWNT yarn is more efficient, potentially due to a
higher carbon source concentration, as opposed to the reaction
involving only the Ti/GRN mixture. XRD analysis confirmed
the nearly full conversion of the Ti/GRN mixture into TiC,
despite the presence of some unreacted Ti particles in the Ti/
GRN mixture. The unreacted particles are likely due to the
high concentration of Ti present in the mixture. The synthesized
yarn also exhibited a significantly higher Young’s modulus of
1.9 GPa, which is ~200 % greater than the Young’s modulus of
0.63 GPa for pristine MWNT yarn.
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