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ABSTRACT

Research work reported herein, involve fabrication of multiwalled carbon nanotubes (MWCNTs) (MWCNTSs
type 3, MWCNTs type 5 and MWCNTSs type 6), reinforced into shape memory thermoplastic polyurethane
(SMTPU) by use of melt mixings route by the use of micro-compounder followed by mini injection moulding.
The composites of multiwalled carbon nanotubes (MWCNTs) were prepaired through ex-situ polymerization,
into SMTPU pure matrix, containing 0 to 1.5 phr (par per hundred) fillers. Successfully dispersion was achieved
for various percentage of nano fillers into SMTPU pure matrix which is characterized using Fields Emissions
Scanning Electrons Microscope (FE-SEM), High Resolution Transmission Electron Microscope (HR-TEM),
Atomic Force Microscope (AFM), and X-Rays Diffractions (XRD) etc. the shape and size of nano fillers (MWCNTs
and graphene nanoplatelets) was characterized using high quality TEM and FE-SEM, and AFM techniques.

Keywords: Shape Memory Materials, Polymers, Smart Actuators.

I. INTRODUCTION

The mechanism behind the SMP consists of two-phase, one is the hard phase and another is soft phase. Soft
phase is an elastic phase which is responsible for switching temporary shape. And hard phase is fixing phase
which is responsible for regaining original shape [1-2]. The shape is changing temporarily to permanent below
and above the glass transition temperature (Tg). So that glass transition temperature plays an important role in
shape memory polymers. Below the glass transition temperature polymer behave like a glass so it’s called as
glassy state and above glass transition temperature it behaves like a rubber so it’s called rubbery state. SMPs
generally used for sensors and actuators devices for various sophisticated applications but SMPs Frequently
used in aerospace, industrial, medical, automobiles, various research and developments etc. in general, shape
memory polymers are triggered by the conventional method by means of heat, water, electric, magnetic, ph,
solution, electromagnetic etc. but it's usually impossible to trig the SMPs by conventional method during
operating time especially for space and remote sensing devices [3-6]. So that for sophisticated wireless
applications, nonconventional method comes into the picture. Nanomaterials are most popular reinforced
materials for shape memorized polymer due to their excellent thermal, electrical properties and mechanical
properties. Several scientific studies reported that [4, 7-10], the improvement in properties of the shape
memory on the addition of nanofillers which includes reinforcement of nanoclay, SiC, carbon black, CNT,
cellulose nanowhiskers, graphene etc. Among such usual used fillers, carbon-based filler is popular which
include mMWCNTs, carbon black, carbon nanopaper and graphene.

Amongst various fillers, CNTs and carbon black are extensively studied to improve mechanical and electrical
properties. Research shows that the filler geometry, method of mixing and concentration are akey factor
governing composite properties. SMP/Graphene nanocomposites drew the researcher’s attention due to their
one sided unique electrical properties and mechanical property. Graphene is a one-atom-thick two-dimensional
sheet of graphite having sp2 hybridized carbons is covalently bonded in a hexagonal manner. Its high stiffness,
high aspect ratio, superior electric and thermal conductivity makes graphene a suitable candidate as
reinforcement in the polymer matrix. Graphene nanoplatelets (GNP) are newly developed the short bulk form
of graphene atoms. Many researchers investigated triple way photo-responsive shape memory
polymer/azobenzene and graphene oxide (GO) nanocomposites film were prepared. The azobenzene and GO
were acted as a heat source for heating the polymer film, which is responsible for shape recovery. Mechanical
and shape memorized properties was improved in UV and NIR light-responsive nanocomposites. Optical
responsive shape memory polymer chain for write and erase fingerprint pattern was reported. Photo-
responsive shape memory polymer composites exhibit low cost, ease of available and fast shape recovery for
sensors and actuators. Photo-responsive SMP graphene oxide composites were prepared by solvent casting
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route for photo-mechanical applications. In photo-mechanical polymer/GO nanocomposites graphene oxide is
responsible for heat transfer in the polymer matrix. Graphene is superior thermal, mechanical and electrical
properties which are used in sensors and actuators devices [11-13].

Shape memorized stretch and recovery tests were performed by using the tensile testing with wedge clamps
gripped machine. In the shape memory stretch test the sample size, 50x10x1 mm?3 was clamped in grips of
springs loaded with wedge shape and heated at 74°C to become completely rubbery state. At 74°C, the force is
applied at the rate of 2.5 mm/minutes upto 100% strain. Thereafter, furnace chamber is open to cool the
sample below 37°C (room temperature) without releasing the load. Once the sample cools below 37°C the
sample removes from the grip and measure the final gauge length for shape fixity calculation. And after
measuring the shape fixity the stretched sample again clamp in the grip for measuring constrained shape
stretch recovery force. For a constrained shape recovery stress tests, the stretched sample clamp in grip and
heating the sample upto 68°C to measure the recovery force. During the recovery test the recovery force
initially drastically decreased, after that it goes to constant after some time.

UV and NRI light responsive shape memory polymer composites reinforced with CNT were investigated by
researchers for fingerprint pattern write and erase applications. Our previous research also reported that MV-
induced polyurethane/GNPs nano-compositeswere successfully trigged and properties were significantally
improved with the reinforcement of GNPs in the PU matrix. Our previous research for improving mechanical
and shape memory properties the (GNPs) grapheme nanoplatelets were used in polyurethane matrix. Shape
memory polymer composites reinforced with CNTs/graphene strongly influence by moisture, the concentration
of reinforcements and distance of dispersed reinforcements within polymer matrix. Microwave induced shape
memory polymer composites components are volumetrically heated which may help for uniform and fast
actuating applications [1-5, 24].

II. RESULTS & DISCUSSIONS

Samples of pure SMTPU and composite contains 0 to 1.5 phr (part per hundred) and 0 to 1.5 phr MWCNTSs was
prepare by the melt mixings routes in the Thermal Haeke MiniLaboratory 3 (PolyLabs model OSo) macro-
compounders holding twin conic angle screws followed by injections mini mold Thermal Scientifics German
(HAEKE Mini-jet Pistons Pro) were used for samples preparations. Firstly SMTPU, and MWCNTSs was dried into
the vacuumed ovens for the time 2 hours at 100°C to removes the carbonaceous and moisture impurities. After
that, a weighted amounts of the SMTPUs granule and or MWCNT powder (anyone at a time) was proceed in
macro-compounders followed by mini injections molding. During the samples making, 5g SMTPUs granules and
weighted amounts of phr MWCNT have take and process into macro-compounder; speed of twins conic screws
were 60 rpm, temperature of mixing is 210°C for the time 10 minute. Then after melts mixture were taken into
cylinder which are preheated heated at 200°C and processed for Injections mini Mould. Different compositions
of PU with 0, 0.5, 1and 1.5 phr GNPs or MWCNTSs was prepare in batche of 5g each into macro-compounder. To
obtain uniform composition each 5g batche of the mixtures were extrude in the form of the wires then chopped
and chopped was reprocessed in micro compounder.

The shape memory thermoplastic polyurethane (SMTPU) and composites of multiwalled carbon nanotubes
(MWCNT type 5) and graphene nanoplatelets (GNPs) containing 0 to 1.5 phr (part per hundred) were prepared
in micro-compounder followed by injection moulding through ex-situ polymerization technique by using melt
mixing route. The work reported herein, composites of MWCNTs and GNPs both were prepared by using 0, 0.5,
1 and 1.5 phr concentrations into neat SMTPU base matrixThe melt mixture from micro-compounder is directly
made by injection moulded in standared (ISI) shape and size (length of gauges, thickness, and width for the
sample was kept 18.5, 3 mm, and 5 nm respectively, for tensile test and for Dynamic Mechanical Analyzer tests
the size of samples are 40X10X1 mm3) at temperature of moulding 190°C, pressure of injection moulding
500Dbar, injection rate 6 seconds and temperature of mould 85°C. After that 5-8 minutes, the samples removed
from the die (ISI) for characterizations and testing of samples.

In present experiments the materials used is brought from, Graphene nanoplatelets (GNPs) having 11-15 nm in
powder form (SMTPU) Thermoplastic shape memory polyurethane ether type granules (MM 6520) purchased
from SMP Intec. Diplex (Mitsubishi), Japan. Multiwalled carbon nanotubes (MWCNT) containing’s, different
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three types, variable same length and outer diameter’s (Type 6:0D= > 50 nm, L= 10-30 um Type 3: L= 10-30 um
, 0D=10-20 nm and, Type 5: L= 10-30 um, OD= 30-50 nm) are purchase through Siscos Researchs Laboratorie
Pvt. Ltd. Supply through Nano Shels Pvt. Ltd. is purchases from Siscos Laboratorie Researchs Pvt. Ltd.

The shape memory thermoplastic polyurethane (SMTPU) and composites of multiwalled carbon nanotubes
(MWCNT type 5) and graphene nanoplatelets (GNPs) containing 0 to 1.5 phr (part per hundred) were prepared
in micro-compounder followed by injection moulding through ex-situ polymerization technique by using melt
mixing route. The work reported herein, composites of MWCNTs and GNPs both were prepared by using 0, 0.5,
1 and 1.5 phr concentrations into neat SMTPU base matrix. Further, the composite samples containing 1.5 phr
Multiwalled carbon nanotubes (MWCNT) containing’s, different three types, variable same length and outer
diameter’s (Type 6:0D= > 50 nm, L= 10-30 um Type 3: L= 10-30 um , OD= 10-20 nm and, Type 5: L= 10-30 um,
OD= 30-50 nm) was also prepared by using same micro-compounder through melt mixing route. The detailed
composition and designation as well as processing parameters were explained in materials and experimental
section. Dispersion of targeted percentage (0 to 1.5 phr) of nano fillers (MWCNTs/GNPs) into SMTPU matrix
which is characterized by using Field Emissions Scanning’s Electrons Microscope (FE-SEM), Atomics Force
Microscope (AFM), High Resolutions Transmissions Electrons Microscopy (HR-TEM), and X-Rays Diffractions
(XRDs) technique. The shape and size of nano fillers (MWCNTSs and graphene nanoplatelets) were characterized
by using high resolution TEM, FE-SEM, and AFM techniques. Microwave induced thermal shape recovery tests
for pure SMTPU and composites sample were conducted using microwave oven. Simultaneous microwave
induced shape recovery phenomenon was recorded by the use of excellent quality thermal imager of infrared.
Transition temperature of glass was calculated by using DSC and DMA curves for pure and composite samples.

Mechanical property and shape memorized property were improve with reinforce of reinforced MWCNT/GNPs
filled into pure SMTPU matrix. Filler materials and soft segments of SMTPU polymer make strong interfacial
interaction during sample preparation. Soft segments and filler also make physical cross-linking and restrict the
chain movements of polymer base matrix results improved shape memory as well as mechanical property.
Maximum shape memorized and mechanical properties were observed for composites having 1.5 phr fillers.
Furthermore, the 1.5 phr GPU composites exhibited better properties as compared to 1.5 CNTPU composites.
For moisture induced samples, molecules of water react with soft segments of polyurethane and make
hydrogen bond in-between C=0 and H-O group and chain of polymer may get weak. Shape memory and
mechanical properties were suppressed for moisture induced sample but the microwave induced shape
recovery is faster as compared to without water immersed samples. The shape recovery for 10 days water
immersed 1.5 GPU and 1.5 CNTPU composites sample is much faster and shows approximately 100% shape
recovery. Microwave induced and moisture shape recovery stimuli may open research gate for non-contact
heating, wirelessly, clean green source of heating as well as fast and efficient heating.

2.1 Field Emissions-Scanning Electrons Microscope (FE-SEM): Cryogenics morphological fractured surface
were analyzed by the use of (FE-SEM of M/s 430NanoSEM). The (LN) liquid-nitrogen was used for the
cryogenic fracture samples and fractured samples were gold coated at 100 A for clear observations of surface
morphology.

FE-SEM characterization was used to observe the distributions of nano fillers and surface morphology of pure
and composites samples. Fig. 5.1 shows the surfaces morphology of cryogenics fracture of (a) pure SMTPU, (b)
of MWCNT type 5, (c) of 0.5 CNTPU, (d) of 1 CNTPU, and (e) of 1.5 CNTPU composite samples. For pure SMTPU
(Fig. 5.1(a)) smoother, uniform pattern, and layered fracture surface was observed. Fig. 1(b) shows the
dimensions of used MWCNTs type 5 (L= 10-30 um, 0.D= 30-50 nm). The roughness of fractured surface
increases due the additions of MWCNTSs into polyurethane matrix. For composite samples the random and
proper distributions of MWCNTs into SMTPU matrix were shown clearly (Fig. (c-e)). MWCNTs and SMTPU
makes strong interfacial interaction due to adhesion between them. Adhesion between MWCNTSs and polymer
matrix restricts the chain movements of soft segments of polymer matrix results in blocked crack propagation
during fracture and properties of composites may enhance.

In Fig 5.1 fractured surface morphology of PU, this shows that smooth, layered and uniform orientation.
Random and homogeneous distribution of nanoplatelets helps to superior properties. MWCNTs and GNPs
fillers makes physical cross linking with soft segments of SMTPU matrix and the movements of chain get
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restricted. In Fig. 5.2 (d) microcracks and agglomeration also observed in some places which are responsible
for the inferior shape memorized as well as mechanical property.

2.2 Transmission Electrons Microscope (TEM): Transmission Electrons Microscopy is the excellent
resolution surface characterization as well as surface morphology characterization technique in which electron
bean is transmitted through the targeted sample. The targeted sample should be very thin less than 100 nm or
is suspended into a grid. The samples of pure MWCNTs figure 5.1 MWCNT composite SEM image, were
suspended into grid for characterization of size and shape. Fig. 5.2 shows that the TEM images of pure MWCNTs
type 5. Fig. 5.3(a-c) TEM image of graphene nanoplatelets powder having higher resolutions and Fig. 5.4 (d-f)
image of MWCNTs type 5 having higher resolutions for clearer observations of shape and size of nano fillers.
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Fig. (a) Pure SMTPU
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(e) 1.5 CNTPU
Fig 2.1: FE-SEM Cryogenics fracture surfaces morphology of the pure, MWCNTSs and composites samples.
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200 nm

(a) Graphene nanoplatelets (b) Graphene nanoplatelets

(c) Graphene nanoplatelets (d) MWCNTs type 5

(e) MWCNTSs type 5 (f) MWCNTs type 5

Fig 2.2: TEM image of graphene nanoplatelets and MWCNTSs type 5 fillers.
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Fig 2.3: FE-SEM cryogenic fracture surfaces morphology of composite containing 1.5 phr MWCNTSs into SMTPU
matrix of (a) 3 CNTPU, (b) 5 CNTPU, (c) 6 CNTPU.

(d) MWCNTs type 3 (e) MWCNTSs type 5

(f) MWCNTSs type 6
Fig 2.4: TEM image showing the diametres of (d) MWCNTs type 3, (¢) MWCNTSs type 5 and (f) MWCNTSs type 6.
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2.3 X-Rays diffraction (XRD): X-Rays Diffraction (XRD) analysis were done with use of XRD 6000 X-rays

diffractometer (Shimadzu, Tokyo, Japan) 30 mA, 40 kV, ACuKa = 0.15 nm with high diffraction angle 26 varied
from 0°-100° at the scan rate of 2°/min.

X-ray technique was used to examine peaks of fillers as well as base matrix and the interfacial interaction
between SMTPU and fillers materials. Fig. 5.6 shows the XRD of (a) SMTPU, MWCNT type 5 and its composites,
(b) of SMTPU, GNPs and its composites, and (c) of SMTPU and composites containing 1.5 phr MWCNTSs type 5,
(type 3, and type 6 ). The peak of MWCNT occurs at dooz and dioo the angles (2 theta) of 25.8° and 42.6°
respectively. Peak doo2 was higher because crystalline natures of MWCNT powders and digo is smaller because
the amorphous phases of MWCNT. Pure SMTPU peaks have observe as digo at 26=20.5° and small peak also
observe at 20= 28.0°. digo peaks are broad due to the amorphous natures of polyurethanes. Small peaks occur
due to partial crystalline nature of polyurethane. The peaks of CNTPUs composite samples show at dio, doo2
and doos which indicate proper mixing of MWCNT into SMTPUs matrixs. The peaks about 25.8° goes higher with
the addition of higher percentage of MWCNT into SMTPU matrix (Fig. 5.6 (a)). Single peak doo2 of GNPs occur at
26=25.8°, because graphene nanoplatelets are highly crystalline materials. Fig. 5.6 (b) shows the peaks of GNPs
and their polyurethane composites containing 0 to 1.5 phr GNPs. The peaks of composites observed at digo and
dooz with the angle of 26=20.5° and 26=25.8° respectively. With the addition of higher and higher percentage of
GNPs into SMTPU matrix the peak of dgo2 at 26=25.8° going to increase. Similar observations were also
concluded from Fig. 5.6 (c). Which shows the XRD of pure and composites sample of 1.5 phr MWCNTSs (type 5,
type 3, and type 6) into SMTPU matrix. Proper mixing of fillers into base matrix has been verified from the XRD
analysis.
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Fig 2.5: X-rays diffraction peak of MWCNTSs, GNPs, pure and composites sample.
2.4 Atomics Force Microscope (AFM): AFM is high resolutions microscope, through which microstructure of
any material can be studied. AFM is an improvement to STM (Scanning Tunnelling Microscope), as in STM only
conducting surfaces were analyzed whereas in AFM any and every material is fit to be used for microstructural
investigation . Here AFM is used for clear characterization of surface morphology like surface roughness,
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waviness, and dispersion of GNPs in PU matrix. Fig.5.7 shows the AFM surface characterization of 2D and 3D
images of GNPs, MWCNTSs type 5 and pure SMTPU samples. Fig. 5.7 (a, b) shows shape and size of GNPs and
MWCNTs type 5 respectively. Firstly the powder of GNPs and MWCNTs were coated in silicon befalls through
spin coating technique for proper characterization. The surface area of GNPs was observed to be about 50-80
m?/g.

III. CONCLUSION

In present research work, involve fabrication of multiwalled carbon nanotubes (MWCNTs) (MWCNTSs type 3,
MWCNTs type 5 and MWCNTSs type 6), reinforced into shape memory thermoplastic polyurethane (SMTPU) by
use of melt mixings route by the use of micro-compounder followed by mini injection moulding. The
composites of multiwalled carbon nanotubes (MWCNTSs) were prepaired through ex-situ polymerization, into
SMTPU pure matrix, containing 0 to 1.5 phr (par per hundred) fillers. Successfully dispersion was achieved for
various percentage of nano fillers into SMTPU pure matrix which is characterized using Fields Emissions
Scanning Electrons Microscope (FE-SEM), High Resolution Transmission Electron Microscope (HR-TEM),
Atomic Force Microscope (AFM), and X-Rays Diffractions (XRD) etc. the shape and size of nano fillers (MWCNTSs
and graphene nanoplatelets) was characterized using high quality TEM and FE-SEM, and AFM techniques.

IV. REFERENCES

[1] C. Liu, H. Qin, P.T. Mather, Review of progress in shape-memory polymers, Journal of materials
chemistry. 17 (2007) 1543-1558. D0I1:10.1039/B615954K
[2] J. Hu, Y. Zhu, H. Huang, ]J. Lu, Recent advances in shape-memory polymers: Structure, mechanism,

functionality, modelingand applications, Progress in Polymer Science. 37 (2012) 1720-
1763.https://doi.org/10.1016/j.progpolymsci.2012.06.001

[3] J.A. Hiltz, Shape Memory Polymers-Literature Review, Defence Research And Development Atlantic
Dartmouth (Canada) 2002.http://www.dtic.mil/dtic/tr/fulltext/u2/a599534.pdf

[4] H. Meng, G. Li, A review of stimuli-responsive shape memory polymer composites, Polymer. 54 (2013)
2199-2221.https://doi.org/10.1016/j.polymer.2013.02.023

[5] Y. Liu, K. Gall, M.L. Dunn, P. McCluskey, Thermomechanics of shape memory polymer nanocomposites,
Mechanics of Materials. 36 (2004) 929-940.https://doi.org/10.1016/j.mechmat.2003.08.012

[6] C. Liu, H. Qin, P.T. Mather, Review of progress in shape-memory polymers, Journal of materials
chemistry. 17 (2007) 1543-1558. DOI: 10.1039/B615954K.

[7] Y. Liu, H. Lv, X. Lan, ]J. Leng, S. Du, Review of electro-active shape-memory polymer composite,
Composites Science and Technology. 69 (2009) 2064-2068. https://doi.org/10. 1016/j. compscitech.
2008.08.016

[8] Sarmad, Mahyar Panahi, Mahbod Abrisham, Mina Noroozi, Arian Amirkiai, Parham Dehghan,
Vahabodin Goodarzi, and Beniamin Zahiri. "Deep focusing on the role of microstructures in shape
memory properties of polymer composites: a critical review." European Polymer Journal (2019).

[9] Zhao, Wei, Liwu Liu, Fenghua Zhang, Jinsong Leng, and Yanju Liu. "Shape memory polymers and their
composites in biomedical applications.” Materials Science and Engineering: C (2018).

[10] Zare, Mohadeseh, Molamma P. Prabhakaran, Nader Parvin, and Seeram Ramakrishna. "Thermally-
induced two-way shape memory polymers: Mechanisms, structures, and applications." Chemical
Engineering Journal (2019).

[11] Molavi, Fatemeh Khademeh, Ismaeil Ghasemi, Massimo Messori, and Masoud Esfandeh.
"Nanocomposites based on poly (l-lactide)/poly (e-caprolactone) blends with triple-shape memory
behavior: Effect of the incorporation of graphene nanoplatelets (GNps)." Composites Science and
Technology 151 (2017): 219-227.

[12] Yadav, Santosh Kumar, and Jae Whan Cho. "Functionalized graphene nanoplatelets for enhanced
mechanical and thermal properties of polyurethane nanocomposites." Applied surface science 266
(2013): 360-367.

[13] Heng, C. W., Teh Pei Leng, A. G. Supri, Yeoh Cheow Keat, and Kathiravan Suppiah. "Effect of graphene
loading on mechanical properties of polyurethane elastomer.” Materials Today: Proceedings 16 (2019):
1617-1621.

www.irjmets.com @International Research Journal of Modernization in Engineering, Technology and Science
[1322]


http://www.irjmets.com/
https://doi.org/10.1016/j.progpolymsci.2012.06.001
http://www.dtic.mil/dtic/tr/fulltext/u2/a599534.pdf
https://doi.org/10.1016/j.polymer.2013.02.023
https://doi.org/10.1016/j.mechmat.2003.08.012
https://doi.org/10.1016/j.compscitech.2008.08.016
https://doi.org/10.1016/j.compscitech.2008.08.016

e-ISSN: 2582-5208

International Research Journal of Modernization in Engineering Technology and Science

( Peer-Reviewed, Open Access, Fully Refereed International Journal )

Volume:06/lIssue:07/July-2024 Impact Factor- 7.868 WwWw.irjmets.com

[14]
[15]

[16]

[23]

[24]

Rohini, Rani, Prajakta Katti, and Suryasarathi Bose. "Tailoring the interface in graphene/thermoset
polymer composites: A critical review.” Polymer 70 (2015): A17-A34.

Potts, Jeffrey R., Daniel R. Dreyer, Christopher W. Bielawski, and Rodney S. Ruoff. "Graphene-based
polymer nanocomposites." Polymer 52, no. 1 (2011): 5-25.

Prasad, Harish Chandra, SA R. Hashmi, Ajay Naik, and Hari Narayan Bhargaw. "Improved shape
memory effects in multiwalled-carbon-nano-tube reinforced thermosetting polyurethane
composites.” Journal of Applied Polymer Science 134, no. 7 (2017).

Hashmi, S. A. R,, Harish Chandra Prasad, R. Abishera, Hari Narayan Bhargaw, and Ajay Naik. "Improved
recovery stress in multi-walled-carbon-nanotubes reinforced polyurethane.” Materials & Design 67
(2015): 492-500.

Hashmi, S., R. Abishera, and H. Chandra Prasad. "Influence of air oxidized CNT reinforcement on the
recovery stress of shape memory polyurethane.” International Journal of ChemTech Research 6, no. 3
(2014): 1873-1876.

Cabanlit, M., Maitland, D., Wilson, T. Simon, S., Wun, T. Gershwin, M. E., & Van de Water, ]..
Polyurethane  shape-memory  polymers demonstrate  functional  biocompatibility in
vitro. Macromolecular bioscience, 7(1) (2007): 48-55.

Duncan Maitland, ravi prier, Theodore Wun, Judy Van de Water “Polyurethane Shape-Memory
Polymers Exhibits Bio-medical applications” 8, (2014): 328-338

Pulla, S. S. (2015). Development of Multifunctional Shape Memory Polymer and Shape Memory
Polymer Composites.

Xu, B, Fu, Y. Q., Huang, W. M,, Pej, Y. T., Chen, Z. G., De Hosson, ., ... & Reuben, R. L.. Thermal-mechanical
properties of polyurethane-clay shape memory polymer nanocomposites. Polymers, 2(2), (2010): 31-
39.

Huang, W. M,, B. Yang, L. An, C. Li, and Y. S. Chan. "Water-driven programmable polyurethane shape
memory polymer: demonstration and mechanism." Applied Physics Letters 86, no. 11 (2005): 114105.
https://doi.org/10.1063/1.1880448

Yang, B.,, W. M. Huang, C. Li, C. M. Lee, and L. Li. "On the effects of moisture in a polyurethane shape
memory polymer." Smart materials and structures 13, no. 1 (2003): 191. https://doi.org/10.
1088/0964-1726/13/1/022

Yang, Bin, Wei Min Huang, Chuan Li, and Jun Hoe Chor. "Effects of moisture on the glass transition
temperature of polyurethane shape memory polymer filled with nano-carbon powder." European
Polymer Journal 41, no. 5 (2005): 1123-1128. https://doi.org/10.1016/j.eurpolymj.2004.11.029
Huang, W. M., B. Yang, Y. Zhao, and Z. Ding. "Thermo-moisture responsive polyurethane shape-memory
polymer and composites: a review.” Journal of materials chemistry 20, no. 17 (2010): 3367-3381.
DOI1:10.1039/B922943D

Kumar, P. K,, and D. C. Lagoudas. "Introduction to shape memory alloys." In Shape memory alloys, pp.
1-51. Springer, Boston, MA, 2008.

Zhang, Sheng, Zhijun Yu, Thirumala Govender, Haiya Luo, and Bangjing Li. "A novel supramolecular
shape memory material based on partial a-CD-PEG inclusion complex." Polymer 49, no. 15 (2008):
3205-3210.

Gall, Ken, Martin Mikulas, Michael Tupper, and Naseem Munshi. "Micro-mechanisms of deformation in
fiber reinforced polymer matrix elastic memory composites." In 19th AIAA Applied Aerodynamics
Conference, (2001): 14109.

Campbell, Douglas, Mark Lake, Mark Scherbarth, Emmett Nelson, and Randal Six. "Elastic memory
composite material: an enabling technology for future furlable space structures." In 46th
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Conference, (2005): 2362..
Zhang, Chun-Sheng, and Qing-Qing Ni. "Bending behavior of shape memory polymer based
laminates." Composite Structures 78, no. 2 (2007): 153-161.

Gunes, 1. Sedat, Feina Cao, and Sadhan C. Jana. "Evaluation of nanoparticulate fillers for development of
shape memory polyurethane nanocomposites.” Polymer 49, no. 9 (2008): 2223-2234.

www.irjmets.com @International Research Journal of Modernization in Engineering, Technology and Science

[1323]


http://www.irjmets.com/
https://doi.org/10.1063/1.1880448
https://doi.org/10.1088/0964-1726/13/1/022
https://doi.org/10.1088/0964-1726/13/1/022
https://doi.org/10.1016/j.eurpolymj.2004.11.029

TR J TS
e-ISSN: 2582-5208

International Research Journal of Modernization in Engineering Technology and Science
( Peer-Reviewed, Open Access, Fully Refereed International Journal )
Volume:06/lIssue:07/July-2024 Impact Factor- 7.868 WWW.irjmets.com

[33] Meng, Qinghao, Jinlian Hu, and Subrata Mondal. "Thermal sensitive shape recovery and mass transfer
properties of polyurethane/modified MWNT composite membranes synthesized via in situ solution
pre-polymerization.” Journal of Membrane Science 319, no. 1-2 (2008): 102-110.

[34] Sahoo, Nanda Gopal, Yong Chae Jung, Hye Jin Yoo, and Jae Whan Cho. "Influence of carbon nanotubes
and polypyrrole on the thermal, mechanical and electroactive shape-memory properties of
polyurethane nanocomposites.”" Composites Science and Technology 67, no. 9 (2007): 1920-1929.

www.irjmets.com @International Research Journal of Modernization in Engineering, Technology and Science
[1324]


http://www.irjmets.com/

