Chapter 3

3B. Preparation of HPU/graphene oxide nanocomposite

3B.1. Introduction

Formation of the nanocomposite is a convenient approach to overcome the inadequacy of
HPU as mentioned in sub-chapter 3A. In this context, much attention has been paid to PU
nanocomposites with carbon based nanomaterials because the incorporation of carbon based
nanomaterials can effectively enhance the thermal, mechanical and electrical properties of
the pristine PU.3! PU/CNT nanocomposites are frequently being reported in the literature.®2
However, the formation of macro/micro-aggregates in polymer matrices limits their uses in
PU nanocomposites. To improve the dispersibility of CNT, surface modification is essential.
Again, surface modification of CNT is difficult due to its inert nature.®® In this regard,
graphene oxide (GO) is an effective low-cost carbon based nanomaterial for obtaining
desired PU nanocomposites as it is easy to prepare.3*3® Also, GO possesses a substantial
amount of oxygen-containing functional groups such as hydroxyl and epoxy on the basal
planes and carboxyl and carbonyl groups on the edges of its.® This enables GO to be
uniformly dispersed in the polymer matrices. Furthermore, GO exhibits analogous chemical
properties to CNT and also possesses a similar structure to layered nanoclay.®® Thus, it
shows great potential in the development of nanocomposites with various desired properties
such as mechanical, thermal, etc. Jing et al. prepared PU/GO nanocomposite by using the
thermally induced phase separation (TIPS) technique.®” The fabricated nanocomposite
exhibited good mechanical and thermal properties. Ponnamma et al. also found that
mechanical properties were effectively improved in PU/GO nanocomposite. %

In recent times, significant interests in the investigation and development of shape
memory polymers (SMPs) are noticed.® This is due to their ability to fix in the temporary
deformed state and to recover the original shape upon exposure to external stimuli such as a
magnetic field, thermal energy, light energy, electric field, etc.>® On stretching at elevated
temperature, the entanglement of the polymer chains of SMPs results in the storage of
entropy energy. However, on freezing the molecular motion of the amorphous zone or
crystallization of the crystalline zone prevents the molecular chain from reforming a coil-
like structure and hence SMPs are fixed in the deformed shape.*® On further heating of the
oriented polymer chains of SMPs, the chains are softened which helps in the regaining of
the coiled conformation of the molecular chains. Thus, the driving force for shape recovery
in SMPs is elastic energy generated during deformation.** In this milieu, HPU exhibited

good shape memory behavior due to some interesting features of it such as high recoverable
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strain (up to 400%), a wide transition temperature range for its shape recovery, high control
of the softening and retraction temperatures, inherent soft-hard segments, favourable and
tunable physical properties, etc.*?

Thus, HPU/GO nanocomposites with three different wt% of GO were prepared in
this study. The potential of HPU/GO nanocomposites as shape memory materials was also
investigated. The effect of GO on mechanical and thermal properties of the HPU matrix was
also studied. The Halpin—Tsai model was used to study the distribution of sheet-like GO in
the HPU matrix.

3B.2. Experimental

3B.2.1. Materials

The monoglyceride of the castor oil, TDI, PCL and BD used for the preparation of HPU
were same as described in Chapter 2, section 2.2.1. GO was used for the fabrication of
nanocomposites, prepared by same procedure as reported in sub-chapter 3A.

3B.2.2. Characterization

FTIR, XRD, DSC and TGA analyses were performed under the same conditions and by
using the same instruments as mentioned in Chapter 2, section 2.2.2. Here, the morphology
of the nanocomposites was studied by same HRTEM analysis as mentioned in this chapter,
section 3A.2.2. A very dilute solution of the nanocomposite was mounted on a carbon coated
copper grid and high magnification images were captured. GO was dispersed in DMACc by
using an ultrasonicator with same the specification as stated in sub-chapter 3A, section
3A.2.2. Tensile strength, elongation at break, scratch hardness and impact resistance of the
nanocomposite were studied by using the same instruments under the same test conditions
as mentioned in Chapter 2, section 2.2.2. Halpin—Tsai equations were used to estimate the

orientation of the GO sheets in HPU/GO nanocomposites.
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where Ep, Eco, Enc and Ej, are Young’s modulus of HPU, GO, nanocomposites with
randomly distributed GO and aligned parallel to the surface of the sample, respectively.
and V¢ are diameter to thickness ratio and volume fraction of GO, respectively. The density
of GO 2.2 g cm™ as reported in literature® and the density of PU is evaluated 1.08 g cm™
(Chapter 2, Table 2.3). The Young’s modulus of GO is adopted 250 GPa according to the
measured results.**

The shape memory behavior of nanocomposites was investigated through stretching
method. At first, films were cut into rectangular strips with the dimension of 4 cm x 1 cm %
0.06 cm and heated at 50 °C for 5 min. Then they were stretched to twice of their original
length (Lo) and stretched length was denoted as Li. Immediately, the stretched samples were
frozen by immerging them in ice-salt bath at -5 °C for 5 min to fix the temporary shape and
the length was measured as L.. Subsequently, the samples were reheated at the same
temperature (50 °C) for the same period of time for the shape recovery and the length
obtained is denoted as Ls. The test was repeated three times.The percentage shape recovery

and fixity were calculated by the following equations.

Shape recovery (%) = @ X 100 ------------ (3B.5)
0

Shape fixity (%) = (LZL—‘OL") NG 11| — (3B.6)
3B.2.3. Preparation of HPU/GO nanocomposite

The details of the preparative method of HPU was described in Chapter 2, section 2.2.3.2.
For the preparation of nanocomposite, required amount of dispersed GO in DMAc was
injected by a syringe after completion of the polymerization reaction at room temperature.
After that, the reaction mixture was stirred another 1 h at (70+2) °C to obtain the desired
nanocomposite. Finally, the solution of the nanocomposite was cast on inert substrates,
followed by vacuum degassed and dried at 50 °C for 24 h for different testing and analyses.
The same procedure was followed for the preparation of all three compositions of the
nanocomposites. The nanocomposites were coded as HPU/GOO0.5, HPU/GO1 and
HPU/GO2 for 0.5, 1 and 2 wt% of GO, respectively.

3B.3. Results and discussion

3B.3.1. Characterization of HPU/GO nanocomposite

FTIR was employed to investigate the presence of linkages in HPU/GO nanocomposites. In

Figure 3B.1, the appearance of characteristic bands of C—N, C-0, C=C, C=0, O-H free, N—
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H and C—N stretching and N—H bending vibrations at their position (as mentioned in Chapter
2, section 2.3.2.) clearly indicates the presence of urethane linkage in HPU/GO
nanocomposites.*? The broadening of ~OH band was enhanced at 3430 cmtand C=0 band
was shifted to 1690 from 1720 cm™* with increasing amount of GO in the nanocomposites.
These suggest the presence of strong interaction between HPU and GO in the

nanocomposite.*
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Figure 3B.1 FTIR spectra of (a) HPU/GOO0.5, (b) HPU/GO1 and (c) HPU/GO2

The XRD patterns of HPU/GO00.5, HPU/GOland HPU/GO2 are shown in Figure
3B.2. HPU/GO nanocomposites showed two peaks at 26 = 21.1° (d-spacing = 0.419 nm)
and 23.4° (d-spacing = 0.381 nm) for the crystals of PCL moiety.*® It is noteworthy to note
that no peak for GO was found in the nanocomposites. This reflects that no long range order
is present in GO sheets, or that the distance between the sheets (caused by the exfoliation of
the matrix PU) is too large to provide a signal. In addition to that small amount of GO was
used for nanocomposite which may be another reason for this. The peak intensity of PCL
moiety also increased with the amount of GO due to the strong nucleating effect of GO and
enhancement of the interaction between GO and HPU.*? In nanocomposites, PCL peaks
were little shifted towards higher angle owing to the formation of the dense structure
compare to pristine HPU.

The performance of nanocomposites mainly depends on the dispersion of
nanomaterials in the polymer matrix and their interfacial interactions.*’ Therefore, to assess
the dispersion of GO in the HPU matrix, HRTEM was employed to inspect the morphology
of the samples. Figure 3B.3 shows the HRTEM image of HPU/GOQ0.5. It can be seen from

the image, the exfoliated GO sheets are well dispersed in the matrix of HPU.
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Figure 3B.2 XRD patterns of (a) HPU/GOO0.5, (b) HPU/GO1 and (c) HPU/GO2

Figure 3B.3 HRTEM micrograph of HPU/GO1

3B.3.2. Mechanical properties of HPU/GO nanocomposite

Figure 3B.4a represents the stress—strain curves of HPU/GO nanocomposites. All the
nanocomposites showed nonlinear elastic behavior within the low stress region and high
plastic deformation under high stress. All the nanocomposites also exhibited an enhanced
elongation at break over the neat HPU. It is a most outstanding feature of the studied
nanocomposites. Tensile strength, tensile modulus, elongation at break and toughness of
HPU were enhanced to 16 MPa, 5.55 MPa, 810% and 68.07 MJ/m? after the incorporation
of 2% of GO. The detailed results are tabulated in Table 3B.1. The most efficient
improvement resulted from the 2 wt% GO, which exhibited increment of 128%, 95% and
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167% in tensile strength, elongation at break and toughness, respectively. It indicates that
incorporation of GO leads to an effective nanocomposite, and the resistance to mechanical
deformation can be reinforced along with the enhancement of the elongation of the
nanocomposites. Better mechanical properties such as tensile modulus and strength for the
HPU/GO nanocomposites could be due to good interfacial interaction upon uniform
dispersion of GO in the HPU matrix.* There is also a possibility of direct linkages between
various oxygenating groups of GO and HPU chains by physico-chemical interactions. This
greatly enhances the compatibility of GO with the HPU matrix. Thus, it becomes favourable
to transfer stress to GO, which improves the mechanical strength of the
nanocomposite. The presence of an immobilized or partially mobilized polymer phase, as a
consequence of such interactions, and orientation of GO and the polymer chain along the
direction of tensile flow, provides a great contribution to the observed enhancement of the
tensile strength.*” Further, with an increment of GO amount, the surface area of such
nanomaterials increases which enhances the above factors and thereby improving the

mechanical properties.
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Figure 3B.4 (a) Stress-strain curves of (i) HPU/GOQ.5, (ii) HPU/GO1 and (iii) HPU/GO2,
and (b) comparison between the fitting results from the Halpin—Tsai model and the

experimental data

Elongation at break enhances with the increased of the amount of GO in the
nanocomposites. This enhancement of the elongation at break by the formation of
nanocomposite is due to the slippage of the graphene layers when they are attached to the
polymeric chains.*® In addition, the immobilized or partially mobilized chains are able to

extend fully, and thus a good enhancement of elongation was observed.*?
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The Halpin—Tsai equation was used to estimate the orientation of the GO sheets in
the nanocomposites.*’ In order to understand it, the Young’s moduli of the HPU
nanocomposites are calculated and compared with the experimental results with different
GO orientations, as shown in Figure 3B.4b. It is cleared that the 3-dimensional random
model shows a better fit to the experimental results compared with the 2-dimensional aligned
model, particularly at low GO content. This indicates that the GO is randomly distributed in
the HPU matrix. The deviation of modulus value gradually enlarged on increasing the GO
content. As their Young’s moduli are obtained from the linear area of the stress—Strain curves
(in general lower than 20% strain), alignment of GO along the load direction is restricted.
Especially for the low GO containing nanocomposite, e.g., 0.5 wt%, there is adequate space
in the nanocomposite which permits GO to arrange in a random manner. With the increased
of GO content, such space reduces and the interaction between adjoining GO forces them to
align along the force direction, resulting in enlarged deviation to the prediction of the random
model.*® The scratch hardness of the pristine HPU and its nanocomposites are given in Table
3B.1. After incorporation of GO in the HPU matrix scratch hardness is enhanced which
further suggests that the toughness of the material increases. As HPU possesses both
aromatic and aliphatic moieties with unique structural architecture, it exhibited high
toughness, scratch hardness and impact resistance.*° Further, HPU absorbed the highest limit
of impact energy due to the presence of soft segments which dissipate the impact energy by

the segmental motions in its molecular chains.*?

Table 3B.1. Mechanical properties of HPU and HPU/GO nanocomposite

Property HPU* HPU/GO0.5 | HPU/GO1 HPU/GO2
Tensile strength (MPa) 7.06 0.3 | 11.23+2.2 14.05+2.8 16.11+3.1
Tensile modulus (MPa) 2.84+0.2 4.2+0.25 4.85+0.37 6.55+0.32

Elongation at break (%) 695+43 73557 795+36 810+46
Toughness (MJm3) 25.4+1.28 | 42.47+1.64 | 58.45+1.08 | 68.07+2.11
Scratch hardness (kg) 5+0.2 5.5+0.1 5.5+0.2 6.5+0.2
Impact strength (cm) >100 >100 >100 >100

*As reported in Chapter 2, Table 2.3
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3B.3.3. Thermal properties of HPU/GO nanocomposite

It is reported that the nanomaterials can influence the melting and the crystallization
behavior of HPU.*? Therefore, DSC analyses were carried out to investigate the
crystallization and melting behavior of HPU/GO nanocomposites. Thermal properties of
HPU/GO nanocomposites, such as Tq and Tm, were determined from each DSC curve.
Figure 3B.5 clearly shows that Tg increases from 20.3 °C to 22.3 °C and T increases from
48.1 °C to 50.7 °C upon incorporation of 2 wt% GO. The small increment in Tg and Tr are
due to the presence of GO, which may inflict restrictions on molecular mobility at earlier
stages. This influence depends on the interactions of GO bonding with the surrounding HPU
matrix. Thermal measurements also illustrate that the crystallization behavior is significantly
changed with loading of GO as compared to the pristine HPU (Table 3B.2). The amount of
crystallinity was calculated from the enthalpy data of the crystalline melting peak. This
clearly reflects that GO serve as the nucleating agents in this system and the presence of GO

can enhance the crystallization process by inducing the polymer chains in a particular

direction.*
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Figure 3B.5 DSC curves showing the (a) Tm (heating cycle) and (b) Tq4 (cooling cycle) of
(i) HPU/GO2, (ii) HPU/GOL1 and (ii) HPU/GOO0.5

To verify the thermal stability of HPU/GO nanocomposites, TGA was performed.
HPU/GO nanocomposites also exhibited two steps degradation (Figure 3B.6) similar to
pristine HPU. This is suggested that degradation mechanism of HPU did not influence by
the incorporation of GO. The degradation temperature of the nanocomposites was only
shifted to higher temperature compared to that of pristine HPU (Chapter 2, section 2.3.8).
The thermal stability of HPU was improved after incorporation GO, although GO itself is a

thermally unstable. The enhanced thermo-stability of the nanocomposites with loading of
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the GO is due to restricted motion of the polymeric chains. This restriction is arisen from
the different physicochemical interactions with GO.* The volatiles generated during the
decomposition were retained longer time in the matrix due to improved barrier

characteristics.
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Figure 3B.6 TGA thermograms of GO, HPU/GO0.5, HPU/GO1 and HPU/GO2 [TGA
thermogram of GO are used from sub-chapter 3A for better comparison]

3B.3.4. Shape memory behavior of HPU/GO nanocomposite

The shape memory behavior and possible molecular mechanism of shape memory behavior
of HPU and HPU/GO nanocomposites are shown in Figure 3B.7. The shape memory
behavior of a material mainly depends on two fundamental factors (i) occurrence of a
quantitative amount of unlocked orientated polymer chains and (ii) the modulus at room
temperature. All polymeric chains experience the same level of deformation when an
external force is applied to stretch the sample.*® The produced deformation is memorized by
crystallization or orientation of the soft segment. However, the ‘unlocked’ chains, the chain
segments which do not crystallize generate an instantaneous retractive force upon removal
of the tensile load due to the entropy of elasticity. Nevertheless, this retractive force alone is
insufficient to an instantaneous recovery of the shape as the fraction of mobile chains is
usually low. The instantaneous retractive force can cause only limited instantaneous
recovery strain if the room temperature modulus is high.*? On the other hand, a more rapid
recovery occurs if the value of the modulus is low. Switching temperature was selected as

50 °C which was close to the Tm to obtain the best results. As melting transition is sharper
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transition compared to the glass transition and at the melting temperature stretching of HPU

is also facilitated.

- Recovery
Initial state Fixed state 1

(a)

HPU/GO2

HPU/GO1

HPU/G00.5

Net point or
hard segment

Soft
segment

Deformation

—)

Cooling

Initial state

After recovery

Fixed state

Figure 3B.7 (a) Shape memory behavior of HPU and HPU/GO nanocomposites, and (b)

possible molecular mechanism of shape memory behavior

The nanocomposites exhibited excellent shape memory behavior on the
incorporation of GO as shown in Table 3B.2. This can be explained by the increased stored
energy as a result of homogeneously distributed GO in HPU matrix, which increased the
interaction between GO sheets and hard segment of HPU, mainly by n-n stacking and
generated strong net points.*? Thus, GO created high stored elastic strain energy, which in
turn helped the nanocomposites to gain high recovery stress due to release of stored elastic
strain.*® The shape recovery was also found to increase with an increased amount of GO in

the matrix. It may be justified to correlate the enhanced degree of crystallinity to this
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escalating trend of shape recovery.* The augmented crystallinity on the incorporation of
GO (as obtained from DSC and XRD results) resulted in the increased tendency to generate
more amount of unlocked oriented chains. These unlocked chains can generate an
instantaneous retractive force upon elimination of the load because of the elastic entropy and

hence it improved the shape recovery.*

Table 3B.2 Tm, crystallinity and shape memory behavior of HPU and HPU/GO

nanocomposite

Sample Tm (°C)  |Crystallinity (%) | Shape fixity (%) |Shape recovery (%)
HPU 48.1* 25.88* 93.3x1.4 88.8+1.1
HPU/GO0.5 49.3 32.53 92.1+1.1 93.5+1.4
HPU/GO1 50.2 36.68 90.8+1.1 94.6+0.6
HPU/GO2 50.7 38.79 90.1+1.8 96.3+0.2

* As reported in Chapter 2, Table 2.4

3B.4. Conclusion

From this study, it can be concluded that a large scale production of highly stretchable castor
oil based HPU reinforced GO nanocomposites is possible through the studied route. The
nanocomposites can exhibit excellent toughness along with enhancement of flexibility in
addition to other mechanical properties on incorporation of GO. Halpin-Tsai model fitting
suggests 3D random distribution of GO in the HPU matrix. It can be concluded that the
overall shape recovery of the nanocomposite, (to the extent of 96.3%) is quite significant
compare to the pristine HPU. Thus, this investigation showed a strong influence the GO on

the performance of HPU.
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3C. Preparation of HPU/reduced graphene oxide nanocomposite

3C.1. Introduction
The previous sub-chapter described the potential of GO as a nanoreinforcing agent to
improve various properties such as mechanical, thermal and especially shape memory
behavior of pristine HPU. However, the shape memory effects by direct heating are the most
common and usual, other stimuli such as light, magnetic and microwave (MW) gradually
become attractive at present.3® This is as a consequence of the capability to utilize reduced
operating temperatures, be applied remotely, and result in localized shape-memory effects.
Generally, light-induced shape-memory is attained either via light-induced heating or
through photochemistry.®® For example, Lendlein and co-workers used UV light as a
stimulus to enable shape-memory effects by way of a photo-reversible cyclo-addition
reaction.® Magnetic field induced SMP is generally obtained by incorporating magnetic
particles in the SMP matrix. The incorporation of the particle improved the mechanical
properties as well as enabled to generate the shape memory effect under an alternating
magnetic field.*® In addition, MW is also an alternative choice as a noncontact stimulus for
shape recovery of SMP. Recently Kalita and Karak reported that PU/iron oxide
nanocomposite exhibited excellent shape recovery under the MW power.*® Even though
remote shape-memory effects are developed using IR or UV irradiation, magnetic field,
MW, etc. as the stimuli; but most of the polymer are poorly responded under such stimuli
due to the low thermal conductivity of these materials. Therefore, good thermal conductive
nanomaterials are required to improve uniform heat transfer ability to the SMP matrix and
thereby facilitating efficient remote heating.®* In this milieu, graphene is the most attractive
material for the above purpose as it has excellent thermal conductivity, electrical
conductivity, MW absorbing capacity, light absorbing ability including sunlight and so
fOfth.1'3'52'53

However, homogenous dispersion of graphene in the polymer matrix is one of the
paramount factors as aggregation or restacking of graphene sheets commonly occurs in most
of the cases because of the n—m stacking and hydrophobic interactions among the sheets.>*
Again the weak interactions between graphene and polymeric matrix result in interfacial
slippage on application of external stress, limiting the improvement of mechanical
properties.>® Although functionalization is a promising way to improve dispersibility and
interaction of graphene with polymer matrix, but such functionalization of graphene is

difficult due to its inertness.®® Even though, GO possesses good dispersibility and
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compatibility with polar HPU as described in previous sub-chapter, HPU/GO
nanocomposites are electrically insulating in nature as GO itself is electrically insulating
nanomaterial. In this context, reduced GO (RGO) exhibits almost similar in chemical
structure and properties with graphene.! It contains some residual oxygenating groups which
further help to disperse in HPU matrix and it can be easily functionalized.3! Thus, it is a right
choice to develop a shape memory HPU nanocomposite which can be triggered by
microwave and sunlight along with thermal energy.

Therefore, in this present investigation, an effective technique was demonstrated to
fabricate HPU nanocomposites using RGO or functionalized RGO (f-RGO) as a reactive
chain extender as well as a reinforcing nanomaterial, at different wt%. This in situ generated
HPU nanocomposites were characterized by FTIR, XRD, DSC and TGA analyses. The
performance including mechanical and electrical properties of the nanocomposites as well
as multi-stimuli responsive shape memory behavior under thermal, MW and sunlight was

also delved into.

3C.2. Experimental

3C.2.1. Materials

The monoglyceride of the castor oil, TDI, PCL and BD used for the preparation of HPU
were same as described in Chapter 2, section 2.2.1. The same RGO (reduced by C. esculenta

leaf extract) was used for the fabrication of nanocomposites as reported in sub-chapter 3A.

3C.2.2. Characterization
FTIR, XRD, DSC and TGA analyses, and mechanical tests were performed under the same
conditions and by using the same instruments as described in Chapter 2, section 2.2.2.
Functionalization of RGO and distribution of RGO in the prepared nanocomposite were
analyzed by using the same HRTEM analysis as mentioned in Chapter 3, section 3B.2.2.
The conductivity of the polymer films was measured by using Hioki-3532-50 LCR Hitester
instrument. Film sample (20 mm in diameter with 0.5 mm thickness) were loaded between
the two circular electrodes of the device and tested under ambient conditions.
Thermo-responsive shape memory test was performed by same procedure as
mentioned in the previous sub-chapter, section 3B.2.2. To study the shape memory behavior
under MW and direct sunlight, the bending test was performed. A domestic microwave oven
(800 W) operating at a frequency of 2.45 GHz was used for the test. The samples were folded
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in aring form at 60 °C followed by quenching into an ice-salt bath for 5 min at -10 °C. Then
the shape recovery of the nanocomposite films was achieved by exposing MW irradiation
of 360 W for 30-60 s and direct sunlight (11 am-2 pm, at Tezpur University campus, altitude:
26.63 °N 92.8 °E in the month of March at sunny days, average temperature 34+1 °C and
humidity 74+1 %) under ambient condition. The shape recovery was calculated using the

following equation.

(90-6)

Shape recovery = 5

............... (3C.1)

where 0 in degree denotes the angle between the tangential line at the midpoint of the sample

and the line connecting the midpoint and the end of the curved samples.

3C.2.3. Functionalization of RGO

The amount of reactive hydroxyl groups on RGO was 0.58 mmol/g as measured by titration
of the excessive isocyanate groups using butyl amine. The excess isocyanate was determined
after reacting RGO with a known amount of TDI at 70 °C. On the basis of the above result,
functionalization on RGO sheets was done by reacting with a required amount of TDI
followed by BD. Briefly, 2 g of RGO was dispersed in 100 mL of distilled THF by
mechanical stirring for overnight followed by 15 min ultrasonication. This dispersed RGO
was taken in a three-necked round bottom flask equipped with a mechanical stirrer, nitrogen
inlet and rubber septum. Then, 0.5 mmol of TDI was added drop wise into the reaction
mixture at room temperature by the help of a syringe through the septum. The reaction was
continued for 4 h at a temperature of (70£2) °C to obtain isocyanate terminated RGO. Then,
0.5 mmol of BD was added drop wise into the mixture, and the reaction was continued for
another 1 h to obtain the desired f-RGO. This f-RGO was centrifuged and washed with THF
to separate the free reactants. The f-RGO was dried in a vacuum oven at 45 °C for overnight

prior to use.

3C.2.4. Preparation of HPU/RGO and HPU/f-RGO nanocomposites

HPU/RGO and HPU/f-RGO nanocomposites were prepared following the same method
which was used to prepare HPU in Chapter 2, section 2.2.3.2. Only required amount of
dispersed RGO or f-RGO in DMACc (different wt%: 0.5, 1 and 2 with respect to total weight
of nanocomposite) was incorporated in 1% step of the polymerization reaction to get in situ

nanocomposites. Then, the reaction was continued for 3 h at temperature of (70+2) °C to
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obtain the desired viscous mass, which was treated as the pre-polymer. After that, 2" step
of the polymerization was carried out at (110+2) °C for 2.5 h.

HPU with 0.5, 1 and 2 wt% of f-RGO were encoded as HPU/f-RGO0.5, HPU/f-
RGO1 and HPU/f-RGO2, respectively, and HPU with 0.5, 1 and 2 wt% of RGO were
encoded as HPU/ RGO0.5, HPU/ RGO1 and HPU/ RGO2, respectively.

3C.3. Results and discussion

3C.3.1. Functionalization of RGO

The functionalization was achieved by reacting the isocyanate groups of TDI with the
residual oxygenated functional groups of RGO sheets to obtain isocyanate terminated RGO
sheet, followed by reacting with BD. Stable dispersion of f-RGO even after 2 months of
storage in various solvents such as THF, DMF, DMSO and DMAc was observed as shown
in Figure 3C.1.

Figure 3C.1 Dispersion stability of f-RGO in different solvents after 2 months of storage

3C.3.2. Characterization of f-RGO

The functionalization of RGO was characterized by FTIR, XRD and TEM analysis. FTIR
spectra of RGO, isocyanate terminated RGO and f-RGO are shown in Figure 3C.2a. The
presence of urethane linkage in the FTIR spectrum of the intermediate (before adding BD)
indicates the reaction of TDI with available hydroxyl groups of RGO. In the spectra of the
intermediate product (isocyanate terminated RGO) and f-RGO, two new bands appeared in
the ranges of 2800-2880 and 2880-3000 cm™ which are assigned to the symmetric and
asymmetric C-H stretching vibrational bands.*® More direct evidence was obtained from the
absorption at 1701, 1646, 1219, 1054 and 1543 cm™ appeared in the spectra of both, which
are attributed to the stretching vibration of carbonyl of amide I, C=C, C-O, C-N and bending
of N-H of amide 1l of urethane linkage respectively.*%#? This analysis indicates the validity
of the covalent bond formation with RGO.
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RGO shows a broad peak centered at 26 = 25° corresponding to d-spacing of 0.36
nm for the doo2 plane in the XRD pattern (Chapter 3, section 3A.3.4). After functionalization
of RGO, this peak was shifted to the lower angle (26 = 21.2° corresponding to d-spacing of
0.415 nm), which indicates that the d-spacing between the layers was increased due to the

presence of urethane chains (Figure 3C.2b).%°
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Figure 3C.2 (a) FTIR spectra of (i) f-RGO, (ii) isocyanate-terminate RGO and (iii) RGO;
and (b) XRD patterns of f-RGO and RGO [FTIR spectrum and XRD patterns of RGO are

used from sub-chapter 3A for better comparison]

HRTEM image of f-RGO are shown in Figure 3C.3a. More folds or wrinkles were found
after the functionalization of RGO compared to pristine RGO (Chapter 3, section 3A.3.6).
The enhancement of the amorphous nature of RGO after functionalization was further
confirmed by SAED patterns (Figure 3C.3Db).

(a)

Figure 3C.3 HRTEM image of (a) f-RGO and (b) SAED patterns of f-RGO
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3C.3.3. Characterization of HPU/RGO and HPU/f-RGO nanocomposites

FTIR spectra of HPU/f-RGO0.5, HPU/RGO00.5, HPU/f-RGO2 and HPU/RGO2 are shown
in Figure 3C.4. The appearance of characteristic bands of C—N, C-O, C=C, C=0, O-H
free, N-H, C—N stretching and N—H bending vibrations at their positions clearly indicates
the presence of urethane linkage (as mentioned in Chapter 2, section 2.3.2.).4%% The increase
in broadening of —OH band and shifting of C=0 band were observed with the increasing
amount of f-RGO or RGO in the nanocomposite similar to HPU/GO nanocomposite as
described in previous sub-chapter. These confirm the presence of different interactions
among the HPU chains and RGO or f-RGO, which are enhanced with the nanomaterial

content.*

C=0 streching
—

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Figure 3C.4 FTIR spectra of (a) HPU/RGOO0.5, (b) HPU/f-RGOO0.5, (¢) HPU/RGO2 and
(d) HPU/f-RGO2

The XRD patterns of HPU nanocomposites showed two peaks at 20 = 21.1° and
23.4° for the crystals of PCL moiety of HPU in Figure 3C.5(i).** Here it is important to
mention that no separate peak was observed for RGO or f-RGO in the nanocomposites
similar to HPU/GO nanocomposite. This may be due to the presence of a small amount of
nanomaterial in the nanocomposite. In the nanocomposites, PCL peaks were slightly shifted
towards higher angle owing to formation of the dense structure compared to the pristine
HPU.*2 Also, the peak intensity of the PCL moiety marginally increased with an increase in
the amount of nanomaterial due to the nucleating effect of nanomaterial. Figure 3C.5(ii)
shows the HRTEM image of HPU/f-RGO1. It can be seen from Figure 3C.5(ii) the
exfoliated f-RGO sheets are well dispersed in the matrix of HPU.
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Figure 3C.5 (i) XRD patterns of (a) HPU/RGOO0.5, (b) HPU/f-RGO0.5, (c) HPU/RGO2
and (d) HPU/f-RGO2; and (ii) HRTEM micrograph of HPU/f-RGO1

3C.3.4. Mechanical properties of HPU/RGO and HPU/f-RGO nanocomposites

An extensive enhancement in the mechanical properties of the in situ generated
nanocomposites is due to the existence of covalent bonding between RGO or f-RGO and
isocyanate terminated pre-polymer. This helps to form strong interfacial interaction between
HPU chain and homogeneously dispersed nanomaterial. The values of tensile strength,
tensile modulus, toughness and elongation at break of HPU/RGO and HPU/f-RGO
nanocomposites with different loadings of RGO and f-RGO are tabulated in Table 3C.1 and
the typical stress-strain profiles are shown in Figure 3C.6. All the nanocomposites showed
dose-dependent mechanical property as noticed in case of HPU/GO nanocomposites.
Tensile modulus and toughness were enhanced enormously after the formation of
nanocomposite with 2 wt% of f-RGO. HPU/f-RGO nanocomposites exhibited superior
mechanical properties compared to the respective HPU/RGO nanocomposites. This
confirmed the presence of stronger interactions with homogeneous distribution of f-RGO in
HPU/f-RGO nanocomposites than with RGO in HPU/RGO nanocomposites. Although,
HPU/RGO nanocomposites demonstrated better mechanical properties than corresponding
HPU/GO nanocomposite (Table 3B.1).

Such superior mechanical properties can certainly be ascribed to the strong
interfacial adhesion and good compatibility between RGO or f-RGO and HPU matrix.*’ The
hard domain of HPU is stiffened due to the presence of strong covalent bond between RGO
or f-RGO and HPU chains.>” For this reason, the resulted nanocomposites exhibited such

unusual improvement in tensile modulus (Figure 3C.6). In addition to that, the high strength
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indicates the preferential orientation of the rigid RGO or f-RGO in the matrix at high strains

and hence synergistic effect was observed. This contributes to the dramatic enhancement of

modulus.*®

Table 3C.1 Mechanical properties of HPU/RGO and HPU/f-RGO nanocomposites

Property HPU/f- HPU/t- HPU/f- HPU HPU HPU
RGOO0.5 RGO1 RGO2 /RGO0.5 | /RGO1 | /RGO2

Tensile strength | 25.6£1.3 | 33.4 37.6 17.6 24.8 27.8+1.9

(MPa) +2.1 +1.8 +1.5 +1.6

Tensile modulus | 22.4+0.4 | 101.8 128.5 12.4 253 36.3+£3.2

(MPa) +3.4 +4.2 +1.2 +1.1

Elongation  at | 125650 | 1432+32 | 1656+43 | 890+28 940+46 | 980+34

break (%)

Toughness 107.9 348.16 454.82 63.72 96.34 115.78

(MJIm™) +4.3 £5.1 +6.2 £2.1 +3.4 +4.1

Scratch hardness | 6.5+0.1 7+0.1 7.5£0.1 | 5.5+0.2 6+0.2 6.5+0.1

(kg)

Impact strength | >100 >100 >100 >100 >100 >100

(cm)

Interestingly, elongation at break of RGO based HPU nanocomposites was also
found to increase compared to pristine HPU (Chapter 2, Table 2.3). This is the most
protuberant feature of these nanocomposites. Although, the addition of graphene generally
aids an enhancement of tensile modulus value, but the elongation at break always shows
complex behavior with graphene content in PU nanocomposites. For example, Wu et al.
found a continuous decreased in elongation at break with the increase of the graphene
content.®® In addition, the experimental results by Chen et al. showed the nanocomposites
retain almost identical elongation at break to that of the pristine PU.*® In contrast, fabricated
HPU/f-RGO nanocomposite showed an interesting and very useful mechanical behavior. A
simultaneous enhancement of elongation at break along with the improvement of tensile
strength, tensile modulus and toughness values was observed. Such anomalous results are
due to a full extension of the covalently and non-covalently bonded HPU chains.*® Also,

HPU chains are aligned in the initial stage of tensile loading which forced to orient f-RGO
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along the loading direction.>” At high stress, layers of f-RGO are sliding each other due to
the presence of strong covalent bonds as well as multiple H-bonding between f-RGO and
the adjacent HPU chains.*® This helps to overcome the n-m stacking interactions among f-
RGO sheets. As f-RGO preferentially reinforced the hard segments rather than soft segments
that avoided the unusual stiffness of soft segments.>” This combined effect results such
enhancement in the elongation at break of the nanocomposites which was not achieved so
far. HPU/RGO nanocomposite also exhibited a better elongation at break compared to
pristine HPU and HPU/GO nanocomposite but much lesser than HPU/f-RGO
nanocomposite. As, RGO contains a few number of hydroxyl groups on its surface and it
was incorporated in the 1% step of the polymerization technique, there is a chance to react

some of these hydroxyl groups of RGO with isocyanate groups and form a few strong
covalent bonds (urethane linkages).
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Figure 3C.6 (a) Stress—strain profiles of (i) HPU/RGOO.5, (ii) HPU/RGO1 and (iii)
HPU/RGO?2 (iv) HPU/f-RGOO0.5, (v) HPU/f-RGOL1 and (vi) HPU/f-RGO2; and (b) tensile
stress, (c) tensile modulus, and (d) toughness of HPU/f-RGO and HPU/RGO

nanocomposites at different wt% of nanomaterial
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It is quite obvious that the toughness of the nanocomposite is also enhanced as it is
the combined effect of strength and flexibility. To find out the reason behind such huge
enhanced in mechanical properties we take help of toughening mechanism of bio-
composites. The toughness of nanocomposites originate from secondary “sacrificial” bonds
between coiled polymeric chains.** These sacrificial bonds are ruptured instead of the
primary covalent bonds present in nanocomposites under the applied stress. This allows long
hidden lengths to loosen and dissipate significant amounts of energy by maintaining
structural integrity to large strains. The weak interlayer interactions of f-RGO may also
overcome without damaging the integrity of the structure of sheets under the applied stress
in the nanocomposites to dissipate significant amounts of energy and hence enhanced
toughness was obtained.*® The H-bond interaction between hydroxyl groups of f-RGO and
urethane chains mainly transferred most of the applied stress during the sliding of f-RGO
layers (sacrificial bond rupture). Further increase in the applied load finally causes the
dissociation of these H-bonds (hidden length release). This enables the nanocomposite to
enhance the inherent flexibility of the pristine HPU and to exhibit the high ductility. The
plausible toughening mechanism is shown in Scheme 3C.1. Both the flexibility and ductility

of nanocomposites are largely reliant on the mobility of polymer segments and f-RGO.%°
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Scheme 3C.1 Possible mechanism of high elongation at break and toughness of HPU/{-

RGO nanocomposite

The mobility of f-RGO and polymer segments was diminished as some f-RGO were
bonded with HPU. This aids the load transfer between soft and hard segments. In contrast,

generation of sacrificing bonds and hidden lengths at the interfaces of nanocomposites
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provides an effective resolution to balance the strength, toughness and ductility.*® It enables
one to not only control the mobility of f-RGO in HPU matrix but also ensures efficient load
transfer at the interfaces. The introducing such biomimetic interfaces may expose a new
hopeful arena for the development of high-performance nanocomposites.

3C.3.5. Thermal properties of HPU/RGO and HPU/f-RGO nanocomposites

After incorporation of 2 wt% RGO and f-RGO in HPU, Ty, was increased from 48.4 °C to
51.2 °C and 51.6 °C, respectively as shown in Figure 3C.7. Such small increment of Tr, is
due to restriction of molecular mobility of HPU chains by nanomaterial at the initial stage
of heating as mentioned in case of HPU/GO nanocomposites.*® The degree of crystallinity
of the studied nanocomposites are tabulated in Table 3C.2. The degree of crystallinity
reflects that RGO and f-RGO show positive effect on the crystallization process of the

nanocomposites.
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Figure 3C.7 DSC curves of (a) HPU/f-RGO0.5, (b) HPU/f-RGO1, (c) HPU/f-RGO2, (d)
HPU/RGOO0.5, (e) HPU/RGO1 and (f) HPU/RGO2

Table 3C.2 Thermal properties of HPU/RGO and HPU/f-RGO nanocomposites
Property HPU/f- HPU/{- HPU/f- HPU HPU HPU
RGOO0.5 RGOl RGO2 /RGO0.5 | /RGOl | /RGO2

Tm (°C) 49.5 51.1 51.6 49.3 50.8 51.2
Crystallinity 33.15 37.14 39.25 32.46 36.75 38.63
(%)
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TGA was performed to verify the thermal stability of HPU/RGO and HPU/f-RGO
nanocomposites (Figure 3C.8). All the nanocomposite exhibited two steps degradation
patterns similar to HPU/GO nanocomposite. HPU/f-RGO exibitted higher degradation
temperature compared to that of HPU/RGO nanocomposite with same nanomaterial content.
The enhanced thermo-stability of the nanocomposites with loading of RGO or f-RGO is due
to the same reason as mentioned in HPU/GO nanocomposites (sub-chapter 3B, section
3B.3.3). As, physic-chemical interactions are more in HPU/f-RGO nanocomposite than
HPU/RGO nanocomposite, it has higher thermal stability.*
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Figure 3C.8 TGA thermograms of HPU/RGO and HPU/f-RGO nanocomposites

3C.3.6. Electrical properties of HPU/RGO and HPU/f-RGO nanocomposites

Figure 3C.9 depicts the electrical conductivity values of HPU, HPU/RGO and HPU/f-RGO
nanocomposites. The variation of conductivity as a function of nanomaterial content is
shown in this figure. It was observed that the conductivity increased exponentially at low
RGO or f-RGO content, followed by a slow growth at the high content. The electrical
conductivity was jumped by almost 10 order of magnitude from 10 to 0.16 S by
incorporation of only 2 wt% of f-RGO. HPU/f-RGO nanocomposite exhibited better
electrical conductivity than HPU/RGO nanocomposite at the same nanomaterial content.
The formation of a conductive network in the nanocomposite is mainly influenced the
electrical conductivity.?® The large numbers of covalent and noncovalent interactions
between f-RGO and HPU chains are present due to uniform distribution of f-RGO sheets in
the polymer matrix. Hence, an f-RGO network is formed which helps to create conductive
pathways in the nanocomposite. As a result the electrical conductivity is enhanced in HPU/f-

RGO nanocomposites from the pristine HPU and HPU/RGO nanocomposite.
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Figure 3C.9 Electrical conductivity of HPU/RGO and HPU/f-RGO nanocomposites

3C.3.7. Shape memory behavior of HPU/RGO and HPU/f-RGO nanocomposites

The multi-stimuli responsive shape memory behavior of the HPU/RGO and HPU/f-RGO
nanocomposites was evaluated under sunlight, microwave and thermal heating. Shape
memory behavior of HPU/RGO nanocomposite by MW are shown in Figure 3C.10. The
nanocomposite exhibited excellent shape recovery under the mentioned stimuli. Shape
recovery values of the nanocomposite films were faster and more efficient upon exposure to
MW and sunlight compared to the thermal stimulus. This may be due to excellent MW and
sunlight absorbing capacity of RGO.%25% Shape recovery time and ratio under different

stimuli are summarized in Table 3C.3.

Table 3C.3 Shape memory properties of HPU, HPU/RGO and HPU/f-RGO nanocomposites

Sample Shape recovery time (min) Shape recovery ratio (%)
MW Sunlight | Thermal MW Sunlight | Thermal
HPU 1.53+0.06 | 7.1+0.2 6.5+0.1 | 89.2+0.4 | 90.1+0.4 | 88.8+0.4

HPU/f-RGOO0.5 | 1.2+0.09 | 2.7+0.12 | 5.6 £0.16 | 95.2+0.3 | 96.4+0.2 | 95.2+0.3
HPU/f-RGO1 0.9+0.03 | 1.8+£0.06 | 4.3£0.12 | 96.6+0.2 | 97.6+0.2 | 96.8+0.2
HPU/f-RGO2 | 0.7+0.06 | 1.3+0.03 | 3.1+0.09 | 98.3£0.2 | 98.9+0.1 | 97.6+0.3
HPU/RGOO0.5 | 1.4£0.03 | 2.7+0.06 | 5.6+£0.15 | 94.7+£0.3 | 95.9+0.2 | 94.6+0.2

HPU/RGO1 1.1+£0.03 | 1.8+£0.03 | 4.3£0.12 | 95.9+0.2 | 97.1+0.2 | 96.3+0.2
HPU/RGO2 0.9+0.03 | 1.3£0.03 | 3.1£0.09 | 97.3+£0.2 | 98.2+0.1 | 97.4+0.3
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The shape recovery time decreased with the increase of RGO or f-RGO content in
the nanocomposites. Nanomaterial creates a large amount of stored elastic strain energy
owing to the presence of strong interfacial interactions with the HPU matrix as mentioned
in section 3B.3.4.2 This helps the nanocomposites to attain a high recovery speed due to the
release of stored elastic strain. Energy absorbing capacity from different stimuli also
enhances with an increase of the amount of RGO or f-RGO which is another important factor

for the fast recovery.

HPU HPU/RGO00.5 HPU/RGO1 HPU/RGO2
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Figure 3C.10 Shape memory behavior of the HPU and HPU/RGO nanocomposite under
MW stimulus

3C.4. Conclusion

So, in this study, RGO or f-RGO was used as a reactive chain extender as well as a nano
reinforcing material for the fabrication of HPU nanocomposite. HPU/f-RGO nanocomposite
exhibited excellent mechanical properties compared to HPU/RGO nanocomposite at the
same nanomaterial content. Also, the obtained HPU/f-RGO nanocomposite exhibited
excellent electrical conductivity and good multi-stimuli responsive shape memory behavior
than HPU/RGO nanocomposite. This study opens the door towards RGO-based
nanocomposite as a superior tough conductive smart elastomeric material, which possess a
great potential to be used in the fields of aerospace, artificial muscles, tissue engineering,

etc.
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