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ABSTRACT

including low density, good price, high deformability, reproducibility,

molecular tailoring and good processing many applications have found for
these materials in different fields. Shape memory properties of the nanocomposite
samples based on polyurethane/graphene nanoplatelet (GNp) were investigated. The
improvement in performance of SMPs by adding graphene nanoplatelet is the main
hypothesis of this study.
Methods: At first, two types of polyurethane were synthesized using different
formulations (for obtaining the samples with different hard segments) and then
nanocomposites samples including GNp were produced through solution method.
Two different polyurethanes with hard segment contents of 23.9% and 24.4% were
Keywords: synthesized. Fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), differential scanning calorimetry (DSC), shape fixity and shape
recover values of the samples (as indices of shape memory properties) were employed
to characterize the synthesis of polyurethane and performance of shape memory
behavior of the nanocomposites.
Finding: The FTIR spectra showed that the formation of polyurethane was
successfully accomplished. The SEM micrographs confirmed the good dispersion
of nanoparticles in the matrix and there were no agglomerations and aggregation of
particles. No characteristics peaks (crystallization and melting peaks) were observed
in DSC thermograms for samples based on toluene di-isocyanate which means
the synthesized polyurethane was fully amorphous without crystalline and regular
regions. While the samples based on hexamethylene di-isocyanate showed the regular
and crystalline regions. Shape fixity and shape recover values of the samples were in
the range of 70-90%. These indices were increased by GNp addition.

Hypothesis: Due to the unique properties of shape memory polymers (SMPs)
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Table 1. The required amounts of raw materials for synthesis of 50 g of raw polyurethane in two formulation.

Raw materials Molality Formulation 1 Amount (g) Formulation 2 Amount (g)
Polyol 1 Capa 2302 37.81 Capa 2302 38.04
Diisocyanate 4 TDI 8.78 HDI 8.53
Chain extender 3 BDO 3.40 BDO 3.43
Percentage of hard segments 24.4 23.9
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Table 2. Composition of raw materials for synthesis 3 g of

desired sample.

Capa 2302 TDI HDI Graphene
Sample
€] (€9) (2 (Wt%)
TDPU 2.25 0.548 0 0
HDPU 2.26 0 0.53 0
GTDPU 2.25 0.548 0 0.12
GHDPU 2.26 40 0.53 0.12

WAA coiinas ) 1= (323,98 ) o Lol 293 9w Jlwiporls (539I9iS5 9 ol (a9 Sy - ek Alxo



Transmittance (%)

0 r r T T r
3650 3150 2650 2150 1650 1150 650

Wavenumber (cm™)

(a)

Fig. 1. FTIR spectra of samples: (a) TDPU and (b) HDPU.

Sl 1S gla¥ Ole 5> Llg e s QUL S o
odss 31 S ladmis 3 50 G (6lhis 35l 50 dms 55 5,8
LW:—‘ B a_l.J:JLo.G\ kf':’f dl‘.’.}" Jﬁjbb J;‘_}SL;G S )j.J:L;A
sl Jsa 48 558 e ey PSS Slhamis 5l s s
AM.})U U,"M.s f‘J” BE gQUJﬁ‘ili U’*.’.JSL" L U}.UG.A u;,s&j
LAL ol 5 sl aﬁwf@jm;ujuu
A3 LS et 55 68 B1S 5 ek on Sz S
Lgsb'tsb'ﬁ'\""\";’g;‘cr)l"3}")‘)}:"‘”‘&“J|°J‘:’>)‘J6}jf
Jw'i:uﬁ aJu“JJ.uLaS)J LAQT
Ol 5 sdome sl S e e ilKles ¥ S s
el 0 0313 0L GTDPU 5 TDPU & 505 53 (5| DSC & 5051
DsbOles Ll ol o ool 154°C (slas b 05051 0l 4 i 1

(a) (b)

......... OIF Axiiogili-gli y9a o i 39selSgils LIS Albdls yolgd

1_

0.8

0.6

0.4

Transmittance (%)

0.2

0 : : : : :
3650 3150 2650 2150 1650 1150 650
Wavenumber (cm™)

(b)

HDPU (b) 5 TDPU (a) :la 503 FTIR (slacib - <&

U"\ L oJ\...IrJAUé 6&& c@-\j« DL o.,LiéGb\ Lf’u)ﬁ 6@53;
b p Oonk Sy e s Slon glakism 2 &b
Sy S e 4 55 Al Sllesples ids

el DUl g 5ls ul::.a\jim wb 50,
Ol Ciloses sla iS55 L1, GTDPU & 405 SEM (sla ) 5
oAb 53 i bl S w4 i 5L glad pl 5o das e
5 IS st Ol LIS AL 5 5 g0 003 OB
Al s bl e 8 ISs Sld 51 el ST
Sl S 55 a8 sbolen .l el LS5 a4 e 3
JoS ssbay 318 laamin (ol Gasie fin slaS L
J;L_\;vﬂmwl s VL Sl 4 5 Lledis L\;—V.A)'l

(c) (d)

35kx (d) 5 15kx (c) 2kx (b) (1kx (a) :cales ‘_;La&_il&;gfjﬁ L GTDPU 4 403 SEM (sla, K 5, -V JS
Fig. 2. SEM micrographs of GTDPU sample in different magnifications: (a) 1kx, (b) 2kx, (¢) 15 kx, and (d) 35kx.

WWAA bt 3)1 = (239,38 A 0 lasls (093 9w Jwe posly 539J9i85 9 9de (AMDY 33 — (sode Ao



OIF Axingili-gli y9a ok nI9selSgili LIS Albdls yolgd

5y s 33 8 s peasnia Ky e s 0L |, (GHDPU
S0k 3B M KL Wil o baall nl o5 n odys 25
Sosk sl |85 s HDPU €sad 5o 0 5 5 o slaankad o
5 bl plgs ol K I8 50 03 Jast s sl O o
Wl e gl HDPU b, b gla ey O b ool
sl e rbv.a e LS s ) st S £ Slraskas
)Ju:J:ﬁ;ﬁﬁ)lﬁ@»g;x.«)?ff\jjjwb)l}qw
[Ya] 558 I35 ol 0b, e k5 osh sty colg s
a3 e 0L plee Ky 4w HDPU & 508 (tlSles & 4 5 L
SAl on 510 S edd all YoopeoC s 03k 5> Jsl Sy
Srems glod 53 1o A0 dhe st Coew (Sl 55 5 el S S
S A o Ve =\ OC e gl o £ Sy A osly Cd
pom S e alg ool Lol o ~1sis )y as B 3yl
sl 3l sl yshs, Cosd 4 & L a3 WW150°C 4l s
CiS s,y callls o M) cdl bgje Coew > o
5 5o S Jol e o o )L31 B e dir GHDPU & 5o
HDPU _,alls & yo3 4 Cod GHDPU & 503 slacSy 05 5y
Logsos ol e 0] sy o 0L 5 Liao .ol
IS s 318 03 28 laamio ahewgas sddslm ol
5 S5 pS Ul g 0348 L S Ul S 5 05 Gl 5
ool o men A1 03 5 Laosh Calid 53 gt S s
Lyl il Olgeas 1S laamio (B3l 52 Al e alS
S5 Gl FSa S slaaals rusmenas 5l 005 Jas by sk
laaals ozl b plily S e 6,8 sl S laaals
b Sk sy ol 5 il sbaslil &5 5L 585 S
o3 les RalS ez ey [TY] L oo oy S 55 slie

-->

Exothermal

-85 35 15 65 115 165
Temperature (°C)

O303) Slo s 5 sdome (b S Il el —F S

GHDPU  HDPU (slad 53 sl DSC
Fig. 4. DSC thermograms of cooling and reheating steps for
GHDPU and HDPU samples.

Ll o i 535 b odes Sl s ls3 S5l O Gk
£330 el IS SIS 5 (65 sl 136l ol
5 Sllwsplsa) o5 5 Co gladadad plool s Llg
WOl 3 56 gl 55 5 K s by (055Y5 58 L
bid Sl 2y 5 OO 250 el onl o [Y] AL
Oy b o Ol 53 .l TDPU O, 9 b iy Jller s
bl Sllus il 5 ds gladsly L 0sSY, 08 L dly oa
O 558 5 055V 8 L Ol D8 @ a5 L sl o
coddoslinad Dbl nlss s Y LI Lapl slsle s
el layion HUS 53 Ll el iy o8 S 5 p 5 Sladals
s S5 ok ladly 5w S 3 s (e i

0352 s 03,5 o)Ll OT 0 015 o K3l 55 oS (6 K05 &
Ggai b aglio 55 GTDPU o palS U (slaind Jlanl slos
M iass s ] 0Les 5 Liao .ol TDPU il
SP S S ks w ) lais disl gl ol
5 S Glaamino S xie mhaw 53 VIS e 5 YIp S
313 s ey Sl i

S) (P S Glaasmio mlans 035045 s 0 5050 Sla 2S 0
Sap el 5 oS85l (sl 6,350 cpl Skl 51 S
LSJ:..L«C.EA):JJEB Cla ey S = s ool lacus sdses
SiA IS o3 lalussdee ) Ol Sl by 555 0
S e ol s iy e 3 5 633 01 5 0 L s ke
IV ] s e e (slaind Ul slos il bl o 45

O35 Gialo o 5 30z (2l S 1 e sbac 2l ¥ S
SHDPU) Sllos s 351 535 kzal 35 a1l s 065 55 L (slacs 53 DSC

0.8
0.6 1

0.4 —.-Cooling-TDPU ~ ==mm- Cooling - GTPU

—— Reheating - TDPU - - -Reheating - GTDPU

-->

02 woemeemt

024 ===ae |

Exothermal

04 000 TS e
-0.6

-0.8 r r r .
-80 -30 20 70 120

Temperature (°C)

D305l Siala g 5 sdee (5l S e slacalSiles Y IS
GTDPU 3 TDPU (class s (<1, DSC

Fig. 3. DSC thermograms of cooling and reheating steps for
TDPU and GTDPU samples.
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Table 3. DSC test data of the samples

s 5e5 (51 DSC O 051 (sloosls =¥ s

Heat of Heat of fusion o
Sample erystallization (I/g) /) T (°C) T (°C) T, (°O) Crystallization (%)
HDPU 34.28 41.05 28.3 19.6 -47.5 17
GHDPU 30.25 34.97 26.8 16.5 -42.4 12
TDPU - - - - -30.2 -
GTDPU - - - - -20.5 -
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Fig. 5. DMTA curves of the samples.
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Table 4. The values of glass transition temperature (Tg) of the

the samples. samples.
Sample R (%) R (%) Sample T, °O)
HDPU 82.8 74 HDPU -39.4
GHDPU 89 84 GHDPU -343
TDPU 76.6 55.4 TDPU -20.25
GTDPU 86 71 GTDPU -10
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Fig. 6. Temperature-stress-strain curves for shape-memory samples: (a) HDPU, (b) GHDPU, (c¢) TDPU, and (d) GTDPU.
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