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Abstract: To further understand effects of titanium dioxifl@O,) nanoparticles on thermal, optical,
microstructural, interfacial and mechanical projesrt of shape memory polyurethane (SMPU),
TiO,/SMPU nanocomposites with different Hi@ontents were synthesized. Then various propeofies
TiO,/SMPU nanocomposites were characterized. Resutisate that the melting temperature of soft
segments in SMPU can be used as the shape memamgitibn temperature of TWBMPU
nanocomposites. Tikhanoparticles are almost filled in SMPU poresaiorf compact skeleton structures
in TiIO2/SMPU when the Ti@content is 3% by weight. Further, the usedligrutile phase, and lowers
the SMPU crystallinity. The suitable Ti@ontent can increase the absorptivity to UV lightl enhance
the reflectivity to visible light of TIQSMPU nanocomposites, lowering its photo-aging proges and
prolonging its service life. Also, TEZIBEMPU shows a higher scattering intensity and tefagecreasing
trend than SMPU due to the larger electron demnsiffgrence between Ti2and SMPU. The microphase
separation and ordered structures in SMPU are a@gededue to added Tianoparticles. There are
electron density fluctuations at the interfacesvieen hard and soft phases in SMPU, and between SMPU
and TiQ nanopatrticles. Finally, the prpared HOMPU nanocomposites have better shape memory
effects and tensile properties when TFi©ontent of 3% is proposed to synthesize J8SMPU
nanocomposites for practical engineering applicatio
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1. Introduction

TiO, is widely used in environmental applications, cesos, paper, coatings, foods, toothpastes and
paint because of its green, clean, low cost ansable innovation [1]. During the past severalaties,
TiO, has been extensively studied due to its intergslactric, magnetic, catalytic, and electrochemica
properties [2]. TiQ has three distinct polymorphs, including rutileatase and brookite. Anatase 7Ti®
adapted to photocatalytic applications, and rtifi@, exhibits a high refractive index and hiding power,
as well as good chemical stability and UV lightessring effects [3].

Additionally, TiO, is a wide band-gap semiconductor with a high otiva index, which lends it to
be used as a whitening agent. Fi® also an effective opacifier when used as polerThe scattering
power of individual TiQ particles for visible light is maximized when tharticles have a diameter of
approximately 300 nm [4]. Man et al. [5] investigateffects of TiQ on optical and mechanical
properties of poly (lactic acid) to understand ti¢ shielding role of TiQ additives on the stability of
polymer based nanocomposites. Finally, Jli©often used as the reinforcement phase of palynarix
to improve its mechanical properties.

Recently, as a smart material, shape-memory poly§8Ps) can change their shape in response to
external stimuli such as heat, light, electric agmetic field [6]. SMPs have many advantages ovape
memory alloys in easy processing, low density, lggape recovery, high recoverable strain, and low
manufacturing cost [7]. In particular, the thermalttuated SMPs have received more and more attenti
in recent years due to their potential applicatid@gPs usually include the cross-links to deterntire
permanent shape, and the switching segments \aitisitron temperature (JTto fix the temporary shape
[8]. According to the nature of switching segmer@8)Ps are further subdivided into two categories,

including SMPs with amorphous switching segmentsreli; is the glass transition temperaturg)(nd



SMPs with crystalline switching segments, wheres The melting temperature £¥[8].

Among these SMPs, SMPUs have attracted more and att@ntion during the past decades because
of their excellent properties such as high tensitength, high flexibility, high abrasion resistangood
adhesion ability, and so on [9]. SMPUs have becoreeof the most rapidly developing members of PU
industry, and have been applied in many aspects asicoatings, textiles, adhesives, sealant, figtts,
[10]. However, SMPU still has such limitations asvér stiffness and weaker shape recovery force when
compared with shape memory alloys and ceramicsH@ither, like other polymer materials, SMPU is
vulnerable to aging and ultimately fails to meed gerformance requirements and subsequently litaits
practical application when exposed to heat, oxygenltraviolet (UV) light during its service liféAll
these result from the age hardening and sacrificdesirable physical properties of SMPU.

Considerable efforts were made to exploit the gaknf nanocomposites and nanoscale materials
in both academic and industrial community. Onengb@rtant approaches consists in the reinforcemient o
SMPU using fibers and inorganic nanoparticles, sagffiQ, Al,Os, silica, clay, etc [11]. Among these
nanoparticles, Ti@have recently received an increasing attention tdugés many valuable properties
cited above. Zhou et al. [12] reported a novelrfarsensitive polyurethane/Ti®anohybrid membrane
prepared via in situ process, and discussed itsntdlesensitive characteristics. Chen et al. [1&ppred
the thermo-sensitive polyurethane solution contgrdifferent TiQ concentrations, and found that gas
permeability coefficients of membranes to increagh the increase in Ti©concentration.

More recently, Zhang et al. [14] studied the infloe of anisotropic Ti® nanoparticles on the
structure formation in a semicrystalline isotagiaypropylene. TiQ nanoparticles increased the elastic
modulus of isotactic polypropylene and improve emwmental stability by attenuating UV light that

degrades the polymer. Marzouk et al. [15] discugbedeffect of TiQ on the optical, structural and



crystallization behavior of barium borate glassBamos et al. [16] studied the mechanical and
physicochemical characteristics of chitin hydrogemforced with TiQ nanoparticles, and found TiO
endowed chitin gels mechanical stability.

It is noted that some properties of pure SMPU dbquite meet the requirements of engineering
materials. However, few studies involved in influea of TiQ nanoparticles on the thermal, optical,
microstructural, interfaciashape memory and mechanical properties of SMPUh&iu the interactions
and interfacial structures between Fi@anoparticles and SMPU matrix were seldom repottmv to
utilize the merits of TiQto comprehensively improve various properties MP® is seldom investigated.
The objective of this study is to understand effeof TiO, nanoparticles on thermal stability,
crystallization behaviors, photo-aging property,crostructure, interfacial structure, shape memory
effects and mechanical performance of SMPU, and #heuitable Ti@ content is proposed to prepare
TiO,/SMPU nanocomposites, meeting the requirementsaatipal engineering materials.

In this study, TIQ/'SMPU nanocomposites with different Bi@ontents were first synthesized by
in-situ polymerization method. A differential scamy calorimeter (DSC) was used to discuss effetts o
different TiQ, contents on the thermal properties of SMPU, andetermine the {ffor programming the
nanocomposites. Then field emission scanning electricroscopy (FESEM) were utilized to observe the
microscopic morphology changes of FSMPU, respectively. Also, optical properties oDFISMPU
nanocomposites were characterized using ultraviasdble light diffuse reflectance spectra (UV-vis
DRS) to discuss effects of Ti@ontents on the photo-aging property of SMPU. Atitat, crystallization
behavior changes of SMPU and interfacial structbetsveen TiQ and SMPU were characterized using
wide angle X-ray diffraction (WAXD) and small angieray scattering (SAXS) after the addition of BjO

respectively. Finally, influences of Ti@ontents on shape memory effects and mechaniopkgres of



SMPU were investigated to validate whether the @reg TIQ/SMPU can meet the requirements of
practical engineering application. Then the sudabbntent of TiQ was proposed to synthesize
TiO,/SMPU nanocomposites for practical engineeringiappbns.
2. Experimental
2.1 Synthesis of samples

The nanocomposites were synthesized by dispers{dg fanoparticles in SMPU matrix using the
in-situ polymerization. Firstly, the calculated amb of Poly-1, 4-butylene adipate glycol (PBAG, Boa
Xuchuan Chemical Co. Ltd., China, ,#2000) was put into the flask which was equippedhva
thermometer, a mechanical stirrer, nitrogen intet autlet tubes. The temperature was slowly elevide
120°C, and this temperature was maintained for 1.5rvdeuum dehydration where the vacuum degree
was more than 0.095 MPa.

Secondly, the calculated amount of 2, 4-tolylensodiyanate (TDI, Shanghai TCI Chemical Co.
Ltd., China) was added when the temperature wad\sidropped to 86C. The reaction took place for 2
h under the protection of nitrogen. Thus the SMP&gmlymer was obtained. Thirdly, Ti@anoparticles
with the particle size of 30 nm (Xuancheng Jinglg&w Material, Co. Ltd., China,) was added and
blended quickly with the mechanical stirring foroab 10 minutes at 8T to be dispersed uniformly in
the pre-polymer. Fourthly, when the temperature fuather slowly dropped to 7%, the calculated
amount of 1, 4-Butanediol (BDO, Sinopharm ChemiRakhgent Co. Ltd., China) was added dropwise
into the mixture with the quick stirring for 30 mior chain extension.

Finally, after the reaction was completed, the wantosites were injected into a
polytetrafluoroethylene mold where the homogenenixsure was cooled to room temperature and cured.

Thus the TIQZSMPU samples were obtained after demoulding. These nanocomposite samples were



subjected to different experiments for charactegzheir various properties. The prepared sampbre w
marked as SMPU, 1% TUSMPU, 3%TiQ/SMPU, 5%TiQ/SMPU, which represented the ratios of 71O
to SMPU pre-polymer were 0%, 1%, 3%, 5% by weigkgpectively.

2.2 Characterization method

A DSC (204F1 type, Netzsch, Germany) was used &byaa effects of Ti@ contents on {Jof the
SMPU under nitrogen atmosphere. Approximately 10sagple was heated fron20°C to 100°C at a
heating rate of 16C/min. Subsequently, the temperature was droppe@a6C with a cooling rate of 20
°C/min. Once again, the sample was heated t¢@GQ a heating rate of £&/min.

FESEM (JSM-7600F type, JEOL, Japan) was used toereds microscopic morphology
characteristics of SMPU and TiSMPU nanocomposites, respectively. Samples wese fiked on an
aluminum sample stub and sputtered with gold urdeuum conditions. Then the sample chamber was
opened to place samples. Finally, the morphologiesimples were observed using FESEM.

A UV-vis spectrophotometer (Lambda 950 type, PEAUSvas utilized to record the diffuse
reflectance spectra of SMPU and Fi@MPU samples. A BaSQtandard was used as a reference sample
for baseline correction. The scan range was 200~80at a data interval of 1nm.

WAXD (Ultima IV type, Rigaku, Japan) was used todstigate effects of TiDcontents on the
crystallization behaviors of SMPU. The XRD analyners with Cu-kx radiation {= 0.15418 nm). The
accelerating voltage and applied current were 4@RY 30 mA, respectively. The WAXD patterns were
recorded in the2range from 10 ° to 80 ° in the step scanning maderate of 2°/min.

The effects of TiQ@ addition on molecular chain states of hard and sefments in SMPU and

interfacial structures between H@anoparticles and SMPU matrix were characterizédgua SAXS

instrument (Nanostar type, Bruker AXS, Germany)hw{fu-K® radiation and Ni chip filtering,



respectively. The accelerating voltage and appigdent were 35 kV and 30 mA, respectively. The ste
scanning mode was used with a step length of 0ada%canning rate of 1° min

The influence of Ti@ contents on the shape memory effects of SMPU wakiated at (Tt+10)C
using the shape fixity ratid¥) and shape recovery ratiB;J which were described elsewhere [17].

Dog bone specimens with the middle distance of 40 were stretched by an electronic universal
testing machine (ETM504C, Wance test equipmentn@hio study the influence of Ti@ontent on the
tensile properties of the SMPU. The tensile propgrtsuch as tensile strength and elongation akbre
were tested at room temperature with a loadingabi® mm/min. Three effective specimens were teste
for each group.

3. Results and discussion
3.1 Thermal properties
DSC tests were conducted to discuss effects odreifit TiQ contents on the thermal properties of

TiO,/SMPU nanocomposite§he test results are shown in Fig. 1.

Exothermic

= SMPU

E

3

E

2 1%Ti0,/SMPU

°

L

E )’-.: II.

2 3%Ti0,/SMPU
J\ 5%TiOo/SMPU

-20 0 20 40 60 80 100

Temperature ('C)

Fig. 1 DSC thermograms of TiO,/SMPU nanocomposites with different TiO, contents

From Fig. 1, the obvious step-shape changing cuavesnot seen on DSC thermograms, so it is

difficult to determine the § of TiO/SMPU nanocomposites. However, JSMPU samples show
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endothermic peaks in the temperature range froffC4® 65°C, which suggests the,Tof crystallites in
soft phase of SMPU. This is because thg df hard phase in SMPU is usually higher than this
temperature range [18]. It is believed that theotimekmic peaks are the melting peaks of soft pbadlee
overlaps of hysteretic peaks of T19]. Since the shape memory is generated by titmy elastic
behavior of rubbery soft phase, ©f soft phase is generally regarded asflISMPU to actuate its shape
memory actions [20]. Therefore, DSC thermogramerdeine the § of crystalline soft segments as the
shape memory switching temperature of JEMPU to discuss their shape memory properties [20]

Additionally, it is noted that the DSC curve pe&lows a slight shift to the low temperature with the
increase in Ti@ contents, indicating that thgsTof TiO,/SMPU nanocomposites are gradually lowered.
This is attributed to the fact that the added ;Ti@nopatrticles disturb the symmetry and ordernéss o
SMPU molecular chains, and hinders the crystalbnabf soft phases which causes the decrease in
crystallinity of SMPU [21]. Thus the 3 of TiQ,/SMPU are lowered as the Ti@ontent is increased.
However, it is found that Ti©content shows slight influences on thef TiO,/SMPU nanocomposites.
3.2 Mor phology changes

FESEM was used to discuss the changes in micrasoogiphology of TI'SMPU nanocomposites
as the TiQ content is increased. SEM images of FJEMPU nanocomposites with different GO

contents are present in Fig. 2.
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Fig. 2 SEM images of TiO,/SMPU nanocomposites with different TiO, contents

It is seen from Fig.2 (a) that pure SMPU is complasiea lot of porous structures. The applied loads
can be delivered by the pore walls in ZI®MPU nanocomposites. However, the pores in SMRU ar
gradually filled up by Ti@ nanoparticles with the increase in Ji€bntent. As shown in Fig. 2 (b), the
pores are partly filled up when the Li©ontent is 1%. From Fig. 2 (c), it is observed thhpores are
almost filled up and few agglomerations are fouritemw TiQ content is 3%. Ti@ nanoparticles are
wrapped by SMPU matrix to form a compact skeletamcsure in TiQ/SMPU nanocomposites. However,
when TiQ content is up to 5%, the microscopic morphologyn@ smooth and Ti©particles are
agglomerated in SMPU as shown in Fig. 2 (d). Thi®ecause Ti©Onanoparticles have large specific
surface area, and there are many active sites @rsulface which leads to the surface energy in an
unstable state. It is easy to agglomerate and raastable balanced state which may affect othér tes
results of crystallization behaviors, shape menadigcts, mechanical properties, etc [21].

3.3 Crystallization behaviors

To investigate the influence of TiQrontents on crystallization behaviors and phasgctsirs of

9



TiO,/SMPU nanocomposites, WAXD tests are conductedchenltQ,, SMPU and TiIQGZSMPU samples,

respectively. The test results are illustratediq B.
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Fig. 3WAXD patternsof TiO,, SMPU and TiO2/SMPU composites with different TiO, contents
As shown in Fig. 3, pure SMPU shows a broad diffuskffraction peak at aroundd219°,

indicating that SMPU is typical of amorphous polyioanaterials, and there are amorphous phases or
microcrystals in SMPU. This may be due to the thet the crystals formed by the polymer are usually
microcrystalline structures, and their crystal§iiees are small [22]. Another reason is attributethe the
aggregation of chain segments because of microges®gation in SMPU [23]. Also, when the different
contents of TiQ are added into SMPU, five main characteristicrddfion peaks of Ti@are still seen at
27.4°, 36.0°, 41.2°, 54.3° and 69.0°, respectiv€lpmpared with Ti@ standard card (JCPDS No:
21-1276), it is found that Tiused in this study is rutile phase.

From Fig. 3, it is noted that the intensity of ceristic diffraction peak of TE)§SMPU at 2=19°
is decreased gradually and the peak become wealidsraader with the increase in Gi€ntent. This is
because Ti@ nanoparticles affect the motion of molecular ckam SMPU and then the orderness of
chain segments is decreased and it is difficuloton a stable aggregation state [24]. Thereforis, ldads
to the decrease in crystallinity of T{SMPU, and the intensities of diffraction peaksdree weaker.

10



Furthermore, the diffraction peaks also appear7at®2 36.0°, 41.2°, 54.3° and 69.0° in the WAXD
patterns of TIGGSMPU nanocomposites, and the intensities of diffom peaks are increased gradually
with the increase in TiQcontent. It suggests that the characteristic aiffon peaks of Ti@exist in
TiO,/SMPU nanocomposites. This indicates that ;Ti@anoparticles are successfully filled in SMPU
matrix and they still retain the original crystaiugtures in the compositses [25].

3.4 Optical properties

In order to study effects of T¥éhanoparticles on optical properties of SMPU, thé-Mis DRS tests

are carried out on pure SMPU and 7i®MPU nanocomposites. UV-Vis absorption spectra of

TiO,/SMPU nanocomposites with different Hi@ontents are shown in Fig. 4.
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Fig. 4 (a) UV-Visreflection spectra of TiO,/SMPU nanocomposites with different TiO, contents and
(b) enlarged subplot in UV light region

As shown in Fig. 4 (a), pure SMPU has a largeegfince in the UV light region than HISMPU
nanocomposites. After the TiGhanoparticles are incorporated in SMPU matrix, te#ectance of
TiO,/SMPU nanocomposites is decreased in the UV lighgton, particularly in the wavelength range
from 310 nm to 400 nm. This is because that thier@iO, used in this study belongs to the n-type
semiconductor with a wide band gap, which is coredasf low energy band (valence band) with full of
electrons and high energy band (conduction banthowt electronsg. Under the stimulation of UV

light, the electrons of valence band absorb energymp to conduction band. This makes Fi® absorb
11



more UV light so that the UV reflectance of TIGMPU nanocomposites is decreased. This effectively
lowers the degradation and photo-aging of SMPUtdubke absorption of UV light.

Fig. 4 (b) further presents that the UV reflectant&%TiO,/SMPU sample is similar to that of pure
SMPU, and the UV reflectance of 3% HISGMPU sample is smaller than those of 1%I8MPU and
5%TiO,/SMPU samples. This is because the ;TtOntent of 1% is too small to have obvious effexts
the reflectance of TiI@SMPU nanocomposites. Another reason is some; Th@noparticles in
5%TiO,/SMPU sample is agglomerated as shown in Fig. 2 Mthich affects the UV reflectance of
TiO,/SMPU. Additionally, from Fig. 4 (a), it is notetiat the UV-Vis reflection spectra of T{SMPU
nanocomposites present a red shift. This may bealthe fact that the UV light absorption rangel,
is wider, thus expanding the absorption range G/BMPU nanocomposites [26].

In the visible light region, pure SMPU reflectarioevisible light is about 85%, while the reflectanc
of TiO,/SMPU nanocomposites is increased. Particularly, risflectance of 3%Tig@6SMPU sample
reaches the maximum value of 95%. The possibleoreasthat the reflectivity of TiQcrystal face is
stronger. The reflectivity of 5%TKIBEMPU sample is lower, which is attributed to thartal
agglomeration of Ti@nanoparticles.

It is concluded that the suitable Ti©ontent can improve the UV light absorptance asibhe light
reflectance of TIQSMPU nanocomposites. When the Ti€ntent is 3%, the absorptivity to UV light
and the reflectivity to visible light of Ti@SMPU reach the maximum values. The absorbed UM I
transformed into heat to emit from T#SMPU nanocomposites, which can lower the damagdbe
SMPU molecular chains due to UV light absorptidhe reflectivity of TiQ to visible light can also

lowered the photo-aging properties of I ®MPU nanocomposites, thus prolonging its servfee |

12



3.5 Microstructural and interfacial characterization

The SAXS technique is used to obtain microstruttama interfacial information of pure SMPU and

representative 3% TEKIEMPU. 2D-SAXS patterns of the above two sampleshown in Fig. 5.

(a) SMPU (b) TiO,/SMPU

Fig. 5 2D-SAXS patterns of pure SMPU and representative TiO,/SM PU nanocomposites
As shown in Fig. 5 (a), 2D-SAXS patterns of SMPUbwhisotropic scattering haloes since the

scattering densities of hard and soft segmentslifezent. It indicates the presence of periodatnspic
structures due to the microphase separation in SJ27U This is because hard and soft segments are
randomly curled in the SMPU. From Fig. 5 (b), 2D>X&\patterns of TIQSMPU are quite similar to that

of SMPU, but the scattering intensity of BISMPU is obviously increased. The reason for thihat the
composite material is isotropic and the sphericatters of TiQ nanoparticles exist [28].

The corresponding SAXS profiles such as scatterurges and azimuthal intensities of pure SMPU

and representative 3% T#3MPU nanocomposites are illustrated in Fig. 6.
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Fig.6 SAXS profilesof (a) scattering curves and (b) azimuthal intensities of pure SMPU and
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representative 3% TiO,/SM PU nanocomposites

It is seen from Fig.6 that the scatting intensityTi®©,/SMPU is higher than that of SMPU. This is
because that the number of scatters is increasedthé addition of Ti@Qin SMPU, and the X-ray is
scattered by spherical TiGhanoparticles with crystal structures, leadingthe increase in scattering
intensity of TIQ/SMPU [29]. This indicates that the increase irttecang intensity is mainly attributed to
the addition of TiQ nanopatrticles.

Additionally, the scatting intensity of SMPU showaslecreasing trend with the increase in scattering
vector (q), suggesting there is an electron dertiffgrence between soft and hard segments in SMPU.
This is because of the microphase separation bate@it and hard segments which is derived fronr thei
mutual repulsion and respective aggregation in SM&ithilarly, the scatting intensity of T{EMPU
shows a more obvious decreasing trend with thee@ser in scattering vector (q). It indicates thatdhs
a larger electron density difference between;T@noparticles and SMPU matrix. This is attributted
the larger difference in material properties betwie®rganic TiQ and organic SMPU matrix.

As shown in Fig. 6 (b), SMPU and TiSMPU samples show similar scattering peaks. Howy¢e
scattering peaks of SMPU are stronger than tho§eé@ISMPU, particularly, and there is a broader and
stronger scattering peak at aroutwD’. This suggests that the microphase separatiomfofasd hard
segments in SMPU is affected by addition of Zi@anoparticles, and the ordered structures in SiirRU
decreased, forming more disordered structures iR @M he reasons for this are the interface intemact
between TiQ and SMPU and steric-hinerance effects affect fggegation of hard phase in SMPU [30].

Furthermore, more intermediate phase is formed d@twliQ nanoparticles and SMPU matrix,
leading to the decrease in miscrophase separati®@U. This is because TiGhanoparticles have a
huge specific surface area and high surface enalggough its content is small. SMPU

molecular chains are adsorbed on the Ti@anoparticle surface to lower their surface enel@g$-
14



nanoparticles are coated and anchored by organiecoiar chains of SMPU. The mutualdiffusion,
permeation and entanglement occur between SMPU culale chains and Ti©® nanoparticles,
generating the intermediatghase interface structures [30].

To further understand the interfacial structuresthe above two samples, the microstructure
characteristics are investigated by classical SA&ry according to SAXS scattering curves [28]s It
known that Porod approximation is suitable to déscthe interface information of different phasel.[3

Porod curves from SAXS test results of SMPU andesgntative 3% TiglSMPU are given in Fig. 7.

[
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o /
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Fig. 7 Porod curves of pure SMPU and representative 3% TiO,/SMPU nanocomposites

Fig. 7 shows the typical plot of lgfi(g)] versusg® from SAXS test results of SMPU and
representative 3% TKIEMPU samples. It is seen that the plot of 3%I8MPU sample is different from
that of SMPU, indicating the addition of TiGeads to the changes in electronic energy sthtesnoted
that the SAXS intensity plots of both SMPU and FJE&MPU nanocomposites do not conform to the
Porod theorem [28], and show the typical positiewiations at the high angles. Further, the positive
deviations of the above two samples gradually tendimilarity. This indicates that there are eleotr
density fluctuations at the interfaces between laad soft phases in SMPU, and between SMPU matrix
and TiQ nanopatrticles in TiBlSMPU nanocomposites. The electron density flucunat show no

obvious difference at the high angles.
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For TiO,/SMPU nanocomposites, it is believed that the fater interaction between organic SMPU
molecular chains and inorganic Ti@anopatrticles is responsible to the positive dana On the one
hand, there may be Debye shielding layer causesiygosnd negative charges on Jji@anoparticle
surface to redistribute [32]. The distribution adsgtive and negative charges is not a gradual gentl
transition process from the inside of nanopartitcesSMPU matrix, but it is a shielding process with
jumping characteristics. This results in the |laglakctron density fluctuation at the interface betwd@iO,
and SMPU matrix because the electrons at the atderére interfered by opposite charges [32].

Also, a large number of traps are formed at therfate due to the incorporation of inorganic FiO
nanoparticles, which leads to the generation oftespeharges, affecting the electron density in the
interface between TiOnanoparticles and SMPU [32]. Similarly, for pur®BU, the distribution of
positive and negative charges is not a gentle itrangrocess at the interface between the hardsaifid
phases of SMPU. The electrons at the interfaceiraegfered by opposite charges to cause the local
electron density fluctuation. Also, the formed sa the interface lead to electron density changes
3.6 Shape memory effects

To study effects of Ti@ contents on the shape memory effects of SMPU,stiegpe memory
properties of TI'SMPU with different TiQ contents are characterized RyandR;. The test results d%
and R, of TiO,/SMPU samples with different TigQcontents are within the standard deviations, &ed t

average values ¢ andR. are presented in Table 1.

Table 1 Test results of shape memory effects of TiO,/SM PU specimenswith different TiO, contents

TiO, content (%) lo(mm) Iy (mm) I (mm)  I3(mm) R R
0.0 40.0 42.7 42.7 40.0 100% 100%
1.0 40.0 43.0 43.0 40.0 100% 100%
3.0 40.0 43.2 43.1 40.1 96.9% 96.8%

5.0 40.0 42.9 42.7 40.2 93.1% 92.6%
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From Table 1, it is found that boR andR. of pure SMPU and 1%TiKZEMPU specimens are 100%,
indicating that a small amount of Ti@anoparticles has few effects on the shape memperties of
SMPU. BothR: andR; of 3%TiO,/SMPU and 5%TiQSMPU specimens are slightly less than those of
pure SMPU and 1%Ti&@&SMPU specimens. This suggests that the shape memruperties of SMPU are
lowered as the Ti@content is further increased. The resons for #mes that the addition of TO
nanoparticles loweres the crystallization of sefyjreents in SMPU, and thus affects By@f SMPU. At
the same time, the added Ti@anoparticles in the composite system preventhidnel phase from
recovering to its original states, and this resistais increased with the increase in Ji€ntent.
Therefore, botlr andR: of TiO,/SMPU nanocomposites are decreased. Howevemdted that botlir
and R of TiO,/SMPU nanocomposites are larger than 90%, indictireg the prepared TWBMPU
nanocomposites have better shape memory effects.

3.7 Mechanical properties

Effects of TiQ content on tensile properties of SMPU are disai$sge since it is obvious that the
compressive performance of SMPU is improved aféénfored by TiQ nanoparticles. Test results of

tensile stress-strain responses of J8MPU with different TiQ contents are given in Fig. 8.
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Fig. 8 Tensile stress-strain responses of TiO,/SMPU composites with different TiO, contents

As shown in Fig. 8, both tensile strength and edtiog at break of TIGSMPU nanocomposites are

17



first increased and then decreased as the dadtent is increased from 0% to 5%. The 3%ISMPU
specimen shows the highest tensile properties. Ehisainly because SMPU belongs to the foam
materials, and there are a lot of tiny pores in 8MRatrix. When a small amount of Ti®s added in
SMPU, these nanoparticles are filled in the tinyego The obvious size and surface effects of, TIO
nanoparticles lead to a close combination with SMRalrix, thus the intermolecular interaction forse
improved. Thus when the TEMPU specimen is in tension, the tensile strelagth elongation at break
of the nanocomposites are increased.

However, TiQ nanoparticles are not uniformly dispersed in SMRa&trix as TiQ content is more
than 3%. The formed agglomeration of Ji@anoparticles affect the motion and orderness ataular
chains so local defects are easily generated in/$MPU nanocomposites. This leads to the stress
concentration in TIGSMPU nanocomposites during the tension test, hed the tensile strength and
elongation at break are lowered.

4. Conclusions

In this study, TIQ/[SMPUnanocomposites with different rutile TiContents are prepared, and their
various properties are characterized and discu3$edmain conclusions are obtained as follows.

(1) The melting temperature of soft segments in MR used as the shape memory oF
TiO,/SMPU. It is lowered as Tifcontent is increased, but showing a slight infagean the T All shape
memory Ts of TIO/SMPU are at around 85, and the programming temperature is propose8 %.6

(2) The prepared SMPU is porous structures. Alepare almost filled up when Ti@ontent is 3%,
and TiQ nanoparticles are wrapped by SMPU to form complaeleton structures in TLEMPU. Some
agglomerations are found as Fi€bntent is up to 5% which affect test resultsrgbtallization behaviors,
optical performance, shape memory effects, mechbproperties, etc.
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(3) The added rutile TiQlowers the crystallinity of SMPU and decreases diféraction peak
intensity of TIQ/SMPU. TiG retains its original crystal structures in IO®MPU. The suitable Ti©
content can improve the absorptivity to UV lightdamcrease the reflectivity to visible light of
TiO,/SMPU. This improves the anti-aging properties i@:1SMPU, thus prolonging its service life.

(4) Both SMPU and TigJSMPU show similar isotropic 2D-SAXS scattering tpats, but the
scattering intensity of Ti@SMPU is obviously higher than that of pure SMPWAXS profile of
TiO,/SMPU present a more obvious decreasing trendttieirof SMPU due to the larger electron density
difference between Tinanoparticles and SMPU matrix.

(5) The microphase separation in SMPU is affectgdthe addition of TiQ nanoparticles, and
ordered structures in SMPU are decreased. SAXSidityeplots of SMPU and TiggSMPU do not
conform to Porod law, showing typical positive dgwons. There are electron density fluctuationghat
interfaces between hard and soft phases, and bet3M@U and TiQin TiO,/SMPU.

(6) BothR: andR: of TiO,/SMPU are decreased with the increase i, i@ntent, but they are larger
than 90% even if Ti@ content reaches 5%. Prepared J8MPU nanocomposites have better shape
memory effects. The tensile properties of FEMPU are improved by adding a suitable Ji€antent.
TiO, content of 3% is proposed to prepare JBMPU nanocomposites.
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