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Preface — ‘Publication pollution’

T. Czigdny”

Department of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and

Economics, Miiegyetem rkp. 3., H-1111, Budapest, Hungary

Dear Readers,

eXPRESS Polymer Letters has entered its sixth
volume, with an impact factor of 1.575, which is
about 10% higher than last year. Assessing the past
5 years, statistically speaking 466 full research papers
and 60 short editorial papers presenting actual trends
and novelties have been published so far. Interna-
tional reputation and recognition of the journal
increases year by year, with a growing number of
citations and publication downloads. In eXPRESS
Polymer Letters, despite its young age, there have
already been published certain papers that reached
thousands of downloads and over 50 citations in the
Web of Science. These remarkable results are due
to the strict peer reviewing process of the journal
that results in a rejection rate of almost 80%.
However, we cannot ignore the negative tendencies
that seem to escalate nowadays, which can be
divided into three main groups. Firstly, owing to the
‘publication pressure’, weak, poor quality manu-
scripts are flooding the editorial offices. This is
simply denoted as ‘publication pollution’ by us, that
only causes excess work to the editors, but does not
contribute to the state-of-knowledge at all. The sec-
ond, even worse phenomenon that also has its roots
in the ‘publication pressure’ is the parallel publica-
tion of identical (or minimally modified) results in
various journals, which raises a very serious ethical
problem in science. It is a huge responsibility for aca-
demic leaders, research team leaders and PhD super-
visors to prevent publication of results that have
already been submitted or accepted elsewhere or
perhaps even appeared in another journal. This
‘cloning’ of publications may provide short term
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advantages for the authors as they will have improved
statistics and higher cumulative impact factor, but
in the long run such unethical behaviour is sooner
or later revealed, and the journals will no longer
accept any publication by the authors or by their
institutions involved. This kind of paper multiplica-
tion increases ‘publication pollution’ again, and does
not contribute to a deeper scientific knowledge. The
third, and most serious, problem is plagiarism that
raises questions falling under the category of crimi-
nal law, as it may constitute crime. To present other
people’s results as if they were one’s own without
indicating the source is a reprehensible and despica-
ble act.

Based on the above we consider it important to act
together against such unethical behaviour of some
authors, and for the sake of sustainable develop-
ment all actors of education, research, development
and innovation sites should actively participate to
prevent ‘publication pollution’.

Finally, we are grateful for the painstaking work of
our authors and referees, and in the name of the edi-
tor-in-chief, the international advisory board and
the local editorial team, the editor wishes you a lot
of success in year 2012. Sincerely yours,

Prof. Dr. Tibor Czigany, editor
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Abstract. Hybrid thin films containing nano-sized inorganic domains were synthesized from UV-curable acrylate-modified
waterborne polyurethane (WPU-AC) and monodispersed colloidal silica with coupling agent. The coupling agent, 3-
(trimethoxysilyl)propyl methacrylate (MSMA), was bonded onto colloidal silica first, and then mixed with WPU-AC to
form a precursor solution. This precursor was spin coated, dried and UV-cured to generate the hybrid films. The silica con-
tent in the hybrid thin films was varied from 0 to 30 wt%. Experimental results showed the aggregation of silica particles in
the hybrid films. Thus, the silica domain in the hybrid films was varied from 30 to 50 nm by the different ratios of MSMA-
silica to WPU-AC. The prepared hybrid films from the crosslinked WPU-AC/MSMA-silica showed much better thermal
stability and mechanical properties than pure WPU-AC.

Keywords: polymer composites, acrylate-modified waterborne polyurethane (WPU-AC), 3-(trimethoxysilyl)propyl

methacrylate (MSMA), WPU-AC/MSMA-silica hybrid

1. Introduction

Organic-inorganic hybrid materials have been
extensively studied recently since these materials
exhibit the combined characteristics of organic
polymer (e.g., flexibility, ductility, dielectric prop-
erty) and inorganic materials (e.g., rigidity, high
thermal stability, strength, hardness, high refractive
index) [1-7]. The properties of hybrid materials
could be tailored through the adjustment of func-
tionality or segment size of each component. Some
special or novel properties can be acquired because
of the effects of nanoparticles. Therefore, these
materials could be widely used in the applications
of protective coatings [8], high refractive index
films [9—12], thin film transistor [13], light-emitting
diodes [14-16], solar cell [17], optical waveguides
materials [18—19], and photochromic materials [20].
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Reinforcing of polymer is usually achieved in poly-
mer composites by adding reinforcement such as
fibers and particles to the polymer matrix, and some
interesting results have been reported using poly-
mer-clay nanocomposites [21], polymer-polyhedral
oligomeric silsesquioxane nanocomposites [22],
and organic-inorganic hybrids [1-20]. Generally,
there are two typical kinds of organic-inorganic
nanocomposites. One is the physical blend wherein
weak physical interactions exist between organic and
inorganic phases, e.g., hydrogen bonding, van der
Waals forces. The other possesses strong chemical
covalent or ionic bond between organic and inor-
ganic phases. The addition of silica causes increase
of crystallinity and chain orientation of polyure-
thane (PU) due to interactions between polymer and
hydroxy groups present on the silica surface [23].
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The organic-inorganic hybrid method has attracted
increasing attention in obtaining high performance
composites. This approach has an advantage of pro-
cessing at relatively low temperature by using a sol-
gel process [5, 9, 18].

One of the recently studied materials is PU/inor-
ganic oxide. PU has been used in optical devices
due to its good optical properties and processibility.
However, its thermal and mechanical properties
have limited its applications [21]. One possible
solution to the above problems is to hybridize with
inorganic oxides such as silica or titania. The com-
monly used polymer was solvent-based polyure-
thane, and the silica network in the hybrid materials
reported previously was prepared from alkoxysi-
lanes [24]. The size distribution of the inorganic
segment in the hybrid materials has not been well
controlled, which may be very important for spe-
cific optical applications. One possible solution is to
use monodispersed colloidal silica instead of prepar-
ing silica network from alkoxysilanes [24]. In real
hybrid preparation, a selection of optimal hydrolytic
media like alkoxysilanes is allowed to control the
process of hybrid composites synthesis at an ade-
quate level. However, the preparation of waterborne
polyurethane/nanoscale colloidal silica composite
films has not been addressed in the past studies.
Such composite films could have important appli-
cations for optical coating or refractive index tuning
films. In our previous work [25], waterborne polyure-
thane (WPU) was synthesized and followed by
adding colloidal silica to prepare WPU-silica
hybrids. The silica content in the hybrid thin films
was varied from 0 to 50 wt%. The effect of interac-
tion between silica particle and urethane polymer
chains is more significant with increasing silica
content. The prepared hybrid films show much bet-
ter thermal stability and mechanical properties than
pure WPU. The optical transparence did not lin-
early decrease with increasing the silica fraction in
the hybrid thin film. Results showed that the pre-
pared hybrid films demonstrated tunable trans-
parence with the silica fraction in the films. This
belongs to the physical blending. Here, we try to
study the characteristics of the chemical covalent
bonding/cross-linking through WPU-incorporating
monodispersed colloidal silica with a coupling
agent.

In this work, we extend our study that the hybrid
films of polyester-based waterborne polyurethane
incorporating monodispersed colloidal silica with a
coupling agent (3-(trimethoxysilyl)propyl methacry-
late, MSMA) as reinforcement are employed to
investigate their properties. This combines the
methods of a sol-gel process, spin coating, and UV-
curing polymerization. The characteristics of hybrid
films are investigated as a function of colloidal
MSMA-silica content.

2. Experimental

2.1. Materials

Ester-type polyol (PA4210, M.W. = 650, Taichin
co., Kaohsiung, Taiwan), produced by the transes-
terification of ethyl glycol (EG), butyl glycol (BG),
and adipic acid (mole ratio of EG to BG is 1:1), was
dried and degassed under vacuum at 85°C for 24 h.
Acetone was distilled over anhydrous MgSOy,
(Merck, Germany) at low pressure and stored over
3A molecular sieve before use. 3-(Trimethoxysi-
lyl)propylmethacrylate (MSMA, 98%, Aldrich,
USA), colloidal silica (15-20 nm, 20 wt% in H,O,
Nissan Chem. Ind., Japan), 2-Hydroxyethylacrylate
(2-HEA, First Chem., Taiwan), Photoinitiator
(Irgacure 2959, Ciba-Gagy, Germany), and ethyl-
ene glycol ethyl ether (cellosolve, 99.9%, Acros)
were used for the preparation of hybrid films.

2.2. Synthesis of Acrylate-modified WPU
(WPU-AC)

Acrylate modified waterborne polyurethane (WPU-
AC) dispersions were prepared employing our
modified acetone process as Figure 1. The seg-
mented prepolymer (polyester-DMPA-PU) used in
this study was synthesized by a one-step addition
reaction. To a 1000 ml four-necked round bottomed
flask complete with an anchor-propeller stirrer 7 cm
in length and 2 cm in width, a nitrogen inlet and
outlet, and a thermometer, 4,4-methylenebis-(cyclo-
hexyl isocyanate) (H;,MDI, Aldrich, USA) (95 g;
0.362 mol) was charged under a nitrogen gas atmos-
phere, and a solution of polyester polyol (113.87 g;
0.175 mol) and dimethylolpropionic acid/dimethyl-
formamide (DMPA/DMF = 10 g/25 g, Merck, Ger-
many) was then added over a period of 0.5 h under
gentle stirring (300 rpm). The mixture was heated
at 100°C until the theoretical NCO content of the
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Figure 1. The process of acrylate-modified waterborne polyurethane (WPU-AC) dispersions

prepolymer was reached as determined by the di-n-
butylamine titration method [26-27]. 2-Hydrox-
ylethylacrylate (2-HEA, 15 g) was then added to
react with the above NCO-terminated PU prepoly-
mer. Partial residual NCO-terminated and 2-HEA-
terminated PU solution was adjusted to acetone/
PU-AC ratio of 2.8 through addition of a suitable
amount of acetone. Triethylamine (TEA, 10 g,
Merck, Germany), a neutralizing agent, was added
immediately to the above solution (PU-AC solid,
243.87 g). The resulting mixture was then heated at
50°C for 3 min, yielding PU-AC anionomers in ace-
tone. The stoichiometric ratio of TEA to COOH
was 1.0. Doubly distilled water (500 g) was added to
neutralize PU-AC anionomer solution at respective
agitation rate and water addition rate of 500 rpm
and 2 ml/min. An aqueous dispersion of ~33 wt%
WPU-AC solids was obtained upon removal of ace-
tone by rotary vacuum evaporation.

2.3. Preparation of colloidal MSMA-SiO,

Preparation of colloidal MSMA-SiO; solution is
shown in Figure 2. 3-(Trimethoxysilyl)propyl-
methacrylate, aqueous colloidal silica, de-ionized
water and ethylene glycol ethyl ether (cellosolve, as

OH
HO OH C”) OCH,
/
HO @ oH + Hzc::c/ o N8I —OCH,
| OCH
'3
HO OH CH,
OH H,0
colloidal silica H MSMA
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60°C

CH,
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Figure 2. Preparation of MSMA-SiO, colloidal solution
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a solvent) were mixed at the ratio of 2:5:2:25 with
adding one drop of acetic acid. Then, the reaction
mixture was poured into a three-necked reactor to
perform the hydrolysis/condensation reaction. The
reaction temperature was maintained at 60°C and
the solution was stirred under a nitrogen flow for
2 h to obtain the transparent colloidal MSMA-SiO,.

2.4. Preparation of WPU-AC-MSMA-SiO,
hybrid films

The colloidal MSMA-silica obtained in the proce-
dure of section 2.3. was subsequently mixed with a
homogeneous WPU-AC dispersion with a desire
ratio of WPU-AC/MSMA-SiO; and the photoinitia-
tor, 5 wt% for total solid, to perform the preparation
of film. The mixed solution was thoroughly stirred
for 10 min. Then, this solution was spin coated on a
6 inches silicon wafer to control the final film thick-
ness about 0.5 mm. The coated film was dried in
glove box at room temperature (25°C) for 24 h, and
then cured on a hot plate at 70°C for 1 h, 90°C for
1 h, and 150°C for 1 h, respectively. Finally, this
dried film was subjected to UV-curing (Anly, APT-
6S, Taiwan) with the irradiation of 2200 W power
for 10 min.

2.5. Characterization

IR spectra of the prepared films were obtained on a
KBr pellet using a Nicolet FTIR 550 Fourier-trans-
form IR spectrophotometer. The *C and 2°Si NMR
spectra of the solid-state hybrids were determined
(Bruker, AVANCE-400, USA) with cross polariza-
tion combined with the magic angle spinning (CP/
MAS) technique using 200-300 mg samples. The
13C measured conditions of pulse width, recycle
delay, contact time and number of scans are 5.5 ps,
5's, 1000 us, and 1486 cycles, respectively, at
100.6 MHz. These conditions corresponding to 2°Si
are 3 us, 200 s, 1000 ps, and 294 cycles, respec-
tively, at 79.4 MHz. MSMA-Si0O, particle size was
measured on the transmittance electron microscope
(120 kV, TEM, JOEL JEM-1230, Japan). The frac-
ture surface of hybrid thin films was examined on
the (Philips, XL-40FEG, Netherland) field emission
scanning electron microscope (SEM).
Thermogravimetric analysis (TGA) was performed
under a dry nitrogen flow using a Perkin-Elmer
(TGA 7, USA) over a temperature range of 50-800°C
at a heating rate 10°C/min. The TGA and DSC sam-

ples were prepared by spin-coating the mixed solu-
tion on a glass substrate, followed by curing at dif-
ferent temperature steps as described in the film
prepared. Differential scanning calorimeter (DSC,
Perkin-Elmer, DSC 7, USA) was used for the inves-
tigation of glass transition temperature of synthe-
sized hybrid materials. Appropriate 5 mg of sam-
ples were sealed in aluminum sample pans. DSC
analyses of these hybrid materials were then con-
ducted under nitrogen flow at a heating rate of
20°C/min from —60 to 50°C. The stress-strain prop-
erties of the prepared films (1 mm thickness) were
tested using an Instron (Shimadzu, AG-IS, Japan) at
a pull rate of 10 mm/min.

Wide angle X-ray diffraction measurement was car-
ried out with Rigaku ZD3609N (Japan) series, using
CuK,, radiation at a scan rate of 5/min. The trans-
mittance of the prepared hybrid films (ca. 0.5 mm
thickness) was peeled from silicone wafer and then
measured by using the UV-Vis spectrophotometer
(Perkin-Elmer, Lambda 25, USA). The hardness of
hybrid films (ca. 0.5 mm thickness) on silicone
wafer was measured by using a pencil hardness
tester (Jiin-Liang Co., B-3084T4, Taiwan) following
the standard method of ASTM D1474-98 (2002).

3. Results and discussion

3.1. Analysis of chemical structure

Figure 3 shows the FTIR spectra of (a) MSMA, (b)
colloidal silica, and (¢) MSMA-silica (MSMA-
Si0,, MSMA/silica = 2.0/1.0), respectively. There
are two characteristics from the comparison of the
spectra. The first comes from the comparison of the
Si—OH absorption band in the spectra. The Si—-OH
of the pure colloidal silica and MSMA is observed
at 963 and 919 cm™!, respectively, which is similar
to previous report [28]. However, the Si—-OH peak
on silica and MSMA is completely disappeared with
bonding MSMA onto silica. This suggests the com-
plete condensation of the Si—-OH bond on the col-
loidal silica or bond on MSMA. But a very weak Si—
OCHj; peak (1170 cm™) on MSMA still appeared in
the spectrum of MSMA-Si0,. This incomplete con-
densation of the Si-OCHj; bond in MSMA probably
resulted from a high MSMA content and thus the
silica could not react with all of the Si-OCHj3 bonds
on MSMA molecules. The second feature is the nar-
row absorption band of C=C at 1635 cm™' in the
spectra of (a) and (c), but it is reasonably absent in
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Figure 3. (A) Full-range and (B) specified-range (750-1200 cm™') FT-IR spectra of (a) MSMA, (b) pure silica and

(c) MSMA-SiO,

the spectra (b) of colloidal silica. On the other hand,
the absorption bands of asymmetrical Si—O-Si
(1110 cm™) and symmetrical Si-O-Si (800 cm™)
are more significant in the spectrum of MSMA-
Si0O,. This reflects that the Si—-OCH3 groups on
MSMA reacted with Si-OH groups on silica
through the hydrolysis/condensation, resulting in
the formation of Si-O-Si covalent bonding. The char-
acteristic bands of MSMA are observed at 1100—
1200, 1735, 2950 and 2800, and 1635 cm™' corre-
sponding to Si—-O-C, C=0, —-CHj3;, and C=C,
respectively. Figure 4A shows the FTIR spectra of
(a) WPU-AC, (b) 5% MSMA-SiO,/WPU-AC and
(c) 20% MSMA-SiO,/WPU-AC without UV-curing
films, respectively. The absorption bands of C—O-C
or Si—O-Si, C=C, C-H, and N-H are observed at
1039-1192, 1635, 2940, and 3250-3500 cm™!,
respectively. Asymmetrical Si—O-Si absorption
band located at 1100 cm™!, which increases with
increasing MSMA-SiO, content. This indicates the
formation of silica structure in the hybrid films.
With the increase of MSMA-SiO, content, the
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absorption band of 800 cm™ is also significant, cor-
responding to the formation of silica network. More-
over, the active group (C=C) at 1635 cm™' still
occurs in these films, which serves as further UV-
curing polymerization to form an inorganic/organic
hybrid film. The FTIR spectra corresponding to
these hybrid films after UV-curing are shown in
Figure 4B. It is obvious that the absorption band of
C=C (1635 cm™) has disappeared through UV-cur-
ing reaction in the hybrid films. Also note that the
broad bands of N—H can still be observed in the
hybrid films.

13C CP/MAS spectra of the MSMA-SiO,, 5%
MSMA-Si0,/WPU-AC, and 20% MSMA-SiO,/
WPU-AC with UV-curing is shown in Figure 5.
These spectra show a weak absorption peak at
106 ppm. The band might be due to the carbon atom
of the Si—~OCHj3; group [29]. The result indicates that
the Si—~OCHj; residue exists in MSMA-Si0,, 5%
MSMA-SiO/WPU-AC and 20% MSMA-SiO,/
WPU-AC hybrids. For the case of MSMA-Si0,, the
carbon atoms on the methyl and methylene groups

() 20% MSMA-SIO, + WPU-AC

1635

(b) 5% MSMA-SIO,
+ WPU-AC

Transmittance [%]

(a) WPU-AC

4000 3600 3200 2800 2400 2000 1600 1200 800
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Figure 4. FT-IR spectra (A) before UV-curing and (B) after UV-curing for (a) WPU-AC, (b) 5% MSMA-SiO,/WPU-AC

and (c) 20% MSMA-SiO,/WPU-AC
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Figure 5. 1°C CP/MAS NMR spectra of MSMA-SiO, and
MSMA-SiO,/WPU-AC. (a) MSMA-Si0,,
(b) before UV-curing and (c) after UV-curing 5%
MSMA-SiO,/WPU-AC.

are observed at 9, 17, 22, 45, 55, 67, 106, 168, and
177 ppm. The absorption of 168 ppm corresponds
to the C=C bond. The absorption peaks at 9, 22, and
67 correspond to propyl carbon atoms on MSMA
molecules. The band at 17 is the methyl group. The
absorption peaks of 45 and 55 ppm correspond to
the carbon atoms of acrylic groups. And, the band
of 177 ppm arises from the carbon atom of carboxyl
group. In addition, the absorption peaks of 125 and
137 ppm result from the residue of cellosolve because
this MSMA-SiO, sample is dried in room tempera-
ture. The carbon atoms on the WPU-AC chains are
observed at 9, 27, 34,47, 64, 157, 173 and 177 ppm.
A peak centered at 157 ppm, is observed in the car-
bonyl region consisting of the urea and urethane
carbons. The resonance at 64 ppm is ascribed to the
soft-segment carbons that are adjacent to a urethane
linkage. The absorption bands of 55 and 67 ppm for
MSMA-SiO, are merged into the soft-segment car-
bons. The peak at 47 ppm is attributed to the sec-
ondary carbons on the cyclohexyl rings bonded to
nitrogen atoms and CH, groups (Cg), respectively.
The peaks at 34 and 27 ppm are associated with the
primary carbons in the cyclohexyl rings. It is inter-
esting to note that the line width of the 34 ppm peak

T + 272 + 373
+

is markedly sharp as compared with other peaks.
This feature implies that an effective motional nar-
rowing undergoes possibly due to the segmental
motion of polymer chain. In addition, the band of
177 ppm in MSMA-SiO,/WPU-AC becomes weaker
than MSMA-SiO,, indicating a diluted effect. The
bands of 125 and 137 ppm disappeared in the spec-
tra of MSMA-SiO,/WPU-AC samples. This can be
explained that the cellosolve residue is evolved dur-
ing the baking step at 150°C for 1 h. It is noteworthy
that the 168 ppm band of C=C bond exists in both
MSMA-SiO, and MSMA-Si0,/WPU-AC samples.
But this peak cannot be observed in MSMA-Si0O,/
WPU-AC film after UV-irradiation, indicating that
the polymerization has been achieved between
WPU-AC and MSMA-SiO, molecules. This result
is consistent with FTIR observation.

To gain more insight into the influence of WPU-AC
polymer chain on the silica, 2°Si CP/MAS NMR
experiments of the prepared hybrid films have been
performed and shown in Figure 6. The spectra show
six peaks at —50 to —51, —57 to —59, —65 to —67, 91
to —93, —100 to —102, and —109 to —111 ppm (Fig-
ure 6A), which are assigned to T', T2, T3, Q?, Q°,
and Q% respectively. The positions of these peaks
are similar to previous reports [29, 30]. These peaks
correspond to the chemical structures shown in Fig-
ure 6B. It is clear that T' and Q' peaks come from
the coupling agent (MSMA) and colloidal silica,
respectively. Q' and T' subpeaks were deconvoluted
using a curve-fitting method (Figure 6C). The posi-
tions of T' (=50.5 ppm), T? (=58 ppm), T3 (—66 ppm),
Q* (-92 ppm), Q* (~101 ppm), and Q* (~110 ppm)
points were first fixed, and then adjusted the area of
these subpeaks to fit the corresponding full area of
Q' and T' subpeaks. The maximum error associated
with the deconvolution of 2°Si spectra is expected
to be £3%. The degree of condensation (D.) in the
hybrid materials was determined by a quantitative
analysis based on the peak areas of species. The D,
of the hybrid materials was obtained from the pro-
portion of T' and Q' according to Equation (1) [30]:

Q! +2Q2 + 3Q3 + 4Q*

Z 100 (1)
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Figure 6. 2°Si CP/MAS NMR spectra of the hybrids with different MSMA-SiO, content: (A) wide scan, (B) theoretical
structure, (C) deconvolution of T', T2, T3, Q?, Q3 and Q* components, and (D) the degree of condensation (D) of

various MSMA-SiO; content in the hybrids

The proportion of T! species decreases with increas-
ing silica content in the prepared hybrid films but
that of Q! species and D, shows the opposite trend
from Figure 6D. Q! directly depends on the Si-OH
condensation of the silica. Hence, it is conceivable
that it increases with increasing the silica content.
Similar explanation can be used for the D, because
Q' peaks corresponding to colloidal silica, whereas
the weighting and power numbers of Q' proportions
are higher than T' species (see Equation (1)). In com-
parison to our previous work [25], there exist sig-
nificant differences in the 2?Si CP/MAS NMR results
between the system in this work and the hybrid
films of WPU and colloidal silica [25].

3.2. Micro-structure analysis

The size of the silica particle in the hybrid films
was estimated from SEM micrographs. The size in
the hybrids was generally larger than that in pure
MSMA-SiO; (20-25 nm from TEM image in Fig-
ure 7A). It increased to more than 30-50 nm in the

hybrid films of 30% MSMA-SiO,/WPU-AC (Fig-
ure 7B). The large size of the silica particle might
be due to the incomplete coverage of silica particle
surface and results in aggregation. This reflects that
the moiety of MSMA-SiO; plays an important role
in the film quality of the prepared hybrid materials.
There exists local concave form in the hybrid film
in Figure 7B. This might be due to the difference on
the thermal expansion coefficient between the WPU-
AC and silica.

3.3. Thermal analysis

TGA and DTG curves of the hybrid with 30% are
shown in Figure 8A. Notations on Figure 8A are:
AY is the weight loss due to the thermal degradation
of polymer and Ty is the thermal degradation
onset temperature for the polymer. Two weight loss
points are observed in this TGA curve. Weight loss
at 293-316°C (AY)) is due to the degradation of
WPU-AC. This process is ascribed to a complex
procedure including depolymerization and decom-
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Figure 7. (A) TEM image of MSMA-SiO; and (B) FE-SEM image of 30% MSMA-SiO,/WPU-AC
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Figure 8. (A) TGA and DTG curves of the hybrid with 30% MSMA-SiO, in WPU-AC matrix and (B) TGA curve of the
hybrids at a heating rate of 10°C/min under nitrogen flow; (—) WPU-AC, (- -) 5% MSMA-SiO,/WPU-AC,
(-+) 10% MSMA-SiOo/WPU-AC, (---) 20% MSMA-SiO2 /WPU-AC and (- - —) 30% MSMA-SiO»/WPU-AC

position of the urethane and ester units of WPU-AC  Table 1. Weight loss and degradation temperature of hybrid

chains. Meanwhile, AY; at 427-454°C is due to the films with different MSMA-SiO, content in WPU-
generation of delayed-degradation for WPU-AC- AC
MSMA-SiO; cross-linked networks during the TGA Sample T‘[’;'z‘]“ T'[’;'gt]‘z ﬁ;{i ﬁ;{;
thermal degradation process. Thermal degradation  [\ypy.ac 203 448 742 149
led to the production of aldehyde and alkene end-  |5% MSMA-SiO, 301 454 69.8 19.3
groups in the molten state. AY; decreases with |10% MSMA-SiO, 307 451 52.0 34.1
increasing the MSMA-SiO, content, implying that ~|20% MSMA-SiO, 310 435 44.9 36.1
30% MSMA-SiO, 316 427 25.4 37.8

the cross-linked density increases with increasing
the MSMA-Si0O, content. This cross-linked network
needs higher temperature to decompose. Thus, the  Tyuser 1 increases with increasing MSMA-SiO; con-
materials of higher MSMA-SiO, content remain tent in the hybrids, but AY; shows the opposite trend.
more portion of cross-linked networks, resulting in ~ This result is because the chemical bonding between
the more MSMA-SiO, content the higherAY, WPU-AC and MSMA-SiO, increases with increas-
(Table 1). A shoulder at ca. 240°C may correspond  ing MSMA-SiO, content in the hybrid films, lead-
to the degradation of un-reacted components. A ing to the enhancement of thermal stability by
series of TGA experiments and the thermal-analysis  incorporating silica moiety in the hybrids. On the
data of the hybrids are shown in Figure 8B and other hand, the second degradation process shows a
summarized in Table 1, respectively, revealing that complex result. The Topse 2 first increased and then
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Figure 9. DSC curves of the hybrids with different MSMA-

SiO, content in WPU-AC matrix

decreased with increasing MSMA-SiO, content in
the hybrids. A close examination of AY, results
revealed that this value decreased with increasing
MSMA-SiO; content in the hybrids. This implies
that the weight loss involves polymer degradation
and silica phase transition.

The glass transition temperatures (7) of the hybrids
can be carefully measured using DSC instrument.
Figure 9 shows the 7} as a function of MSMA-Si0;
content embedded in WPU-AC films after UV-cur-
ing. It is clear that the value of T, increases with
increasing MSMA-Si0, content. This is because
the WPU-AC polymer is a linear molecule. With
the addition of MSMA-Si0, in WPU-AC and UV-
curing, the chemical bonding is achieved between
WPU-AC and MSMA-SiO, to form a network
structure, resulting in an increase in the 7.

3.4. X-ray diffraction

Figure 10 shows the X-ray diffraction curves for the
hybrid samples with varying the MSMA-SiO, con-
tent. For pure WPU-AC, nearly amorphous diffrac-

M
A 10% MSMA-SIO, in WPU-AC
_,./'M\\._ 20% MSMA-SIO, in WPU-AC
MN 30% MSMA-SIO, in WPU-AC

e

pure silica

10 20 30 40 50 60

20

Figure 10. X-ray diffractograms of the hybrids with differ-
ent MSMA-Si0O, content in WPU-AC matrix
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tion peak is seen near 26 = 200 [31], indicating the
crystalline of polyester segments. As the MSMA -
Si0, content increases, the diffraction becomes
weaker and broader, whereas this peak gradually
shifts to the characteristics of pure silica. This implies
that the orientation of polyester segments is signifi-
cantly disturbed through the addition of MSMA-
Si0, in WPU-AC matrix, suggesting that the influ-
ence of the chemical bonding exists between
WPU-AC and MSMA-Si0, after UV-curing. This
result is supported by previous FTIR and '*C-NMR
results.

3.5. UV-Vis spectra

The transmittance of MSMA-SiO»/WPU-AC hybrid
films in the wavelength range of 200-1100 nm is
shown in Figure 11, revealing that the transmittance
of visible region (633 nm as a criterion) decreases
from 92% of pure WPU-AC to 5% of the hybrid
with 30% MSMA-SiO, content. It is because the
smaller refractive index of pure silica than the WPU-
AC. Hence, the refractive index can be decreased
with increasing the MSMA-SiO, content, whereas
the silica particle is isolated as a ‘dispersive’ hetero-
geneous phase in the hybrid matrix, which results in
a serious light scattering. This leads to a hazy thin
film. This is different from the simple WPU-silica
hybrid films [25] which the transmittance at 633 nm
decreases from 92% of pure WPU to 20% of the
hybrid with 20% silica content, and then gradually
increases from 20 to 87% of the hybrid with 50%
silica content.

100
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80 5% MSMA-SIO, in WPU-AC |
SN Pt 10%
8 - ]
S
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S 20 et
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Figure 11. Transmittance variation of the MSMA-SiO,/
WPU-AC hybrid films (ca. 0.5 mm thickness)
with different MSMA-SiO, content in the wave-
length range of 200—1100 nm
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3.6. Mechanical properties

The hardness of the prepared hybrid films was
tested by a pencil test, as shown in Table 2. The
hardness increases up to 4H with increasing the
MSMA-SiO, content to 10 and more to 30%. It sug-
gests the importance of incorporating the silica moi-
ety on the mechanical properties. The mechanical
properties of the hybrid films were obtained from
stress-strain experiments. Figure 12 shows the vari-
ation of the Young’s modulus as a function of the
MSMA-Si0O; content for the hybrids. There is a
noticeable increase in the Young’s modulus with the
UV-curing, whereas the Young’s modulus of the
hybrid films increases with increasing MSMA-SiO,
content. Evidently, the incorporation of MSMA-
SiO, in WPU-AC polymer chains produces a net-
work structure through the UV-curable cross-link-
ing, leading to a significant improvement in the
mechanical properties which is in agreement with
the FTIR and NMR results. The mechanical strength
of the UV-cured WPU-AC incorporating MSMA-
SiO; films is higher than that of the simple WPU-
silica hybrid films [25]. Also note that the plateau
strength seems to be reached at 20% MSMA-SiO,
content, reflecting that the aggregation of silica par-
ticles becomes more significant at MSMA-SiO,
content higher than 20% (see Figure 7B). The high
incorporation of MSMA-SiO; (20-30%) in WPU-
AC polymer matrix produces a non-homogeneous
network after the UV-curable cross-linking, which

Table 2. Hardness of WPU-AC/MSMA-SiO, hybrid films

S ! MSMA-SiO; content in hybrids
ample
P WPU-AC | 5% | 10% | 20% | 30%
before UV-curing 2B B B-HB | HB HB
after UV-curing H 2H 4H 4H 4H
100
_ 80
o
< .
E' 60 T with UV-curing
3
B 40
E
0
2 20
g il
0- without UV-curing

10 15 20 25

MSMA-SIO, content [%]

o 5 30 35

Figure 12. Dependence of the Young’s modulus [MPa] on
the MSMA-SiO, content
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cannot contribute more enhancement in mechanical
strength.

4. Conclusions

Cross-linked hybrid thin films containing nano-size
inorganic materials have been prepared from incor-
porating reaction between acrylate-waterborne poly-
urethane and colloidal silica-bearing coupling agent.
Experimental results show the aggregation of silica
particles in the hybrid films. The incorporation of
MSMA-SiO, in WPU-AC polymer chains produces
a network structure through the UV-curable cross-
linking, leading to a significant improvement in
thermal decomposition temperature, hardness, and
the mechanical properties (0-20 wt% MSMA-SiO;).
The hybrid also demonstrates a tunable trans-
parence with the added silica fraction in the film.
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Abstract. Nanocrystalline cellulose was modified by 3-aminopropyl-triethoxysilane (KH550). The modified nanocrys-
talline cellulose (MNCC) was further investigated to partially replace silica in natural rubber (NR) composites via coagula-
tion. NR/MNCC/silica and NR/nanocrystalline cellulose (NCC)/silica nanocomposites were prepared. Through the com-
parison of vulcanization characteristics, processing properties of compounds and mechanical properties, compression
fatigue properties, dynamic mechanical performance of NR/MNCC/silica and NR/NCC/silica nanocomposites, MNCC was
proved to be more efficient than NCC. MNCC could activate the vulcanization process, suppress Payne effect, increase
300% modulus, tear strength and hardness, and reduce the heat build-up and compression set. Moreover, fine MNCC dis-
persion and strong interfacial interaction were achieved in NR/MNCC/silica nanocomposites. The observed reinforcement
effects were evaluated based on the results of apparent crosslinking density (V;), thermo-gravimetric (TG) and scanning
electron microscopic (SEM) analyses of NR/MNCC/silica in comparison with NR/NCC/silica nanocomposites.

Keywords: rubber, nanocrystalline cellulose, silica, reinforcement, KH550

1. Introduction which can overcome above mentioned shortcom-
Silica has always been used as an important rubber  ings and partially replace silica applications in rub-
reinforcing filler for its excellent reinforcing effect  ber.

[1-3], the capability of reducing the heat build-up  Natural cellulose has similar chemical composition
[4, 5] and rolling resistance of rubber [6, 7]. There- to starch [8, 9]. When used as a macromolecular
fore, silica as an indispensable filler in rubber prod-  rubber-reinforcing fillers, they exhibit many advan-
ucts has been widely used and investigated. However, tages like renewability, biodegradability, easy to
its high density (2.5 g/cm? compared to general raw  process, low density, low cost, energy conservation
rubber 1.1 g/cm®) makes the density of silica filled and environmental friendliness. In addition, com-
vulcanized rubber relatively high, thus reversing an  pared to starch, a number of improved properties
important property of polymer materials, namely  such as observably increased mechanical properties
their low density. Moreover, silica leads to a num- [10, 12, 16], improved hot air aging performance
ber of shortcomings such as long processing time, [13], processing properties [11, 14], dynamic mechan-
high energy consumption and environment pollu- ical performance and reduced heat build-up [14]
tion during processing. Therefore, it is a quite urgent  have been achieved in the applications of MCC and
issue for researchers to find some new materials NCC derived from natural cellulose in rubber.
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Therefore, MCC and NCC have drawn increasing
interest in recent years [ 10—18]. However, the nature
of numerous hydroxyl groups and easy aggregation
of NCC make it difficult to disperse NCC finely in a
rubber matrix. Surface modification [19-22] and
chemical grafting [23—-26] have been used in the
modifications of NCC. The main objectives of the
modifications are improving the NCC dispersion
and reinforcing the interfacial strength between
NCC and rubber. Among them, surface modifica-
tion is simple and one can select different surfac-
tants according to needs.

Many researches have studied the applications of
MCC and NCC in plastics matrices [27-31], while
in rubber [10-16], there are only a few publications.
Most of them mainly studied the influence of
adding MCC [14] or chemical modified NCC [13,
15] on the structure and properties of rubber. Three
kinds of coupling agents, namely, phenyl isocyanate
(PI), alkenyl succinic anhydride (ASA), and 3-iso-
propenyl-a, a’-dimethylbenzyl isocyanate (TMI)
were applied to chemically modify the surface of
chitin whiskers and then prepared a kind of nanocom-
posite films. Even though there was an increase in
filler matrix interaction, this did not contribute to
the improvement in the mechanical properties of
the resulting nanocomposite. It was concluded that
this loss of performance was due to the partial
destruction of the three-dimensional network of
chitin whiskers assumed to be present in the unmod-
ified composites [15]. Nevertheless, the attempting
of applying surface modified NCC to rubber is
rarely reported. Recently, the preparation, surface
modification [32] of NCC and its applications in
rubber [13] were discussed by our research group.
In this paper, NCC was firstly modified by KH550
and used as filler to partially replace silica. Two
types of compounds and nanocomposites, NR/NCC/
silica and NR/MNCC/silica were prepared by direct
compounding with NRL, respectively. Properties and
morphology of these compounds nanocomposites
and corresponding NCC were investigated. The
observed reinforcement effect of MNCC on NR/sil-
ica nanocomposites was discussed. The result exhibit
that the way of using KH550 to modify NCC is
simpler and more efficient than other methods. The
comprehensive properties of NR/MNCC/silica com-
posites have been largely improved, because KH550
can react with both NCC and rubber. Therefore, it
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makes a very real sense using the NCC as a new
energy saving filler partly replacing silica.

2. Experiment

2.1. Materials

Natural rubber latex (NRL) with 59.4 wt% solid
contents was purchased from 11 " Rubber Plant,
Guangzhou, China. Microcrystalline Cellulose
(MCC) was provided by Gaoyao Gaoli Additives
Corp., Guangdong, China. Precipitated silica with
trade name of ZQ356 was obtained from Zhuzhou
xinglong chemical industrial Co., LTD., Hunan,
China. KH550 was provided by Shuguang chemi-
cals group Co., LTD. Nanjing, China. Other reagents
and ingredients were commercially available and
were used as received.

2.2. Preparation of NCC suspension

MCC was stirred for 30 min at 45°C with 64 wt%
H,SO4. The amount of H2S0O4 was set to 10 ml per
1 g MCC. After hydrolysis, the suspension was
repeatedly washed with distilled water by centrifu-
gation until the pH approached 7.0. Then 1.0 wt%
NaOH solution was added to the suspension with
stirring to adjust the suspension pH to 7.0 and then
kept at room temperature for 24 h.

2.3. Preparation of MNCC suspension

NCC was mixed with ethanol (95 wt%) under stir-
ring at ambient temperature. After an addition of
KH550, the reaction lasted 2 h under refluxing.
MNCC was then obtained after a filtering and dried.
Deionized water was added to the final product to
prepare a MNCC suspension.

2.4. Preparation of NR/NCC and NR/MNCC
compounds

NCC suspension or MNCC suspension was mixed
with NRL and stirred vigorously at room tempera-
ture for 15 min, and then 10 wt% CaCl, solution
was added to co-coagulate the mixture. The coagu-
lum was washed by water and then dried in oven at
70°C until a constant weight was obtained.

2.5. Preparation of NR/NCC/silica and
NR/MNCC/silica nanocomposites
NR/NCC/silica and NR/MNCC/silica nanocompos-
ites were prepared by the following procedure.
Basic formulation of all compounds is shown in
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Table 1. compounding formulation (phr)

NCC Silica KH550
U-1 0 30 0
U-2 5 25 0
U-3 10 20 0
U-4 15 15 0
U-5 20 10 0
U-6 25 5 0
M-1 0 30 0.9
M-2 5 25 0.9
M-3 10 20 0.9
M-4 15 15 0.9
M-5 20 10 0.9
M-6 25 5 0.9

Note: The other ingredients of U-1-U-6 and M-1-M-6 are as fol-
lowing(phr): NR 100, Sulphur 2, Zinc oxide 5, Stearic acid
2, N-cyclohexyl-2-benzothiazole 1.5, sulfenamide2,2'-
dibenzothiazole disulfide 0.5, N-isopropyl-N'-phenyl-p-
phenylenediamine 1.5.

Table 1. Compounding was carried out on a two-roll
mill by the well-known method. The rubber com-
pound sheets were compressed and vulcanized at
143°C for t.99.

2.6. The morphology analysis of NCC

NCC and silica suspension was diluted and then
treated by ultrasound. Transmission electron
microscopy (TEM) observations were made with a
Philip Tecnai 12 TEM (Eindhoven, Netherlands)
electron microscope. A droplet of a treated suspen-
sion of NCC and silica was deposited and allowed
to dry on a copper mesh.

2.7. Characterization of NR/NCC/silica and
NR/MNCC/silica compounds
Vulcanization parameters and curing curve for NR/
NCC/silica and NR/MNCC/silica compounds were
tested in a standard testing procedure according to
ISO 3417:1991 using a U-CAN UR2030 vulcame-
ter (U-CAN DYNATEX INC, Taiwan).
The strain dependence of G’ for NR/NCC/silica and
NR/MNCC/silica compounds was determined by
RPA (GOTTFERT VISCO — ELASTOGRAPH, Ger-
many). The condition of measurement is at a fre-
quency of 1 Hz, a temperature of 60°C, and a strain
range from 1.4 to 420%.

2.8. Properties of NR/NCC/silica and
NR/MNCC/silica nanocomposites tests
The mechanical properties, such as modulus at
300%, tensile strength, and tear strength, were meas-
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ured according to ISO/DIS37-1994 and ISO 34-1-
1994 specifications. U-CAN electron tensile testing
machine (U-CAN DYNATEX INC, Taiwan) was
used with the crosshead speed of 500 mm/min.
Three to five specimens were measured for each
particular sample and the average values were
reported with standard deviation showing the error
range. The hardness of the samples was measured
by a Shore A Durometer.

To study the heat build-up and compression set at
dynamic situation of these materials, U-CAN UD-
380 (U-CAN DYNATEX Inc., Taiwan) was used
according to ISO 4666/3-1982. Cylindrical rubber
specimens (25 mm in height and 17.5 mm in diam-
eter) were subjected to repeated compression using
a grip. The frequency of loading was 30 Hz, and the
stroke (double amplitude) of imposed oscillation
was 4.45 mm. The severity of the test was adjusted
by varying the static compressive load applied to
the sample, and compressive loadings of 24.5 kg
were treated. The test procedures were terminated
when the sample carried out about 25 min constant
load or constant displacement fatigue. Three speci-
mens were measured for each particular sample and
the average values were reported with standard
deviation showing the error range.

The dynamic mechanical analysis of the samples
was obtained by using an EPLEXOR 500N DMA
Analyzer (GABO Corp. Germany). The specimens
were analyzed in tensile mode at a constant fre-
quency of 10 Hz, and a temperature range from —80
to 10°C at a heating rate of 2.5°C/min. Mechanical
loss factor (tand) was measured as a function of
temperature for the samples under identical condi-
tions.

2.9. Structure of NR/NCC/silica and
NR/MNCC/silica nanocomposites [33]
Crosslinking density was determined by equilib-
rium swelling method. The samples were swollen in
hexane at room temperature to an equilibrium state
and then removed from the solvent, and the hexane
on the surface was quickly blotted off with tissue
paper. The samples were immediately weighed on
an analytical balance to the tolerance of 1 mg and
then dried at vacuum. Assuming the mass loss of
the rubber during swelling is the same for all the
samples, the volume fraction of rubber in swollen
gel (V;), which was used to represent the crosslink-
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ing density of the vulcanizates, was determined by  Table 2. Curing parameters of NR/NCC/silica and NR/

the Equation (1):
1
V, = - (1)
1+ (" —1 ) Pr
ma Qaps

where m, and my, is the sample masses before and
after swelling, p, and pj is the density of rubber and
solvent, respectively, and « is the mass fraction of
rubber in the vulcanizates.

The TGA of vulcanized rubber were detected on
TGARS000IR TA Analyzer produced by TA Corp.
(USA). Test condition: heating rate of 10°C/min,
temperature range from room temperature to 600°C,
nitrogen atmosphere.

Scanning electron microscopy (SEM) was per-
formed to investigate the morphology of the NR/
NCC, NR/MNCC and NR/MNCC/silica and nano-
composites with a LEO 1530 VP (LEO Company,
Germany) SEM. The specimens were stretch-frac-
tured, and then fractured, mounted, coated with thin
film of gold, and observed. SEM micrographs were
obtained using 5 kV.

3. Results and discussion
3.1. Influence of MNCC on properties of
NR/MNCC/silica compounds

Vulcanization curves and parameters of the com-
pounds are shown in Figure 1 and Table 2. It can be
seen that 7,99 exhibit constant decrease trends as the
amount of NCC or MNCC increased from 5 to
25 phr. Meanwhile, the vulcanization rate constant
k was gradually increased. The results prove that the
addition of NCC or MNCC can promote rubber vul-
canization and accelerate vulcanization rate [14].
As seen from Table 2, k& was raised with the same

30
254
— 20+
E
=
2 15
g
=]
TR
54
..-- == T T T T
0 200 400 600 800 1000 1200
a) Time [s]

MNCC/silica compounds (143°C)

Sample te1o0 teoo ML M].[ k
numbers [s] [s] [dN-m] | [dN'm] | [min!]
U-1 279 504 1.04 25.57 26.7
U-2 320 646 0.87 19.08 18.4
U-3 293 623 0.87 17.41 18.2
U-4 276 565 0.56 16.77 20.8
U-5 269 554 0.42 16.79 21.1
U-6 286 534 0.28 16.86 24.2
M-1 205 312 2.83 29.02 56.1
M-2 235 368 2.57 29.00 45.1
M-3 229 360 2.27 28.42 45.8
M-4 207 326 2.21 30.75 50.4
M-5 191 303 2.21 27.76 53.6
M-6 157 267 2.56 27.18 54.5

Vulcanization rate constant, k =100/(t.00— tc10) [min']

amount MNCC compared to NCC. This is because
KH550 can adsorb activator, promoting agents and
sulphur, leading to activation of vulcanization. My
and My of the compounds were decreased as the
increasing of NCC. It is probably owing to the fact
that NCC can act as a plasticizer, lead to better lig-
uidity and improve the processing performance of
the compounds [14]. However, M| and My were
nearly unchanged with the increasing of MNCC,
but much higher than those of adding NCC. These
are attributed to that KH550 can chemically react
with both NCC and rubber, improve filler—rubber
interactions therefore increase crosslinking density
of nanocomposites. The modification effect of
KH550 was confirmed by the following crosslink-
ing density analysis results.

Figure 2 shows a plot of elastic modulus versus the
logarithm of strain of unvulcanized compounds. As
can be seen, the modulus of the compounds decreases
gradually and shows a typical nonlinear behavior

35
30 4
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E
z 204
2,
o
s 15
I2 —a— M-1
10 | —e— M-2
—a— M-3
5 v M-4
T —— M-5
—— M-6
0 T T T T
0 200 400 600 800
b) Time [s]

Figure 1. Curing curves of (a) NR/NCC/silica and (b) NR/MNCC/silica compounds (143°C)
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Figure 2. G'-Strain curves of (a) NR/NCC/silica and (b) NR/MNCC/silica compounds

with increasing strain, which is generally termed
the ‘Payne effect’. It is also observed that the ‘Payne
effect’ obviously decreased with the NCC or MNCC
increasing and changed significantly with the same
amount of NCC compared to MNCC. The Payne
effect is mainly related to the filler network formed
in the rubber matrix which has been widely accepted.
The rubber trapped or caged in the filler network
would at least be partially ‘dead,” behaving like a
filler. Therefore, the effective volume of the silica
would increase substantially upon filler network-
ing. However, with the addition of NCC, especially
MNCC, the networking of silica is weakened and so
is the Payne effect. Likely because the addition of
NCC or MNCC can reduce the interaction of filler
aggregates and the degree of the network, enhance
the interaction between NR and filler, and improv-
ing the processing performance of compounds [14].

3.2. Influence of MNCC on structure and
properties of NR/MNCC/silica
nanocomposites

The mechanical properties of nanocomposites with

different NCC or MNCC were examined and shown

in Figure 3, the total amount of NCC or MNCC and
silica was 30 phr. It can be seen that the tensile
strength, elongation at break and tear strength were
almost kept constant with the increasing of NCC or
MNCC. While the modulus at 300% increased sig-
nificantly. This improvement may be explained by
the high stiffness and rod-like structure of NCC,
whereas a significant increase of Young’s modulus
was achieved by using NCC to reinforce nanocom-
posites, which is consistent with the reports by Cao
et al. [30] and Ten et al. [31]. It can also be observed

18

that the mechanical properties of nanocomposites
were obviously improved by using MNCC compare
to NCC, especially on 300% modulus, tear strength
and hardness [34]. When the NCC was modified by
KH550, more uniform distribution of MNCC parti-
cles in the NR matrix was obtained (as shown in the
following SEM photograph) as well as the stronger
interfacial interaction between rubber and fillers,
which would allow an improvement of mechanical
properties of the nanocomposites. And these results
were in accordance with the following crosslinking
density analysis.

As shown in Figure 4, heat build-up and compres-
sion set at dynamic compression of nanocomposites
were significantly decreased with the increasing
NCC or MNCC. Moreover, with the addition of
MNCC, they show further decreases than with
NCC. It is believed that the heat build-up of rein-
forced rubber is mainly came from lag, which is
caused by deformation and reorganization of sec-
ondary aggregates of filler under the action of high
gravitational field in the rubber. The better the dis-
persion of filler, the lower the heat build-up and the
smaller the deformation [4, 5]. Heat build-up and
compression set were reduced with the increasing
of NCC content because the hydroxyl groups on the
surface of NCC were less than on silica, which were
easily agglomerated. It is consistent with the report
results of Bai and Li [14]. Moreover, the heat build-
up and compression set are also due to the friction
between filler and matrix and between filler parti-
cles [35]. As the distribution of MNCC gets even, the
agglomeration tendency between particles decreases
(as shown in the following SEM photographs)
which weakens the filler network. Thus, it reduces
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Figure 3. Variation of mechanical properties of NR/NCC/silica and NR/MNCC/silica nanocomposites via NCC/silica con-
tent. The values are given by average and the error ranges are given by standard deviation as evaluated by results
from 3-5 parallel samples. (a) Tensile strength, (b) 300% modulus, (c) elongation at break, (d) tear strength and

(e) hardness (Shore A). Lines are to guide the eye.

the repeatedly breakdown and reforming of the net-
work, and leads to lower heat build-up and com-
pression set.

It is well-known that the rolling resistance and skid
resistance of tires play an important role in the run-
ning of an automotive. From the viscoelastic prop-
erty point of view, an ideal material, which is able
to meet the requirements of a high-performance
tire, should give a lower tand at 60°C and demon-

strate high lag at 0°C to reduce rolling resistance
and obtain high-skid resistance. Figure 5 and Table 3
show tan J-T curves and its data of nanocomposites.
It can be seen that glass transition temperature (7)
was nearly unchanged and the tand peak of nano-
composites became much higher as the increasing of
NCC or MNCC. Moreover, the tand peak was fur-
ther enhanced when NCC was modified. This can be
explained by the rubber shell theory [36]. NCC can
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Figure 5. tanJ-T curves of (a) NR/NCC/silica and (b) NR/MNCC/silica nanocomposites

physically absorb rubber chain due to the large sur-
face area to volume ratio. The bound rubber chains
that are absorbed by NCC, are still in the glassy
state while the other rubber chains stay in the elastic
state. With the help of KH550, more rubber chains
can be chemically absorbed by NCC because of the

Table 3. Data of the tan J-T curves of NR/NCC/silica nano-
composites and NR/MNCC/silica nanocomposites

nsua;“lf’::s [;rcg] 0°C—tand | 60°C—tand
U-1 477 0.115 0.060
U-2 49.0 0.116 0.064
U3 479 0.119 0.062
U-4 ~49.0 0.113 0.060
U-s 485 0.111 0.049
U6 472 0.103 0.047
M-1 46,5 0.110 0.040
M-2 475 0.123 0.046
M-3 46.8 0.095 0.037
M-4 473 0.117 0.045
M-5 ~48.4 0.104 0.039
M-6 ~48.4 0.097 0.031
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reactivity of KH550 with rubber and NCC. Which
means more rubber chains will stay in the glass
transition area and result in the increase of tand. As
can be seen from Table 3, it gets the lower tano at
60°C, while the same tan¢o at 0°C when the NCC
was modified. [t means that if nanocomposites were
applied to the tire tread, low- rolling resistance can
be achieved accompanied with maintained skid
resistance [6—7, 14].

Apparent crosslink density of nanocomposites is
shown in Figure 6. With an increase of NCC, the
apparent crosslink density shows a slight down-
trend for NR/NCC/silica nanocomposites. How-
ever, the apparent crosslink density of NR/MNCC/
silica nanocomposites improved to a different
degree. These results are in accordance with that the
MH reduced slightly with adding NCC, while MH
improved when the NCC was modified. Since
KH550 can chemically react with both NCC and
rubber. The readily hydrolysable ethoxy group
(—=OC;,Hs) will react with hydroxyl groups on the
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Figure 6. Apparent crosslinking density of NR/NCC/silica
and NR/MNCC/silica nanocomposites. The values
are given by average and the error ranges are
given by standard deviation as evaluated by results
from 4 parallel samples. Lines are to guide the
eye.

NCC surface to form stable linkage. The y-Amino-
propyl (-H,NCH,CH,) can form covalent bonds
with the rubber. As a result, KH550 can connect

Table 4. TG data of NR/NCC/silica and NR/MNCC/silica

nanocomposites
Temperature of | Temperature of | Residual
Sample o . . .
numbers 5% weight loss | maximum weight mass
[°C] loss rate [°C] [%]
U-1 307.86 365.69 23.05
u-2 302.37 362.79 20.16
U-3 295.03 362.40 17.52
U-4 276.37 361.96 14.75
uU-5 276.57 362.24 12.13
U-6 266.94 362.54 9.28
M-1 306.68 363.06 23.29
M-2 301.40 362.09 20.46
M-3 296.07 361.45 17.93
M-4 283.68 361.49 15.1
M-5 279.37 362.23 12.7
M-6 280.19 361.56 9.00
110
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£ 80 - ng
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NCC to rubber and increase crosslinking density.
The other reason for the increase is that MNCC can
reduce the adsorption of accelerator and sulfur by
silica. Therefore, KH550 can strengthen the combi-
nation of rubber and filler, which shows apparent
crosslink density, the mechanical properties and the
dynamic mechanical properties increase, accompa-
nied by the reduction of the heat build-up and per-
manent deformation.

Figure 7 and Table 4 show the TG curves and its
data of nanocomposites, respectively. It can be seen
that the temperature of maximum weight loss rate
was nearly unchanged, while both the temperature
at 5% weight loss and residual mass were gradually
decreased with the increases of NCC or MNCC.
These results may be originated from that the NCC
or MNCC was fully decomposed to the end before
700°C, but silica was still stable. The temperature at
5% weight loss as well as residual mass improved
as the NCC modified. The reasons can be owing to
the fine dispersion of filler and the intensive combi-
nation between rubber and filler. The increase of
temperature at 5% weight loss may be due to the
strong combination between NR and NCC, whereas
the enhancement of residual mass is attributed to
the increased combination between NR and silica.
These results can also explain the previous conclu-
sion: the heat build-up and permanent deformation
are reduced as the increases of mechanical proper-
ties and the dynamic mechanical properties.

3.3. Micrographs of NCC suspension and in
the nanocomposites

3.3.1. Micrographs of NCC and silica

Figure 8 shows the TEM micrographs of a dilute

suspension of NCC and silica, the length of NCC
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Figure 7. TG curves of NR/NCC/silica and NR/MNCC/silica nanocomposites
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200 nm

a)

Figure 8. TEM micrographs of (a) NCC and (b) silica suspension

mostly for 300-600 nm, diameter was 40~60 nm.
This confirm results observed by some scholars
[32, 37]. Figure 8b shows that silica original size
was below 100 nm, while the silica aggregates reach
micro-scales in diameter. Therefore, comparing to
silica, NCC aggregates can be easily separated due
to the following two factors. Geometrically, the rod-
like NCC aggregates are more easily dispersed than
the spherial particles. Chemically, these are recog-
nized as with low hydroxyl density on the surface
compared with silica.

3.3.2. Morphology of NCC in the
nanocomposites

Figure 9 shows the SEM photos for the stretch bro-
ken surface of the NR/NCC, NR/MNCC (0.3 phr
KH550 per 10 phr NCC) and NR/MNCC/silica
nanocomposites. It can be seen from pictures (a)
and (c) that NCC aggregates gathered more seri-
ously, distributed unevenly and lots of them were
exposed on the NR matrix surface. There were obvi-
ous cracks due to pull out on the cross section,
which was relatively smooth. On the contrary, as
shown in the picture (b) and (d), MNCC aggregates
gathered fewer, dispersed uniformly and most of
them embedded in the NR matrix. There were no
obvious pull out cracks, which was continuity of
cracks. The same phenomenon was shown in pic-
tures (e) and (f) with 10 phr MNCC replacing silica.
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These results indicated that the addition of MNCC
reinforced the bonding between rubber matrix and
filler and led to more firmly. Therefore, a very good
comprehensive performance was reflected on the
macro properties.

4. Conclusions

When NCC was modified by KH550, NR/MNCC/
silica compounds showed an accelerated curing
rate, reduced Payne effect and better processing
performance. Tear strength, 300% modulus, hard-
ness, heat build-up, compression set and dynamic
mechanical performance of NR/MNCC/silica nano-
composites were greatly improved. MNCC and
NR/silica compatibility was reinforced. Meanwhile,
the apparent crosslinking density analysis, TGA,
TEM and SEM images show the dispersion of in the
matrix and interfacial strength of between MNCC
and NR/silica nanocomposites was enhanced. In
addition, a number of advantages such as renew-
able, biodegradable, broadly obtained, low density,
low-cost and environmentally friendly, make NCC
become a new energy saving filler to partly replace
silica.
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Figure 9. SEM micrographs of stretch broken surface of the (a, c) NR/NCC (100/10), (b, d) NR/MNCC (100/10) and (e,
f) NR/MNCC/silica (100/10/20) nanocomposites
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Abstract. Thermo-sensitive shape-memory polymers (SMP), which are capable of memorizing two or more different
shapes, have generated significant research and technological interest. A triple-shape effect (TSE) of SMP can be activated
e.g. by increasing the environmental temperature (7¢,y), whereby two switching temperatures (7%, ) have to be exceeded to
enable the subsequent shape changes from shape (A) to shape (B) and finally the original shape (C).

In this work, we explored the thermally and magnetically initiated shape-memory properties of triple-shape nanocompos-
ites with various compositions and particle contents using different shape-memory creation procedures (SMCP). The
nanocomposites were prepared by the incorporation of magnetite nanoparticles into a multiphase polymer network matrix
with grafted polymer network architecture containing crystallizable poly(ethylene glycol) (PEG) side chains and poly(e-
caprolactone) (PCL) crosslinks named CLEGC.

Excellent triple-shape properties were achieved for nanocomposites with high PEG weight fraction when two-step pro-
gramming procedures were applied. In contrast, single-step programming resulted in dual-shape properties for all investi-
gated materials as here the temporary shape (A) was predominantly fixed by PCL crystallites.

Keywords: polymer composites, smart polymers, nanocomposites, shape-memory polymer, magnetically active polymer

1. Introduction while each temporary shape is fixed by switching
Shape-memory polymers (SMP) and composites domains associated to a thermal transition tempera-
thereof belong to the class of actively moving poly-  ture Tiays, that can be a glass transition (7) or a
mers, which have the capability of storing one (dual-  melting transition (7},) [16, 17]. The process for
shape) [1-6], two (triple-shape) [7-13] or multiple = programming of a temporary shape is called ‘shape-
(multiple-shape) [14] stable temporary shapes and memory creation procedure’ (SMCP) and can be
recover their original or other temporary shapes realized e.g. by deforming the material to an exten-
when exposed to an external stimulus. sion of &y, at 7> Tians and cooling to 7'< Ty, While
The field of SMP research has developed rapidly  keeping the deformation, which then is fixed tem-
over the last years [6, 15-25] and it has become porarily by solidification of the related set of switch-
apparent that these functional polymers are motivat-  ing domains [26]. The recovery of the original shape
ing novel applications. is named shape-memory effect (SME), which is typ-
Thermo-sensitive SMP contain physical or chemical ically induced by increasing the environmental tem-
network-points, which determine their original shape,  perature (Teny) [3, 5, 27, 28], where the shape changes
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can be characterized by the switching temperature
Tsw [26], that needs to be exceeded. Non contact
initiation of SME was realized by irradiation with
infrared light [29-31], applying radio-frequency
(RF) [32], or an alternating magnetic field [4, 10,
33-36]. The magnetically triggered SME can be
characterized by a specific switching magnetic field
strength H,, which needs to be exceeded to induce
the shape change [10]. The inductive heating capa-
bility of SMP composites is a result of energy absorp-
tion by the embedded magnetic particles from the
alternating magnetic field, which is transformed
into heat. Three different mechanisms of heat gen-
eration have to be considered; eddy current losses
(which are a minor effect as e.g. magnetite has very
low electrical conductivity), hysteresis losses (dur-
ing reversal of magnetization), and rotational losses
(related to rotation of magnetic moments relative to
the surrounding described by Neel and Brownian
effects) [37, 38].

In the current study, we explored, whether the
shape-memory properties of triple-shape nanocom-
posites achieved by thermal and indirectly by mag-
netical stimulation of SME could be adjusted by
variation of the applied programming protocols.
Magnetically-induced triple-shape nanocomposites,
with different switching segment ratios and various
nanoparticle contents (2.5, 5 and 10 wt%) were syn-
thesized from crystallizable poly(e-caprolactone)
diisocyanatoethyl methacrylate (PCLDIMA; M, =
8300 g'mol ™!, T, m.pcL = 55°C), crystallizable poly(eth-
ylene glycol) monomethyl ether monomethacrylate
(PEGMA; M, = 1000 g-mol™, Tinpeg = 38°C) and
silica coated magnetite nanoparticles (SNP), named
CLEGC, [39, 40] according to a procedure previ-
ously described in ref. [41]. The matrix material is a
grafted polymer network structure based on cova-
lently crosslinked PCL chains with grafted PEG
side chains as previously reported [8, 42, 43]. Silica
coated nanoparticles were chosen showing improved
compatibility with the polymer matrix in compari-
son to uncoated fillers. To minimize changes in the
surface to volume ratio (S/V) during shape recovery
and thus ensuring precise control of the tempera-
tures achieved for the nanocomposites during appli-
cation of an alternating magnetic field, bending
experiments were chosen for both thermal and indi-
rect magnetical stimulation according to the method
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reported in ref. [10]. As it was demonstrated that a
triple-shape effect could be achieved for multiphase
AB polymer networks programmed by a one-step
or two-step SMCP [44], here we want to investigate
the influence of different SMCPs on the shape-
memory properties of polymer network nanocom-
posites with grafted polymer network architecture.

2. Experimental section

2.1. Materials

The telechelic crosslinker poly(e-caprolactone)
diisocyanatoethyl dimethacrylate (PCLDIMA) was
synthesized from poly(e-caprolactone)diol (Solvay
chemicals, Warrington, UK) with a number average
molecular weight of M, = 8.300 g:mol™' and 2-iso-
cyanatoethyl methacrylate (Sigma-Aldrich, Tauf-
kirchen, Germany) according to the method described
in ref. [10]. Poly(ethylene glycol) monomethyl ether
monomethacrylate (PEGMA) (Polysciences, War-
rington, PA, USA), benzyl peroxide (Sigma-Aldrich,
Taufkirchen, Germany) and silica coated magnetite
nanoparticles (AdNano MagSilica 50, Degussa,
Hanau, Germany), mean aggregate size (photon
correlation spectroscopy of an aqueous dispersion)
was 90 nm, the mean domain size (X-ray diffrac-
tion) was 20-26 nm, and the domain content (X-ray
fluorescence analysis) was 50—60 wt% were used
as received.

2.1.1. Synthesis of polymer network
nanocomposites

The nanocomposite preparation was following a
method described in [41]. Here the synthesis is
exemplarily described for CLEG040CO5 containing
40 wt% of PCLDIMA relative to the organic com-
ponents and a filler content of 5 wt% in the starting
reaction mixture. A mixture of 2.8 g of PCLIDMA
and 4.2 g of PEGMA were heated to 80°C, and then
0.37 g silica-coated nanoparticles were incorpo-
rated to the prepolymer melt by mechanical stirring.
This mixture was kept at 80°C under vacuum for
30 min to remove volatile components, which could
generate bubbles during polymerization. The poly-
merization was started thermally by decomposition
of 10.6 mg benzyl peroxide, which was added under
stirring. The reaction mixture is placed between two
glass plates separated with a 1 mm thick PTFE
spacer and kept at 80°C for 24 hours.
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2.2. Methods

2.2.1. Swelling experiments

For evaluation of the crosslinking reaction, polymer
network nanocomposites were extracted with chlo-
roform and water. The gel content G was calculated
according to Equation (1), as quotient of the mass
of the extracted and dried films (m4) to the mass of
the original sample (m.):

G ="4.100% (1)
m

C
Additionally, the volumetric degree of swelling (Q),
which is a measure for the crosslinking density of a
polymer network, was calculated using Equa-
tion (2), determined from m and m and the specific
densities of the solvent (ps) and the network mate-

rial (pm):
- 1> } -100 %

o

2.2.2. Thermogravimetric analysis (TGA)

TGA experiments for determination of the incorpo-
rated amount of magnetite particles were performed
on Netzsch TGA 204 Phoenix (Selb, Germany). All
experiments were conducted with a constant heat-
ing rate of 20 K-min~'. The network samples were
heated from 25 to 500°C under N, atmosphere and
then from 500 to 900°C under O, atmosphere. Tem-
perature was kept constant for 2 min at 500°C.

1+ bm
Ps

ms

2

C

2.2.3. Differential scanning calorimetry (DSC)
DSC experiments were performed on a Netzsch
DSC 204 Phoenix (Netzsch, Selb, Germany). All
experiments were conducted in the temperature
range from —100 to 100°C with a constant heating
and cooling rate of 10 K-min™! and with a waiting
period of 2 min at the maximum and minimum tem-
perature. Melting and glass transition temperatures
were determined from the second heating run. The
overall heat of fusion AH,, as well as the partial
heat of fusion AH, pxx representing the crystalline
PCL and PEG phases respectively, which was cal-
culated from AH,, and the weight fraction of PCL
and PEG phase in the polymer network matrix,
were averaged from DSC runs of three different
samples.
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2.2.4. Dynamic mechanical analysis at varied
temperature (DMTA)

DMTA analysis was performed on a Gabo Eplexor
25 N (Gabo, Ahlden, Germany) using standard test
specimen (ISO 527-2/1BB) punched from the poly-
mer network films. All experiments were performed
in temperature sweep mode with a constant heating
rate of 2 K:min~!. The oscillation frequency was
10 Hz. The network samples were investigated in an
temperature interval from —100 to 100°C.

2.2.5. Tensile tests

Tensile tests at different temperatures (0, 40, 70°C
and ambient temperature) were performed on Zwick
Z 1.0 tensile testers (Zwick, Ulm, Germany) equipped
with a thermo chamber and temperature controller
(Eurotherm Regler, Limburg, Germany) using stan-
dard test specimen (ISO 527-2/1BB). In each exper-

iment the strain rate was 5 mm-min .

2.2.6. Shape-memory creation procedures
Bending of the nanocomposite samples (size:
30x2x1 mm?®) was performed using a custom built
device. For controlled heating of the samples to
Thigh = 70°C and Tiyig = 40°C a thermal oven VD 23
Vacuum Oven, type 21023200002000 (WTB Binder
GmbH, Tuttlingen, Germany) was utilized, whereas
for cooling to Tiow = 0°C the freezer of a refrigera-
tor comfort KT1430 (Liebherr, Ochsenhausen, Ger-
many) was applied. A one-step programming
(SMCP-15s) and two different two-step shape-mem-
ory creation procedures (SMCP-2s-1, SMCP-2s-11)
were applied, which are schematically illustrated in
Figure la. The molecular mechanism of the tempo-
rary shape fixation is schematically shown in Fig-
ure 1b.

SMCP-1s

The original straight samples (shape (C)) were
heated to Tpign = 70°C and deformed by bending to
an angle of 180°, which was fixed afterwards by
cooling to 7w = 0°C while the bending strain was
kept constant. After a waiting period of 10 minutes,
the external stain was removed and shape (A) was
achieved.
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Figure 1. (a) Schematic representations of the different
shape-memory creation procedures applied for
bending of the nanocomposites. Two-step pro-
gramming methods: SMCP-2s-1, SMCP-2s-1I as
well as single-step programming procedure
SMCP-1s. (b) Molecular mechanism for graft
polymer network composites during shape-mem-
ory creation procedure where the color indicating
the different phases of the polymer segments.
Orange: amorphous PCL chain segments, Light
blue: amorphous PEG chain segments, Red: crys-
talline PCL chain segments, Dark blue: crys-
talline PEG chain segments, grey: amorphous
poly(methacrylate) chain segments.

SMCP-2s-1

In step 1 the original sample was heated to Tpgn =
70°C and bent to an angle of 90°, which was fixed
by cooling to Tpig = 40°C while keeping the bend-
ing strain. After a waiting period of 3 hours, the
external strain was removed, and the shape (B) was
obtained. Subsequent bending to 180° at 7,4, fol-
lowed by cooling under bending strain to 7oy = 0°C
and equilibration at 7}, resulted in shape (A) after
removal of the strain.

SMCP-2s-11

First the sample was heated to Ty, = 70°C and
deformed by bending to an angle of 90°, which was
fixed by cooling to 7j,w = 0°C while the bending
strain was kept constant. After equilibration for 1
minute, the external strain was removed and step 1
was completed, while shape (B) was achieved. In
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step 2 the sample was heated to T and bent to
180°, which was fixed by cooling to Tjoy = 0°C under
keeping the bending strain. After equilibration at
Tlow the strain was removed to obtain shape (A).

2.2.7. Indirect magnetic heating experiments
Inductive heating of the nanocomposites samples
was realized by positioning original and pro-
grammed nanocomposite samples in an alternating
magnetic field at a frequency of f= 258 kHz. The
experimental set-up consisted of a high-frequency
generator (TIG 5/300; Huettinger Electronic, Frei-
burg, Germany), a water-cooled coil with 6 loops
with a diameter of 4 cm, for application of magnetic
field and an IR pyrometer (Metis MY 84, Sensor-
therm; Frankfurt, Germany) for online non-contact
measurement of the sample’s surface temperature
(Tmax)- By adjusting the generator power output the
magnetic field strength H in the centre of the coil
could be varied. The magnetically induced shape
change was recorded with a digital compact camera
(Canon PowerShot A460) and the change in recov-
ery angle was determined with the help of the single
photographs taken every 10 s.

Two different kinds of indirect magnetic heating
experiments were conducted. In a first set of exper-
iments the magnetic field strength was increased
step-wise (=1 kA'm™") from Hy= 0 kAm! to H=
29.4 kA-m! and from the obtained recovery curves
Hg,, was determined. In a second recovery experi-
ment H was subsequently switched from H, to
Hpia = 22.2 kA'm™! and after a waiting period of
3 minutes H was again increased from Hpyig =
222 kA'm ! to Hhigh =29.4kA'm.

2.2.8. Environmental heating experiments
Heating of nanocomposites was performed by uti-
lization of a thermochamber equipped with a tem-
perature controller (2216E for the Z005, Eurotherm
Regler, Limburg, Germany). Heating in the ther-
mochamber was realized by increasing 7y, from 25
to 70°C with a heating rate of 3 K-min™', while Ty,
was measured by a Cu—CuNi thermocouple, which
was placed close to the sample. The shape changes
were recorded with a video camera (Canon Power-
shot A 460) and the recovery angle was determined
with the help of single photographs taken at differ-
ent Topy.
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3. Results and discussion
3.1. Composition and morphology of the
composites
CLEGC triple-shape nanocomposites with 30 to
70 wt% PCLDIMA in the starting material mixture
of organic compounds and a nanoparticle content
from 0, 2.5, 5 or 10 wt% SNP were synthesized by
thermally initiated radical polymerization. The
nomenclature of the different nanocomposites as
well as the composition related results are given in
Table 1.
The gel content G determined in swelling experi-
ments by extraction with chloroform was used to
quantify the yield of the crosslinking reaction. Con-
stant high values for G(CHCls) in the range around
92 to 96% were obtained for all materials independ-
ent from the network composition indicating an
almost complete reaction. The obtained degree of
swelling values Q(CH;3Cl) and Q(H,0) decreased
with increasing crosslinker content from 1020 to
890% and from 270 to 130%, respectively. The com-
position of the polymer network was confirmed by
water extraction method according Equation (3),
where wpcy initial 15 the initial PCL-wt% in the start-
ing composition and wpcy, is the incorporated PCL-
wt%, G(H,0) and G(CHCl3) are the gel content
values determined in water and chloroform:

(@pLc initia — [G(H20)~G(CHCL]
WPLC™
\ G(CHCl3)

)100%
()

The amount of incorporated SNP for the nanocom-
posites determined by thermo gravimetric analysis

was found to be close to the initial incorporated
amount. The distribution of the nanoparticles within
the polymer matrices was investigated by means of
SEM. The SEM micrographs obtained from cryo-
microtomed cross sections of the nanocomposites
confirmed a similar filler distribution for samples
with 5 wt% SNP, independent from the composition
of the polymer matrix.

3.2. Thermal and mechanical properties

The thermal properties of the networks were inves-
tigated by DSC and DMTA. The DSC thermograms
of the CLEGC samples are shown in Figure 2. All
CLEGC exhibited two distinct 71, whereby the Ty,

Heat flow [mW-mg™"]

-25 0 25
Temperature [°C]

4
L

=75

P

-50

50 75
Figure 2. DSC thermograms for nanocomposites with dif-
ferent switching segment ratios and 5 wt% SNP
content taken from the second heating run with a
heating rate of 10 K-min~!. CLEG(030)C05 (black
line); CLEG(040)CO05 (red line); CLEG(050)C05
(green line); CLEG(060)C05 (blue line);
CLEG(070)CO05 (pink line).

Table 1. Gel content G, swelling degree O, SNP content and PCL content of CLEG nanocomposites and pure polymer net-

works
Sample 1D G (CHCI;)™ Q (CHCI;)™ G (H,0)® Q (H,0)® SNP content!™ orcL®
[%] [%] [%] [%] [wt%] [wt%)]
CLEG(030)C05 94.1+0.7 1018+4 97.9+0.3 266+0 5.2+1.0 28+1
CLEG(040)C05 94.6+0.3 100745 97.6+1.0 211+1 5.2+0.4 39+1
CLEG(050)C05 94.2+0.3 991+8 98.2+0.6 173+0 5.1+0.4 49+1
CLEG(060)C05 92.0+0.4 998+8 97.4+0.5 148+2 5.1+£0.3 60+1
CLEG(070)C05 92.5+0.1 95442 99.0+1.2 131£2 5.0+£0.3 69+1
CLEG(030)C00 93.5+1.2 974+18 96.6+0.2 27243 — 20+1
CLEG(040)C00 94.4+0.2 94743 97.6+0.4 213+1 — 38+1
CLEG(050)C00 93.9+0.0 938+4 98.0+0.7 174£2 — 49+]
CLEG(060)C00 93.2+0.3 913+14 98.4+0.8 147+1 — 59+1
CLEG(070)C00 93.0+0.6 888+7 99.3+0.7 128+1 - 69+1

[21ISample ID: the three-digit number in brackets gives the weight content of PCLDIMA in the starting material mixture of the organic
compounds in wt% and the last two digits represent the wt% of added nanoparticles (0, 2.5, 5, 10).
Gel content (G) and swelling degree (Q) determined by swelling experiment in [PICHCs, [IH,0.

[4IParticle content in wt% determined by TGA.

[eIThe weight content of PCL in the polymer network matrix determined by water extraction method.
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Figure 3. Partial heat of fusion (AHn pxx) determined by
DSC for crystalline PCL and PEG domains of
nanocomposites and pure multiphase polymer
networks. Nanocomposites: AHpppg (solid
squares); AHpy pcr (solid circles); pure polymer
networks: AHpy,ppg, (open squares); AHpmpcL
(open circles).

at lower temperatures (20-40°C) can be related to
the melting of the crystalline PEG phase (7 peG)
and at higher temperatures (>50°C) to the melting
of PCL crystallites (Typcr). The Ty pcr remains
constant at around 50°C, whereas Ty, peg was found
to decrease with increasing switching segment con-
tent from 38 to 20°C for both nanocomposites and
the pure networks. The overall heat of fusion AH,,
was found to decrease with increasing PCL content
from AH,= 80J-g7! to AHy,= 64J-g”'. While
AHy, peg decreased with increasing switching seg-
ment content, AHp, pcy, was found to increase (Fig-
ure 3).

The storage modulus (£’) vs. temperature curves
obtained from DMTA analysis, are shown in Fig-

10000 g
1000 |

100

E' [MPa]

a)

ure 4. The observed glass transition obtained as
maximum of the tan d versus temperature curve can
be attributed to the amorphous PCL chains and was
found in the range from —52 to —58°C for all com-
posites. Both, pure polymer networks as well as
nanocomposites, show a systematical decrease of
the storage modulus £’ with increasing temperature
(Figure 4a). At temperatures above —50°C the val-
ues for £’ decrease gradually to a level that is
strongly dependent on the switching segment con-
tent, starting around 25°C. At 40°C above Ty pEG
the storage modulus of the samples start to decrease
sharply until the melting of the PCL crystallites is
completed at around 60°C. Figure 4b shows that an
incorporation of SNP of 2.5 to 10 wt% does not sig-
nificantly alter the thermomechanical properties,
whereby E’ for composites with 5 and 10 wt% SNP
was slightly higher.

Mechanical testing was performed by uniaxial ten-
sile testing at four different temperatures (ambient
temperature, Thigh = 70°C; Tig = 40°C and Tiow=
0°C) and the obtained data are summarized in Fig-
ure 5 and Table 2. At 0°C, where PCL and PEG
segments form crystalline as well as amorphous
domains, the values of the Young’s modulus
decreased systematically with increasing switching
segment content. This is related to the strong contri-
bution of the crystalline PEG side chains to the
overall mechanical properties below the onset of
TmpEG at 0°C (see Figure 2) which is in good agree-
ment with results for AHy, peg. For PEG contents in
the range of 50-70 wt% the crystalline PEG
domains dominate the overall mechanical proper-

10000

1000

100 ¢

E' [MPa]

10

b)

Figure 4. Storage modulus (E") versus temperature curves obtained for nanocomposites with different switching segment
ratios by DMTA measurements. (a) nanocomposites differing in PCL content CLEG(30)CO05 (open circles),
CLEG(40)CO05 (filled squares), CLEG(50)CO05 (open triangles), CLEG(60)CO05 (filled diamonds), CLEG(70)C05
(open stars), (b) nanocomposites prepared with 40 wt% PCLDIMA in the starting material mixture with different
SNP content CLEG(40)C00 (open squares), CLEG(40)C02 (horizontally half-filled squares), CLEG(40)CO05
(solid squares) and CLEG(40)C10 (vertically half-filled squares).
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Table 2. Mechanical properties of pure CLEG polymer networks with various compositions at different temperatures

(Thigh = 70°C, Tinig = 40°C and Tipy, = 0°C).

Thignh = 70°C Tomia = 40°C Tiow = 0°C
Sample ID/?!

E [MPa] g [%] E [MPa] g [%] E [MPa] g [%]
CLEG(030)C00 0.49:£0.01 10030 4.240.2 10030 430450 74
CLEG(040)C00 0.70+0.02 100+30 14.7+0.6 12060 420+20 50+30
CLEG(050)C00 0.87+0.01 10030 31115 170+60 310+30 12090
CLEG(060)C00 1.05+0.03 15010 46.5+2.1 240+£10 130+20 20060
CLEG(070)C00 1.23+0.03 16020 62.7+10.4 270+20 160£10 240+90

[2IThe three-digit numbers in parentheses given for the sample IDs are the content of PCLDIMA in the starting material mixture of the
organic compounds in wt%, whereby C00 indicates that no nanoparticles were incorporated. Elongation at break (¢g) and Young’s
Modulus (£) determined by tensile tests at different temperatures, Tiow = 0°C, Tinig = 40°C and Thign = 70°C.

350 K(a) 1(b
300 i®
— 250 ¢ o
£ 200¢ [
& 150 * *
100 } % i { [ * { E i
50 | s 11
0 " a 4 1 * Iy 4
600 (C{) 1(d)
E 450 i i 4 4 i '}
= 300
w150 | b
3 1]
oF& & & = =t f . ]
30 40 50 60 70 00 25 50 7.5 100
PCLDIMA [wt%] SNP [wi%]

Figure 5. Mechanical properties of nanocomposites
CLEG(XX)CO05 with 5 wt% SNP depending on the
PCLDIMA content in the starting material mixture
and for CLEG(40)C with different SNP content
determined by tensile tests at 0°C (blue triangles);
40°C (red circles); 70°C (black squares); ambient
temperature (green stars). (a) Elongation at break eg
for nanocomposites differing in PCL content;
(b) Elongation at break g for CLEG(40)C with dif-
ferent SNP content; (¢) Young’s modulus E for
nanocomposites with different PCL content;
(d) Young’s modulus £ for CLEG(40)C with differ-
ent SNP content.

ties, while for the other compositions somehow a
balance between PEG and PCL was reached. There-
fore, the Young's modulus decreased significantly
with decreasing PEG content in the polymer net-
work. The elongation at break eg at Tj,w = 0°C
increased with increasing switching segment con-
tent, as the PCLDIMA content in the starting mix-
ture is related to the number of covalent crosslinks
in the polymer network. At 7y = 0°C both com-
posites and pure networks exhibited almost similar
mechanical properties. At ambient temperature,
where some of the crystalline PEG domains are
already molten, an increase in £ and ¢g with
increasing switching segment content could be
observed, whereby the £ values are significantly
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lower compared to 7y = 0°C. At 40°C the PEG
phase was completely amorphous and the PCL
phase still remained crystalline. Therefore the PEG
phase could not contribute to the mechanical prop-
erties. At 70°C, which is above the melting temper-
ature of both PEG and PCL, all samples are com-
pletely amorphous and only the covalent crosslinks
introduced by PLCDIMA determine the overall
mechanical behavior. While the incorporation of
nanoparticles up to a content of 5 wt% did not sig-
nificantly alter eg and E, for CLEG(040)C10 espe-
cially at 0°C higher values for the Young’s modulus
and lower eg-values were obtained, which we
attribute to the higher filler concentration.

3.3. Magnetic heating experiments

Prior to the investigation of shape-memory proper-
ties a series of preliminary magnetic field experi-
ments were conducted exemplarily for CLEG(040)C
samples with different SNP content, where the
maximal achievable temperature 7,,,x was deter-
mined increasing H from H =0 to H=29.4 kKA-m™!
at constant frequency of f'= 258 kHz (details are
given in the experimental section). For magnetic
nanocomposites the specific absorption rate (SAR)
or specific loss power is a key parameter, which is
defined as the amount of heat released by a unit
weight of the composite material per unit time [38,
40]. It was further reported that SAR is proportional
to the observed temperature difference AT =
Tmax— Teny>» Which can be correlated to the square of
the magnetic field strength (H*) (Equation (4)),
where £ is a material related constant, which depends
on several factors (e.g. size and shape of the mag-
netic particles, their magnetic properties and the
particle content or the heat conductivity of the com-
posite) and the frequency f of the alternating mag-
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Figure 6. T1,,x achieved in magnetic heating experiments
by continuously increasing H from H = 0 kA-m™!
to H=29.4 kA-m™! for CLEG(040)C with three
different SNP contents; CLEG(040)C02 (black
circles), CLEG(040)C05 (red squares) and
CLEG(040)C10 (blue stars) and Ty = k-H? +
< Teny> model analysis (solid lines)

netic field [38]. As in our case a constant frequency
of f'= 258 kHz was used and the investigated com-
posites differ only in the amount of SNP.

SAR = AT = k-H? 4)

As shown in Figure 6 the obtained 7.« achieved by
magnetic heating of the composites increased
almost significantly with increasing the filler con-
tent and increasing H. At Hyigp = 29.4 kA-m™! only
for nanocomposites with 5 and 10 wt% SNP the
required temperatures Tmyax > Impcr could be
reached. CLEG(040)C05 was selected for perform-
ing magnetic recovery experiments, as the thermo-
mechanical properties were almost similar to that of
the pure polymer networks. In addition H required
for indirect heating to Tnig = Tmax > Impec = 40°C
and Thigh = Tmax > TmpcL = 70°C were determined
for CLEG(040)C05 to Hpiq= 22.2kA'm~' and
Hhigh = 29.4 kA'm™!. The inserted model calcula-
tion based on Equation (4) showed that Ti,.x corre-
lated with H? as previously reported for other com-
posite systems [38, 40]. Here it becomes apparent,
that for CLEG(040)C02 the obtained data and the
theoretical prediction of the model calculation were
in good agreement, while CLEG(040)C05 and
CLEG(040)C10 showed a significant deviation in
the H-range of 15kA-m™' to H= 22.4 kA-m™,
which might be related to the higher particle load-
ing. The k values obtained by the model analysis
were k= 0.012 K:-m?>kA~2 for CLEG(040)C02, k =
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0.047 K:‘m>kA2 for CLEG(040)C05 and k=
0.072 K-m?-kA 2 for CLEG(040)C10.

3.4. Shape-memory properties

Bending experiments were performed for studying
the shape-memory properties. Here three different
thermomechanical shape-memory creation proce-
dures were applied, the two-step creation proce-
dures SMCP-2s-1 and SMCP-2s-1I as well as the
single-step programming SMCP-1s (details are
given in Experimental section). In Figure 1a the dif-
ferent SMCPs are presented schematically. In Fig-
ure 1b, the molecular mechanisms of the temporary
shape fixation during SMCP-2s-1 is shown
schematically. The PCL phase is used for the fixa-
tion of the temporary shape B, the sample is
deformed at 70°C (step 1), which leads to an orien-
tation of the amorphous, flexible PCL chain seg-
ments. Cooling to 40°C results in a crystallization of
PCL chain segments (step 2), so that the temporary
shape (B) is fixed when the sample is unloaded. At
40°C, the elasticity of a sample is determined by
remaining amorphous PCL chain segments, which
can be oriented by applying a deforming stress. This
allows further a deformation of the polymer net-
work (step 3), cooling to 0°C leads to a crystalliza-
tion of pendant PEG chain segments (step 4), lead-
ing to a fixation of the temporary shape A by the
crystalline PEG phase.

Shape recovery experiments were conducted with
programmed samples by increasing the environ-
mental temperature Ty, and application of two dif-
ferent indirect magnetic heating experiments: step-
wise increasing of A and subsequently switching
from Hj to Hpyig and from Hpyig to Hyign (for details
see Experimental section).

For quantification of the shape-memory properties
the change in deformation angle # was measured
during programming and recovery. The shape fixity
ratios R(X—Y) were determined after completion
of SMCP according to Equation (5), while the
shape recovery ratios R, (Y—X) were calculated
according to Equation (6). Samples programmed
with SMCP-1s were quantified by R{C—A) and
R(A—C), whereas samples programmed by dual-
step procedures are characterized by Ry{(C—B),
Ry{(B—A) and the overall fixity ratio R{C—A), as
well as the recovery ratios R,(A—B), R(A—C).
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Additionally, the change in bending angle A&, dur-
ing recovery with temperature or H was analysed
for determination of T, and Hy.

Ox — Oy
R(X—=>Y)-——— 5
0 —_ Grec
R(Y >X) = ﬁ (6)

3.4.1. Recovery by inductive magnetic heating
All CLEGC nanocomposites exhibited good shape-
memory properties when activated in alternating
magnetic field (see Table 3). An almost complete fix-
ation of shape (B) by crystallization of PCL domains
was achieved for all investigated materials inde-
pendent of the applied SMCP. In contrast the
R{B—A) obtained during two-step SMCPs was
found to decrease with increasing PCL content
from 99+3% to 73+3%, because the fixation of
shape (A) was mainly supported by the grafted
PEG chains. In all magnetic recovery experiments a
complete total recovery R{(A—C) was obtained,
while the recovery of shape (B) decreased with
increasing PCLDIMA content down to R(A—B) <
49%. Excellent triple-shape properties were obtained
for the network compositions with 30, 40 and
50 wt% PCLDIMA content in the starting material
mixture. Such composites exhibited R(A—B) val-
ues above 63% when SMCP-2s-1 was applied and
lower values of R(A—B) > 55% for SMCP-2s-11,
which can be explained by an additional contribu-
tion to fixation of shape (A) caused by cold-draw-
ing of the PCL crystallites during SMCP-2s-1. For
nanocomposites programmed with SMCP-1s a
complete fixation of the temporary shape (A) and
recovery of the original shape (C) was observed.
Moreover in Table 4 the shape-memory properties
achieved for CLEGC programmed with different
SMCPs in magnetic recovery experiments using
subsequent switching from Hy to Hpiq to Hyign are
summarized.

To determine the switching magnetic field strength
Hgy, 1(A—B) and Hg, »(B—C), inductive magnetic
heating was conducted by step-wise increasing of
H. As apparent from Figure 7a—c representing the
ABec versus H curves depending on the PCLDIMA
content, the obtained recovery behavior of the nano-
composites was strongly influenced by the compo-
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sition of the polymer matrix and the applied SMCP.
When SMCP-2s-I1 and SMCP-2s-11 was applied, a
distinct two-step change in Af,.. with increasing H
was observed for materials with a PCLDIMA con-
tent ranging from 30 to 50 wt%, which is character-
istic for triple-shape capability. Hy 1(A—B)
increased with decreasing PCLDIMA content, which
we attribute to the changes in 71, ppg With composi-
tion of the polymer matrix as confirmed in DSC
measurements. A further difference in Hy,, 1(A—B)
for CLEG(030)C05 and CLEG(040)C05 samples
can be related to the difference in the two program-
ming procedures. Here Hy, j(A—B) = 15 kA-m™! was
determined for samples programmed with SMCP-
2s-11, while a higher Hyy, j(A—B) > 20 kA'm™! was
achieved by SMCP-2s-1. This difference in
Hg,, 1(A—B) can be related to the difference in the
two programming procedures. In SMCP-2s-1
shape (A) was fixed by PEG crystallites and ‘low’
melting PCL crystallites resulting in higher values
for Hyw,1(A—B), whereas during SMCP-2s-1I only
PEG crystallites are responsible for fixation of
shape (A), as previously reported for photo-
crosslinked CLEG polymer networks [8, 43, 44]. For
samples programmed by SMCP-2s-1 Hy,, »(B—C) =
25 kA'm™! could be determined, while slightly
lower values for Hy,2(B—C) were obtained when
SMCP-2s-11 was applied. Here, the lower values
observed for SMCP-2s-II programmed samples can
be related to the contribution of ‘low’ melting PCL
crystallites to the fixation of shape (B) at 7oy = 0°C.
When one-step programming SMCP-1s was used
for programming, a single transition, which is char-
acteristic for a dual-shape effect, was achieved for
all nanocomposites in the Af,..—H curves with Hgy, =
23 kA'm™!, because the temporary shape is predom-
inantly fixed by PCL crystallites during SMCP-1s,
while crystallization of the grafted PEG chains did
contribute to the fixation of shape (A) [43, 44].

3.4.2. Recovery by environmental heating

In thermal recovery experiments, the shape-mem-
ory capability of CLEGC composites with different
composition was investigated by increasing Teny
from 25 to 70°C (for details see Experimental sec-
tion). From the obtained A#,.. versus Te,, curves
Tsw,1(A—B) related to the shape change from A—B
and Ty 2(B—C) related to the shape change from
B—C were determined. As apparent from Fig-
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Figure 7. Recovery curves of CLEGC differing in switching segment ratio achieved for different programming procedures
either under magnetic activation by step-wise increasing H from H = 0 to 29.4 kA-m™! (a), (b), (c) and under ther-
mal stimulation by step-wise increasing 7Ty, from 25 to 70°C (d), (e), (). Samples programmed with program-
ming procedure SMCP-2s-1: (a and d), SMCP-2s-I1I: (b and e¢) and SMCP-1s: (¢ and f). CLEG(030)CO05 (open cir-
cles); CLEG(040)CO05 (filled squares); CLEG(050)C05 (open triangles); CLEG(060)CO05 (filled diamonds);

CLEG(070)CO0S5 (open stars).

ure 7d—f also the recovery behavior of the nano-
composites, when thermally initiated, was strongly
dependent on both the composition of the polymer
matrix and the applied SMCP. A pronounced triple-
shape behavior characterized by two well separated
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shape changes with T, was achieved for all CLEGC
composites with PCLDIMA content up to 50 wt%
when programmed with SMCP-2s-I and SMCP-2s-11.
The observed increase in Ty, 1(A—B) with decreas-
ing PCLDIMA content could be attributed to the
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Table 4. Shape-memory properties of CLEGC determined in inductive magnetic heating experiments where subsequently
two different magnetic fields strength Hpyq = 22.2 kA-m™' and Hiign = 29.4 kA-m™" were applied (f= 258 kHz,

ﬂOW = OOC, Tmid = 400C5 Thigh = 700C).

. R(C—B R(B>A R,(A>B R,(A>C

Sample ID f([%] ) f([%] ) ([%] ) ([%] )
CLEG(030)C05 89+3 9443 9943 100+2
| & |CLEG(040)C05 100+3 84=3 7244 100+2
- & |CLEG(050)C05 10043 803 63+4 10042
E | 2 [CLEG(060)C05 10043 5943 5146 10042
& CLEG(070)C05 1003 5643 466 1002
E _ | CLEG(030)C05 94+3 10043 7843 10042
2 5 CLEG(040)C05 9743 7743 69+4 1002
2 & [CLEG(050)C05 1003 76+3 60+4 10042
& | S [CLEG(060)C05 1003 5443 416 1002
“ [CLEG(070)C05 1003 5743 63+6 1002
o CLEG(030)C05 10027 - 100+2
52 | 2 [CLEG(040)C05 100+27 - 1002
%')D § & [CLEG(050)C05 10027 - 1002
s 2 2 |CLEG(060)C05 10027 - 100+2
= CLEG(070)C05 10027 - 100+2

The errors denoted in the table, for Ry and R, values are related to the accuracy of recovery angle determination (estimation: £3°) and

were calculated according error propagation rules.

“The three-digit numbers in parentheses given for the sample IDs are the content of PCLDIMA in the starting material mixture of the
organic compounds in wt% and the last two digit of the sample ID represent the wt% of nanoparticles in the starting reaction mixture.
#*represent the values determined from one-step programming protocol (C—A)
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Figure 8. Comparison of thermally- and magnetically-stimulated recovery of CLEG(040)CO05 after application of different
programming procedures. SMCP-2s-I (filled squares); SMCP-2s-1I (open squares); SMCP-1s (horizontally half-
filled squares). (a) magnetic activation by step-wise increasing H from 0 to 29.4 kA-m™' (b) step-wise increasing

Teny from 25°C to 70°C.

changes in 71, peg With composition of the polymer
matrix as seen in DSC measurements. Whereby
slightly higher values of T, 1(A—B) obtained for
SMCP-2s-1 could be related to the contribution of
‘low’ melting PCL crystallites during fixation of
shape (A) as aforementioned. In contrast 7y, 2(B—C)
was found to be independent from the composition
of the polymer matrix, while application of SMCP-
2s-1 resulted in slightly higher values of
Tw2(B—C) = 54°C, because the fixation of shape (B)
is not supported by ‘low’ melting PCL crystallites.
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Finally, in Figure 8 the achieved environmental and
magnetic recovery curves obtained for CLEG040C05
using different SMCPs are displayed to illustrate
the aforementioned impact of the applied program-
ming procedure on Ty 1(A—B), Tew2(B—C),
Hgy, 1(A—B) and Hgy 2(B—C).

4. Conclusions

A series of CLEGC nanocomposites based on
grafted polymer networks with various ratios of two
crystallizable switching segments (PCL segments
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acting as covalent crosslinker and grafted PEG seg-
ments) and different SNP contents from 2.5 to
10 wt% were synthesized. High values for gel con-
tent > 92% indicated an almost complete conver-
sion of the starting materials. All nanocomposites
exhibited two well separated thermal transitions,
TmpcL = 51°C attributed to the crystalline PCL
domains and Ty, ppg ranging from 38 to 20°C related
to crystalline PEG domains, which decreased with
increasing in PCL content. The incorporation of
SNP up to 5 wt% did not significantly alter the ther-
momechanical properties of the grafted polymer
network matrix.

The shape-memory properties of the nanocompos-
ites were quantified by bending experiments using
three different programming procedures, while acti-
vation of the thermally-induced shape effect was
realized by indirect magnetic or environmental heat-
ing. The results achieved in the different heating
experiments were in good accordance. Application
of two-step programming procedures SMCP-2s-1
and SMCP-2s-1II resulted in a distinct triple-shape
effect, whereby for nanocomposites with a
PCLDIMA weight fraction of 30 and 40 wt% in the
starting reaction mixture excellent triple-shape
properties were obtained. In contrast, a pronounced
dual-shape effect with an almost complete fixation
and recovery were achieved when one-step pro-
gramming was utilized, because here the temporary
shape (A) in this case was predominantly fixed by
PCL crystallites, while crystallization of the grafted
PEG chains could not contribute to the fixation of
shape (A). As for grafted polymer networks with
two crystallizable switching segments the applica-
tion of single-step programming did not lead to
triple-shape capability. In a next step AB polymer
networks with two crystallizable switching seg-
ments should be explored.
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Abstract. In the present study, we had introduced polyurethane (PU) nanofibers that contain hydroxyapatite (HAp)
nanoparticles (NPs) as a result of an electrospinning process. A simple method that does not depend on additional foreign
chemicals had been employed to synthesize HAp NPs through the calcination of bovine bones. Typically, a colloidal gel
consisting of HAp/PU had been electrospun to form nanofibers. In this communication, physiochemical aspects of prepared
nanofibers were characterized by FE-SEM, TEM and TEM-EDS, which confirmed that nanofibers were well-oriented and
good dispersion of HAp NPs, over the prepared nanofibers. Parameters, affecting the utilization of the prepared nanofibers
in various nano-biotechnological fields have been studied; for instance, the bioactivity of the produced nanofiber mats was
investigated while incubating in simulated body fluid (SBF). The results from incubation of nanofibers, indicated that
incorporation of HAp strongly activates the precipitation of the apatite-like particles, because of the HAp NPs act as seed,
that accelerate crystallization of the biological HAp from the utilized SBF.

Keywords: biocompatible polymers, biocompatible polymers, nanomaterials

1. Introduction ders its densification, resulting in brittle films,
Hydroxyapatite (HAp) is the main inorganic solid  which therefore, make it difficult to process [5]. It is
component of the hard tissues in bones and can also  worth mentioning, that scaffolds used in tissue
be used as a vital implant component, because of its  engineering should have good mechanical support,
excellent biocompatibility, bioactivity, nonim- which eventually should transfer stress back to the
munogenicity and osteoconductive nature [1]. The healing tissue; and this process is difficult to
scientific community is facing a major challenge to  achieve with HAp alone. Therefore, nano-sized
formulate an ideal strategy to form new bone tissue  composites of biodegradable polymers and HAp
for patients suffering from various bone defects. NPs are being developed to improve the mechanical
Thus, a significant amount of attention had been  properties, biodegradability, and the tissue interac-
focused on different ways to produce HAp, so as to  tion for artificial implants.

meet the world-wide requirements of these impor-  Since the advent of tissue engineering, HAp has
tant biomaterials [2—4]. However, HAp cannot be  been widely utilized for bone tissue regeneration,
used directly as an implant because of its free pow-  especially in the form of scaffolds. HAp has also
der-like nature or needle-like particles which hin-  been used frequently to meet specific requirements,
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such as a suitable environment to facilitate cell
seeding and proper diffusion of nutrients for healthy
growth of osteoblasts during the initial implant
period, which is considered to be a crucial time [6].
For this aesthetic purpose, the most common strat-
egy employed is to utilize the properties of web-like
structures made from biodegradable polymers fab-
ricated by electrospinning of polymers [7]. This
electrospinning technique had been the focus of
considerable attention, because it can produce fibers
with diameters in the range of a few microns to the
nanometer scale by applying high electric fields [8—
9]. In a typical electrospinning process, the electro-
statically driven polymer jet is ejected from the
polymer solution, which experiences bending insta-
bility. Furthermore, the solvent evaporates and ultra
fine stretched fibers are deposited on the grounded
collector [10]. Nanofibers generated with this tech-
nique have drawn a considerable attention, because
of their web-like structures, which exactly mimics
the topology of the extracellular matrix present in
the human body; thus, these nanofiber mats provide
a favorable environment for growth of new tissues
[10-11].

Polyurethane (PU) is a thermoplastic polymer with
excellent mechanical properties and is insoluble in
water; moreover, it can be used as a biomaterial
[12—13]. A nano-fibrous shape strongly modifies
the characteristics of any polymer, to make it utiliz-
able for proper area of use. Therefore, polymer nano-
fibers of PU have also been utilized in various
fields: biosensors, protective cloths, and epithelial
enhancing material [ 14—16]. Thus, given the advan-
tageous features of electrospinning, there are some
reports that use this versatile technique to form
nanofibers consisting of HAp. For instance, various
polymers, such as poly (DL-lactide-co-glycolide),
polycaprolactone, collagen and chitosan, have been
produced by blending HAp NPs [17-20]. However,
to our knowledge, there is no prior report that
addresses production of biologically safe HAp pro-
duced by using high temperature sintering and
mechanically strong polymer (PU) to form nano-
fibers as a future implants. Given these facts, the
present work deals with production of PU nano-
fibers containing HAp NPs that are successfully
produced using the electrospinning technique. In
addition to morphological properties and the crys-
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talline structure of nanofiber matrices, the bioactiv-
ity of obtained nanofibers was also investigated.

It is worth in mentioning, that chemically synthe-
sized HAp nanopowder (particle size almost <50 nm)
was utilized in the aforementioned polymer/HAp
nanofiber mats to facilitate the electrospinning
process; thus, the HAp NPs were imprisoned in the
obtained polymer nanofibers [17-20]. Similarly,
some researchers have focused on hydrogen bond-
ing and improving the shape memory effect by
adding HAp NPs in poly (D,L-lactide) nonocom-
posites [21, 22]. However, the bioactivity has not
been investigated for those reported nanofiber mats
or nanocomposites. We think the main reason is the
complete encapsulation of the HAp NPs inside the
polymer nanofibers or nanocomposites, which
reveals no difference between the pristine and HAp-
incorporated composites, when subjected to the
simulated body fluid (SBF). In addition to this,
some researchers have modified polymers, such as
gelatin, polycaprolactone, and poly (D,L-lactide)
acid, with the precursor materials of HAp; however,
the final cell culture results were not well accept-
able [23-26]. We believe that the materials used to
form HAp were chemically contaminated, because
there syntheses processes requires harsh chemicals,
therefore, these materials did not reveal good results
after the osteoblast culture [23-26]. In this study,
we have utilized the HAp that was obtained from
calcination of bovine bone, which is economically
and environmentally preferable and biologically
safe compared with the chemically synthesized one,
which might be chemically contaminated as detailed
in our previous studies [27-28]. Moreover, it is
worthy to mention, that obtained HAp NPs used in
this study had been obtained from the high temper-
ature sintering of (850°C), which leads to cause
denaturation of all antigenic proteins associated from
their natural bovine origin, therefore rendering the
product safe for the implant applications. More-
over, the particle size of the utilized HAp was rela-
tively in broad size range, which demonstrates HAp
NPs alone in/on PU nanofibers can be associated.
Therefore, the introduced PU/HAp nanofiber mats
revealed better bioactivity compared with the pris-
tine mats, while incubation in SBF. Moreover, incu-
bation of the introduced PU/HAp in the SBF led to
the formation of excessive apatite, because of the
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biological apatite crystallization, which causes the
incorporated HAp particles in the nanofiber mats to
act as nuclei, so as to lead the formation of these
excessive apatites. Furthermore, detailed further
study of these nanofibers in presence of osteoblast
cells for checking cell viability are in progress.

2. Experimental work

2.1. Materials

Polyurethane (PU), ChronoFlex® MW of 110.000,
medical grade was purchased from Cardio Tech.
Intern., Japan. Tetrahydrofuran (THF) and N,N-
dimethylformamide (DMF) (analytical grade, Showa
Chemicals Ltd., Japan) were used as solvents with-
out further purification.

2.2. Preparation of HAp NPs

Preparation of HAp NPs was done according to our
previously established methodologies [25, 26]. In
general, bone is 65-70% of HAp and 30-35%
organic compounds (on a dry weight basis). Colla-
gen is the main organic compound present in natu-
ral bone (95%); in addition, there are other organic
compounds that exist in small concentrations, such
as chondroitin sulfate, keratin sulfate and lipids
(e.g., phospholipids, triglycerides, fatty acids and
cholesterol) [29]. Keeping in consideration, the
aforementioned compounds present in bones, the
bovine bones taken from the femur of Egyptian
cows were carefully washed with water and acetone
to remove the solid impurities and other fats associ-
ated with them. After washing, the bones were dried
at 160°C for 48 h. The cleaned bones were ground
to particle sizes less than 100 pm. The ground
bones were placed in an open alumina crucible and
then heated in the furnace (Lenton Thermal Designs
Ltd., South Korea). The ground bone sample was
heated to 850°C at a heating rate of 10°C/min with
a soaking time of 1 h. The obtained calcined bone
powder was further ground with ball milling to
decrease the particle size down to nano-scale level.

2.3. Electrospinning process

10 wt% of PU solution was prepared by dissolving
PU in THF and DMF. Initially, PU pellets were dis-
solved overnight in THF, and DMF was added to
produce the final concentration that contained
10 wt% of PU in THF/DMF (1:1, w/w). To prepare
the colloidal solutions containing HAp, a stepwise
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Figure 1. Schematic diagram of a simple electrospinning
spinning apparatus: (a) dc power supply (b) Syringe
(e) Rotating collector (d) Electric motor

methodology was adopted. Briefly, the colloidal of
HAp/DMF were prepared and added to the previ-
ously prepared PU solution in THF to have final
mixtures containing 3, 5 and 7 wt% of HAp with
respect to the polymer concentration and with a
final polymer concentration of 10 wt% of PU in
THF/DMF (1:1, w/w). Figure 1 shows conceptual
illustration for the used electrospinning set-up. A
high voltage power supply (CPS-60 KO02VI,
Chungpa EMT Co., Republic of Korea) that is capa-
ble of generating voltages up to 60 kV was used as
the electric field source for spinning of nanofibers.
Polymer solutions to be electrospun were supplied
through a glass syringe attached to a capillary tip.
The wire originating from the positive electrode
(anode), which was connected with the copper pin,
was inserted into the colloidal solution, and a nega-
tive electrode (cathode) was attached to the rotating
metallic collector. Finally, the solutions were elec-
trospun at 15 kV with a 15 cm working distance
(the distance between the needle tip and the collec-
tor). The as-spun nanofibers were dried in vacuo for
24 h in the presence of P,O5 to remove the residual
moisture from used solvents.

2.4. In-vitro bioactivity test

To verify the advantage of incorporating HAp NPs
in PU nanofibers, in-vitro bioactivity of both of pris-
tine PU and PU/HAp nanofiber mats had been exam-
ined. Briefly, the in-vitro bioactivity study was per-
formed using SBF solution, which was prepared by
using the method described elsewhere [30]. The salt
components, like NaCl, NaHCOj3;, KCIl, K;HPOy,,
MgC12 6H20, HCI, CaClz, NB.QSO4, and
(CH,0OH);CNH,, were added in the same propor-
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tions, as those described in the reference, so to give
the final ionic concentration of human plasma. The
pH of the ionic buffer was adjusted to 7.4 by adding
0.1 M HCI or 0.1 M NaOH. The nanofiber mats
were soaked in SBF and were incubated at room tem-
perature with a rotary shaker at a speed of 40 rpm.
The SBF was replaced with a fresh one, for every
2 days for a total period of 10 days. Further on, to
investigate the formation of the bone-like apatite on
the nanofiber surfaces, samples were vacuum dried
and observed under FE-SEM.

2.5. Characterization

The morphology of the nanofiber mats was ana-
lyzed with a field emission scanning electron micro-
scope (FE-SEM) Hitachi S-7400, Japan with an
operating voltage at 200 kV combined with the
energy dispersive X-ray (EDS). Transmission elec-
tron microscopy (TEM) was performed with JEOL
JEM 2010 operating at 200 kV, (JEOL Ltd., Japan)
and was combined with the energy dispersive X-ray.
Both the FE-SEM and TEM instruments, were
obtained directly from the company located at branch
offices in South Korea. Additionally, scanning elec-
tron microscope (SEM) (Leo 435 VP) obtained from
Carl Zeiss SMT Ltd., equipped with EDS operating
at accelerating voltage of 3 kV was also used. The
Information about the phases and crystallinity was
obtained using Rigaku X-ray diffractometer (XRD,
Rigaku Co., Japan) with Cu K, (A= 1.54056 A)
radiation over Bragg angles ranging from 10 to 80°.
The spectroscopic characterization was investigated
with Fourier-transform infrared (FT-IR); the spectra
were recorded by grinding samples with KBr pel-
lets using a Varian FTS 1000 FT-IR, Mid-IR spec-
tral range, cooled DTGS detector, and Scimitar
series (Varian Inc., Australia). The thermal stability
and influence upon incubation of nanofiber mats
before and after incubation in SBF was carried out
with a Pyris TGA (Perkin Elmer Co., USA) by heat-
ing from 50 to 800°C under a continuous oxygen
purge of 20 ml/min. The heating rate was 20°C/min.

3. Results and discussion

Electrospinning of colloidal solution that contains
various amounts of HAp (0 to 7%) generated mem-
branes that consist of well-defined nanofibers. As
shown in Figure 2a and 2e, the FE-SEM images of
nanofibers in low and high magnifications had been
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obtained after performing the electrospinning
process. Figures 2a and 2e, obtained from electro-
spinning pure PU solution, demonstrates that smooth,
uniform and bead-free nanofibers were produced. It
is clear from the high magnification micrograph,
that smooth and continuous fibers are formed by
pristine PU. Moreover, its counterparts, containing
various amounts of HAp (i.e., 3, 5 and 7%) are pre-
sented in Figure 2b, 2¢ and 2d, respectively. The
morphology of the polymer nanofibers (in terms of
general nanofibrous morphology) has not been
affected by the addition of HAp in these electro-
spun mats. However, it can be observed that small
decrease in diameter of nanofibers while analyzing
Figures 2a, 2b, 2c and 2d. Furthermore, one can
easily observe that the amount of HAp NPs
increases as the concentration of HAp increases in
the original colloidal solution used in electrospin-
ning. In more details, the high magnification from
the former figures are represented in Figures 2f, 2g
and 2h. Actually, the observed NPs in (Figure 2f, 2g
and 2h) are the large sized HAp particles; in other
words, the particles with diameters larger than the
average nanofiber diameter could not be embedded
inside the nanofibers, and instead, they attach to the
nanofiber threads or in simpler words they remain
non-encapsulated. Moreover, the small sized NPs
are encapsulated inside the nanofibers, analogously
to the polymer/HAp in electrospun nanofiber mats
that were previously reported [17-20].

XRD is a highly trustable technique utilized to
investigate the nature of any crystalline compounds.
The XRD pattern of pure HAp and nanofiber mats
is presented in Figure 3. In this figure, the vertical
base lines represent the standard HAp according to
the JCPDS data base [31, 32]. As shown in this fig-
ure, all the corresponding peaks originating from
the base line (i.e., standard HAp) and synthesized
HAp NPs generally match with each other, which
satisfy that the produced HAp is purely crystalline.
Strong diffraction peaks at 26 values for HAp can
be seen at 31.77, 32.90, 34.08, 40.45, 46.71, 48.62,
49.46, 51.28, 52.10 and 53.14° that correspond to
the crystal planes (211), (300), (202), (310), (222),
(320), (213), (410), (402) and (004) [31, 32]. There-
fore, it can be concluded that the calcination
processes have eliminated the other impurities from
the bovine bones [29], and the obtained molecular
skeleton consists of pure HAp. Further on, the spec-
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Figure 2. FE-SEM images for nanofibers that contain different amounts of HAp: 0% (a), 3% (b), 5% (c) and 7% (d) at low
magnification. Corresponding figures containing 0% (e), 1% (f), 3% (g) and 7% (h) at high magnification from
the encircled areas of low magnification images are also included.

tra of the pure PU, which is also represented in this
figure, because the PU is amorphous in nature, it
can be observed that the spectra do not possess any
such reasonable peak to indicate its non-crystalline
nature. However, compared with its other modified
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counterparts obtained from electrospinning the
HAp-containing colloids, the spectra possess rea-
sonable peaks, which are located at the same dif-
fraction angles, that of standard HAp peaks and the
used HAp in these nanofibers. These findings con-
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firm that nanofibers involve HAp NPs within them
and simultaneously support the FE-SEM results. It
is interesting to note, that the intensities of the
peaks obtained from XRD analysis increased as the
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Figure 3. XRD results for the standard (the vertical base
lines) and prepared hydroxyapatite (calcined).
Also, the spectra of pristine PU and the prepared
hydroxyapatite/PU nanofiber mat with different
concentrations of hydroxyapatite.

Area EDX from spectrum 1

Point EDX from spectrum 2

concentration of original HAp used in the colloidal
solutions was increased.

To ensure that the added HAp particles are really
present in/on nanofibers, FE-SEM equipped with
EDS analysis was utilized for one of the modified
nanofibers containing HAp NPs; the results are pre-
sented in Figure 4. As shown in Figure 4a and its
corresponding EDS data, originating from the area
analyses of the nanofibers. The evident presence of
Ca and P peaks, from the (area analyses) indicates
the presence of HAp, from this marked area (Fig-
ure 4a). For point EDS, from a specific area, the
results are shown in Figure 4b, and its correspon-
ding EDS is also presented. From this figure, we
can clearly find the increase in concentration of the
Ca to P ratios compared to the area EDS (Fig-
ure 4a). The Ca to P ratio from both areas (one with
swelled and whole area) was in the range of
1:50+10, which is more or less equal to natural
HAp. The presence of HAp at this (specific area)
indicates that this part is rich in HAp and addition-
ally this discussion, clarifies the dilemma that these

Full Scale 2353 cts Cursor: 0.000

0 1 2
Full Scale 1532 cts Cursor: 0.000

Figure 4. FE-SEM equipped with EDS images from one of the nanofibers containing HAp NPs. Area EDS of the nanofiber
mat from the encircled area and its corresponding EDS scan results (a). Point EDS of the nanofiber mat from the
point area that contains HAp NP and its corresponding EDS scan results (b).
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swelled areas are beads, which is an electrospinning
defect. It is worth mentioning, that presence of
beads can be favorable in certain applications, for
instance to increase the superhydrophobicity of
nanofiber mats. In particular, this type of finding
was observed when nanofibers of poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (PHBV) was fabri-
cated with various beads by electrospinning [33].
However, in our case we have obtained completely
bead-free nanofibers which is favorable in general
application of nanofibers, when nanofibers are to be
used for implant purposes.

It is well known fact, that transmission electron
microscope (TEM) analysis can be utilized to dif-
ferentiate between crystalline and amorphous struc-
tures of materials. To investigate this phenomenon,
the sampling was achieved by placing the TEM grid
very close to the tip opening of the syringe needle
for a few seconds during electrospinning process.
In Figure 5 it can be observed that the nanofiber
morphology is consistent with FE-SEM images in
morphology. Figure 5a, also draws our attention to
an interesting finding that the PU nanofibers can
capture some large HAp NPs, which leads to more
naked HAp NPs, which is beneficial in hard tissue
applications. For further investigation, Figure 5b
demonstrates the HR-TEM results for the black
area; this image clearly shows apparent strips,
which indicate high crystallinity for the marked
area, considering the approved non-crystalline
nature of the PU; this black area can be confidently
attributed to HAp. The lattice image of an individ-
ual HAp from HR-TEM indicates that the HAp par-

a) b)

ticle is an absolute crystal, with well-defined lattice
fringes, and the lattice spacing of 0.47 nm, corre-
sponds to the (110) HAp plane. The selected area
electron diffraction (SAED) image in the (upper
inset Figure 5b) reveals good crystallinity because
there are no imperfections observed in the lattice
planes. The atoms are arranged in a unique crystal
lattice shape: the lattice shape of the standard HAp
is hexagonal [31]. Moreover, the inverse Fast
Fourier Transformation (FFT) of the (lower inset
Figure 5b) image also confirms the good crys-
tallinity in accordance with HR-TEM results.

It is noteworthy to mention, that used HAp NPs in
this study were of different diameters, however, the
exact size of used HAp NPs used in these experi-
ments was not fully studied. Knowing this fact, it
was expected that small sized NPs will reside inside
the nanofibers and large one will remain partially
captured on nanofibers surfaces. As indicated in
case of FE-SEM results, (Figure 1 and Figure 5)
which successfully proved the presence of bead-
free nanofibers in obtained nanofibers after blend-
ing with HAp NPs. The occurrence of bead-like
structure was due to large sized HAp NPs which
remain partially encapsulated inside nanofibers. In
those results, the location and presence of small
sized NPs, over the nanofibers could not be dis-
cussed at that point. In order to find out the occur-
rence of small sized NPs inside the nanofibers and
simultaneously to abolish this dilemma, that some
of the used NPs are really small in size and there-
fore, are encapsulated inside the nanofibers. In this
context, Figure 6 shows a TEM micrograph of the

Figure 5. TEM of an individual nanofiber prepared from HAp/PU colloid (7 wt%): (a) high resolution transmission elec-
tron microscope (HR TEM) for the encircled area; (b) the (upper inset) selected area diffraction pattern (SAED)
for the encircled area and the (lower inset) fast Fourier transformation (FFT) image
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PU nanofibers containing 7 wt% HAp (showing
small sized Hap NPs). In this figure it can be
observed that PU which is non-crystalline in nature
appeared as white in color, while the highly crys-
talline HAp NPs looks darker in color. Also, from
this figure, it can be clearly observed that small

Figure 6. TEM of an individual nanofiber prepared from
HAp/PU colloid (7 wt%), the inset figure shows
selected area diffraction ring pattern from the
edge of HAp NP
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sized NPs are encapsulated inside the nanofibers,
which abolish the dilemma that used NPs are large
in size, which simultaneously support the finding
that small sized NPs can be accommodated inside
the nanofibers. The inset in Figure 6 shows the
SAED ring pattern of the nanofiber with encapsu-
lated HAp NP. There are no stacking faults observed
in the lattice planes, which confirms the good crys-
tallinity of the present NPs inside nanofibers. The d
spacing at 8.14, 4.72, 4.07, 3.44 and 1.94 A can be
indexed to the (211), (300), (202), (310) and (222)
planes, which are close to the XRD results.

To check insightful understanding and chemical
nature of NPs over nanofibers precisely, transmis-
sion electron microscopy (TEM) combined with the
energy dispersive X-ray (EDS) analysis was done.
For TEM-EDS analysis, the small nanofiber mats
were ultrasonically dispersed in ethanol, and a drop
of ethanol, which contained well dispersed nano-
fibers, was placed on the TEM grid and examined
under microscope. In this regard, Figure 7 shows a
low-magnification TEM-EDS image of the nano-
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Figure 7. TEM-EDS image of nanofibers prepared from a HAp/PU colloid (7 wt%) (a); the linear EDS analysis along the
line appearing in the figure (b); results of line mapping for two compounds analyzed as calcium in red (¢) and

phosphorous in cyan (d).
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fiber from 7% PU/HAp nanofiber combination.
From this image, it can be seen that the NPs are
likely to be pulled away from main nanofiber stem
because of the ultrasonication (Figures 7a and 7b).
The EDS results from corresponding compound
mapping results are shown in (Figures 7c and 7d).
From these figures, one can clearly reveal the pres-
ence of Ca and P, which overall account the pres-
ence of HAp NPs. Therefore, these results strongly
confirm the FE-SEM analyses that the naked NPs
originate from HAp in the chemical composition
present over the nanofibers.

Figure 8 shows the FT-IR spectra of nanofibers
derived after electrospinning colloidal solutions.
Absorbance, resulting from vibrational modes from
phosphates and hydroxyl groups is present in the
spectra. For instance, the PO4>~ asymmetric stretch-
ing mode of vibration is characterized by a strong
and complex band in the 17321037 cm™' range
and a medium intensity band at about 961 cm™! that
results from symmetric stretching vibrations [34].
The crystalline HAp generates characteristic OH
bands at about 3446 cm™!, and this phenomenon is
noted in all the nanofiber combinations containing
HAp. The small peaks at 1700-1450 cm™, indicate
the existence of a Ca—O phase in the structure. A
medium sharp peak at 628-635 cm™, is assigned to
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Figure 8. FT-IR spectra of pure PU nanofiber: (A) Calcined
bones; (B) PU nanofiber containing 3% HAp;
(C) PU nanofiber containing 5% HAp; and
(D) PU nanofiber containing 7% HAp; (E)
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the O—H bending deformation mode. The intensity
of these peaks increases as the amount of original
HAp used to make colloidal solution for electro-
spinning increases.

Generally, it is believed that the formation of apatite
nuclei requires a seed to facilitate the formation of
bone-like apatite. It worth mentioning, that the uti-
lized SBF was previously exploited to precipitate
biological apatite on proposed hard tissue materials
[35, 36]. To prove these findings, the nanofibers
were incubated in the presence of SBF, which resem-
bles with the human physiological conditions (i.e.,
T=37°C and pH = 7.4) for 10 days. During the
incubation period, the SBF solution was refreshed
every 2 days by refilling the new solution. After
10 days of incubation, the nanofiber mats were
washed with triply distilled water to remove the
associated SBF and dried in the presence of P,Os in
a vacuum dryer to remove the residual moisture
associated from the incubation media. Thus, after
the drying process, nanofiber mats were subjected
to FE-SEM analysis; the results are shown in Fig-
ure 9. It can be concluded from Figure 9a that the
pristine PU nanofibers cannot be utilized as hard
tissue because no apatite-like materials were pre-
cipitated within 10 days of incubation. However, it
can be deduced from Figures 9b, 9c and 9d that the
structure, as indicated by arrows, incorporates HAp
NPs in/on nanofibers and strongly activates precip-
itation of the HAp on the nanofibers mats. Moreover,
to get the further confirmation about the induction
of biological entities on the nanofibers, after the
incubation in SBF, the EDS on apatite-like materi-
als from one of nanofiber combination is presented
in Figure 10. In this figure, and its point EDS graph
from the indicated marked place, from this figure
the presence of Ca and P peaks in the spectra can be
clearly visualized. These findings clearly indicate
the presence of induction of apatite-like materials at
the specific indicated areas. This finding overall
suggests utilizing the prepared PU/HAp mats for
medical fields because both of PU and HAp are bio-
logically safe. It is worth mentioning, that the rate
at which the implant degradation occurs has to
coincide, as much as possible with the rate of new
bone formation. Considering that PU is biodegrad-
able, and in a nanofibrous shape, which mimics the
extra cellular matrix present in body, it will be an
ideal site of cell seeding and basis for apatite prolif-
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Figure 9. FE-SEM images for the PU nanofibers containing different amounts of hydroxyapatite: 0% (a), 3% (b), 5% (c)
and 7% (d) with respect to polymer solution after incubation in SBF at 37°C for 10 days

e of the modified
nanofiber combination after incubation in SBF

eration in the initial step after the implant replace-
ment.

To get full confirmation that prepared nanofibers
play a role in the formation of extra apatite upon
incubation in SBF, and simultaneously support the
FE-SEM and EDS results (i.e., Figure 9 and Fig-
ure 10). The TGA analyses of nanofibers for before
and after incubation in SBF are represented in Fig-
ure 11. It was expected, that induction of biological
apatite on nanofibers surfaces would result in
increases of the residual weights during TGA analy-
ses. Accordingly, from TGA analyses it was observed
that the nanofibers before incubation in SBF show
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Figure 11. Thermal behavior and gain in residual weight of
the PU nanofibers containing different amounts
of hydroxyapatite before and after incubation in
SBF at 37°C for 10 days

low residual weights remaining after exposure to a
temperature of 550°C (marked by the complete
lines). The nanofibers analyzed after incubation in
SBF (marked by dashed lines) show higher residual
weights remaining than the nanofibers used without
incubation in SBF. It is interesting to note, that the
residual weight of the nanofibers (i.e., 3, 5, and 7%
HAp) that were incubated in SBF gained more
residual weight compared with the pristine nano-
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Figure 12. The systematic presentation for this novel strategy

fibers (i.e., 0% HAp). The presence of HAp in nano-
fibers might motivate the apatite formation process
during incubation in SBF. Furthermore, these results
confidently affirms, the hypothesis of apatite induc-
tion on surfaces of nanofibers upon the presence of
apatite nuclei and confidently supports the results
shown in FE-SEM (Figure 9 and Figure 10).

The whole procedure for making the ideal implants
was described carefully. We introduce a generalized
scheme to summarize the procedure and to justify
that nanofibers bearing HAp NPs will act as favor-
able candidates for induction of apatite nuclei;
therefore, they will be used as suitable candidates
for future implant applications. Briefly, (Figure 12)
indicates that the HAp NPs were obtained from cal-
cination of bovine bones that were ground with a
ball milling to obtain nanoparticulate size. Further
step, involve the formation of the colloidal solution,
which was electrospun to form nanofibers. These
nanofibers containing HAp NPs were subjected to
incubation in SBF. The presence of HAp around the
nanofibers acted as seed, which promoted apatite
particles to rest on the surfaces of nanofibers.

4. Conclusions

In conclusion, economically promising, environ-
mentally desirable and biologically safe natural
HAp NPs can be obtained from high temperature
calcination of bovine bone. Electrospinning of a
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colloid solution comprised of the prepared HAp
NPs and PU produces electrospun polymeric mats
that include attached HAp NPs and partially cap-
tured NPs in the PU nanofibers. Nanofibrous shapes
with a high structural space offer a bio-mimicking
environment to accommodate and induce biological
apatites on nanofiber surfaces. The HAp NPs alone
strongly enhance the precipitation of biological
apatites from the SBF solution during the incuba-
tion process because the NPs act as nuclei for the
crystallization process. The SBF can be used to
induce the formation of apatite on the nanofiber
surfaces. The FE-SEM and TGA analyses can be
utilized to differentiate the formation of excessive
apatite on the surface of nanofibers upon incubation
of SBF. In addition, the biological properties of
both natural HAp and PU polymer and the results
obtained in this study strongly suggest utilizing the
proposed PU/HAp in hard tissue engineering appli-
cations.
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Abstract. Supermolecular structure of welded seams prepared by friction stir welding (FSW) of polypropylene sheets has
been studied by optical and electron microscopy. It has been shown that in the central parts of the seam spherulitic struc-
tures similar to that of the base material are formed, while at the borderline of the seam, a complex supermolecular structure
could be identified. Lower welding rotation speed resulted in a border transition zone of more complex feature than the
higher rotation speed during FSW. This was accompanied by reduced joint efficiency.
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1. Introduction

Friction stir welding (FSW) is a welding method
patented by Thomas et al. [1] in 1991, developed
mainly for welding aluminum and other light metals.
During FSW, a rotating tool is pushed in-between
the plates to be welded and, as a result of the rota-
tion, enough friction heat is formed for welding,
then, by moving the tool along the edge of the
plates a butt weld seam is formed. When welding
metals the FSW tool consists basically of two parts
[2]. One is the pin intruding between the plates the
other is the shoulder smoothing the upper surface of
the plates. There are several possible designs for the
pin, usually containing grooves, which homogenize
the plastic flowing material and transport it behind
the tool. The pin generates the friction heat necessary
for welding (Figure 1.) The role of the shoulder is to
contain the plastic material swirling around the pin
in the seam region and by smoothing the seam to
provide an aesthetic surface [2]. Joined by FSW the
crystalline structure has been studied in detail in the
seam and in its neighborhood [3]. Analysis was done

*Corresponding author, e-mail: czigany@eik.bme.hu
© BME-PT

54

already for various metals [4]. Shearing processes
arising under the effect of the rotating tool (pin +
shoulder) associated plastic flow processes play a
decisive role in the strength of the welded seam [5].
Similar to metals the welded seam and welding
zone formed in polymers depends strongly on the
developing morphology, i.e. on the supermolecular
structure generated [6]. In the case of all welding
processes the temperature necessary for welding is
at or above the melting range of the base material.
This triggers melting and crystallization and vari-

Tool rotation

Welding direction <S====_ pi tool shoulder

Pre-heat zone Extrusion zona

Initial deformation zone

Cool down zone
Forging zone

Figure 1. Scheme of the principle of friction stir welding
for metals
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ous deformation processes in the molten and heat
affected layers, respectively, similar to other poly-
mer processing technologies [7, 8]. Various friction
welding methods were adapted for polymeric mate-
rials [6], and we have also dealt with the application
possibilities of FSW in polymers [9].

Hot gas welding is an important and commonly
used joining method. We have studied [10] the
microstructure formed in the heat affected zone of
welded polypropylene (PP) seams produced by this
technique. The structure of the welded seam was
divided into three main parts, starting from the base
material toward the welded seam. The micro-
spherulitic structure of the material essentially did
not change during welding. A plastic zone was
observed at the border of the seam and the base
material, wherein a sheared zone arose due to the
welding pressure, characterized by a cylindritic
crystalline morphology. Practically the innermost
part of the seam, defined as flow zone, consists of
the additional material introduced. Mechanical and
morphological properties of welded seams made by
hot gas welding between plastic plates have also
been studied by Balkan et a/l. [11]. In their work
they pointed out that the weldability of materials is
closely related to their rheological properties.
Varga et al. [12] welded together o and B-crystal-
lized PP sheets made of various types of polypropy-
lene (homo, random and block copolymers, differ-
ent melt flow index values) by vibration method.
Starting from the base material (bulk) a partially
melted, sheared zone consisting of deformed
spherulites was observed, wherein the degree of
nucleation also changed under the effect of shear-
ing. At the center of the seam a fluid melt channel
was observed which remained oriented during crys-
tallization. The degree of orientation was so high at
high welding pressures that it deteriorated the
mechanical properties of the welded bond (the melt
was squeezed out from the seam). In the case of
smaller compressive forces, however, a fine
spherulitic transition zone was observed between
the base material and the fully molten, sheared lay-
ers, at the center of the seam, which improved the
mechanical properties of the welded joint.
Schmachtenberg and Tiichert [13] investigated the
seam of PP sheets welded by hot plate welding. The
centerline of the welding was characterized by a
transcrystalline structure. A structure similar to that
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of the base material could be observed in the coarse
spherulitic zone, which was attributed to the effect
of slow cooling rate. The coarse spherulitic struc-
ture was followed by a fine spherulitic layer caused
by the high cooling rate. Streamlines formed in the
sheared melt zone under the combined effect of fast
cooling and shear. In contrast to the sheared melt
zone spherulites melted only partially in the incom-
pletely melted and sheared zone. The base material
did not melt at all, within coarse spherulites could
be observed.

Evolving microstructures arising during the FSW of
metals and during the various welding processes of
polymeric structural materials play a prominent role
in determining the mechanical properties of the
welded joints. The supermolecular structure formed
in the seam and in its neighborhood during FSW
has been scarcely studied. Very few publications are
available on the application of the FSW method on
polymers, however Nelson [14] filed a patent in this
field. Aydin [15] has dealt with the FSW of poly-
mers. The seams exhibited high strength values prov-
ing the applicability of FSW to polymeric structural
materials, but the shoulder rotating together with
the tool resulted in strongly degraded surface.
Strand and coworkers [16] used a stationary shoe
equipped with an ancillary heating instead of the
shoulder rotating together with the tool. Onion-ring
like streamlines were observed on the cross section
of the welded seams formed under the effect of melt
flow. Comparing the microstructure of the welded
seams with the results of three point bending tests it
has been established that seams exhibiting spherulitic
microstructure similar to that of the original base
material (especially in the center of the seam) per-
form best. Spherulitic structure appeared if the tool
diameter was large as compared to the plate thick-
ness, at low feed rates. This can be explained by the
fact that a higher peripheral speed resulting form
the large diameter increased the frictional heat evo-
lution too. Decreasing feed rate also results in more
heat evolution. Arici and Sinmazgelyk [17] recog-
nized the weaker mechanical properties, also pub-
lished by Strand [16], were due to the weaker weld-
ing roots. Therefore they prepared two seams on
both the lower and upper side of the plates. Using
double seams welded joints with strength identical
to the yield strength of the base material could be
prepared. Rezugi et al. [18] have shown that the
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surface of the welding tool and its rotation speed
exerts a large influence on the welding temperature
and on the strength of the joint. A version of FSW
developed for point welding was studied by Bilici
et al. [19] and by Arici and Mert [20]. Lap joints
were prepared and the effects of welding parame-
ters were studied. Both articles observed that in the
preparation of point-welded seams the most impor-
tant parameters were the penetration depth and the
dwelling time used to preheat the part. During pre-
heating the plates were touched by the rotating tool,
resulting in heat evolution then, after a given time
the rotation was stopped and the welding tool was
pushed in-between the plates.

Having reviewed the literature it can be seen that
the heat affected zone (HAZ) and morphology
within play a decisive role in determining the
strength of the joint. The effect of FSW parameters
on the mechanical properties of the welded joint has
been investigated by us [9] on friction stir welded
PP joints. The aim of this paper is to study super-
molecular structure of seams prepared by friction
stir welding of PP sheets by optical and electron
microscopy techniques.

2. Materials and methods

The scheme of the FSW technology is shown in
Figure 2. In contrast to the welding of metals,
instead of the shoulder rotating together with the
tool, we used a non-heated smoothing shoe made of
polytetrafluoroethylene.

In accordance with our preliminary experiments [9]
a milling cutter of 8 mm in diameter with 8-tooth
was used for welding of 10 mm thick extruded PP
homopolymer plates (PP-DWST of Simona, Kirn,
Germany, crystal melt temperature: 160—-165°C, den-
sity: 0.905 g/cm?, modulus: 1400 MPa, Melt Flow
Index: 0.4 g/10 min, tensile strength: 25.6 MPa).

Rotation

Tool "

Welding shoe

N

Retreating side of weld

Welding direction
R( Advancing side of weld

Sheet 1

Root Seam

Sheet 2

Figure 2. Scheme of the principle of friction stir welding
for polymers
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The welding cutting depth was 9.6 mm, the feeding
rate was 60 mm/min. Two rotation speed values
were selected for the morphological study: A lower
strength (welded at a rotation speed of 2000 rota-
tions per minute (rpm)) and the maximum tensile
strength welded joints (welded at 3000 rpm) were
compared. The efficiency factors of the joints are the
tensile strengths of the welded joints as compared
to the tensile strength of the base material. The effi-
ciency factors of PP plates at the two investigated
rotations were 54.9+£5.7% at 2000 rpm and 86+2.6%
at 3000 rpm (relative to the tensile strength of the
base material, 25 MPa).

The crystalline structure was investigated using
crossed polarizer (linear polarizer, analyzer and
first order A-plate between the polarizers (located
diagonally)) in transmission mode in an Olympus
BX 51 (Tokyo, Japan) optical microscope. For this
about 10 um thick slices were cut from the seam
using a Bright 5040 microtome (Huntingdon, Cam-
bridgeshire, United Kingdom) and 3—5 pm slices
using a Leica EM UC6 ultramicrotome (Vienna,
Austria) with an FC7 cryochamber (Vienna, Aus-
tria). Several smaller slices were prepared to study
the welded seam: some cut from the center of the
seam, others from the base material and from the
borderline between the two zones.

A JEOL JSM-6380LA (Tokyo, Japan) type electron
microscope was also used for the study of the crys-
talline structure. In order to visualize the supermol-
ecular structure chemical etching was used [21].
The etchant was 0.7 m/m% potassium perman-
ganate dissolved in a 2:1 mixture of sulfuric acid
and phosphoric acid. The acidic medium etches first
the amorphous part of the surface of the specimens
immersed into the etchant, thus the residual crys-
talline parts (here the spherulites) protrude from the
surface and become observable. Only suggested
values are available for the etching time, so the
etching time was selected to be 4 hours based on
preliminary experiments. After etching the samples
were first rinsed with diluted sulfuric acid (7:1
water: sulfuric acid) then with hydrogen peroxide
and finally with distilled water. Before etching the
cross sections of the seams were polished.

In our optical and electron microscopic studies the
PP seams were observed in the cross section as
shown in Figure 3. The welded seam meets the base
material along the line defined by the outer perime-
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Advancing side
of the weld

Rotation
Welding shoe

. Welding 2ot
A direction Transient
'skin’ layer

Bordér
lines
Figure 3. Build-up of the seam produced by FSW. Note:
The blue region is the inset represents the heat
affected zone (HAZ).

*

ter of the tool (borderlines). The borderlines on the
both sides of the seam can be distinguished based
on the relation between the peripheral speed of the
tool and the welding direction. Where the direction
of the peripheral speed of the tool is identical with
the welding direction it is called the advancing side
of the weld, while if the two directions are opposite,
it is called the retreating side of the weld. In our
studies no significant differences were found between
the advancing and retreating sides of the weld. It is
explained by the fact that assuming 2000 and
3000 rpm rotation speeds and 8 mm diameter tool
the peripheral speed is 837 and 1256 mm/s respec-
tively. Comparing these values with the feed rate of
1 mm/s, the difference coming from the rotation
direction is negligible between the two sides of the
seam. In our optical and electron microscopic stud-
ies special care has been taken to investigate the
crystalline structure at the immediate neighborhood

a)

of the borderlines. To support the understanding of
the results the position of the sample cut-offs is
indicated in the, magnified inset in Figure 3.

3. Results and discussion

Optical microscopy

Spherulitic structure can be observed in the sections
shown in Figure 4. No difference was found between
the lower and upper parts of the cross sections (i.e.
between the lower and upper sides of the plate). The
spherulites were distributed homogeneously over
the cross sections and in the central zone of the
seam (Figure 4a). The crystalline structure is very
similar to the spherulitic structure of the base mate-
rial (see Figure 4b). At higher magnification (200%)
a A-plate was also used in the optical microscope.
The spherulites of the base material (25-30 um) are
larger than those found in the seam (10-20 pm).
The reduced spherulite diameter may likely be due to
‘memory effect’. The heat development in FSW
was not sufficient to erase the ‘prehistory’ of the
extruded sheet. The residual self nuclei initiated the
crystallization yielding spherulites with reduced
mean diameter compared to the base sheet [22].
Nonetheless, similar spherulite sizes in the centre of
the seam and in the base material suggest that the
related cooling conditions were also comparable.
As no major differences were found in the super-
molecular structure in the central regions of the
seam in follow-up studies we concentrated on sam-
ples taken from the transition zone (on the border-
line between the base material and the seam (Fig-

b)

Figure 4. Optical micrograph with crossed polarizer a) From the center of the seam, b) From the base material. Note: inset

images were made by additional use of A-plate.
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ure 3)). 5-10 um thick slices were cut by microtome
from the advancing and retreating sides of the seam
for the study.

Figure 5a shows the borderline appearing at the
advancing side of the welded seam prepared at a
rotation speed of 2000 rpm. At the left and right
sides of the borderline the sperulitic structures of
the seam and of the base material are similar, but
between the two a transition zone of 400-500 pm
width can be observed. Figure 5b and 5c show a
highlighted part of the transition zone, indicating
the recognized supermolecular structural layers.
From right to left these are as follows:

B: Original spherulitic structure of the base (bulk)
material (average spherulite size is 25-30 pm).

Base material

Touter: Sheared zone of distorted spherulitic struc-
ture produced by the peripheral speed of the weld-
ing tool. Although this layer is located near to the
advancing tool, the temperature developed during
welding softened the PP and ‘smeared’ along the
mantle of the tool. A flow zone of the base material
being located near to the movement of the tool.
Here the polymer completely melted under the
effect of the locally high temperature, flows and
crystallizes in form of cylindrites along the shear
rate direction. The cylindritic crystallization is due
to the fact that shear aligned PP chains cannot relax
owing to the fast cooling of this zone. The cylin-
dritic structure is induced by row-nuclei (a special
version of self-nucleation) [22].

Transition zone

Figure 5. Optical micrographs of the border region between the seam (produced at 2000 rpm) and the base material in trans-
mission mode using crossed polarizers. a) Spherulitic structure of the seam and of the base (bulk) material, b),
¢) Supermolecular structure developed in the border region. Notes: pictures b) and c) display the transitions zone
(also referred to skin-core structure) of the FSW seam along with the designations introduced. Frames b) and c)
were taken using a polarizer the plane of which was diagonal and parallel to the oriented structure of the seam,

respectively.
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T: This line represents the movement of the tool
mantle. It is practically the initial borderline between
the seam and the base material.

Tinner: A flow zone of the seam developed similar to
that of Touter, but on the seam side. Accordingly, this
has the same cylindritic structure. Toward to the
base (bulk) material a highly distorted spherulitic
layer can be resolved. Its formation is controlled by
two effects: heat subtraction toward to the bulk, and
crystallization affected by self-nucleation.

S: Inside the seam (S) again spherulites are formed.
To sum up, this is some kind of skin-core structure,
often found in injection molded PP items [7]. Slow
cooling in the central part of the welding seam
(‘core’) results in spherulitic crystallization. By con-
trast, in the ‘skin’ the formation of the supermolec-
ular structure is due to interplay between cooling,
molecular alignment/relaxation and crystallization
markedly influenced by the latter. This kind skin-
core structure (similar to that observed in injection
molded specimens) provides the slow cooling nec-
essary for the spherulitic crystallization. After weld-
ing while in the ‘skin’ regular spherulites cannot
develop because of the more intense heat with-
drawal (the heat diffusing towards the base mate-
rial), in the central part of the seam (in the ‘core’) the
crystallization goes on undisturbed.

In the case of the welded joint prepared at 3000 rpm
the width of the transition zone between the base
material and the seam was about 200-300 pm, much
narrower than in case of at 2000 rpm. The faster
rotation speed of the tool results in higher tempera-
ture associated with reduced melt viscosity. Conse-
quently, the shearing conditions are different.

Base material

Because of the higher temperature the time for
molecular relaxation is longer. The width of the
seam is controlled by the interplay of the above two
parameters.

Figure 6 shows a cryomicrotomed specimen from
the welded joint prepared at 3000 rpm. Using the
cryomicrotome only very narrow slice could be
made (about 300 um width), but even here the
decreasing size of the spherulites of the base mate-
rial towards the seam can be observed. The cylin-
dritic structure developed along a straight line
described by the side line of the mantle of the tool
(outer perimeter of the tool). The same straight bor-
derline can be observed in the SEM micrographs
too.

Electron microscopic studies on etched samples

In order to study the crystalline structure of the
seam and of the base material etched samples were
also prepared and studied afterwards by SEM. The
advantage of the method compared to optical
microscopy is that the seam needs not be divided
into several parts to cut slices form it, as the etched
sample can be placed as a whole into the sample
holder of the SEM. Further advantages are the
higher magnification and the depth of field.

Figure 7 shows the micrographs of the seam (Fig-
ure 7a) and of the base material (Figure 7b) with
improved contrast for better visibility. One can see
that the spherulites of the seam are somewhat
smaller (10-20 um diameter) than those of the base
material (25-30 pm), this difference could be
observed on the optical micrographs too. The
spherulites in the seam are not only smaller, but,

Figure 6. The border region between the seam and the base material at 3000 rpm. a) On a specimen prepared by cryomicro-

tome, b) SEM micrograph of an etched specimen.
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a)

Figure 7. SEM micrographs after 4 hours etching: a) From the seam, b) From the base material

with respect to their regularity, they are much more
fragmented. This can be attributed to the mixing-
shearing effect of the welding tool.

When studying etched samples we have concen-
trated on the borderline between the seam and of
the base material, investigating the transition zones
observed by optical microscopy. Figure 8 shows
that at 3000 rpm the spherulitic structure of the base
material changes suddenly. When moving towards
the center of the seam the spherulitic structure can
again be observed after about a 40 um distance but
the size is smaller and the regularity is lower than in
the case of the base material.

Similarly to our optical microscopic studies also in
the SEM micrographs streamlines can be observed
at 2000 rpm at the borderline of the seam and of the
base material (Figure 3). At these parts the melt was
exposed to strong shearing during welding, so the

Base material

R
18kl

Figure 8. Borderline of the base material and of the seam at
3000 rpm

polymer crystallized in a layered form, along cer-
tain lines, corresponding to the streamlines. The

10 pm

Figure 9. The borderline between the base material and the seam at 2000 rpm. a) Regularity caused by the flow, b) There

are no spherulites in the region exposed to flow.
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phenomenon shown in Figure 9a can also be
observed by naked eye both at the retreating and at
the advancing flow borderlines. Figure 9b shows
the small spherulites characteristic of the seam at
the borderline of the strongly sheared region with
greater magnification, together with the crystallized
layer formed along the streamlines produced by the
tool. The layer sheared under the effect of flow
developed because of the lower degree of melting
due to the lower rotation speed, as here, because of
the lower temperature the melt strength of polypropy-
lene was higher. Consequently the homogeneity of
the seam was lower, reflected by the lower weld
strength.

4. Conclusions

Supermolecular structure of polyproplyene seams
prepared by friction stir welding has been studied
by optical and electron microscopy. One lower
(welding at a rotation speed of 2000 rpm) and the
maximum tensile strength welded joints (welded at
3000 rpm) were compared.

It has been observed both in optical microscopic
and in electron microscopic studies that at the cen-
ter of the seam spherulitic structure similar to that
of the base material. However, the average diameter
of the spherulites (10-20 pm) is only about half of
than the base material (25-30 um). The spherulitic
structure, observed in the central part of the seam, is
due to the relatively slow cooling rate in the central
part of the seam. In the samples welded with low
rotation speed a transition zone of 400-500 pm
width was observed (Figure 5b) at the border of the
base material and the seam. The width of this transi-
tion zone reduced to about half (200-300 um) in
FSW with high rotation speed. Several supermolec-
ular structures were identified in the transition
zone, and at the outer perimeter of the tool (in the
side line of the mantle) a straight borderline was
observed. The related structure was cylindritic or
distorted aligned spherulitic when PP crystallized
from the melt. Distorted spherulites were formed
under shear stresses in the heat affected zone (HAZ
— Figure 5b) where the PP became ‘softer’. It was
found that the smaller the overall width of the seam
and the less complex its morphology are, the better
the joint efficiency of the FSW weld is.
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Abstract. Molded flexible polyurethane (PU) foams have been synthesized from polypropylene glycol (PPG) with differ-
ent molecular weights (M,,) and functionalities (f), and 2,4/2,6-toluene diisocyanate (TDI-80) with water as blowing agent.
It was found that the glassy state properties of the foam mainly depended on the urethane group content while the rubbery
state properties on the crosslink density. That is, PPG of low MW and low f (more urethane groups) provided superior glass
state modulus, strength, density, shape fixity and glass transition temperature (7,), while that of high M, and high f"(higher
crosslink density) showed high rubbery modulus and shape recovery. Consequently shape fixity of low M,, PPG decreased
from 85 to 72% while shape recovery increased from 52 to 63% as the content of high My, PPG increased from 0 to 40%.

Keywords: smart polymers, polyurethane foam, dynamic mechanical properties, shape memory properties, density

1. Introduction

Shape memory polymers (SMPs) respond to stimuli
such as temperature, electricity, pH, ionic strength
and light [ 1-4], and have many advantages like low
density, good shape recovery and easy processing
[5-9]. Thermally actuated SMPs have found broad
applications in actuators, smart textiles and coat-
ings, sporting goods [10, 11] and in biomedical
devices [12]. Recently, triple shape effect and two
way shape memory behavior which are largely
based on thermal triggering have also been sug-
gested. [13—15]. Excellent reviews have also been
published along with recent developments [6, 16,
17].

Molded flexible polyurethane foams are used in a
broad range of applications including transportation
seating and trim parts, packaging, furniture, and
novelty items. The greatest advantage is that the
foam is molded into the desired intricate shape and
the need for cutting is eliminated [18, 19]. If high
shape fixity and high shape recovery are endowed
to such foam products, precision molding with high
durability will be implemented.

*Corresponding author, e-mail: bkkim@pnu.edu
© BME-PT
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Shape memory effects of polyurethane foam have
also been reported with regard to the thermome-
chanical properties [20, 21], laser-activated foam
device [22], effect of shape holding conditions [23],
and for biomedical application [24, 25] Most of
these studies use commercially available polyure-
thane foams. Consequently, the basic structure-prop-
erty relationships of the shape memory foam have
not been reported perhaps except those by the pres-
ent groups [26, 27].

In this work molded flexible polyurethane foams
have been synthesized from polypropylene glycol
(PPG) with various molecular weights (M,,) and
functionalities (f), and 2,4/2,6-toluene diisocyanate
with water as blowing agent. The reactivity, mechan-
ical and dynamic mechanical and shape memory
properties of the foams were analyzed along with
basic structure- property relationship of the foam.

2. Experimental

2.1. Raw materials

Two types of polypropylene glycol (PPG), viz. SR-
240 and GP-3000 (KPX, Korea) with different
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molecular weights (M,,) and functionalities (f) were
used. SR-240 has the number average molecular
weight (determined by gel permeation chromatog-
raphy) of 240, and functionality of 2, while /=3 and
number average M, = 3000 for GP-3000. The
Toluene diisocynate (TDI-80) was provided by
Dow Chemical whereas TA-350 as a cell-opener by
KPX Chemicals. The water used as chemical blow-
ing agent was distilled in our laboratory. L-626 (sil-
icon surfactant), Al (bis(2-dimethylaminoethyl)
ether, amine catalyst) and methylene chloride (MC,
blowing catalysts) and T-9 (stannous octoate,
organometallic gelling catalyst) were provided by
Air Products (USA) and used as received.

2.2. Preparation of polyurethane foam

The flexible foams were synthesized by one-shot
method. All raw materials were first put into a
500 ml beaker and mixed for 20 s at 3000 rpm using
a dispersing turbine type impeller of 2.5 cm diame-
ter at 25°C and 70% relative humidity. Then the
mixtures were discharged to an open mold (200 x
200 x200 mm) and the foam cake was cured for
48 h at room temperature. The NCO index (iso-
cyanate equivalents/polyol equivalents) was fixed
at 1.00. We designed and synthesized six types of
molded flexible polyurethane foams having various
ratios of the two polyols giving different average
M,, and fvalues. The basic formulations are given in
Table 1.

2.3. Characterizations

Kinetics of the foam formation was followed by the
physical change of the properties. The cream time
corresponds to the start of bubble rise and hence
color of the mixture becomes creamlike from milk
due to the formation of foam bubbles. Rise time is
the starting point of stable network formation by
intensive formations of urethane and urea linkages

and crosslinkings by allophanate and biuret reac-
tions. The two characteristic times were measured
by a digital stop watch.

The density of the foam was measured according to
ASTM D 1622 with sample size of 30 x 30 x 30 mm
(width x length x thickness), and an average of at
least five measurements was taken to report. The
cell structure of the foam was studied with a polar-
ized optical microscope (POM) at a magnification
of 120. For the measurement, central part of the foam
was cryogenically fractured in liquid nitrogen. The
total number of cells was countered to report the
number average size of the cell. Dynamic mechani-
cal properties of the foam were measured using a
dynamic mechanical thermal analyzer (DMTA,
Rheometrics MK-IV) in tension mode. Samples
were heated from —100 to 150°C at 5°C/min, 10 Hz
and 2% strain.

Tensile properties of the foam were measured at
room temperature with an universal testing machine
(UTM, Lloyd, UK) at 2.00mm/min with the speci-
men dimension of 4 25 x 0.3 mm (width X length x
thickness). To measure the compressive strength,
samples were cut into dimensions of 50 x 50 x 50 mm
(width x length x thickness) and placed between
metal plates and compressed to 50% of the original
thickness.

Shape memory properties were characterized using
a temperature controlled universal testing machine.
The sample was first heated to a loading tempera-
ture (T +20°C) at 4°C/min before it was loaded to
a maximum strain (&) of 100%, followed by cool-
ing to (T, —20°C) at a rate of 7°C/min under con-
stant strain. Then the sample was unloaded, giving
a substantial amount of shrinkage (&,) depending on
the molecular and shape parameters of the foam.
Then the sample was reheated to the loading tem-
perature (7 + 20°C) to recover the strain, leaving a
substantial amount of permanent strain (&,). These

Table 1. Formulations to synthesize the polyurethane foams, 7, and G°, (unit: pphp)

SR-240 | GP-3000 | TA-350 | L-626 Water Al T9 M.C TDI-80 T, Gonimﬁ)z

[°C] [dyne/cm?]
S10 100 - 52.81 49.8 2.3
S08 80 20 47.06 39.6 3.6
S06 60 40 41.30 26.5 4.1
S04 40 60 2 ! 16 0.2 01 3 35.64 -12.3 4.1
S02 20 80 29.92 —-15.1 4.7
S00 - 100 24.21 —49.2 5.1

pphp: part per hundred polyol
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three steps complete one thermomechanical cycle
[28]. Shape fixity and shape recovery are defined
by Equations (1) and (2) respectively:

% shape fixity = :—“ - 100 (1)

m

- 100 )

Er
% shape recovery = P
m

where ¢, = &, — ¢, is the recovered strain.

3. Results and discussion

3.1. Reactivity and foam density

Reactivity of the foaming reaction caused measur-
ing the cream time and rise time. Table 2 shows that
the two characteristic times monotonically increase
with the increases of average molecular weight and
functionality of the polyol mixture. This implies
that both gelling and blowing reactions become
slower. The reactivity decrease is primarily due to
the decreased concentration of OH group which
reacts with the isocyanate. This is seen from the
decreased amount of the diisocyanate used in
Table 1.

Typical POM morphologies of the foam are shown
in Figure 1 and the details are summarized in
Table 1 where the cell size increases from 0.3 (S10)
to 0.45 mm (S04) with increasing molecular weight
and functionality of the polyol. In accordance with
the increased cell size, foam density decreases from
about 59 (S10) to 52 (S04) [kg/m?] (Figure 2). The
smaller cell size with low M,, polyol is due to the
fast gelling reaction over the foaming reaction.

Table 2. Reactivity and cell size

S10 S08 S06 S04
Cream time  [s] 9 11 14 18
Rise time [s] 189 200 219 235
Cell size [mm]| 0.30 0.36 0.37 0.45

Figure 1. Typical POM morphologies of the foams (x120)
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Figure 2. Density of the polyurethane foams

Then the cell becomes strong enough before it is
blown keeping the cell small. Density is a most
important parameter to control the mechanical
properties of the foam. The decreased foam density
is related to the decreased urethane group content
and glass transition temperature of the foam to be
discussed with the dynamic mechanical measure-
ments to follow.

3.2. Mechanical properties
It is seen that the tensile stress-strain curves are
almost linear regardless of polyol type (Figure 3).
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Figure 3. Tensile behaviors of the polyurethane foams
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Figure 4. Compressive behaviors of the polyurethane
foams

The initial modulus and break strength monotoni-
cally decrease with increasing molecular weight and
functionality of the polyol while keeping the elon-
gation at break almost constant. For example, the
modulus of S10 is over 72 while that of S04 is about
25 kPa. The decrease is mainly due to the decreased
T, which on the other hand is introduced by the
high molecular weight polyol which provides high
chain flexibility and less urethane group. The two
factors contribute to the lower 7, of the foam. It is
mentioned that S02 and SO0 showed insufficient
loading capability to measure at room temperature.
Figure 4 shows the compressive strength of the
foam. The strength at 50% deformation of the orig-
inal thickness was taken as the compressive strength
of the foam. As expected the compressive modulus
and strength decreases with increasing molecular
weight and functionality of the polyol. Only S10
shows compression yield, necking-like behavior
and strain hardening. It is noted that the compres-
sive strength of S10 is greater than the tensile

101
10° 1
J
r]
€ 10° 7
b=
]
107 1
105 T T T T T
-100 -50 0 50 100 150
a) Temperature [°C]

strength while those of others are lower than the
tensile strength when compared at the same defor-
mation (50%). This is an indication that the S10 is
in glassy state and others are in rubbery state.

3.3. Dynamic mechanical properties

The dynamic mechanical properties of the foams
are given Figure 5 and Table 1 as a function of tem-
perature. It is seen that the 7, of the foam which is
seen in terms of tand peak decreases and the peak
width broadens as the molecular weight and func-
tionality of the polyol increases. The peak tempera-
ture ranges from about —50°C (S00) to 50°C (S10).
Since the broad peak is an indication of broad damp-
ing and heterogeneity of the sample, lower molecu-
lar weight polyol augments the homogeneity of PU
by the increased more hydrogen bonding between
the urethane groups.

It is of interest to note that the glassy state modulus
decreases while the rubbery state modulus increases
with increasing molecular weight and functionality
of the polyol. The decreased glassy modulus is a
direct response of the decreased density of the foam.
Density should decrease with decreasing intermole-
cular force which in this case is the hydrogen bond-
ing between the urethane groups. On the other hand,
increasing rubbery modulus is due to the increased
crosslink density of the foam. Crosslink is intro-
duced mainly by the tri-functional polyol. It is also
introduced by the biuret reactions between the free
isocyanate and urea groups, as noted from the exis-
tence of the rubbery plateau for S10 having no tri-
functional polyol. Urea groups are introduced by
the foaming reaction between the free isocyanate
and water.

S10

0.8 4

tand

06 4

0.4

0.2 4

0.0 4

0 50
b) Temperature [°C]

Figure 5. Dynamic mechanical properties of the polyurethane foams: storage modulus (a) and loss tangent (b)
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It is noted that rubbery plateau modulus increases
as the functionality of the polyol increases in accor-
dance with the ideal rubber theory as shon by Equa-
tion (3) [29]:

__ PpRT

G°
n M,

3)
where p is the density, R the gas constant, T the
absolute temperature and M, the molecular weight
between the crosslinks. This implies that crosslink
introduced by the tri-functional polyol of high molec-
ular weight governs the rubbery state modulus while
in glassy state the secondary force mainly governs
the physical and mechanical properties of the foam.

3.4. Shape memory properties

Figure 6 shows the cyclic loading and unloading
behavior of the foam for the first four thermome-
chanical cycles. It is seen that the shape fixity
decreases from about 84 (S10) to 72% (S06) while
shape recovery increases from 52 (S10) to 63 %
(S06) with increasing molecular weight and func-
tionality of the polyol [27]. This indicates that
shape fixity depends on the glassy state modulus
and shape recovery on the rubbery state modulus.
This seems reasonable since shape is fixed during
cooling where the slope of cooling step is the glass
modulus [12] while the strain is recovered in rub-
bery state via the rubber elasticity which increases
with increasing crosslink density. It is worth men-
tioning that the elastic strain energy viz. the area
under the stress-strain curve is smaller with higher
molecular weight polyol, thus the retractive force is
maximum with S10. Regardless of polyol type, the
cyclic hysteresis, viz. the reduction of area upon
further cycling is mostly confined to the first cycle
implying most chain breakages and chain slips are
confined to the first cycle. However, it should be
mentioned that the cyclic hysteresis of the foam is
more serious than that of the elastomeric material
[5, 28] due to the physical breakage of the cell
structure, implying that foam is inherently more
vulnerable to chain breakage upon tensile loading
as compared with elastomeric materials.

4. Conclusions
The effects of molecular weight and functionality
of polyol on the properties of molded flexible
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Figure 6. Thermomechanical cyclic behaviors of the poly-
urethane foams: (a) S10, (b) S08, (c) S06. N is the
number of cycle.

polyurethane foam were studied and the following
conclusions were drawn.

The cream time and rise time monotonically
increased with the increases of average molecular
weight of the polyol mixture due to the decreased
concentration of OH group.
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The glassy state properties of the foam mainly
depended on the urethane group content, i.e., lower
molecular weight polyol gave smaller cell size,
higher foam density, strength and glass modulus. On
the other hand, the rubbery state properties mainly
depended on the crosslink density of the poly-
urethane, i.e., high crosslink density of high molec-
ular weight of polyol gave high rubbery modulus
according to the rubber elasticity. Consequently,
high shape fixity of low molecular weight polyol is
due to the high glassy state modulus while the high
shape recovery of high molecular weight polyol due
to the great rubber elasticity.
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Abstract. The encapsulation of octadecane (OD) as heat storage material was studied. The core-shell polydivinylbenzene
(PDVB)/natural rubber (NR) capsules encapsulating OD was prepared using the Self-assembling of Phase Separated Poly-
mer (SaPSeP) method by suspension polymerization. The mixture of dispersed phase consisting of DVB, NR, OD and ben-
zoyl peroxide was added in polyvinyl alcohol aqueous solution and then homogenized at 5,000 rpm for 5 minutes. The
obtained monomer droplet emulsion was subsequently polymerized at 80°C for 8 hours resulting in PDVB/NR capsule
encapsulating OD. The influence of molecular weight and content of NR on the encapsulation efficiency and thermal prop-
erties of the encapsulated OD were investigated. It was found that both factors affected on the preparation of PDVB/
NR/OD capsule. High molecular weight NR restricted phase separation of formed PDVB. High NR content also reduced
phase separation of PDVB due to the increase of internal viscosity. Then, only the incorporation of appropriate molecular
weight and content of NR resulted in the formation of PDVB/NR/OD capsule.

Keywords: thermal properties, encapsulation, heat storage materials, natural rubber

1. Introduction of paraffin waxes (HD, OD and ND) were encapsu-
In recent years, microcapsules of heat storage mate-  lated through complex coacervation of natural and
rials have attracted for many applications such as  biodegradable polymers, gum arabic-gelatin mix-
air condition of building, solar heat storage and ther-  ture [7]. Polystyrene (PS) microcapsules containing
mally adaptable fibers [1-3]. Paraffin waxes suchas  paraffin wax were synthesized by suspension like
tetradecane (TD), hexadecane (HD), octadecane polymerization [8]. The Self-assembling of Phase
(OD), nonadecane (ND), and eicosane are useful as  Separated Polymer (SaPSeP) method is one of many
one group of numerous heat storage materials that methods applied for the encapsulation of them [9—
melt and solidify at a wide range of temperatures, 12]. The polymer chains formed during polymeriza-
making them attractive for many applications [4].  tion in the monomer droplet are diffused and trapped
Several methods have been carried out to prepare  near the interface based on surface coagulation and
heat storage microcapsules. The in situ polymeriza-  gradually piled at the inner interface resulting in a
tion to fabricate the microcapsules and nanocap- polymer shell. After the completion of polymeriza-
sules containing OD core with melamine-formalde-  tion, heat storage material was encapsulated inside
hyde shell [5], resorcinol-modified melamine- as the capsule core. Previously, we have prepared the
formaldehyde shell [6] were reported. Three types microcapsule of polydivinylbenzene (PDVB) encap-
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sulated OD (PDVB/OD) by microsuspension poly-
merization utilizing the SaPSeP method [13]. The
prepared capsules are spherical with smooth outer
surface.

Currently, there is a high level of interest in the uti-
lization of natural polymers due to environmantal
awareness. Natural rubber (NR) is one of the most
important biopolymers in Thailand. NR latex is
exuded from the Hevea brasiliensis tree as an aque-
ous emulsion [14]. It displays excellent elasticity
and flexibility widely used in various applications
such as medical gloves and tubing. Therefore, it is
interesting to incorporate NR into PDVB shell. It not
only improves the mechanical properties of PDVB
shell but also reduces the utilization of petrochemi-
cal monomer corresponding with their costs.

In this study, the preparation of microcapsule encap-
sulating OD in polymer composite shell of PDVB
and NR (PDVB/NR/OD) was carried out by suspen-
sion polymerization utilizing the SaPSeP method.
The influence of the molecular weight of NR and its
content on the encapsulation efficiency and thermal
properties of encapsulated OD were investigated.

2. Experimental

2.1. Materials

DVB (Aldrich, Wisconsin, USA; purity, 80%) was
washed with 1 N sodium hydroxide (BDH Prolabo,
Leuven, Belgium) and distilled water to remove
polymerization inhibitors before use. NR (Thai Rub-
ber Latex Co., Ltd., Bangkok, Thailand) was used as
received and oxidized with aqueous hydrogen per-
oxide solution (QReC, Auckland, New Zealand;
30% v/v) in the combination with sonication to
reduce the molecular weight. Poly (vinyl alcohol)
(PVA) (Aldrich, Wisconsin, USA; degree of saponi-
fication, 87-90%) was used as received. Reagent-
grade benzoyl peroxide (BPO) (Merck, Munich,
Germany) was purified by recrystallization. OD
(Aldrich, Wisconsin, USA; 99.5%) was used as
received. Tetrahydrofuran (THF) (QReC, Auck-
land, New Zealand; HPLC grade) was used as
received.

2.2. Microcapsules preparation

The microcapsules of PDVB/NR/OD were pre-
pared by suspension polymerization under the condi-
tions listed in Table 1. The homogeneous organic phase
of DVB/NR and OD at the ratio of 50:50% wt/wt
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(approximately 10 wt% of aqueous solution) were
mixed with BPO (8 wt% of monomer) and then
added to the aqueous phase containing PVA (1.5 g of
PVA in 150 g of water). Emulsification was carried
out by homogenization at the speed of 5000 rpm for
5 minutes resulting in the organic phase droplets
dispersed in the aqueous medium. The resulting
emulsions were subsequently transferred to the
reactor and polymerized at 80°C for 8 hours with
the stirring rate at 200 rpm under N, atmosphere.

2.3. Characterizations

Number- and weight-average molecular weights
(M, and My, respectively) and molecular weight
distributions of NR and oxidized NR were deter-
mined using a gel permeation chromatograph (GPC)
(Water 2414, Water, USA) with two poly(styrene-
divinylbenzene) gel columns (Phenogel 5-10° and
5-10° A, 7.8 mm i.d x 30 cm, Phenomenex, USA)
connected in series. The flow rate of THF as eluent
was maintained at 1.0 ml/min with column temper-
ature of 40°C and elution was monitored with
refractive index detector. The columns were cali-
brated with six standard PS samples (2.5:10°-
6.0-10°, M,,/M, =1.05-1.15).

The prepared capsules were observed with an opti-
cal microscope (OM) (SK-100EB & SK-100ET,
Seek, Thailand) and scanning electron microscope
(SEM) (JSM-6510, JEOL, Japan) to investigate the
inner structure and surface morphology of the micro-
capsules, respectively. The ultrathin cross sections
of the capsules were observed with a transmission
electron microscope (TEM) (JEM-1230, JEOL,
Japan). Dried capsule particles were dispersed in
epoxy matrix, cured at room temperature for 24 h
and then microtomed.

The OD content in microcapsule was determined
with thermogravimetric analyzer (TGA) (TGA
4000, Perkin-Elmer, USA) using heating rate of
5°C/min. The latent heats of crystallization (H,) and
melting (Hy,,) and the crystallization (7;) and melt-
ing (7T1,) temperatures of OD encapsulated in micro-
capsules in aqueous solution (solid content: ca 10%)
were measured with a differential scanning calorime-
ter (DSC) (DSC 4000, Perkin-Elmer, USA) under a
N, flow with the scanning temperature range and
rate of 0—40°C and 5°C/min, respectively. To com-
pare H. and H,, of the encapsulated OD having dif-
ferent wt% in the capsule particles and also bulk
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OD, the H, and H,, values were used in the unit of
joule per 1 g of encapsulated OD (J/g-OD). They
were calculated from the cooling/heating peak area
of DSC thermogram and OD content obtained from
TGA analysis using the Equation (1):

A
J/g-OD = 3 -100 ()

where 4 = H, or H, of encapsulated OD in micro-
capsule dispersion obtained from DSC thermogram
(J/g-sample), B = %OD in microcapsule dispersion
obtained from TGA thermogram.

3. Results and discussion

The PDVB/NR/OD microcapsules prepared with var-
ious weight percents of NR (M, = 308 130 g/mol)
were observed with OM compared with PDVB/OD
capsules as shown in Figure 1. The PDVB/OD cap-
sules (Figure 1a) were spherical and OD core was
completely encapsulated with PDVB shell. When
NR was added, phase separation was not observed

Table 1. Recipes for the preparation of PDVB/NR capsules
with encapsulated OD by suspension polymeriza-
tion* of DVB/NR/OD droplets prepared by homog-

enization®
NR (Wt% of DVB)
Ingredient 0 1 2.5 5
DVB [g] 7.5 7.5 7.5 7.5
NR¢  [g] 0.0 0.075 0.188 0.375
OD [g] 7.5 7.5 7.5 7.5
BPO  [g] 0.8 0.8 0.8 0.8
PVA [g] 1.5 1.5 1.5 1.5
Water  [g] 150 150 150 150

380°C, 8 hours, stirring rate at 200 rpm, N,

5000 rpm, 5 min

°M,, (polydispersity index; M,,/M,): 308 130 (2.87), 162 519
(2.19), 146 001 (2.60) and 89 923 (15.62)

although at the lowest content at the lowest content
as shown in Figure 1b—d. It can be explained that
high molecular weight NR (308 130 g/mol) incor-
porated into the monomer droplets increases the
internal viscosity. Therefore, it may prevent phase
separation of PDVB formed during polymerization.

Figure 1. The optical micrographs of PDVB/NR/OD particles with NR having M, 308 130 g/mol. NR (wt% of DVB): (a) 0;

(b) 1; (c) 2.5and (d) 5
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To clarify this assumption, the utilization of the
lower molecular weight NR was studied.

The original NR was oxidized with various amounts
of aqueous hydrogen peroxide solution (30% v/v)
in the combination with sonication for 1 hour to
reduce its molecular weight. The obtained NR hav-
ing different Mn measured with GPC was used for
the preparation of PDVB/NR/OD capsules.

The PDVB/NR/OD capsules prepared with NR
(1 wt% of DVB) having different molecular weights
(My: 162519, 146 001 and 89 923 g/mol) were
shown in Figure 2. All of conditions show that the
spherical particles were obtained. In the case of
162 519 g/mol NR (Figure 2a), it clearly shows het-
erogeneous particle where PDVB/NR shell encap-
sulate OD core. This indicates that using the lower
molecular weight NR than the original one
(308 130 g/mol; Figure 1) may reduce the internal
viscosity resulting in the formation of the core-shell
particles. However, when further decreased molec-
ular weight NR (Mn: 146 001 and 89 923 g/mol)
were used, the homogeneous particles were observed
as shown in Figure 2b and 2c. These phenomena
may be due to their molecular weight distributions
being quite high as shown in the term of polydisper-
sity index. They are 2.52 and 15.62 for 146 001 and
89 923 g/mol, respectively. This means that they still
have many long chains polymer which easily obstruct
the phase separation. In the case of 162 519 g/mol
NR, although the M, is higher than those of the lower
ones, its molecular weight distribution is quite nar-
row (polydispersity index; 2.19) resulting in less
long chain polymer components. This indicates that
not only molecular weight of NR but also polydis-
persity index affect the formation of polymer cap-
sule. However, we will discuss this phenomenon in
more detail in the future. Therefore, NR having M,
about 162 519 g/mol was selected to prepare the
PDVB/NR/OD capsules in the further study.

To increase NR content, the study of influence of
NR weight content on the preparation of the capsule
was shown in Figure 3. When low NR contents (1
and 2.5 wt% of DVB) were added, the spherical
microcapsules were obtained as shown in Figure 3b
and 3c. They clearly show PDVB/NR shell encapsu-
lating OD core. However, at higher NR content
(5 wt% of DVB), the polymer chains seem to be
distributed throughout the particles. These results
suggested that during polymerization the present of

73

Figure 2. The optical micrographs of PDVB/NR/OD parti-
cles prepared with various molecular weight of
NR at 1 wt% of DVB. M,, (polydispersity index)
of NR [g/mol]: (a) 162 519 (2.19); (b) 146 001
(2.52) and (c) 89 923 (15.62)

low concentration NR did not inhibit phase separa-
tion of PDVB chains formed in the monomer
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c)

d)

Figure 3. The optical micrographs of PDVB/NR/OD particles with NR having M;, 162,519 g/mol. NR (wt% of DVB): (a) 0,

(b) 1; (c) 2.5 and (d) 5

droplets. Therefore, PDVB chains can easily dif-
fuse to the interface and adsorb there to form the
polymer shell resulting in the formation of the poly-
mer capsule. Nevertheless, the increases of NR con-
tent until reaching a critical value (5 wt% of DVB)
reduced phase separation due to high internal vis-
cosity. In this case, the formed PDVB could not dif-
fuse to the droplet interface resulting in homoge-
neous morphology particles.

The surface morphology of the capsules observed
with SEM (Figure 4) support the results of OM that
PDVB/OD and PDVB/NR/OD with NR 1 wt% of
DVB have smooth outer surface of PDVB shell. No
hole was observed indicating the complete encapsu-
lation of the polymer shell. It is consistent with
ultrathin cross-section TEM micrograph (Figure 5)
showing the PDVB shell encapsulating OD core. In
contrast, the rough outer surface of PDVB/NR/OD
with NR 5 wt% of DVB was observed which may
be due to incomplete encapsulation or less phase

74

separation of formed PDVB chain to the outer sur-
face. The distribution of PDVB and NR chains
throughout the particles inhibit the formation of
strong PDVB shell resulting in uneven surface par-
ticles.

TGA analysis showed the degradation temperature
and the composition of the capsule. The degrada-
tion of PDVB/NR/OD capsule (Figure 6 curve d)
consists of three steps weight loss corresponding to
the decomposition of water, OD (Figure 6 curve a)
and PDVB (Figure 6 curve ¢), respectively. In com-
parison with OD, the decomposition temperature of
encapsulated OD was slightly higher than that of
bulk OD due to the encapsulation. The NR (1 wt%
of DVB) degradation was not observed due to low
content. The OD content was further used for the
calculation of heat of transitions of the encapsulated
OD in the following section.

The thermal properties of encapsulated OD were
measured with DSC. DSC thermograms of encap-
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Figure 5. TEM micrographs of cross sections of PDVB/OD
capsule
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Figure 6. TGA thermograms of (a) bulk OD, (b) NR latex,
(c) PDVB and (d) PDVB/NR/OD capsule (1 wt%
of DVB) measured at the heating rate of 5°C/min
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Figure 4. SEM micrographs of PDVB/NR/OD particles ° 5 0 :]_im erzaowe [fg] 0% 40
with NR having M), 162 519 g/mol. NR (wt% of ?
DVB): (a) 0; (b) 1 and (¢) 5 Figure 7. DSC thermograms of bulk OD (dot line) and
encapsulated OD (solid line) in PDVB particles
sulated OD in PDVB capsules (Figure 7) showed measured at the scanning rate of 5°C/min

that the Hy, (153.0 J/g-OD) and H. (151.8 J/g-OD)

of encapsulated OD were lower than those of the polymer shell and heat storage material core was
bulk OD (241.7 and 247.0 J/g of HY and H?, respec-  incomplete as in the case of PDVB/HD microcap-
tively). This phenomenon is quite general for the sules prepared by suspension polymerization [11].
encapsulation as also observed by other researchers ~ Moreover, the capsules may have some unreacted
[3, 5, 6, 9—11, 15-19]. The possible reason of the monomers or oligomers incorporated at the inter-
reduction of H;,, and H, of encapsulated heat storage  face between polymer shell and heat storage mate-
materials is that the phase separation between the rial core as in the case of PS/HD microcapsules pre-
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pared by suspension polymerization [16]. They may
act as a compatibilizer and increase the miscibility
between polymer and heat storage material leading
to the decrease of their phase separation in the
monomer droplet. However, to overcome this prob-
lem, the copolymerization with more polar monomers
is a good idea as copolymerization of PDVB with
methyl acrylate, ethyl acrylate and butyl acrylate
[11]. In the case of phase transition temperature, 7y,
of encapsulated OD (28.3°C) was almost the same
as that of bulk OD (30.0°C). In contrast, 7, was
shifted to lower temperature compared to bulk OD.
This phenomenon is called supercooling. Super-
cooling leads to the reduction of 7, resulting in a
release of latent heat at a lower temperature or over
a wider temperature range. This effect may limit the
applications. To prevent supercooling, nucleating
agents were incorporated in the heat storage materi-
als core during the encapsulation process. However,
increasing nucleating agent content decreased the
latent heat [20, 21]. At the present, there is still no
good solution to overcome this problem.

In the case of PDVB/NR capsules, the thermal
properties of encapsulated OD were similar as those
of OD in PDVB capsule. Hy, and H, of encapsulated
OD were much lower than those of the bulk ones
while a slightly lower than those of OD in PDVB
capsule. It may be due to the presence of NR in OD
matrix at the interface of capsule shell and OD core
reduces the crystallization of the encapsulated ones.
However, in the case of homogeneous particle, the
increase of NR weight percent up to 5 showed
greatly decreasing of heat of transition of the OD
(Table 2). It may be due to the distribution of NR

N (b)

s ' . — (€)

% ———N (d)
o endo

= T (d)

2 L (©

— "

a

~ (a)

0 E; ‘IIO ‘JI5 2IG 2I5 3I0 3I5 40
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Figure 8. DSC thermograms of the encapsulated OD in
PDVB/NR capsule measured at the scanning rate
of 5°C/min. NR (wt% of DVB): (a) 0; (b) 1;
(c)2.5and (d) 5
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Table 2. Thermal properties of encapsulated OD in PDVB/
NR capsule prepared with various weight percents

of NR
NR (W% of DVB) Heat of transition (J/g-OD)
H. H,,
0 151.7 153.1
124.2 129.1
2.5 126.3 124.7
5 106.7 114.5

and PDVB, which restricts the crystallization of
OD. Ty, of the encapsulated OD was almost the same
as that of the bulk ones while T, was also shifted to
the lower temperature compared to bulk OD (Fig-
ure 8). However, due to their high total surface area
compared to bulk OD, these PDVB/NR/OD cap-
sules are quite acceptable for energy storage appli-
cations even having a slightly lower latent heat.

4. Conclusions

The microcapsule of PDVB/NR encapsulating OD
was successfully prepared by suspension polymer-
ization utilizing the SaPSeP method. Using high
molecular weight NR, the capsule could not be
formed even though at 1 wt% of DVB. This is due
to the presence of NR in the monomer droplet
increasing the internal viscosity which prevents
phase separation of PDVB formed during polymer-
ization. However, the reduction of NR molecular
weight leads to the formation of polymer capsule at
the appropriate NR content. It was also found that
the increase of NR content gradually reduced phase
separation of PDVB due to the increase of internal
viscosity. Therefore, it can be concluded that both
molecular weight and content of NR are important
factors affected on the preparation of PDVB/NR/
OD capsule. The thermal properties of encapsulated
OD in the PDVB/NR capsule were lower than those
of bulk as in the case of PDVB capsule.
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Preparation and characterization of interpenetrating
networks based on polyacrylates and poly(lactic acid)
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Abstract. Three different, multifunctional acrylic monomers were photopolymerized in a matrix of poly(lactic acid), PLA,
using 2-hydroxy-2-methyl-1-phenyl-propan-1-one as a photoinitiator. The kinetics of the photopolymerization of monomers
in PLA, studied with Fourier Transform Infrared Spectroscopy, has been compared to analogous processes of pure
monomers under the same conditions (room temperature, air atmosphere). Additionally, poly(ethylene glycol) was added
to acrylate/PLA blends as plasticizer.The highly crosslinked networks obtained were characterized by FTIR and optical
microscopy. The amount of insoluble gel has been estimated gravimetrically. It was found that the studied systems are char-
acterized by very high polymerization rate, moreover, efficient grafting of polyacrylates on PLA takes place. The observed
morphology indicates the heterogeneity of formed networks. The glass transition temperature of PLA in studied blends has
been determined by differential scanning calorimetry.

Keywords: polymer blends and alloys, interpenetrating polymer networks, poly(lactic acid), polyacrylates

1. Introduction renewable resources e.g. biopolymers. Such poly-
Synthetic polymers such as polyethylene, poly- mers exhibit useful properties of traditional plastics
styrene, poly (vinyl chloride), polyacrylates, poly- and can be organically recycled because of their
esters and many other commercial macromolecular  biodegradability. This process includes the distribu-
products are mainly obtained from fossil fuels. tion and hydrolysis of polymers in wastewater,
They are broadly applied in practice because of anacrobic digestion with biogas production and
their numerous advantages such as durability, flexi- decomposition with the participation of oxygen,
bility, resistance to water and chemical compounds.  occurring directly in soil or in compost. Production
They are lightweight and easily processed, and also  and usage of biodegradable polymers is a competi-
have good mechanical properties as well as possi- tive solution to high standards of environmental
bility of various modifications. protection — relatively expensive methods of mechan-
However, their utilization is not a trivial task. Prob-  ical recycling of packaging waste from traditional
lems of waste management have led researchers plastics and the need for their transportation, collec-
and manufacturers to develop effective methods of  tion and segregation into homogeneous polymers
manufacturing of materials offering an alternative [1, 2].

to conventional plastics. Moreover, the rising fossil ~ An example of biopolymer commonly used world-
fuel prices and shrinking of its resources motivate  wide is poly (lactic acid)/ polylactide (PLA), which
the investigators to search for materials from has excellent application properties. PLA is energy
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saving, non-toxic, biocompatible and biodegrad-
able; it has good thermal processability and rheo-
logical properties. However, for special applica-
tions, it should be modified by several additives (such
as fillers, fibers). Numerous recent works were
devoted to PLA modification [3-5].

For instance, PLA in mixture with polysaccharides:
starch and cellulose fibers lowers the production
cost and reduces the time of biological decomposi-
tion. Increase of rigidity and higher heat resistance
of PLA can be achieved by introduction of inor-
ganic fillers such as talc, mica, glass. Improved
resistance to tensile load is associated with the addi-
tion of rubber to PLA. Nevertheless, the problem of
incompatibility occurs during mixing of PLA with
other polymers such as styrene based rubbers, thus,
modified polymers containing functional groups or
compatibilizers have to be used additionally.

In the case of PLA modified with polyacrylates, and
especially with poly(methyl methacrylate), the films
obtained from these blends are transparent, have
higher glass transition temperature but lower crys-
tallinity degree in comparison to pure PLA. Poly-
carbonates improves PLA the thermal stability and
the resistance to cracking when stretched [1, 6].

A common feature of polymer blends is the pres-
ence of a continuous phase of one polymer in which
other components are dispersed. Depending on the
degree of dispersion and on the chemical properties
one can obtain real solutions or colloidal systems.
Different physical properties of compositions can
be obtained by polymer mixing in the molten state.
Such manufacturing depends e.g. on the ingredient
types and their interactions, stability of the mixture
and its morphology. Research of the crystalline
phases (in the case of semicrystalline polymers),
observations of the blend structure and defects, het-
erogeneity of multicomponent polymeric films are
carried out using precise optical methods.

There is still a lack of information of the possibility
of PLA modification using ultraviolet radiation,
contrary to other polymers [7-9].
Photo(co)polymerization is a polymer synthesis
method induced by photon absorption of the sub-
strate. The products of photopolymerization are pro-
tective polymer coatings on the surface of various
materials such as wood, metal, paper, glass, ceram-
ics [10, 11]. Photografting, photocrosslinking or sur-
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face properties modification are other broadly used
processes occurring upon electromagnetic radia-
tion. The process of initiation of photochemical
reactions requires the application of efficient pho-
toinitiators [12—14].

The chemical structure of monomer used in pho-
topolymerization has essential influence on the
properties of product obtained. Depending on the
monomer functionality one can obtain linear poly-
mers (from monomers containing one double bond
or cyclic group in molecule) or the form of a spa-
tially cross-linked networks (from multifunctional
monomers) [15].

The main advantages of multifunctional monomers
polymerization is high speed of process that takes
place at low, room temperature in air atmosphere
(without the necessity of removing oxygen) and in
the absence of organic solvents. Due to these fea-
tures, photochemical manufacturing of materials is
classified as an environmentally friendly technol-
ogy.

Poly(lactic acid) as biodegradable and commer-
cially available polymer found numerous applica-
tions in the production of food packaging. PLA is a
good candidate for replacement of poly(ethylene
terephthalate), PET — basic material for drink bot-
tles, which is not susceptible to biological decom-
position. However, PLA is characterized by a rela-
tively high gas permeability compared to PET. Thus,
intensive studies are devoted to improvement of its
barrier properties. One of the possibilities of PLA
modification is the preparation of blends with other
components. The aim of our work was to obtain and
characterize the interpenetrating polymer network
based on poly (lactic acid) and polyacrylates capa-
ble to crosslinking.

2. Experimental part

2.1. Chemicals

The following chemicals were used:

— polymer — poly(lactic acid) PLA (2002 D, Nature-
Works, USA) with average molecular weight
~200000;

— monomers: pentaerythritol triacrylate (PETA, M =
298 g/mol), pentaerythritol tetraacrylate (PETeA,
M = 352 g/mol), dipentaerythritol pentaacrylate
(DPEPA, M = 524 g/mol) — all from Polyscience
Inc, Warrington, PA, USA;
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Figure 1. The chemical structure of poly(lactic acid), PLA (a); photoinitiator — Darocur 1173 (b); plasticizer — PEG (c) and

monomers: PETA (d), PETeA (e) and DPEPA (f)

— photoinitiator 2-hydroxy-2-methyl-1-phenyl-
propan-1-one (DAROCUR 1173, Ciba, Switzer-
land);

— solvent — chloroform (Polish Chemical Reagents,
POCH S.A., Poland),

— plasticizer — poly (ethylene glycol), PEG 1000
(M, = 1000 g/mol, Polish Chemical Reagents,
POCH S.A., Poland).

All materials were used as received. The chemical

structures of all studied compounds are shown in

Figure 1.

Number of functional groups per monomer mole-

cule is: 3 in PETA, 4 in PETeA, 5 in DPEPA and

functionality (calculated as number of C=C bonds
per 1 kg of monomer) is: 10.07 in PETA, 11.36 in

PETeA and 9.54 in DPEPA.

2.2. Sample preparation

Pure PLA films were obtained from 3 wt% solution
in chloroform. IPN films were prepared by mixing
the monomers and photoinitiator with polymer solu-
tion. 1:1 weight ratio of polymer to the monomer
and 5 wt% concentration of photoinitiator were used.
After mixing, solution was poured onto leveled
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plates (from KBr for FTIR spectroscopy or from
glass for microscopic observations and for determi-
nation of gel amount). Additionally, 10% wt. plasti-
cizer was introduced for improvement of the sam-
ple flexibility. Simultaneously, the films of pure
monomers with 5 wt% initiator were also prepared.
After solvent evaporation at room temperature and
careful drying (also at room temperature) in the
dark, the solid blends were UV-irradiated for cur-
ing.

The samples of the same thickness (~10 pm) have
been chosen for all experiments.

2.3. Photopolymerization conditions

The high pressure mercury vapor lamp, HPK 125 W,
Philips has been used for polymerization. The
wavelength range and intensity of the incident light
at the sample level was 248-578 nm and 16.65 W/m?,
respectively.

The following conditions were applied: time of irra-
diation — maximum 5 minutes, air atmosphere and
room temperature (20°C). The home-made device
equipped with a photographic shutter has been
applied for short curing times. It allows exposure to
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the sample for a split second (since 1/60 s). The
polymerization kinetics were monitored by FTIR
spectroscopy. The film thickness was about 0.02 mm.

2.4. FTIR spectroscopy

FTIR spectra with 2 cm™! resolution were recorded
using Genesis Il spectrophotometer (Mattson, USA)
in range of 400-4000 cm™!. The number of scans
was 32. The spectra analysis i.e. baseline correc-
tion, normalization, band intensity calculation has
been done using WinFirst 3.57 software (Mattson
Instruments).

The absorption band at 809 cm™, attributed to =C—H
bending vibration, was chosen for monitoring the
course of photopolymerization. The conversion
degree (X, %) has been calculated by Equation (1)
on the basis of the number of consumed double
bonds:

A
At)-100% (1)

Conversion degree [ % | = ( —
0

where A/A4, is the ratio of absorbance of the band at
809 cm™! in the spectrum of the sample after ¢ time
of reaction to the absorbance of unirradiated sam-
ple. This ratio corresponds to the amount of unre-
acted double bonds.

The maximum rate of polymerization was obtained
from the slope of the linear part of recorded kinetic
curve (where the conversion degree was plotted vs
time of reaction).

2.5. Optical microscopy

Samples of unmodified and modified films of PLA
were observed under the inverted research micro-
scope Nikon ECLIPSE TE 2000S in the bright field
technique using the Hoffman modulation contrast
(HMC) allowing the enhancement of specimen con-
trast. The magnification was 100x. The most repre-
sentative images of samples were taken using a
microscopic digital camera. Transfer of micro-
scopic image on the computer screen was possible
due to the specialized program of documentation
and analysis of microscopic image ELEMENTS Ar
NIS 2.30.

2.6. Scanning Electron Microscopy
Morphology of the samples was observed using
LEO1430 field-emitting Scanning Electron

81

Microscopy at accelerating voltage of 5 kV. All
specimens were coated with thin layer of gold.

2.7. Differential Scanning Calorimetry

DSC measurements were carried out in helium
atmosphere in the temperature range of 20-250°C
using Diamond DSC power compensation type
(Perkin-Elmer). Indium was used for calibration.
The following conditions were applied: flow rate —
20 ml/min, heating and cooling rate — 200°C/min,
sample weight — ca. 5 mg. The glass transition tem-
perature of PLA (7;) was obtained from the inflec-
tion point on DSC curve (second run).

2.8. Gel amount and grafting degree

Gel content in obtained IPN films was determined

gravimetrically, according to Equation (2):
Mg

Gel[%] =—-100% (2)
my

where my is weight of insoluble gel and my is total

weight of initial sample.

After curing and weighting, the samples were dis-

solved in chloroform: soluble part (sol) was extracted

and separated from insoluble fraction. The extrac-

tion has been done first in chloroform at room tem-

perature for 24 hours, then, in Soxhlet apparatus in

boiling chloroform for 24 hours.

The separated gel was dried in vacuum oven to a

constant weight. The amount of gel is an average of

at least three values.

Taking into account that the weight ratio of PLA to

acrylate was always 50:50, the amount of grafted

PLA (so-called grafting degree) has been obtained

from the Equation (3):

gel amount—50
50

-100%
)

Grafting degree[%] =

3. Results and discussion

3.1. Spectral characterization of reagents
FTIR spectra of reagents used in this work are pre-
sented in Figures 2 and 3. Poly(lactic acid) spec-
trum contains characteristic absorption bands at
2800-3000, 1300—1500 and 756 cm ™! which can be
assigned to methylene groups (stretching and defor-
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Figure 2. FTIR spectra of virgin reagents: PLA (a), photoinitiator — Darocur 1173 (b) and plasticizer — PEG (c)

ure 2a). Only very small, residual hydroxyl band at
~3500 cm™' can be seen.

mation vibrations, respectively). Strong, sharp
peaks at 1757 cm™' due to carbonyls and 1186,
1094 cm™! attributed to C-O—C groups appear (Fig-
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Photoinitiator (Figure 2b) spectrum exhibits intensive
hydroxyl absorption (with maximum at 3460 cm™),
bands at 2800-3100 range, at 1597, 1446, 1367,
958, 716 cm™! assigned to aliphatic and aromatic
C-H (stretching and bending), 1673 cm™" (carbonyl)
and 1171 cm™! (C—O—C vibrations).

Plasticizer (PEG) spectrum is relatively simple:
broad hydroxyl band is centered at about 3400 cm™!,
methylene at 2874, 1458, 1351, 1250, 950 and
843 cm™! (stretching and deformation) and ether
(strong) at 1113 cm™! (Figure 2c). Additionally, two
low intensity peaks appear at carbonyl region
(1721, 1639 cm™) indicating some internal impuri-
ties.

As expected, the spectra of tri- tetra- and pentacry-
late monomers are very similar because they con-

tain the same type of functional groups (Figure 3).
The methyl/methylene (2800-3000 cm™" stretching
region), carbonyl (1726 cm™") and ether (1000—
1200 cm™!) bands exist in all acrylate spectra. The
broad hydroxyl band (33003700 cm™) is also seen
in all spectra, although OH groups are not originally
present in PETeA structure. The other characteristic
bands, appearing at 1634, 1468, 985 and 809 cm™,
can be assigned to C=C stretching, C—H deformation
(in-plane), C—H deformation (out-of plane) and
=C-H bending vibrations, respectively.

The distinct difference appears in the stretching
methylene range: the ratio of intensities of 2962 to
2898 cm™! bands (Aj962:Asg03) decreases with an
increase of functional groups in monomer molecule
(Figure 3a). It changes in the following order:
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Figure 3. FTIR spectra of three acrylate monomers in 2600-3800 cm™ (a) and 700-1900 cm™ (b) ranges (DPEPA — black,

PETA —red, PETeA — green)
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(A2962:A2808)(PETA) = 1.452 >
(An962:A2g98)(PETeA) = 1.279 >
(A29622A2898)(DPEPA) =0.976

The second modification is seen in 1115 cm™' band
attributed to ether type vibrations — the highest
intensity of this band is observed for DPEPA con-
taining six C—O—C groups in molecule, contrary to
PETeA and PETA (four C—O- bonds/molecule).
The band at 809 cm™', due to =C—H bending vibra-
tions has been selected for monitoring the progress
of photopolymerization.

3.2. General observations concerning IPN
preparation
The solutions of acrylate/PLA and acrylate/PLA/
PEG blends (containing also photoinitiator) in chlo-
roform as well as solid films obtained after solvent
evaporation were completely transparent.
The photopolymerization in all studied systems
started immediately after exposure to UV. Process
underwent with high efficiency in a few minutes.
We decided to finish the kinetic studies after 5 min-
utes of UV-irradiation although the conversion of
double bond was not completed. Longer exposure
could be dangerous for IPN specimens because of
possibility of photodegradation process. The appli-
cation of photographic shutter allowed the observa-
tion of subtle changes in the first period of pho-
topolymerization and distinguishing the variation
between the PLA containing different monomers.
The obtained samples of acrylates cured in PLA
matrix were translucent, rigid and very brittle, thus
poly(ethylene glycol), PEG, was added for plasti-
cization. The course of monomers photopolymer-
ization in the presence of PEG has been also deter-
mined.
Figure 4 shows FTIR spectra of acrylate+PLA
blends before (black lines) and after 5 minutes UV-
irradiation (red curves). In all cases the bands char-
acteristic for both components exists. As predicted,
the main changes after photopolymerization occur
at bands attributed to double bonds in acrylate
monomers: at 1635, 1409, 986 and 809 cm™'. The
differences in other absorption bands caused by
photocuring are negligible. No new additional peak
which could indicate that any other reactions take
place.

84

The mechanism of photopolymerization of multi-
functional monomers is described as a free-radical
chain reaction [10, 12, 15]. During the first stage of
process, photosensitive initiator absorbs quanta of
radiation and undergoes excitation followed by the
creation of initiating species, usually free radicals.
The initiation is mainly dependent on the photoini-
tiator absorption coefficient, the quantum yield of
radicals formation and the intensity of radiation.
The next step is propagation, when active radicals
react with monomer molecules leading to chain
growth. Because the multifunctional monomers con-
tain a few functional groups, the macromolecules
become highly branched, moreover, a high rate of
reaction is characteristic for such systems. Particu-
larly, the first period of polymerization is fast, then
process slows down due to crosslinking and vitrifi-
cation. Formed network contains a significant
amount of trapped or ‘frozen’ radicals and unre-
acted double bonds. The probability of their further
reaction is limited (because of segmental mobility
restrictions) but is possible. The final conversion is
strongly dependent on the mobility of the functional
groups, which is also determined by the slow relax-
ation processes occurring at room temperature even
in the dark. The termination is a radical recombina-
tion or diffusion-controlled reaction.

The differences in the kinetics and efficiency of the
acrylates photopolymerization in PLA in this study
are connected mainly with different structure and
reactivity of monomers because the conditions of
curing were kept constant. The monomers differ
mainly in their functionality (expressed as the amount
of functional groups per molecule or as the number
of double bounds per kilogram of monomer) and
branching degree. As the viscosity of monomers is
very high, the inhibiting action of oxygen is reduced
because of its negligible diffusion.

3.3. Kinetics of polymerization of acrylate
monomers alone and in PLA matrix

The rate of polymerization was evaluated by FTIR
spectroscopy on the basis of the band at 809 cm™,
which is attributed to the double bond vibrations in
acrylate monomer. Examples of absorbance decrease
in FTIR spectrum of photopolymerized PETeA and
PETeA in PLA film are shown in Figure 5. Analysis
of other bands attributed to unsaturated groups (e.g.
1634, 1409 cm™) leads to the same conclusions.
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Figure 4. FTIR spectra of acrylate/PLA networks before irradiation (black) and obtained after 5 min photopolymerization
(red); PLA/PETA (a), PLA/DPEPA (b) and PLA/ PETeA (c)

Because of the lack of induction period, the inflec-  version degree versus exposure time (Figure 6),
tion point has not been observed on the plot of con-  thus, the maximum polymerization rate, R,™**, was
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Figure 5. Changes of C=C band during 5 min photopolymertization of PETeA (a) and PETeA in PLA matrix (b)

obtained from the slope of straight-line part of these
kinetic curves for the beginning period of reaction.

Photopolymerization of tri-, tetra- or penta-acrylate
monomers (Figure 6a) as well as photocuring of
these reagents in PLA matrix, occurs rapidly (Fig-
ures 6b and 6¢). The shapes of conversion curves
are similar for DPEPA, PETA and PETeA.

In the case of polymerization of monomers alone,
the highest polymerization rate has been observed
up to approximately 10 seconds (Figure 6a). At this
time the conversion degree achieved already 50%
but the final conversion (after 5 min of exposure)
does not exceed 80%. The course of photopolymer-
ization is similar and kinetic curves partially over-
lap.

The main kinetic parameters are listed in Table 1.
As one can see, R, slightly decreases with the
increase of functional groups for monomers pho-
topolymerized alone, thus, 50% conversion is
reached fastest in PETA (after 2 s) and lowest in
DPEPA (13 s). For that reason, needed dose for
50% conversion is relatively low (below 220 J/m?).
After approximately 50 seconds, the polymeriza-
tion significantly slows down and finally, after
about 2 minutes of exposure, a plateau is observed.
Such behavior is in accordance to results obtained
previously for these monomers in similar condi-
tions [11, 16].

Photopolymerization rates of acrylates in PLA films
(Figure 6b) are lower than those previously observed
without polymeric matrix. Unexpectedly, the high-
est R,™** among these three specimens was observed
for PETeA in PLA. The maximum rate can be
ordered as follows:

R,™(PETeA + PLA) > R,"*(DPEPA + PLA) >
R,™(PETA + PLA)
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Since, the 50% conversion degree in these formula-
tions is reached after longer irradiation time (com-
paring to ~10 s for pure monomers) i.e. at ~40, 70
and 150 s in PETeA + PLA, DPEPA + PLA and
PETA + PLA, respectively. Therefore, the energy
necessary for fifty percentage conversion is high
(ca. 650-2580 J/m?). The final efficiency is also
lower for all monomers in the blends (below 70%
for DPEPA + PLA or PETeA + PLA and about 60%
for PETA + PLA). It clearly indicates that acrylate
photopolymerization is hampered in the PLA net-
work, which is obviously caused by the trapping of
growing macroradicals in polymer matrix, which is
in glassy state in the room temperature.

Plasticization of PLA by PEG causes an increase of
polymerization rate in the first step compared to the

Table 1. The parameters characterizing the kinetics of poly-
merization of acrylate monomers (alone), acrylate
monomers in PLA and acrylate + PLA + PEG ter-
nary systems obtained from FTIR

R, max X(5° t(50%) | D(50%
Sample [%-s7] [‘SA)]) ( Is] : [S/mzl)

PETA 2.7 77 2 33
PETeA 2.3 73 10 167
DPEPA 1.6 74 13 216
PETA + PLA 1.0 59 155 2581
PETeA + PLA 2.1 68 39 649
DPEPA + PLA 1.3 67 72 1199
PETA + PLA + PEG 10.0 94 5 83
PETeA + PLA + PEG 3.0 73 62 1032
DPEPA + PLA + PEG 7.7 62 69 1149

R,™™ — maximum polymerization rate; X(5°) — final conversion
degree after 5 min UV action, #(50%) — time needed for 50% con-
version; D(50%) — dose needed for 50% conversion of monomer.
Formulations and reaction conditions: acrylate to PLA ratio = 1:1,
5%(m/m) Darocur 1173, 10%(m/m) PEG placticizer, UV-source —
HPK lamp, incident intensity — 16.65 W/m?, air atmosphere and
room temperature.

course of reaction in nonplasticized PLA. R, val-
ues are even higher than those for monomers cured
alone (Table 1). 50% conversion is achieved after
about 5, 60 and 70 s of UV action in PETA +
PLA + PEG, PETeA+PLA+PEG and DPEPA +
PLA + PEG, respectively. Assuming that polymer
plasticization facilitates the polymerization process
because of higher mobility of acrylate monomers
and radicals in PLA blends, we can conclude that
the best plasticizing effect was found in the network
containing PETA. The formation of IPN in this for-
mulation is saving-energy process (83 J/m?).

The order of R,™* in ternary blends is reversed
comparing to the previously indicated for nonplasti-
cized systems:

R,™(PETA + PLA + PEG) >
R,"*(DPEPA + PLA + PEG) >
R,"(PETeA + PLA + PEG)

It means that plasticizer increases the rate of phto-
topolymerization and this effect is particularly high
in the case of PETA + PLA + PEG system where
additionally the great conversion degree (exceeding
90%) was found (Figure 6¢).

The conversion degree is strictly connected to the
number of unreacted acrylate bonds in formed IPN
(Table 2), which is the largest in the case of PETA +
PLA (nonplasticized) and DPEPA + PLA + PEG.
However, the amount of unsaturations can be reduced
by the heating of interpenetrating network above
glass transition temperature in which post-polymer-
ization takes place owing to improvement of
macrochain mobility and reactivity [17].

Table 2. The amount of gel [%] formed in acrylate monomers, acrylate monomer + PLA blends and acrylate + PLA + PEG,
estimated grafting degree of PLA and number of unreacted double bonds after 5 minutes of photoreaction (condi-

tions as in Table 1).

Sample Total amount of gel | Gel containing PLA | Degree of PLA grafting | Number of unreacted C=C

(7] (%] [o] [%]
PETA 99.5 - - 23
PETeA 99.7 - - 27
DPEPA 100.0 - - 26
PETA + PLA 96.6 46.6 93.2 41
PETeA + PLA 94.4 44.4 88.8 32
DPEPA + PLA 88.8 38.8 77.6 33
PETA + PLA + PEG 93.3 433 86.6 6
PETeA + PLA + PEG 98.8 48.8 97.6 27
DPEPA + PLA + PEG 74.8 24.8 49.6 48
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3.4. Gel formation of pure acrylate monomers
and in PLA matrix

The acrylate monomers applied for preparation IPN
are known as crosslinking agents. In fact, the effi-
ciency of gel formation in our system is very high.
An insoluble gel was formed in both cases: during
photopolymerization of acrylate monomer alone as
well as in PLA matrix (also in the presence of plas-
ticizer). The values of percentage amount of gel
after 5 min photocuring are listed in Table 2.

One can observe, that gel content exceeds 50% in
all polyacrylate/PLA specimens (although the amount
of introduced monomer is always 50%). It clearly
indicates that PLA, which does not undergo pho-
tocrosslinking when is exposed alone, has to partic-
ipate in photoprocesses in the presence of acrylate
monomers. Two possibilities should be taken into
consideration: first, most probable, is physical entan-
glement of PLA macrochains in the rapidly formed
acrylate system. This way interpenetrating polymer
network is formed. Second option is photografting
process of increasing acrylate molecule onto PLA
chains. It suggests that created free radicals (from
initiator photolysis or growing acrylate macroradi-
cals) are able to abstract hydrogen atom from PLA.
The simple recombination of two types of macro-
radicals (PLA and polyacrylate) forms the graft or
random copolymer. Direct grafting is also probable
because HPK lamp emits high energy radiation and
some free macroradicals can be generated in PLA,
which can further react with acrylate monomer,
recombine with any other (macro)radical or undergo
chain transfer reaction (onto polyacrylate). Another
possibility of formation of covalent bonds between
both network constituents is possibility of ester
exchange (transesterification) between ester PLA
groups and hydroxyl groups present in PETA and
DPEPA:

RCOOR'+ R"OH = RCOOR"” + R'OH

where RCOOR’ is PLA and R"OH is PETA,
DPEPA or polyPETA, polyDPEPA.
Transesterification is also possible between PLA
macromolecules and PEG which contain hydroxyl
end-groups. Moreover, monomers containing OH
groups (PETA and DPEPA) can directly participate
in the additional curing with PEG and PLA.
Assuming that the monomer in the blend was com-
pletely crosslinked, one can conclude that the graft-
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ing degree, expressed as the amount of PLA involved
in this process, is very high (Table 2). The highest
amount of gel was found in PETA + PLA (96.6%),
which allows determining the grafting degree of
PLA equal to 93.2%. Both remained samples, are
characterized by slightly lower PLA grafting degree:
88.8 and 77.6% in PETeA+PLA and DPEPA+
PLA, respectively. One can conclude that the higher
functionality of acrylate monomer negligibly ham-
pers the efficiency of photografting onto PLA,
which is probably caused by the competition of very
efficient crosslinking of multifunctional monomer.
The added plasticizer slightly modifies the pho-
tocrosslinking process of acrylates/PLA blend. The
total amount of gel formed after 5 minutes exposure
is continually very high (~75-99%), which evi-
dently indicates that besides of acrylates also PLA
and PEG molecules are entangled and trapped in
IPN.

3.5. Glass transition temperature (7y)

Pure PLA sample exhibits the glass transition at
56°C. Moreover, DSC curve contains the crystal-
lization peak above 150°C. Pure polyacrylates
(PETA, PETeA and DPEPA) do not show the glass
transition under the applied conditions (temperature
range: from —50 to 220°C). It can be caused by high
crosslinking density in these samples — the crosslink-
ing usually strongly depresses the chain mobility.
In the composition of PLA with polyacrylates, an
increase of 7, by about 15-18°C is observed. It is an
evidence of restricted chain mobility. As was sug-
gested above, PLA macromolecules are entangled
or even covalently bound to crosslinked acrylates
(resulting of grafting).

PEG is a flexible polymer characterized by very
low glass temperature (below 0°C) and develops
flexibility to other polymers. The plasticization
effect is generally attributed to the increase of free
volume facilitating macromolecular movements.
However, the introduction of PEG (as plasticizer) to
PLA+polyacrylate blend only slightly decreases the
glass transition temperature.

The plasticization of PLA has been the subject of
several works [18-21] but the mechanism is still
controversial. Blending of polymers containing func-
tional groups induces intermolecular interactions
and excess volume formation. Owing to terminal
hydroxyl groups, PEG chains can participate in
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Table 3. Glass transition temperature of PLA in studied sys-
tems determined from DSC curves

Sample T, [°C]
PLA 56
PETA + PLA 71
PETeA + PLA 73
DPEPA + PLA 74
PETA + PLA + PEG 68
PETeA + PLA + PEG 69
DPEPA + PLA + PEG 67

hydrogen bonding and act as ‘flexible crosslinks’.
The other model is based on the dissolving the poly-
mer in excess PEG, however, it needs higher plasti-
cizer concentration (in our case it was only 10% wt).
Although higher amount of PEG usually enhances
polymer plasticization, the opposite effect can be
observed when phase separation occurs. In studies
by Piotrowska et al. [18] it was described that the
phase separation occurred also during the crystal-
lization in poly(L-lactide) plasticized with poly
(propylene glycol).

3.6. Samples morphology

The microstucture of PLA and its interpenetrating
networks with three polyacrylates was observed by
means of optical microscopy (Figure 7). Pure PLA
forms homogeneous, clear film, typical for one
component systems. Only small defects can be
observed on PLA microphotographs. In micro-
scopic magnification, crystalline forms of PLA are
not seen. Probably, the size of crystalline structures
are to small for observation under optical micro-
scope.

The structure of polyacrylate + PLA networks (Fig-
ures 7b—e) is more diversified, which indicates sam-
ple heterogeneity, in spite of the homogeneity of solu-
tions used for film preparation. It means that phase
separation occurs just after solvent evaporation,
however, the clear phase border is not distinguished
on microscopic images. In all studied acrylate/PLA
films, small inclusions and regions of different mor-
phology are observed. The size of single grains dis-
persed in PLA is ca. 5-10 um. Larger particles, indi-
cating the possibility of their aggregation, can be
also seen, particularly in PETA + PLA sample (Fig-
ure 7b). However, it should be pointed out that the
size of phase-separated domains is controlled by the
network density determined by the high functional-
ity of acrylates.
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Interesting images were found for samples contain-
ing additionally PEG as plasticizer, which is a semi-
crystalline polymer (Figure 7e-h).

The structure of PLA containing PEG (plasticizer)
is rather homogeneous (Figure 7e). Only small inclu-
sions are rarely observed. Comparing images of
pure PLA (Figure 7a) and PLA + PEG (Figure 7e)
one can conclude that just PEG is responsible for
these small imperfections.

PEG formed spherulitic structures (more or less
regular) in matrix of PLA and its IPN with PETeA
and DPEPA (Figures 7g and 7h). The size range of
these crystallites is from few to 200 pm. The mor-
phology of PETA + PLA + PEG specimen (Fig-
ure 7f) is rather dissimilar to both others plasticized
networks: protrusions of different diameters (from
twenty to above 200 um) appear. This different mor-
phology partially explains the different behavior of
this sample upon UV action.

As was demonstrated (Figure 6¢), the highest curing
rate and conversion degree was found in this case. It
suggests that observed morphological structures are
characterized by other molecules arrangement (prob-
ably less ordered), consequently the plasticizing
effect is more evident. Probably, the hydroxyl groups
from PETA and PEG interact, which retards the
crystallization of plasticizer. Although OH groups
are also present in DPEPA but this monomer is
more branched, therefore, steric hindrances can
make difficult hydrogen bonding formation. In con-
sequence, the rate and efficiency of PETA polymer-
ization in PLA + PEG are higher than those for
DPEPA in PLA + PEG.

The specific details of samples structure have been
also observed by SEM. The chosen examples are
shown in Figure 8. Pure PLA and polyacrylates are
relatively uniform with exception of PETA+PLA
(Figure 8b). An altered, more heterogeneous mor-
phology was found in the case of ternary blends:
polyacrylate+PLA+PEG (Figure 8e-h).

It is necessary to remind that photographs in Figure 8
present the surface morphology of the samples,
which can be different from internal structure. The
surface of samples composed of acrylates, PLA and
PEG is not smooth, some protrusions of different
sizes are observed. It indicates that under top layer
heterogeneous domains (connected to crystalliza-
tion and phase separation) were formed.
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Figure 7. Microphotographs of PLA (a) and photopolymerized blends: PETA +PLA (b), PETeA +PLA (c¢) and DPEPA +
PLA (d) as well as PLA+PEG (e) and photopolymerized ternary blends: PETA +PLA +PEG (f), PETeA+PLA+
PEG (g) and DPEPA +PLA +PEG (h)
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Figure 8. SEM images of PLA (a) and photopolymerized blends: PETA+PLA (b), PETeA+PLA (c) and DPEPA+PLA (d)
as well as PLA +PEG (e) and photopolymerized ternary blends: PETA +PLA +PEG (f), PETeA+PLA+PEG (g)
and DPEPA+PLA +PEG (h)
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On the other hand, surface morphology determines
the useful properties of thin polymeric films applied
as packaging materials.

Finally it should be mentioned, that networks mor-
phology strongly depends on the conditions of their
preparation. It was observed in the case of three
components mixture (acrylate+PLA +PEG) obtained
by casting from a common solvent. Slow drying in
air atmosphere led to formation of relatively large
crystalline structures of PEG in network, while the
fast drying in vacuum caused generation of numer-
ous tiny spherulite precursors. Nevertheless, they
are often covered by a layer of PLA, which forms a
kind of surface ‘skin’.

3.7. Miscibility considerations

The IPN heterogeneity observed in micropho-
tographs suggests the component separation just
after solvent evaporation from PLA/acrylate mix-
ture. The prediction of component miscibility is pos-
sible comparing Hildebrand solubility parameters
(9) [22].

The literature values of solubility parameters of
PLA and poly(methyl acrylate) or poly(methyl
methacrylate) [22—24], chosen as a model com-
pounds for polyacrylates obtained from multifunc-
tional monomers, are listed in Table 4.

The differences arising from experimental error (or
from different testing method) are rather broad.
From cited data, total solubility parameter (dota1) O
PLA is 19.28-21.73 and the J, range for PMA/
PMMA is comparable: 19.1-22.6 (J/cc)®>. Accord-
ing to Hansen’s theory, the more detailed analysis
can be done using partial solubility parameters con-
cerning dispersion forces (8g), polar forces (3,) and
hydrogen bonding (dpp) [23, 24]. From Table 3 it is
seen, that also the partial solubility parameters of
PLA and model acrylate polymers have values in a
similar range. It suggests that both polymers, thus,
the components of our networks, should be misci-
ble according to the theory.

As reported earlier, the photopolymerization of
components characterized by a lack or limited mis-
cibility led to the lower conversion degree compar-
ing to compatible mixture [11, 17].

On the basis of microscopic studies, we can con-
clude that phase separation occurs in the mixture of
monomer + PLA already during film preparation
because of differences in molecular weight of poly-
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Table 4. Hansen solubility parameters of PLA, poly(methyl
acrylate), PMA, and poly(methyl methacrylate),
PMMA from literature data (PMA and PMMA
were chosen as a model compounds for studied
polyacrylates) [22-24].

Polymer [(J/fs)"-ﬂ [(J/fg)“-ﬂ [(J/ilg"-ﬂ [(J?:z;:’-ﬂ Reference
15.80 8.7 11.10 21.10 [23]
17.40 7.6 10.50 21.70 [23]

PLA 17.61 5.3 5.80 19.28 [22]
16.85 9.0 4.05 19.53 [22]
18.50 9.7 6.00 21.73 [22]

PMA 17.10 1.5 8.40 19.10 [24]
18.60 10.5 7.50 22.60

PMMA 19.10 6.5 3.90 20.50 [24]
15.60 10.5 5.20 19.50

mer and acrylates. Heterogeneity stays after pho-
topolymerization since the NET structure becomes
very rapidly inflexible. However, it was proved and
explained based on the thermodynamic theory that
crosslinking reduces the effective driving force for
macrophase separation [25].

On the other hand, the lack of full miscibility is not
inconvenient — as it has been reported, the good
physical properties of IPN can be obtained from
heterogeneous systems [26].

4. Conclusions

In summary we can conclude that interpenetrating
polymer networks of different morphological struc-
tures can be obtained using tri- tetra- and pentaacry-
late monomers for photopolymerization in poly(lac-
tic acid) matrix. The polyacrylate/PLA IPN’s are
heterogeneous — the inclusions and aggregates of
different size have been observed under optical
microscope.

Numerous factors influence the rate of photopoly-
merization besides of mixture composition: func-
tionality of monomer, components miscibility and
phase separation, intermolecular interactions, crys-
tallinity, macrochain flexibility and mobility. More-
over, it was found that the initial sample morphology
has strong effect on polymerization and photocuring
kinetics influences the final network structure and
properties.

On the basis of FTIR kinetics studies, it was found
that PETeA exhibited the highest rate of reaction in
nonplasticized PLA, whereas PETA photopolymer-
ized fastest in PLA in the presence of PEG. It can be
concluded that the number of functional groups and
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chemical structure of monomers plays an important
role in the course of photopolymerization of acry-
lates in PLA matrix. Moreover, the decrease of PLA
crystallinity in ternary composition facilitates the
photopolymerization.

Gravimetric estimation of insoluble gel amount
proves that a significant amount of PLA (~50-90%)
participates in the photocrosslinking process. It
means that full-IPN has been obtained resulting of
competitive processes. The following mechanisms
of interpenetrating network formation have to be
taken into account: physical entanglement and
chemical reaction because PLA becomes insoluble
(only few % sol fractions were obtained from most
samples). Chemical reactions comprise the grafting,
simple recombination of macroradicals from both
polymeric components as well as transesterification
between PLA and monomer containing hydroxyl
groups (PETA, DPEPA).

The benefits of this photochemical process are high
rates, relatively high conversion degrees, conditions
acceptable for industry (room temperature, air atmos-
phere). In plasticized networks, PEG crystallites
were created, what was the reason of insufficient
plasticization effect.

FTIR spectroscopy appeared as a convenient, pow-
erful tool for the investigation of photopolymeriza-
tion kinetics of multifunctional acrylate monomers
alone, in linear polymer matrix as well as in plasti-
cized formulations.

The plasticization effect by addition of PEG has
been rather weak. In the case of ternary blends, the
various factors influence the final properties of net-
works depending on the polymerization kinetics
(composition, plasticizer presence, phase separa-
tion, partial crystallization of components and high
crosslinking degree).

Finally, it should be added, that owing to the high
efficiency of crosslinking, these networks composed
of polyacrylate/PLA (1:1) can be recommended as
protective surface layers, which are simultaneously
ecological materials. The studies of IPN with lower
amount (<50%) of acrylate in PLA matrix will be
conducted in the future for finding the optimal con-
tent for good physical/mechanical/barrier proper-
ties and biodegradability.
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