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Editorial corner — a personal view
Polymer nanocomposites for energy applications

S. C. Tjong", L. X. He

City University of Hong Kong, Department of Physics and Materials Science, Kowloon, Hong Kong

The demand for developing sustainable and clean
energy production, energy transportation, and stor-
age, has grown rapidly in recent years due to the
increase in fossil fuel consumption, environmental
issue and global warming. Nanomaterials with dif-
ferent morphologies, properties and structures (e.g.
barium titanate nanoparticles, carbon nanotubes,
ZnO nanowires) offer superior chemical, mechani-
cal or physical properties compared to their micro-
meter-scale counterparts. Accordingly, they are
potential candidate materials for clean energy appli-
cations such as the energy storage, fuel cells, and
solar cells (ISBN: 978-0-12-407796-6). The nano-
materials can be incorporated into polymers at low
loading levels to form nanocomposites with greater
mechanical flexibility, tailored properties and func-
tionalities. These include bipolar plates of fuel cells
(DOI: 10.1039/c0ee00689k), high-energy density
capacitors, solid polymer electrolytes, and hybrid
polymer/nanoparticle solar cells (DOI: 10.1016/
j.jcis.2011.12.016). Nanofillers offer larger interfa-

cial area that allows better interaction with the poly-
mer matrix. Polymers provide structural support
and protection for nanomaterials during their indus-
trial service lives. A wide variety of polymers can be
selected for making nanocomposites for various
fields of energy applications depending on the
designed chemical, physical and mechanical prop-
erties.

The major challenges of achieving high-perfor-
mance polymer nanocomposites are the attainment
of uniform dispersion of nanofillers in the polymer
matrix and the manipulation of nanofiller/polymer
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interfaces. Typical approaches include surface mod-
ification of nanofillers via covalent and noncova-
lent functionalization. Significant research efforts
have been devoted by chemists and materials scien-
tist for developing polymer nanocomposites with
novel functionalities using improved fabrication
techniques recently. For instance, polymeric materi-
als with high dielectric constant (k) and low loss
find useful application for making supercapacitors.
The B-phase of polyvinylidene fluoride is known to
exhibit excellent ferroelectric and piezoelectric
effects. This phase can be increased to ~46% by
adding 0.5 wt% carbon nanotubes and processed
through electrospinning. The process stretches poly-
mer solution uniaxially under an electric potential.
It can be further increased over 90% by mechanical
drawing (DOI: 10.1021/jp4011026). To reduce
dielectric loss, core-shell nanoparticle strategy
emerges as a powerful method for preparing high-k
nanocomposites especially filled with conducting
nanomaterials (DOI: 10.1002/adma.201401310). To
fully realize widespread commercial applications of
polymer nanocomposites, it is necessary to develop
cost-effective processes for the mass production of
these materials in large quantities.
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Abstract. The factor limiting the application of low-density polyethylene (LDPE) in healthcare is its high susceptibility to
bacterial growth. For this reason, we here investigated antibacterial treatments of LDPE foils using appropriate antibacterial
agents. Benzalkonium chloride and bronopol were selected because of their satisfactory antibacterial effect, which has been
confirmed by their application in the medical and cosmetic industries. The aforementioned substances were immobilized by
a multistep approach via the grafting of polyacrylic acid (PAA) brushes onto LDPE surfaces pre-treated with low-tempera-
ture plasma. Measurements of the surface energy, peel strength of the adhesive joints, X-ray photoelectron spectroscopy
(XPS), Fourier-transform infrared spectroscopy with attenuated total reflectance (FTIR-ATR), and atomic force microscopy
(AFM) were used to investigate the surface and adhesive properties of the antibacterial-treated LDPE. Moreover, the antibac-
terial effect was determined via measurements of the inhibition zone of the Staphylococcus aureus (S. aureus) bacterial
strain. The antibacterial activity of benzalkonium chloride was observed to be more pronounced than that of bronopol. Inhi-

bition-zone measurements of Escherichia coli (E. coli) were also conducted, but an antibacterial effect was not observed.

Keywords: adhesion, benzalkonium chloride, bronopol, plasma treatment, antibacterial activity

1. Introduction

Polyethylene (PE) has found uses in various bio-
medical applications [1], such as the production of
catheters [2]. However, PE often leads to unfavor-
able infections that represent serious clinical com-
plications [3]. These infections can result in implant
failure, which can lead to numerous health prob-
lems [4]. To overcome this disadvantage, an anti-
infection modification of PE is frequently applied.
Anti-infective properties of polymers are achieved
by the incorporation of an anti-infection agent into
the polymer bulk or by copolymerization of an anti-
infection agent with a monomer. Recently, an anti-
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bacterial surface treatment was demonstrated to be
the preferred choice because it exhibited several
advantages: it did not influence the bulk properties of
the polymer, antibacterial agents were not released
from the polymer volume, and the procedure was
relatively simple and effective [5].

In this study, a multistep approach consisting of
plasma surface treatment, radical graft polymeriza-
tion [6, 7] of acrylic acid (AA) and the immobiliza-
tion of antibacterial agents, was used (Figure 1) [8].
Surface treatment with low-temperature plasma plays
a pronounced role in the surface treatment of poly-
mers without influencing their volume properties
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Figure 1. Multistep approach of the antibacterial treatment:
1. plasma treatment; 2. radicals generation; 3. AA
radical graft polymerization; and 4. immobiliza-
tion of the antibacterial agents

[9, 10]. Moreover, the use of low-temperature plasma
is an environmental friendly, clean and dry process
[11]. Low-temperature plasma facilities are often
used in the electronic, acrospace, automotive, tex-
tile and biomedical industries [12, 13]. The products
of the low-temperature plasma discharge, such as
electrons, ions and excited atoms, are capable of
interacting with the solid polymer surface. These
interactions can lead to the functionalization (i.e., the
creation of functional groups), etching (i.e., ablation),
polymerization, or cross-linking processes [14]. Dif-
fuse coplanar surface barrier discharge (DCSBD)
plasma generators are used by facilities to generate
the high surface power density of plasma discharges.
The main advantage of this plasma system is its
ability to operate at atmospheric pressure (i.e., it is
suitable for continuous processes) [15]. The lifetime
of electrodes is prolonged through the use of elec-
trodes embedded in Al,O3 and connected to a cool-
ing system [16]. Moreover, the high surface density
of plasma generates visually macroscopically homo-
geneous low-temperature plasma discharges [17].

Low-temperature plasma can also initiate a radical
graft polymerization of acrylic acid (AA) on the
polymer surface [18]. The brushes of the resulting
polyacrylic acid (PAA) represent an effective inter-
facial layer for antibacterial immobilization [19].
Benzalkonium chloride (Figure 2a) is known to be a
safe, nontoxic biocide and is currently used in human
pharmaceuticals [20]. Bronopol (Figure 2b) is another
efficient antibacterial agent with a low clinical toxi-
city and as an effective protecting agent is used in
various applications (e.g., water protection, cosmet-
ics) [21]. These antibacterial agents are capable of
inhibiting the proliferation of microorganisms on
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Figure 2. Scheme of:
b) bronopol

a) benzalkonium chloride and

the polymer surface [22]. The antibacterial activity
of treated LDPE was investigated as a tool for elim-
inating the bacterial strains Staphylococcus aureus
(S. aureus)—a gram-positive coccal bacterial strain
that can lead to, for example, urinary tract infec-
tions and Escherichia coli (E. coli), which is a gram-
negative rod-shaped bacteria that causes, for exam-
ple, intestinal disease [23].

2. Experimental

2.1. Materials

Branched low-density polyethylene LDPE foils
BRALEN FB 2-17 (T, = 114°C, Ty = -110°C, M, =
260 000 and PDI = 22.5) with a thickness of 20 um
were used in this study. The foils were supplied by
Slovnaft-MOL (Slovakia) and contained no addi-
tives. These LDPE foils comply with the Food Con-
tact Regulations and are approved for food contact;
in addition, the grade is appropriate for use in phar-
maceutical packaging products. Acrylic acid (AA,
99.0%, anhydrous, Acros Organics, Belgium) was
used for the radical graft polymerization. Sodium
metabisulfite (99.0%, Reagent plus, Merck, USA)
was used as an inhibitor of acrylic acid homopoly-
merization. N-(3-Dimethylaminopropyl)-N'"-ethyl-
carbodiimide hydrochloride (EDAC, 98.0%, Fluka,
USA) was used as a carboxyl-group activator for
enabling immobilization of antibacterial agents. Ben-
zalkonium chloride (benzyl-dimethyl-tridecyl-aza-
nium chloride, Sigma-Aldrich, Denmark) and
bronopol (2-bromo-2-nitropropane-1,3-diol, Fluka,
Germany) were used as antibacterial agents. Ultra-
pure water (produced by a Heal Force NW ULTRA
pure water system) was used in the experiments.
Diiodomethane (99.0%, Reagent plus), formamide
(99.5%, molecular biology grade), and glycerol
(99%, for molecular biology), which were supplied
by Sigma-Aldrich (USA), were used as testing lig-
uids for the surface wettability measurements.

2.2. Plasma treatment
The DCSBD plasma system developed by Cernak
et al. [15] was used to activate the LDPE foils. The
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surface treatment was performed under dynamic
conditions (i.e., the samples were in motion above
the electrodes) at atmospheric pressure; the surface
power density was 1 W/cm?, the duration of the
plasma treatment was 15 s, and air atmosphere was
used as a working gas. Both sides of all samples
were treated. A schematic of the DCSBD plasma
equipment is shown in Figure 3. Two parallel
banded systems consisting of several electrodes
made of Ag paste (1 mm wide, 50 um thick, and
0.5 mm spacing between the strips) were used to
generate the low-temperature plasma discharges in
an effective manner. These electrodes were embed-
ded in 96% Al,O3, which protects the electrodes
from direct contact with the plasma discharges and
prolongs their durability. Moreover, the plasma
panel was connected to a cooling system to prevent
its overheating. A high-frequency sinusoidal volt-
age (=15 kHz, Uy, = 10 kV) was used to provide
power to the electrodes led to the generation of

Plasma Electrode
—
f = NZO3
Sample
P HV [kHz]

Figure 3. Schematic of the DCSBD plasma system
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macroscopically homogenous plasma and resulted
in a uniform surface treatment.

2.3. PAA grafting

Grafting of PAA onto the surface of the LDPE foil
was performed immediately after plasma treatment
by immersing the activated foil into a 10 vol% aque-
ous solution of AA for 24 h at 30°C. The solution
also contained 0.1 wt% sodium metabisulfite as an
efficient inhibitor of AA homopolymerization. The
AA polymerization reaction led to the formation of
PAA brushes, such was seen from AFM measure-
ment and rendered it suitable for the effective immo-
bilization of antibacterial agents. Finally, the pre-
pared samples were thoroughly washed in distilled
water for 5 min at 30°C to remove weakly bound or
unreacted AA. The pre-treated samples were used
for the immobilization of the antibacterial agents.

2.4. Benzalkonium chloride and bronopol
immobilization

The PAA grafted substrates were subsequently
immersed in a 0.1% (w/v) aqueous solution of
EDAC at 4°C for 6 hours to activate the carboxyl
groups, as shown in Figure 4. O-Acylisourea moi-
eties are formed by this activation, and the PAA
brushes are subsequently able to react with certain
reducing agents. Two procedures were used: pre-
treated LDPE samples were immersed in a benza-
lkonium chloride 2% (w/v) solution in distilled
water for 24 hours at 30°C, and, alternatively, pre-
treated LDPE samples were immersed in a bronopol
2% (w/v) solution in absolute ethanol for 24 hours at
30°C. Finally, samples with an immobilized anti-
bacterial agent were washed in water and dried for
24 h at room temperature.
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2.5. Surface wettability investigation

The surface wettability of the samples was investi-
gated via sessile drop contact angle measurements.
A surface energy evaluation system (SEE system,
Advex-Instruments, Czech Republic) was used in
this study. The CCD camera resolution was set to
1280%960 pixels to ensure that high-quality images
of the drops were recorded. The contact angle refers
to the angle between the solid/liquid interface and
the liquid/vapor interface. Ultra-pure water, ethylene
glycol, glycerol, formamide, and diiodomethane
were used as test liquids. The contact angle was
recorded after 3 s to allow thermodynamic equilib-
rium to be established between the solid, liquid, and
gas phases. Average values of contact angles were
used to calculate the surface free energy (y*'), and its
polar (y?) and dispersive (y!) components were eval-
uated using the Owens-Wendt-Rabel-Kaelble regres-
sion model [24].

Moreover, changes in the graft yield of LDPE sam-
ples obtained by gravimetric measurements are also
included. The graft yield (GY) was calculated by
Equation (1):

WZ_W

GY = 1100 %] (1)

1
where W, and W, are the weights of the samples
before and after the surface treatment [25].

2.6. Adhesive properties assessment

The adhesion properties between two materials are
characterized by peel strength (force per unit width).
The adhesive joint created from LDPE samples and
poly(2-ethyhexyl acrylate) deposited on 15 mm poly-
propylene foil were used for the peel-strength meas-
urements. Steel roller (3 kg) was used for the prepa-
ration of adhesive joint with constant distribution of
adhesive forces. We performed these measurements
by conducting 90° peel tests at a peel rate 10 mm/min
using a universal INSTRON 4301 (UK) dynamome-
ter equipped with 100 N load cell. The end parts of
the LDPE samples were firmly fixed in clamps in a
circular arrangement to achieve an even distribution
of tension across the entire width. PP foil with an
adhesive as a second part of the adhesive joint was
fixed in the clamp connected to the load cell.

2.7. Surface morphology analysis
Atomic force microscopy (AFM) investigations of
the surface topography were performed on a com-

mercial atomic force microscope (Dimension Icon,
Bruker) equipped with an SSS-NCL probe, Super
Sharp SiliconTM-SPM-Sensor (NanoSensorsTM
Switzerland; spring constant 35 N/m, resonant fre-
quency: 170 kHz). The areas for individual AFM
measurements were carefully chosen after previous
screening of the surface regularity. Measurements
were performed under ambient conditions and in
tapping mode. The scans covered the sizes from
0.5%0.5 to 10x10 pm?. Characteristic AFM images
for each sample (area 10x10 um?) are represented in
this paper.

2.8. Surface chemistry investigation
Fourier-transform infrared spectroscopy with atten-
uated total reflectance (FTIR-ATR) was used to deter-
mine the chemical composition of LDPE samples.
The individual measurements were performed with
a FTIR NICOLET 8700 spectrometer (Thermo Sci-
entific, USA) using a single-bounce ATR accessory
equipped with a Ge crystal at an angle of incidence
of 45°. The spectral resolution and the number of
scans were 2 cm~' and 64, respectively, for each
measurement. A pressure clamp was used to achieve
sufficient spectral quality, which depends on a good
contact between the crystal and investigated sam-
ple. The acquired spectra were analyzed using the
OMNIC™ v8.1 spectroscopic software.

X-ray photoelectron spectroscopy (XPS) was used to
quantify the chemical composition of LDPE sam-
ples. For this purpose, a TFA XPS Physical Electron-
ics (USA) XPS instrument was used. The pressure
in the chamber was approximately 6:107 Pa. The
LDPE samples were irradiated with X-rays over a
400 um spot area using monochromatic Al Ky »
radiation at 1486.6 eV. The photoelectrons were
detected with a hemispherical analyzer placed at an
angle of 45° with respect to the normal to the sur-
face of the LDPE samples. Each survey-scan spec-
trum was collected at a pass energy of 187.85 eV
and at an energy step of 0.4 eV. An electron gun was
used for surface neutralization. The concentration
of individual elements was determined using the
MultiPak v7.3.1 software (Physical Electronics).

2.9. Antibacterial efficacy tests

The antibacterial effect of treated LDPE samples
was determined against the S. aureus (CCM 4516)
bacterial strain via measurement of an inhibition
zone diameter on agar. Nutrient agar No. 2 M1269
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— 500 g (HiMedia Laboratories PII, Ltd.) was used
in this study. Circle-shaped LDPE samples (diame-
ter = 8 mm) were washed with ethanol, dried and
placed on an agar plate inoculated with the bacterial
suspension (volume = 100 puL, concentration =
107 units mL™"). The samples were incubated for 24 h
at 37°C. After 24 h, the diameters of the inhibition
zone were measured in 5 directions to obtain aver-
age values; the test was repeated three times. The
inhibition zone area was calculated as the area of
annulus between the inhibition zone borders and the
LDPE samples.

3. Results and discussion

3.1. Surface wettability

The ability of liquid to remain in contact with the
solid surface is expressed by the surface’s wettabil-
ity. The wettability belongs among a very important
factor supporting the antibacterial behavior. Hydro-
philic brush layer can be responsible for attraction
of water and form a repellent layer on the surface.
There is steric hindrance for proteins or microor-
ganisms to adsorb to the surface and the adsorption
is reduced by several orders of magnitude [26]. For
the above mentioned reason, the wettability meas-
urement has very high importance for a characteri-
zation of the antibacterial surfaces. The wettability
denotes the angle between the liquid drop and the
solid surface. The contact-angle measurements were
used to determine the wettability. The contact angle
of several testing liquids was used to evaluate the
surface free energy. The surface free energy indi-
cates reversible work done for a unit surface area
creation. The parameters related to wettability, such
as the contact angle of testing liquids, the total sur-
face free energy (y*') and the dispersive (y¢) and
polar (y?) components of the free energy and GY are
summarized in Table 1.

Given the hydrophobic and chemically inert nature
of the surface of LDPE, the contact angles of the

investigated testing liquids were relatively high. A
significant decrease in contact angles was observed
after plasma treatment of LDPE samples because of
the incorporation of characteristic polar functional
groups such as C=0, -OH, COOH, COO-, and
C—O—-C into the surface. The next step, which con-
sisted of the radical graft polymerization of AA,
resulted in a further decrease in the contact angles
due to the polar character of PAA. The presence of
bronopol and benzalkonium chloride also led to
decreased contact angles in comparison to those of
untreated LDPE. On the basis of contact angle
measurements, we calculated the values of the sur-
face energy and its components. Untreated LPDE is
characterized by a very low surface energy, consis-
tent with its hydrophobic character. The plasma treat-
ment of LDPE resulted in an increase in the surface
free energy due to the increased surface polarity.
LDPE modified with polar PAA, bronopol and ben-
zalkonium chloride exhibited very high surface free
energy values. The graft yield of LDPE samples
modified with antibacterial agent increased in com-
pare with LDPE modified by PAA as result of intro-
duction of benzalkonium chloride and bronopol on
PAA brushes. The value of GY in case of benzalko-
nium chloride introduction was higher than in case
of bronopol probably because of higher immobiliza-
tion efficiency of benzalkonium chloride on PAA
brushes.

3.2. Adhesive properties

The wettability closely relates to adhesion, which
can be characterized by peel-test measurements.
The results obtained from these measurements are
presented in Figure 5. The adhesion of polymers cor-
relates to their surface energy and to their roughness.
Increased wettability of the LDPE surfaces results
in increased adhesion and vice versa. Moreover, the
increase in surface roughness is correlated with the
adhesion increase due to the increase of surface con-

Table 1. Surface properties of LDPE modified via a multistep process (0 — contact angle, y'°' — total surface free energy, v,
vP — dispersive and polar components of the surface free energy, respectively; GY — graft yield)

0. 0 0 0, 0¢ tot d P GY

LDPE sample ] [ ] el Pl | md | (]| ()| (%)
Untreated 99.2 (£0.6) | 70.9 (£1.2) | 853 (x0.9) | 43.4 (£1.2) | 80.7 (x0.9) | 31.7 | 315 | 02

Plasma-treated (A) 775 (£1.1) | 51.0 (22.8) | 67.1 (:2.8) | 36.0 (£1.2) | 52.8 (£1.5)| 42.6 | 414 | 1.1 |00

A+ PAA grafted (B) 66.9 (£0.7) |32.1 (£2.4) | 572 (£2.7) | 32.5 (£1.6) | 37.0 (£2.0) | 48.1 | 437 | 45 |05

B + benzalkonium chloride coated | 70.7 (:0.4) | 52.9 (£2.2) | 58.9 (£2.0) | 403 (£0.8) | 372 (£2.7) | 43.1 | 364 | 6.7 |34

B + bronopol coated 731 (£12) |31.8 (£3.0) | 65.6 (£2.5) | 37.5 (£1.0) | 36.8 (£2.5)| 456 | 404 | 52 |09

w = deionized water, e = ethylene glycol, g = glycerol, d = diiodomethane, f = formamide
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Figure 5. Changes in peel strength after each particular step
of the LDPE antibacterial treatment

tact area. Adhesion is a complex phenomenon con-
sisting of several chemical and physicochemical
factors, as demonstrated in aforementioned results. A
relatively low value of peel strength for the untreated
LDPE was observed as result of the hydrophobic
and chemically inert nature of the polymer. Moreover,
the roughness of untreated LDPE was relatively low.
The plasma treatment led to a more than twofold
increase in the peel strength, caused by changes in the
polarity and surface morphology. The grafting of
PAA onto LDPE resulted in increased peel strength.
The peel strength also increased in the cases of ben-
zalkonium-chloride- and bronopol-coated LDPE
samples.

3.3. Surface morphology

Changes in the surface roughness of untreated and
antibacterial-treated LDPE were determined by
AFM (Figure 6). Details related to the increase or
decrease of the surface roughness were compared
via the profile roughness parameter (R,). The R, value
represents the average height of the irregularities in
a perpendicular direction toward the sample sur-
face, and, in the case of untreated LDPE, was being
38.1 nm in 10 um of scan area (Figure 6a) as a con-
sequence of the procedure used to prepare the foils.
The plasma treatment led to a decrease in the rough-
ness, as indicated by an decrease in the R, value to
21.9 nm (Figure 6b) as a result of surface changes
induced by the functionalization and ablation
processes. In the case of the AA radical graft poly-
merization step, the R, value increased compared to
that of the plasma-treated LDPE surface because
PAA brushes were created on the LDPE surface
(Figure 6¢). The agglomerates created from bronopol
resulted in an increase of the surface roughness;
therefore, the R, values bronopol reached 37.2 nm

(Figure 6d) while benzalkonium chloride formed
more uniform layer and R, was 29.2 nm (Figure 6¢).

3.4. Surface chemistry analysis
Semi-quantitative information about chemical
changes in the near-surface region was obtained
from FTIR-ATR measurements. The spectrum of
pristine LDPE is characterized by bands (Figure 7,
curve a) associated with —CH,— stretching (2848
and 2915 cm™!), asymmetric C-H and —CH3 bend-
ing in plane (1460 and 1470 cm™!, respectively),
symmetric C-H bending in plane (1377 cm™!), and
C-H (=CHjy—)y>6 rocking (doublet with maxima at
720 and 731 cm™") [27]. The plasma surface treat-
ment of LDPE resulted in significant spectral
changes (Figure 7, curve b), which provided clear
evidence of the incorporation of certain oxygen-
—OH (region 3700-
3080 cm ™) and/or other oxygen-containing products
at the surface of the polymer (region 1845-1510,
1280, 1126, 1150 cm™, acid, ketone, aldehyde)
[28]. The modification of LDPE by PAA grafting
and by subsequent treatment with benzalkonium
chloride and bronopol led to additional spectral
changes. Characteristic peaks of PAA grafted onto
LDPE were observed, specifically, the most intense
peak at 1712 cm™! (carbonyl band, C=0 stretching)
and some unresolved peaks in the fingerprint region
(1300-1100 cm™', C-O stretching and CH, bend-
ing), as shown in Figure 7, curve c. The presence of
benzalkonium chloride was confirmed by the pres-
ence of the absorbance band at 702 cm™!, which is
attributed to C—Cl vibrations (Figure 7, curve d).
The spectrum of LDPE treated with bronopol shows
characteristic peaks at 3300 cm™' (~OH), 1557,
1340 cm™! (-NO») and 852 cm™! (C-Br) resulting
from the incorporation of bronopol into the LDPE
surface (Figure 7, curve e).

XPS was used to quantify the characteristic pres-
ence of typical chemical elements after each step of
the antibacterial treatment. The surface composition
of the LDPE samples, which is shown in Table 2,
was measured at two different spots, allowing the
average surface composition to be calculated.

The high resolution Cls spectra of all samples are
shown in Figure 8. In the spectrum of untreated
LDPE, only a Cls peak was present (Figure 8a),
which is attributed to C—C/C—H bonds. The greatest
amount of oxygen and also nitrogen functional

containing groups, i.e.,
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Figure 6. AFM images of LDPE sample surfaces and the samples’ corresponding R, values: a) untreated; b) plasma treated
(A); ¢) A+ PAA grafted (B); d) B + benzalkonium chloride coated; and ¢) B + bronopol coated
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Figure 7. FTIR-ATR spectra of LDPE samples: a) untreated,
b) plasma treated (A); ¢) A + PAA grafted (B); d) B
+ benzalkonium chloride coated; and e)B +
bronopol coated

groups (19.8 and 4.0 at%, respectively) were
observed in the plasma-treated LDPE sample. In
this case, the carbon Cls peak represents C—C/C—H,
0=C-0, C=0, and C-O groups (Figure 8b) and the
nitrogen N1s peak is composed from different chem-
ical bonds of nitrogen atoms such as C-N, C-NH3,
and —ONO,. The spectrum of the LDPE sample
grafted with PAA showed mainly the presence of an
Ols peak as a consequence of the incorporation of
carboxyl groups (Figure 8c); however, this peak
may also indicate the presence of other oxygen
groups created during plasma treatment. These
samples also contained some iron traces and sulfur
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Table 2. Surface composition of LDPE samples, as obtained from XPS measurements

Cls Nl1s Ols C12 Si2 S2 Br3d
LDPE samples ‘ ‘ ‘ P ‘ P P
[at%]
Untreated 100.0 0 0
Plasma treated (A) 76.3 4.0 19.8
A + PAA grafted (B) 84.1 0 15.6 0.4
B + benzalkonium chloride coated 87.8 3.0 4.7 4.5
B + bronopol coated 91.5 0 7.1 1.3 0.1
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Figure 8. High resolution Cls spectra of LDPE samples: a) untreated; b) plasma treated (A); ¢) A + PAA grafted (B); d) B
+ benzalkonium chloride coated; and e) B + bronopol coated

impurities (approximately 0.4 at%) which probably
originated from dust or chemicals. XPS spectra of
the benzalkonium chloride-coated LDPE sample
revealed the presence of N and CI (Figure 8d),
which originate from the antibacterial agent. The
presence of a small amount of Br (0.1 at%) was
detected in LDPE samples coated with bronopol,
which is likely associated with the creation of the
very thin bronopol layer.

3.5. Antibacterial effect

The antibacterial effect was determined by meas-
urement of the inhibition zones. The results were
averaged to obtain the one representative value
when all three repeated measurements of the LDPE
samples treated in the same manner exhibited some
antibacterial activity. The measurements clearly
indicated an antibacterial effect against S. aureus.
In Figure 9, the inhibition zone values for each step
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of the antibacterial treatment are presented. Sam-
ples coated with bronopol or benzalkonium chlo-
ride were active against S. aureus, which confirmed
presence of the antibacterial agent. The best results
were obtained for LDPE samples coated with ben-
zalkonium chloride. Moreover, the use of PAA as
an active platform for the immobilization of anti-
bacterial agents had a more pronounced effect on
the antibacterial activity against S. aureus in compar-
ison to, e.g., LDPE samples grafted by allylamine,
reported elsewhere [29]. Antibacterial activity
against E. coli was not sufficiently demonstrated.

4. Conclusions

This work was focused on the anchoring of selected
antibacterial agents to the surface of LDPE through
the use of low-temperature plasma and PAA graft-
ing on pre-treated samples. Such treated LDPE sam-
ples exhibited changes in their surface and chemical
composition. The immobilization of the antibacter-
ial agents led to changes in the surface roughness of
LDPE which was confirmed by the R, value increase
from 21.9 nm for the plasma treated LDPE to 29.2
and 37.2 nm for PE surfaces grafted with benzalko-
nium chloride and bronopol, respectively. Moreover,
this antibacterial treatment significant affected the
wettability and adhesion of LDPE as a consequence
of the increase in roughness and hydrophilicity, as
previously mentioned, whereas the y*°' of LDPE
increased from 31.7 to 43.1 mJ/m? and 45.6 mJ/m?
for LDPE surfaces covered with benzalkonium chlo-
ride and bronopol, respectively. The increase in
hydrophilicity was caused by the introduction of
polar functional groups present in the applied anti-
bacterial agents, as was proven by FTIR-ATR and
XPS measurements. The antibacterial effect of such

1000
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400
300

200
B

Untreated Plasma A+ PAA B+ B + bronopol
treated (A) grated (B) benzalkonium coated
chloride
coated

Inhibition zone area [mm?]

o

LDPE samples

Figure 9. The inhibition zone area of LDPE samples after
each step of the antibacterial treatment

treated LDPE films was confirmed by measure-
ments of the inhibition zone of S. aureus; the most
pronounced antibacterial activity was exhibited by
LDPE samples treated with plasma, grafted with
PAA, and subsequently coated with benzalkonium
chloride. The antibacterial effect against £. coli was
not sufficiently proven.
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Abstract. The present work considers the preparation of medium-density polyetherimide foams reinforced with variable
amounts of graphene nanoplatelets (1-10 wt%) by means of water vapor-induced phase separation (WVIPS) and their char-
acterization . A homogeneous closed-cell structure with cell sizes around 10 pm was obtained, with foams exhibiting zero
crystallinity according to X-ray diffraction (XRD). Thermogravimetric analysis under nitrogen showed a two-step thermal
decomposition behaviour for both unfilled and graphene-reinforced foams, with foams containing graphene presenting
thermal stability improvements, related to a physical barrier effect promoted by the nanoplatelets. Thermo-mechanical
analysis indicated that the specific storage modulus of the nanocomposite foams significantly increased owing to the high
stiffness of graphene and finer cellular morphology of the foams. Although foamed nanocomposites displayed no further
sign of graphene nanoplatelets exfoliation, the electrical conductivity of these foams was significant even for low graphene
contents, with a tunnel-like model fitting well to the evolution of the electrical conductivity with the amount of graphene.

Keywords: nanocomposites, graphene nanoplatelets, polyetherimide foams, thermal stability, electrical conductivity

1. Introduction

The growing necessity of weight reduction in the
majority of industries continuously pushes the bound-
aries of material selection and production tech-
niques to obtain lighter structures with improved
specific properties and added functionalities [1-4].
For this reason, weight reduction of polymer-based
composites by means of foaming, merged with inte-
gration of multifunctional fillers, has recently aroused
a great interest [3, 4].

Carbon-based nanofillers, and particularly graphene,
have recently attracted much attention owing to their
inherently high mechanical and transport proper-
ties, which have provided wide sets of possibilities
in sectors such as electronics or aerospace. Due to
their conducting structure-dependent electronic
properties, the role of these carbon nanoparticles has
been suggested as a possible option to modify the

“Corresponding author, e-mail: jose.ignacio.velasco@upc.edu
© BME-PT

electronic properties of polymers, partially solving
some of the problems regarding the use of conduc-
tive polymers [1].

Among carbon-based nanofillers, graphene and
graphene-derived materials have caught a great deal
of attention due to their extraordinary combination
of properties, such as high surface area, aspect ratio,
tensile strength, thermal and electrical conductivi-
ties, electromagnetic interference (EMI) shielding
efficiency, flexibility, transparency or low coefficient
of thermal expansion [5-8].

From another point of view, the excellent thermal
stability of graphene has promoted investigations
on several polymer-based composites such as poly
(vinyl alcohol) (PVA) [9, 10], poly(methyl methacry-
late) (PMMA) [11], polystyrene (PS) [12], polyani-
line [13], polypropylene (PP) [14] or polycarbonate
(PC) [15] using different types of graphene, with
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remarkable enhancements in thermal stability being
found. Another aspect of graphene that could have a
favorable effect in terms of delaying polymer ther-
mal decomposition is its platelet-like morphology,
which, depending on the dispersion and exfoliation
of graphene nanoplatelets (GnP) in the polymer
matrix, could delay the escape of volatile products
generated during polymer decomposition [15, 16].
It has been reported that polymers filled with lay-
ered nanoparticles such as polymer-clay nanocom-
posites [17] and polymers reinforced with graphene
nanoplatelets [6] show great improvements in some
thermo-mechanical properties at lower filler amounts
when compared to conventional particulate com-
posites.

One of the most interesting high-performance ther-
moplastic polymers for advanced applications is
polyetherimide (PEI). The preparation of PEI foams
using CO; as blowing agent has been studied by
Jiang et al. [18]. Furthermore, a novel approach,
recently proposed by Ling et al. [19], presents water
vapor-induced phase separation (WVIPS) method
as a proper way to obtain PEI-graphene nanocom-
posite foams. In this method, a proper solvent is
chosen first to obtain a homogenous solution, which
finally results in a cellular structure due to the
nucleation of cells associated with the occurrence
of phase separation promoted by the induction of
water vapor from the humid atmosphere.

Although polymer composites with carbon nano-
fillers have been deeply investigated in the last
decade, not many studies have been carried out
regarding foams made from these materials. Some
works have studied the influence of graphene nano-
platelets on the electrical conductivity of polymer
foams, these foams displaying either a percolative
electrical behaviour [19] or a tunnel-like one [20].
In terms of the thermal stability of polymer foams,
significant improvements have been found in PC
foams containing low amounts of GnP prepared
using supercritical CO; (sCO,) dissolution followed
by one-step batch foaming [15], explained by a com-

o}
ﬂ
/ AN
N CH, N
N /
| ° ° I
o CH (o]

Figure 1. PEI Ultem 1000 repetitive unit

bination of a heat transfer reduction promoted by
the insulating cellular structure and a physical barrier
effect of the nanoplatelets, delaying the escape of
volatile products generated during decomposition.
The incorporation of graphene into different poly-
mers and foaming has recently been considered in
terms of regulating the thermo-mechanical proper-
ties of the resulting foams. According to Yang et al.
[21], the addition of graphene oxide (GO) to poly
(propylene-carbonate) (PPC) foams prepared by the
saturation of a PPC-GO nanocomposite using sCO,
significantly improved the mechanical properties of
the foam, with 1 wt% addition of GO leading to a
50 time increase in storage modulus and 9 time
increase in compressive yield strength.

The present work aims to elucidate the influence of
the addition of graphene nanoplatelets on PEI foams
through the characterization of their morphology
and structure, thermal stability, thermo-mechanical
and electrical properties, with the final goal of devel-
oping multifunctional lightweight materials for
advanced applications.

2. Experimental

2.1. Materials

Polyetherimide (PEI), with the commercial name of
Ultem 1000, was provided by Sabic (Sittard, The
Netherlands) in the form of transparent amber color
solid bars. PEI Ultem 1000 has a density of
1.27 g/em® and a glass transition temperature (7)
of 217°C. The repeating unit of PEI Ultem 1000 is
displayed in Figure 1.

Graphene nanoplatelets (commercial name xGnP-
M-15 and density of 2.2 g/cm?®) were supplied by
XG Sciences (Lansing, Michigan, USA). This mate-
rial is formed by stacks of graphene layers having
an average thickness of 6-8 nm and a diameter of
15 um (see Figure 2), with a typical surface area of
120-150 m?/g and an electrical resistivity of 107
and 102 S/m, respectively measured parallel and
perpendicular to its surface, as reported by the man-
ufacturer.

O=—0
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N

y 500 nm

Figure 2. Characteristic platelet-like morphology of
graphene nanoplatelets (GnP)

N-methyl pyrrolidone (NMP) was acquired from
Panreac Co. (Barcelona, Spain) with a purity of
99% (boiling point: 202°C).

2.2. Foam preparation

Different amounts of graphene nanoplatelets (GnP)
were first dispersed in 50 g of NMP (GnP-NMP solu-
tion), known to be one of the best solvents to suspend
graphene at room temperature [22], and sonicated
for 60 minutes using a Bransonic 3510E DTH ultra-
sonicator bath at a frequency of 42 kHz. Then, previ-
ously grinded PEI was dissolved in each suspension
(16.6 g of PEI/50 g of GnP-NMP solution, i.e., a
25 wt% PEI solution) at 75°C and kept stirring at
450 rpm for 24 hours. Afterwards, each of the pre-
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Figure 3. Scheme of PEI-GnP foam preparation by water
vapor-induced phase separation (WVIPS)

pared solutions of PEI containing GnP (1, 2, 5 and
10 wt% GnP) was poured on a flat glass and exposed
to air with a controlled humidity of 75% at room
temperature for 4 days, which promoted foaming
by WVIPS. Foams having two different thicknesses
were prepared: thin foams (=1 mm-thick) and thick
foams (>3 mm-thick). Obtained foams were then kept
stirring in hot water at 90°C for 7 days and later
intensively dried under vacuum at 140°C during 7
additional days to fully remove the residual NMP
(see scheme of PEI-GnP foam preparation by
WVIPS shown in Figure 3). Demonstration of the
full removal of NMP solvent from PEI-based foams
is presented in section 3.1.

2.3. Testing procedure

The density of the prepared foamed nanocomposites
was measured according to a standard procedure
(ISO-845). Due to the particular foam preparation
process, the non-cellular nanocomposites were not
available at any stage of the experiment and, there-
fore, solid density could only be theoretically calcu-
lated using the density values of the polymer and
GnP and their respective weight fractions.

The morphology of the samples was analyzed using
a JEOL JSM-5610 scanning electron microscope.
Samples were prepared by brittle fracturing the
foams using liquid nitrogen and sputter depositing a
thin layer of gold onto the fractured surface in argon
atmosphere using a BAL-TEC SCDO005 Sputter
Coater. Low-magnification micrographs were ana-
lyzed using the intercept counting method [23] in
order to obtain the values of the average cell size (¢),
cell nucleation density and cell density (Ny and Ny,
respectively), as well as to gather qualitative infor-
mation of their cell shape. Ny and Ny were calculated
assuming an isotropic distribution of spherical cells
according to Equations (1) and (2):

_(n\(ps
w=(5)"(%) g

Np=—> (1 - ﬂ) 2)
ar ¢ ps

where 7 is the number of cells in the micrograph, 4
[cm?] is its area and p, and p; the solid and foam
densities, respectively. In Equations (1) and (2) N
represents the number of cells per volume of
unfoamed material and N¢the number of cells per vol-
ume of foamed material.
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The crystalline characteristics of PEI and the exfoli-
ation degree of graphene nanoplatelets were ana-
lyzed by X-ray diffraction (XRD) using a Panalyti-
cal diffractometer operating with CuKa radiation (4 =
0.154 nm) at 40 kV and 40 mA. Scans were taken
from 2 to 60° using a scan step of 0.033°.
Differential scanning calorimetry (DSC) was car-
ried out in order to assess the evolution of the glass
transition temperature of PEI with drying time dur-
ing foam preparation using a Perkin Elmer, Pyris 1
model with a glycol-based Perkin Elmer Intracooler
IIP calorimeter at a heating rate of 10°C/min from 30
to 300°C using samples weighting around 8.0 mg.
A TGA/DSC 1 Mettler Toledo STAR System ana-
lyzer was used to evaluate the thermal decomposi-
tion of both pure and GnP-reinforced foamed mate-
rials by performing thermogravimetric analysis by
heating samples of around 8.0 mg from 30 to
1000°C at a rate of 10°C/min. A constant running
flow of nitrogen (30 ml/min) was used in the exper-
iments. From the thermograms, the temperatures cor-
responding to sample mass losses of 5 and 40% and
the amount of residue obtained at 1000°C were con-
sidered. Three different measurements were done
for each material.

Dynamic-mechanical-thermal analysis (DMTA) was
used to study the influence of the graphene nano-
platelets and foam density on the dynamic-mechan-
ical-thermal response of the PEI-GnP foams. A DMA
Q800 from TA instruments was used and calibrated
in a single cantilever configuration. The experi-
ments were performed from 30 to 270°C at a heating
rate of 2°C/min and frequency of 1 Hz applying a
dynamic strain of 0.02%. Test specimens were pre-
pared in a rectangular shape with a typical length of
35.5£1.0 mm and width of 12.5+1.0 mm with vari-
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ous thicknesses: 1 mm in the case of thin foams and
3 mm in the case of thick foams. Three different
measurements were done for each material (error <
5%).

The electrical conductivity of PEI and PEI-GnP
foams was measured using a pA meter/dc voltage
source HP model 4140B with a two-probe set. The
connections were set up in the electrostatic light-
shielded test box HP 16055A using electrolytic cop-
per sheet electrodes. Square-shaped samples about
2 cmx2 cm in side and 0.5-1.0 mm thick were
directly prepared from each foam and painted using
colloidal silver conductive paint with a resistance
per area ranging from 0.01 to 0.1 Q/cm? in order to
guarantee a good electrical contact between the
electrodes and the sample’s surface. A programma-
ble direct current (dc) voltage feature with a range
of 0-20 V and a voltage step of 0.05 V, a hold time
of 10 seconds and a step delay time of 5 seconds,
was used.

3. Results and discussion

3.1. Removal of NMP

The use of NMP as solvent for dispersing GnP prior
to dissolving the PEI, albeit being the best option at
room temperature when compared to other solvents
(such as acetone, THF, benzene, toluene, dichloro-
benzene or DMF) [22], has the downside of being
difficult to remove. In order to demonstrate that no
residual NMP was left in the materials after 7 con-
secutive days of intensive vacuum drying, on the one
hand we analyzed by DSC the evolution of PEI’s
glass transition temperature with drying time (Fig-
ure 4a) and on the other hand the evolution of PEI’s
weight loss by TGA (Figure 4b).

100 i _ ——PEI
T PEI + 1 wt% GnP
NMP release,~ PEI + 10 wt% GnP
[ (6.4 wt%) --- Partially dried PEI
(2 day drying)
80
S
£
=2
2 so0f
40 +
100 200 300 400 500 600 700 800
b) Temperature [*C]

Figure 4. Evolution of the (a) glass transition temperature and (b) weight loss of PEI with incrementing the vacuum drying
time during foam preparation showing full NMP removal after 7 days of drying

415



Abbasi et al. — eXPRESS Polymer Letters Vol.9, No.5 (2015) 412—423

As can be seen, the glass transition temperature of
PEI resulted considerably lower than that of the
solid reference material (215°C) when NMP was
present as residual solvent, NMP acting as PEI’s
plasticizer, i.e., PEI’s T, decreasing with increasing
the amount of NMP. For instance, a more than 80°C
difference in T, was observed between the material
dried under vacuum for 1 day and the solid refer-
ence PEL Only after 7 days of intensive vacuum dry-
ing it was possible to fully remove the residual NMP
present in the material, as can be seen by the fact
that the 7§ resulted identical to that of the solid PEL.
The weight loss curves presented in Figure 4b show
that an important amount of residual NMP stayed in
the material even after 2 days of vacuum drying
(6.4 wt%), explaining the high reduction in 7,
observed by DSC. Once again, only after drying the
materials for 7 days it was possible to fully eliminate
the residual NMP (see in Figure 4b that no weight
loss associated to NMP removal was observed in
PEI and PEI-GnP foams after 7 days of drying).

3.2. Morphology and structure

The values of relative density, graphene nanoplatelets
weight and volume percentages (respectively, wgnp
and VSgpp or Vigp, the first one measured as volume
percentage in the solid and the second one in the
foam) and main cellular structure characterization
results of PEI and PEI-GnP nanocomposite foams
are compiled in Table 1 (thick foams) and Table 2
(thin foams). Generally speaking, all foams prepared
in this study presented a homogenous cellular struc-
ture, with no major changes being observed com-

Figure 5. Typical micrograph of a PEI thin foam containing
2 wt% GnP

paring the cell size and structure between the top
and bottom of the foams (see Figure 5).

As can be seen from the results presented in the pre-
vious tables and the micrographs shown in Figure 6,
slight changes in cellular structure were observed
depending on the foam’s composition and thickness
of the sample. Foams displayed a quite isotropic
spherical-like cellular morphology with expected
porosity due to the nature of the water vapor-induced
phase separation process.

The average cell size was in the interval 7.5-13.5 um
for PEI nanocomposite foams with a cell nucleation
density of 6.90-103-3.40-10° cells/cm3. Generally
speaking, the average cell size was in direct relation
with the thickness of the foams, with the average cell
size rising from roughly 8.5 um for the thin foams
to 13.6 um for the thick foams. Logically, the higher
surface area of thin samples allowed faster induc-

Table 1. Composition and cellular structure characteristics of the thick foams

Thickness WGnp VSGnP viGap Relative ¢ No Nt
[mm] [%] [%o] [%] density [nm] [cells/cm?] [cells/cm?]
3.2 0.0 0.00 0.00 0.36 11.8 1.40-10° 7.10-10%
3.9 1.0 0.58 0.25 0.44 11.3 1.30-10° 7.10-10%
53 2.0 1.16 0.45 0.39 11.5 1.40-10° 7.40-10%
3.6 5.0 2.95 1.05 0.36 13.6 1.10-10° 4.80-10%
3.5 10.0 6.03 2.20 0.36 13.5 6.90-10° 4.80-10%

Table 2. Composition and cellular structure characteristics of the thin foams

Thickness WGnp VGnp ViGnp Relative 0] Ny N
[mm] [%] (%] [%] density [um] [cells/cm?] [cells/cm?]
0.9 0.0 0.00 0.00 0.42 9.1 2.90-10° 1.40-10°
1.7 1.0 0.58 0.24 0.41 8.5 2.20-10° 1.80-10°
1.0 2.0 1.16 0.43 0.37 7.5 3.40-10° 2.80-10°
0.9 5.0 2.95 1.22 0.41 9.0 2.20-10° 1.50-10°
0.9 10.0 6.03 2.43 0.40 9.0 2.20-10° 1.60-10°
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Figure 6. Typical micrographs of PEI (a, b) and PEI-GnP (c, d) foams showing the effect of thickness variation (thin
foams: (a, ¢), thick foams: (b, d)) and addition of GnP on cellular morphology. See high magnification SEM
micrograph insert showing the presence of GnP stacks in PEI + 10% GnP’s foam cell strut.

tion of water into the solution, leading to the forma-
tion of smaller cells and thus to foams with finer
cellular structures and higher cell densities.

The average cell size increased in thick foams with
raising graphene concentration from approximately
11.5 to 13.5 pm, which could be a consequence of a
higher barrier to the diffusion promoted by the GnP.
Consequently, said results had a clear effect on the
cell nucleation density of the foams, causing a
decrease from 1.40-10° cells/cm? for the unfilled PEI
foam to 6.90-10% cells/cm? for the 10 wt% graphene-
reinforced foams, a 50% cell density reduction with
increasing the amount of graphene nanoplatelets.
The analysis of the XRD spectra allowed the obser-
vation of eventual crystallinity in the polymer
induced by the WVIPS foaming process and/or the
presence of GnP, as well as possible changes on the
(002) characteristic diffraction peak of GnP. As can
be seen in Figure 7, on the one hand no significant
changes were observed in terms of the characteris-
tic amorphous halo of PEI in the unfilled PEI and
PEI-GnP foams, meaning that neither foaming nor
the addition of GnP induced PEI’s crystallization.

GnP (002) GnP (002)
S
B @
I g
S 0 W0 2 3 & 50 6
z | PEI+ 10% GnP
@ /
@
= _/"/ “w‘.i.
\
\'"w-.' PEI + 5% GnP
‘H/M
0 10 20 30 40 50 60

20[7]

Figure 7. Characteristic XRD spectra of unfilled PEI and
PEI-GnP foams. Insert: XRD spectrum of GnP.

On the other hand, the strong sharp diffraction sig-
nal at 20 = 26.5°, corresponding to the reflection of
graphene nanoplatelets’ (002) crystal diffraction
plane [24] (see insert in Figure 7), although is
reduced with decreasing the concentration of nano-
platelets, does not fully disappear after foaming,
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indicating that there is no full exfoliation of the
graphene nanoplatelets [1, 14, 15].

3.3. Thermal stability

The thermogravimetric analysis (TGA) and respec-
tive first derivative (dTG) thermograms of the solid
and foamed unfilled PEI and PEI-GnP nanocom-
posites were obtained under nitrogen atmosphere.
As seen in Figure 8, a characteristic two-step ther-
mal decomposition was observed for all samples with
the following changes related to foaming and addi-
tion of graphene nanoplatelets: unfilled solid PEI
showed this characteristic two-step decomposition,
the first step being related to the decomposition of
the non-aromatic part of PEI and the second one to
the decomposition of the aromatic part (see PEI’s
repetitive unit presented in Figure 1), with a tem-
perature corresponding to a 5 wt% loss of 524°C
and a T,y, defined as the temperature of maximum
mass loss rate, of 535°C. The unfilled PEI foam
showed a similar two-step decomposition, although
there was a faster onset of both first and second
steps of the decomposition of 25°C for a 5 wt% loss
and about 9°C for Tmax When compared to unfilled
solid PEI (see values presented in Table 3). The pos-
sible cause behind this earlier decomposition could
be related to the presence of oxygen in the interior
of foam cells, favoring local polymer thermal decom-
position.

As can be seen in Figure 8, graphene-reinforced
PEI foams, although globally showing a two-step
decomposition similar to that of unfilled PEI, pre-
sented significant thermal decomposition delays
during degradation, i.e., higher thermal stabilities,
than the unfilled PEI foam, consequence of the effec-
tive physical barrier effect of graphene nanoplatelets
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Figure 8. TGA and dTG thermograms of unfilled PEI and
PEI-GnP foams. Insert: TGA and respective dTG
thermogram of GnP.

Table 3. TGA and dTG results for thick unfilled PEI and
PEI-GnP foams

Temperature Residue at

V[VO‘/;:]" °C] 1000°C

5 wt% loss |40 wt% loss Tmax [wt%]
0.0 (solid) 523.8 675.1 535.3 48.3
0.0 496.2 614.0 526.0 48.4
1.0 506.3 616.9 531.3 51.7
2.0 513.0 621.0 535.5 52.0
5.0 501.8 614.3 526.8 52.7
10.0 513.5 668.8 531.6 55.8

dispersed throughout the cell walls (see TGA and
respective dTG curves of pure GnP as an insert to
Figure 8 showing the high thermal stability of GnP
under nitrogen — total weight loss at 1000°C:
11.3 wt%).

An optimum concentration of 2 wt% GnP was found
in terms of guaranteeing the maximum thermal sta-
bility in the earlier stages of thermal decomposition
(see Figure 9), with PEI-GnP foams with higher
GnP amounts (5 and 10 wt%) displaying faster
decompositions. This behaviour was attributed to
the existence of two competitive effects of GnP in
terms of the thermal stability of the foam: on the
one hand the already mentioned physical barrier
effect of GnP, delaying the escape of volatiles from
the pyrolysis in the same way as other fillers having
similar platelet-like morphologies [25]; and on the
other hand its inherently high thermal conductivity,
explaining the faster thermal decomposition in the
first decomposition stage of foams with higher GnP
contents, counteracting GnP’s barrier effect observed
at lower amounts. In the second stage the high ther-
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Figure 9. Evolution of the decomposition temperature of
PEI-GnP nanocomposite foams with the amount
of graphene nanoplatelets
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mal conductivity of GnP seemed to have a lower
influence on accelerating thermal decomposition,
hence the significant increase in decomposition
temperature corresponding to a 40 wt% loss for PEI
foams with 10 wt% GnP (see Figure 9).
Particularly, PEI foams containing 1 wt% GnP
showed 10 and 5°C decomposition delays respec-
tively for 5 wt% loss and maximum decomposition
rate temperature compared to the unfilled PEI foam.
PEI foams with 2 and 10 wt% GnP showed similar
trends, as can be seen in Table 3. On the contrary,
5 wt% GnP-reinforced PEI foam showed a delay in
thermal decomposition that was lower than expected,
which could be due to its lower relative density.

3.4. Dynamic-mechanical-thermal properties

The main results of the dynamic-mechanical-ther-
mal analysis of the solid and foamed unfilled PEI
and PEI-GnP nanocomposites, particularly the stor-
age moduli (E£"), the respective specific moduli
(E'spec), 1.€., the storage modulus divided by the
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density of the material, and the glass transition tem-
peratures (7), measured as the maximum of the
transition peak in the tan & curve, are presented in
Figure 10.

As can be seen, PEI foams showed the typical behav-
iour of amorphous PEI, with the glass transition
appearing on both loss modulus and tand curves,
besides a molecular relaxation at 125°C, as the
main signal (see Figure 10a).

Analyzing the glass transition temperature values of
the foamed nanocomposites (Figure 10b), no signif-
icant increasing trend was observed with the addi-
tion of GnP, indicating that the interaction of the
PEI with graphene’s surface seemed to be poor. The
foaming process itself seemed to promote a slight
reduction of the glass transition temperature
(223.5°C), with the highest 7, corresponding to the
solid unfilled PEI (227°C), in good accordance with
similar experimental results for porous materials.
Comparatively, the T, of PEI foams with 1 and 2 wt%
GnP (respectively, 0.25 and 0.45 vol% GnP) was
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Figure 10. (a) Characteristic DMTA curves of PEI-GnP foams; (b) evolution of the glass transition temperature with GnP
volume percentage measured in the foam (vgyp); (c) evolution of the specific storage modulus with GnP volume
percentage measured in the foam (vg,p); and (d) evolution of the storage modulus with relative density.
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slightly higher than that of unfilled PEI foam, which
can be due to the higher relative density of these
foams and might indicate an improved interaction
between PEI’s molecules and GnP. The slight
decrease in T, observed for PEI foams containing 5
and 10 wt% GnP (respectively, 1.05 and 2.20 vol%
GnP) was related to a decrease in relative density.
The specific storage modulus (E's,ec) clearly
increased with increasing the concentration of GnP,
related to a higher stiffness of the graphene nano-
platelets (see Figure 10c). As expected, foams with
higher relative densities presented higher values of
the storage modulus, clearly exceeding that of the
unfilled PEI foam (see Figure 10d).

3.5. Electrical conductivity

As expected, based on the intrinsically high trans-
port properties of carbon-based materials, their addi-
tion into polymers and foaming has been used as a
possible strategy to improve the low electrical con-
ductivity of polymer foams, and therefore extend
their uses to other sectors such as electronics. For
instance, EMI shielding efficiency benefits with
increasing electrical conductivity in foams, boosting
their already intrinsic ability to absorb electromag-
netic radiation [26]. Optimum nanoparticle distri-
bution and dispersion is widely known to improve
the transport properties of polymer-based nanocom-
posites. In previous works on PP [20] and polyure-
thane (PU) [4], we have shown that melt-compound-
ing can improve graphene nanoplatelets dispersion
and exfoliation. Nevertheless, this method requires
high shear forces in order to avoid aggregation and
guarantee a proper dispersion [27, 28]. In a study
that considered the preparation and characterization
of microcellular PEI-graphene composites, Ling et
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al. [19] verified that foams prepared by WVIPS
presented promising electrical conductivity values.
Their research showed that the electrical conductiv-
ity of foams increased from 4.8-10%S/m for
5.87 vol% GnP to 2.2:107 S/m for 1.38 vol% GnP,
showing the effectiveness of foaming in improving
the electrical conductivity of PEI-graphene nanocom-
posites.

The electrical conductivity enhancement achieved
with the addition of graphene nanoplatelets was
investigated, the results being shown in Figure 11.
PEI is considered electrically insulating with an
experimentally determined conductivity of
1.0-10"15 S/m. Nanocomposite foams presented a
dramatic increase up to 1.8-1077 S/m at 2.2 vol%
GnP, indicating that a conductive network of
graphene nanoplatelets was formed. As can be seen
in Figure 11a, for GnP concentrations below 3 vol%,
the electrical conductivity of foams followed a lin-
ear-like trend, indicating that the electrical proper-
ties of the nanocomposite foams were controlled by
the concentration of GnP. Figure 11a depicts the
electrical conductivity (o) data as a function of GnP
volume percentage relative to the foam and to the
amount of solid material. The foamed nanocompos-
ites presented a linear increase, indicating that
GnP’s distribution enhanced the electrical conduc-
tivity of the PEI foam.

Despite the fact that the electrical conductivity
above a certain critical concentration is usually
depicted based on a physical contact between con-
ductive particles by means of a percolative behav-
iour given by ¢ = (¢ —@.)", where o is the conductiv-
ity of the material, ¢ is the volume fraction of
particles, ¢, is the critical volume fraction of parti-
cles for electrical conduction and v is the percola-

10
* GnP vol% relative to the foam

5L = GnP vol% relative to the solid

Ing

b) o

Figure 11. (a) Evolution of the electrical conductivity (o) with GnP volume content and (b) representation of the fitting
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tion exponent [19, 29], a tunnel conduction mecha-
nism was proposed in this study, as it has been
shown to be a better model to predict the electrical
conductivity of thermoplastic polymer foams con-
taining conductive carbon-based particles [4, 20].
Tunneling was considered as the main conduction
mechanism, first of all due to the concentration
range of GnP and secondly to the fact that the perco-
lation model does not consider that the samples are
already electrically-conductive for GnP concentra-
tions below the critical value. As recently shown, tun-
nel conduction is a better match for experiments with
wide range of filler concentrations before the forma-
tion of a continuous conductive particle network in
carbon-reinforced nanocomposites, as direct contact
between conductive particles would lead to much
higher final electrical conductivities [20, 30, 31].

If tunnel conduction is considered, the dc electrical
conductivity can be described by o o exp(—4d),
where A4 is the so-called tunnel parameter and d is
the tunnel distance [32]. This tunnel distance (d) is
directly proportional to ¢ ", where the value of n
depends on the geometry and distribution of the con-
ductive particles. In the particular case of a random
spherical particle distribution, the mean average
distance between particles has been proposed to be
proportional to ¢~'3 [33], i.e., n = 1/3, while in the
case of a three-dimensional random fibre network d
is proportional to ¢! (n = 1) [34]. We have shown in
one of our previous works [20] that the electrical
response of similar foams of PP containing variable
concentrations of carbon nanofibres (CNFs) fol-
lowed a tunnel-like behaviour, with foams showing
higher electrical conductivities than the solid com-
posites due to CNF aggregate rupture during foam-
ing and excluded volume related to cell formation
[35], pushing CNFs closer and effectively reducing
d. These foams presented a behaviour that resem-
bled that of a conductive network system formed by
random-distributed conductive fibres (n = 1), while
the solid composites showed an electrical behaviour
where d was proportional to ¢~'* (random-distrib-
uted spherical particles), showing that foaming pro-
moted an effective CNF aggregate rupture.

In our present research the best fit to the electrical
conductivity of the PEI-GnP foams assuming a tun-
nel-like approach led to a value of n = 1/5 (see rep-
resentation of the fitting results in Figure 11b),
which, according to values calculated by Krenchel
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[36] and Fisher et al. [37], is in good agreement
with the existence of a GnP network with a three-
dimensional random distribution, which, albeit the
non-full exfoliation of GnP shown by XRD, seem
to indicate that foaming promoted a proper distribu-
tion of GnP stacks.

4. Conclusions

This work presents the preparation by WVIPS and
characterization of PEI foams reinforced with vari-
able amounts of graphene nanoplatelets regarding
the structure and morphology of the foams, their
thermal stability, thermo-mechanical behaviour and
electrical conductivity, with the main objective of
developing multifunctional foams for advanced
applications.

Although all foams presented a characteristic homo-
geneous cellular morphology, slight changes were
observed depending on foam thickness and amount
of GnP. The average cell size increased and cell den-
sity decreased with increasing foam thickness, related
to the higher surface area of the thinner foams. Addi-
tionally, cell size increased with augmenting the
amount of GnP. XRD analysis revealed that there
was not any significant GnP exfoliation after foam-
ing or any occurrence of PEI’s crystallization.

A characteristic two-step thermal decomposition
was observed for the unfilled and graphene-rein-
forced solid and foamed PEI, with graphene-rein-
forced foams showing significantly higher thermal
stabilities than the unfilled PEI foam. The maxi-
mum thermal stability for PEI-GnP foams in the
earlier stages of foaming was found at 2 wt% GnP,
with further GnP addition leading to reduced ther-
mal stabilities.

In terms of the viscoelastic response, foaming pro-
moted a slight reduction in the 7, of PEIL The addi-
tion of GnP did not lead to significant differences in
T, its value mainly depending on relative density.
The specific storage modulus of foams significantly
increased with incrementing the concentration of
GnP, clearly exceeding that of unfilled PEI foam,
proving the effective function of GnP as strengthen-
ing filler.

The addition of GnP to PEI and later foaming led to
foams with mild electrical conductivity values,
which increased with increasing the concentration
of GnP. A tunnel-like conduction mechanism assum-
ing a three-dimensional random distribution of con-
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ductive particles was shown to fit well to the evolu-
tion of the electrical conductivity of the foams with
GnP’s concentration.
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Abstract. Poly(butylene succinate) (PBS) is currently developing due to its biodegradability and the similarity of its
mechanical properties to those of polyolefins. Relationships between the number average molar mass, M,, and solution vis-
cosity such as [#] and #,,q were derived for this aliphatic polyester. M, values were determined by end-group analysis and
size exclusion chromatography (SEC). Mark-Houwink-Sakurada (MHS) parameters were proposed in two solvents and for
the different molar masses and viscosity measurement methods. As an example, the MHS equations were respectively, [n] =
6.4:10*M,%%7 in chloroform and [n] = 7.1-10*M,%° in 50/50 wt% 1,2-dichlorobenzene/phenol at 25°C for molar masses
measured by SEC in hexafluoro isopropanol (HFIP) with poly(methyl methacrylate) (PMMA) standards. Empirical rela-
tionships were also suggested to derive M, directly from reduced viscosity, 1q, Which is much easier to determine than
intrinsic viscosity. With these data, the number average molar mass of PBS can be conveniently estimated from a single vis-
cosity measurement. In addition, it was shown that PBS contains 1-2 wt% of cyclic oligomers produced during esterifica-
tion and that molar masses determined by taking this fraction into account or not were significantly different, especially for
long chains.

Keywords: biopolymers, poly(butylene succinate), molar mass, cyclic oligomers

1. Introduction civil engineering and other fields in which recy-

Poly(butylene succinate) (PBS) is one of the ‘old’
polyesters which regains interest because of the cur-
rent preoccupation with the environment [1-3]. It is
biodegradable and can be bio-based. Its thermal and
mechanical properties are close to those of poly-
olefins and its processability is excellent while its
durability is much lower due to possible hydrolysis.
Indeed it recently drew attention from academia
and industry [4-9] and now, the producers are trying
to find applications in agriculture, fishery, forestry,

*Corresponding author, e-mail: Francoise.Fenouillot@insa-lyon.fr
© BME-PT

cling of materials is challenging.

Poly(butylene succinate) is not a new polymer how-
ever it was not developed commercially in the 1950s
or 1960s as was done with commodity polymers. As
a consequence research has not been very active until
now and basic data on PBS may be missing. Here
we will focus on the topic of molar mass determina-
tion of PBS.

There are several ways to determine the number
and weight average molar masses (M, M,) of a

424



Charlier et al. — eXPRESS Polymer Letters Vol.9, No.5 (2015) 424—434

polymer such as end-group analysis by titration or
by 'H-NMR spectroscopy (M,), size exclusion chro-
matography (SEC) (M,, M, and M,), (M,), mem-
brane osmometry (M,), light-scattering (M), and
viscometric method (M,) [10, 11].

Viscometry is a quick and simple method if disper-
sity data are not needed. It involves measuring the
viscosity of dilute solutions of the polymer, from
which the molar mass may be calculated since the
relationship between the intrinsic viscosity, [n], and
the viscosity-average molar mass, M,, can be
described by the well-known Mark-Houwink-Saku-
rada (MHS) equation (Equation (1)):
n=kM; )

where k and a are constants for a given well-defined
polymer-solvent-temperature system. In general,
M, is not experimentally accessible, and in most
reports, different average molecular masses (M, M,
and M,), instead of the viscosity—average molar
mass M,, are substituted in the MHS equation,
ignoring dispersity effects [12—14]. For poly(buty-
lene succinate) k and a parameters are poorly defined
in the literature [15-17].

On the other hand only size exclusion chromatogra-
phy provides information on the molar mass distri-
bution but it is not an easy technique for aromatic
polyesters due to their poor solubility in commonly
used SEC eluents. Aliphatic polyesters are more sol-
uble but other difficulties arise. As an example, PBS
is soluble in chloroform at room temperature but
the refractive indexes of the polymer and the sol-
vent are very close to each other (dn/dc~
5-102 mL-g™") so inaccuracies are observed. The
above comment illustrates one of the reasons why
the determination of molar mass by SEC with a
refractive index or light scattering detector for poly-
esters is controversial in chloroform. Several authors
have recently highlighted that polystyrene-cali-
brated SEC measurements in chloroform overesti-
mate the real M, by at least 50% in the range above
10* g'-mol™! for poly(e-caprolactone), polylactide
and related copolyesters [ 18—24]. For these reasons,
researchers have used complementary techniques
such as MALDI-TOF mass spectrometry [19, 25].
Also, commercial polyesters often contain a frac-
tion of cyclic oligomers, which may significantly
affect the calculation of M,. These inaccuracies are

especially critical if the actual molar mass is needed
with the aim of modelling polymerization or chem-
ically modifying end-groups.

In this context, the objectives of this work were to
provide information on the uncertainties attached to
molar mass determination of PBS and develop a
methodology to conveniently determine it. To this
end, a series of linear PBS was synthesized, differ-
ent methods for molar mass determination were
explored, and the impact of the oligomer content on
the data was estimated.

2. Experimental

2.1. PBS synthesis

A series of PBS samples with increasing molar
mass were synthesized from succinic acid (SA)
(99% min, GADIV Petrochemical Ind., Haifa, Israel)
and 1,4-butanediol (BDO) (99%, Sigma-Aldrich,
Saint-Quentin-Fallavier, France) via a two-step
melt polycondensation reaction described in detail
elsewhere [26]. Titanium (IV) n-butoxide (97%,
Sigma-Aldrich, Saint-Quentin-Fallavier, France)
was used as the catalyst with 400 ppm of Ti present
in the final polymer.

Seven PBS samples were collected. The pellets were
dried and stored in sealed aluminium bags. The first,
PBS1, was collected after the esterification step. The
others, denoted PBS2 to PBS7, were collected when
the stirring torque variation reached 0.1, 0.5, 1, 3, 16,
and 22.5 Nm, respectively. They are numbered PBS1
to PBS7 in the order of increasing molar mass.

2.2. Intrinsic viscosity and reduced viscosity
determination

An automated viscometer (AVS310, Schott Gerite,
Hofheim, Germany), was used to determine the
intrinsic viscosities of the PBS samples at 254+0.05°C
in 50/50 wt% 1,2-dichlorobenzene/phenol (solvent
for the standard DIN53728) and in chloroform. The
capillary diameter was 0.84 mm for the analysis in
50/50 wt% 1,2-dichlorobenzene/phenol and 0.36 mm
in chloroform in order to have sufficient accuracy
for the flow time data. The PBS samples were solu-
bilized at room temperature in both solvents. The
solution viscosities were measured for four PBS con-
centrations varying from 2.5 to 10 g-L ™! in quadru-
plicate. The reduced viscosity, #;eq, 1S the viscosity
measured with a concentration equal to 5 g-L™".
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2.3. Molar mass determination by size
exclusion chromatography (SEC)
Polymer molar mass was assessed by size exclusion
chromatography coupled to a UV detector (UV-272)
and a refractive index (RI) detector (RI-1100) (Agi-
lent, Germany, Waldbronn). 1 g-L~! samples were
cluted at a flow rate of 0.75 mL-min~' with
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). The
average molar masses M, and M, were determined
with calibration method using poly(methyl methacry-
late) (PMMA) standards. Calculation of the average
molar masses was done using two methods, inte-
grating low molar mass species between 100 and
1000 g-mol! or not.

2.4. Molar mass determination by hydroxyl
and carboxyl end-group contents

Hydroxyl and carboxylic end-group concentrations,
Nrc and Nec, were determined by '"H NMR spec-
troscopy. A liquid state NMR spectrometer equipped
with a BBFO+ probe at 25°C was used (Avance 111
400 MHz, Brucker, Wissembourg, France). Poly-
mer samples were dissolved in deuterated chloro-
form containing tetramethylsilane (TMS) before
analysis and trifluoroacetic anhydride (TFAA) was
added to shift the CH,OH and CH,COOH signals
of the hydoxyl and carboxylic end-groups (down-
field shift of ~0.6 ppm) [18]. The number of scans
was 256.

2.5. Oligomer extraction and characterization

To assess the quantity of the oligomers, 5 g of PBS
samples were dispersed in 40 g of tetrahydrofurane
(THF) over a period of three days under stirring. The
dissolved oligomers were collected and the amount
was quantified after evaporation at 25°C until a con-
stant weight.

PBS oligomers were first analyzed by SEC (Shi-
madzu, DGU-20A3 + LC-20AD, Japan) with THF
as the eluent. 5 g-L~! samples were injected in three
5 um columns containing Waters Styragel HR2THF,
HRITHF and HRO.5THF at | mL-min"!. M, and M,,
were determined with a calibration method using
polystyrene standards.

To compare the molar masses and to identify the
nature (cyclic or linear) of the oligomers, the sam-
ples extracted with THF were analyzed by MALDI-
TOF mass spectroscopy. All MALDI-TOF mass
spectra were obtained with a Voyager-DE PRO
(Applied Biosystems, Framingham, MA) equipped

with a nitrogen laser emitting at 337 nm with a 3 ns
pulse duration. The instrument was operated in reflec-
tor mode. The ions were accelerated under a poten-
tial of 20 kV. The positive ions were detected in all
cases. The mass spectra were the sum of 300 shots
and external mass calibration of the mass analyzer
was used (a mixture of peptides, Sequazyme, Applied
Biosystems, Framingham, MA). Samples were pre-
pared by mixing 10 pL of 2-(4'-hydroxyphenylazo)
benzoic acid (HABA) at 0.1 M in chloroform/THF
50/50 v/v with 10 pL of sample (at 5 g-L ™! in THF).
The resulting mixtures (0.5 pL) were spotted on the
MALDI sample plate and air-dried.

3. Results and discussion

3.1. Intrinsic viscosity determination

The intrinsic viscosity was determined for the seven

PBS samples by two different methods:

1. At different concentrations, then extrapolation to
infinite dilution.

2. Via the single-point method based on the solu-
tion’s specific viscosity, 7, and reduced viscos-
ity, #req, at only one specific concentration (C =
5gL™M).

3.1.1. Method using different concentrations
The flow time of the pure solvent, ¢y, and of four
different PBS concentrations, ¢, was measured. Based
on these time values, the specific viscosity 7, and
the relative viscosity #. were calculated using
Equations (2) and (3):

t

Mrel = 7,

. @

t— 1
Msp =

= TMrel — 1 (3)

X
The intrinsic viscosity can be determined when 7,
and 7, are known (Equation (4) and (5)):

[n] — ki[n]*C = < (4)
1
[n] — ky[n]*C = anel (5)

where k| and k, are the Huggins and Kramer coef-
ficients, respectively and C is the concentration of
the polymer solution in g-L~.

For each PBS, 7,,/C and (In#)/C were plotted
against the concentration C (Huggins and Kramer
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Figure 1. A typical Huggins-Kramer dual extrapolation plot

for PBS7 (M, = 55,550 grmol™! by SEC in HFIP

versus PMMA standards) in 50/50 wt% 1,2-

dichlorobenzene/phenol at 25°C. (#) (75,)/C,

(.) (]n ﬂrel)/C'

plots) and the intrinsic viscosity was obtained by
extrapolating the plots to infinite dilution [27]. An
example of such a graph for PBS 7 is given in Fig-
ure 1.

The intrinsic viscosity data of PBS samples at 25°C
in 50/50 wt% 1,2-dichlorobenzene/phenol and in
chloroform are listed in Table 1.

3.1.2. Method using a single-point

The intrinsic viscosity, [#], can be estimated with
the measurement of specific viscosity, #s,, and rela-
tive viscosity, 7, for a single concentration with
Equations (6), (7) and (8) [28-30]:

v 2(nsp — Inn,)

Solomon and Ciuta: [n] = c (6)
Ngp + N7y
Kuwahara: = 7
uwahara: [7] ac (7)
Ngp + Innpep)
Rao and Yaseen: [n] = T ®)

2C

The previous method of Huggins and Kramer at dif-
ferent concentrations and the single-point method
play two separate roles in characterizing the molar
mass of polymers. The method of Huggins and
Kramer is employed for procuring accurate informa-
tion on the intrinsic viscosity, while the single-point
method is fast for a reasonable estimation but is
widely criticized in the literature. Both methods are
consistent for some polymer-solvent couples but
only if the solution has a low concentration (<0.2%)
and low specific viscosity between 0.15 and 0.30
[27-32]. In most published studies where viscosity
measurements were performed with PBS, these
measurements were carried out in chloroform at 25
or 30°C [25, 33-35]. Some use the method developed
by Huggins and Kramer [25, 33] while others prefer
the single-point method. In this case, the most used
equation is the one of Solomon and Ciuta [33, 34].
The concentration used for the single-point method
was 2.5 g-L7!. Viscosity data extracted with the two
methods are shown in Table 1.

Table 1. Comparison of [#] of PBS determined from the Huggins and Kramer plots and from the single-point method deter-
mined in 50/50 wt% 1,2-dichlorobenzene/phenol and chloroform at 25°C

[n] (dL/g) (£0.01 dL-g™1)
Solvent PBS sample Huggins-Kram.er dual . Single point method”
extrapolation Solomon and Ciuta Kuwaraha Rao and Yaseen

PBSI 0.11 0.11 0.11 0.11
E‘ PBS2 0.33 0.33 0.33 0.34
48 4 PBS3 0.67 0.67 0.66 0.68
2 @ E PBS4 0.81 0.83 0.82 0.84
2 % & PBS5 1.30 1.29 1.28 1.33
= PBS6 1.50 1.48 1.46 1.53
PBS7 1.62 1.62 1.60 1.68
PBSI 0.08 0.08 0.08 0.08
PBS2 0.25 0.25 0.24 0.25
E PBS3 0.50 0.50 0.49 0.50
g PBS4 0.57 0.57 0.57 0.58
g PBS5 0.89 0.89 0.89 0.91
PBS6 0.99 0.99 0.99 1.01
PBS7 1.07 1.08 1.07 1.10

ddata determined for a concentration of 2.5 g-L"!.
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The data suggest that estimating [#] of PBS using
single-point calculation fits quite well with more
than 97% accuracy recorded at relatively low con-
centrations and when the specific viscosity 7, is
not higher than 0.2.

3.2. Molar mass determination by end-groups
analysis

To calculate the equivalent Mark-Houwink-Saku-
rada parameters, the next step was to determine the
molar mass of the PBS samples. Two methods were
accessible: end-groups analysis and size exclusion
chromatography. Both were done with and without
an estimation of the cyclic oligomers fraction.
End-groups analysis is presented first.

3.2.1. End-groups analysis (without cyclic
oligomers)
The molar masses of PBS samples can be calcu-
lated if the chain end-groups content is known
(Equation (9)):
— 1
" Ncc + Nuc
2

where Nyc is the hydroxyl end group content, and
Ncc is the carboxylic acid end group content, both
measured by '"H-NMR and expressed in mol-g~'.

)

The carboxylic end-group concentration cannot be
determined with a simple analysis in chloroform
containing TMS because their signals superimpose
to the 2.6 ppm peak which corresponds to the suc-
cinic acid methylene groups inserted in the chains.
The addition of trifluoroacetic anhydride (TFAA)
which reacts quantitatively with both hydroxyl and
carboxylic acid end-groups is necessary. As a con-
sequence of that reaction, the peak corresponding to
hydroxyl end-groups shifts downfield from 3.6 to
4.4 ppm (H5), and two peaks corresponding to car-
boxylic end-groups appear at 2.7 ppm (H2) and
2.9 ppm (H3) (Figure 2).

The Nyc and N¢ce end-group concentrations were
calculated using Equations (10) and (11):

s
2 2
Nuc =<, (10)
> Iegs Mpgs
ICOOH at2.9 ppm
2 2
NCC = (11)

Mpps

> Ipps

where Mpgg is the molar mass of the repeat unit
(172 g'mol™). Iy is the integral of trifluoroacetylated

PBS  hydroxyl end-groups at 4.4 ppm

0 o o o
F /5\/\\/0 | /4\/-\\/0 2 F
o o o
c 4 1 4 3 F
£ o "o F

H|
H‘
HZ
H3
) U
N B
1] ] 1] L] ] 1] T 1] T 1]
4.4 42 40 38 36 3.4 32 30 28 26 ppm

Figure 2. 'H NMR spectrum of a sample of a trifluoroacetylated PBS (solvent: CDCl3) at 25°C
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(-CH,OCOCF3) and Z/pgs is the sum of the inte-
grals from all monomer units in the chains of PBS
(Equation (12)):

I I I I
EIPBS=%+%5+%+% (12)
where Iy is the integral at 2.6 ppm, referring to the
methylene groups of succinic acid units in PBS and
the peak at 4.2 ppm, referring to butanediol units in
PBS.

Nuc, Nec data and the resulting molar masses of the
PBS series are detailed in Table 2.

3.2.2. End-groups analysis taking into account
cyclic oligomers
As reported in the literature, the synthesis of PBS
may produce a non negligible amount of oligomers,
especially cyclic species [18, 19]. Most of the time,
in scientific studies, PBS is purified to get rid of
these species but commercial PBS clearly contains
oligomers since dissolution/precipitation steps are
not performed. In some cases it may be of impor-
tance to be able to account for their presence.
Equation (9) is not adapted for calculating the molar
mass of a polymer that contains cycles. Indeed cyclic
oligomers do not contain chain-ends, thus the molar
mass derived with Equation (9) is overestimated
since cycles monomer units are considered as being
integrated into the linear chains population. It is
possible to modify Equation (9) to account for cyclic
oligomers only if their fraction and molar mass are
known.
To this purpose, the mass fraction of cyclic oligo-
mers, Weyclic, 0f PBS samples was evaluated by
extraction in THF and was found to be equal to 1-

2 wt% (Table 2). The SEC analysis of the extractible
fraction clearly shows four main elution peaks corre-
sponding to species with estimated molar masses of
355, 487, 630 and 801 g'mol™! (Figure 3a). These
four populations corresponding to cyclic oligomers
could be discriminated more accurately by MALDI-
TOF mass spectrometry: C2 (367.1m/z), C3
(539.2m/z), C4 (711.3m/z), and C5 (883.3m/z) cor-
responding respectively to Na* cationized cyclic
oligomers composed of 2, 3, 4 and 5 repeat units, i.e.
DPn =4, 6, 8 and 10 (Figure 3b). The average molar
mass, M eyclics Was calculated with the help of SEC
and MALDI-TOF mass spectrometry data (Table 2).
The cyclic oligomer content, N., may be expressed
in mol-g~!' with Equation (13):

Weyclic

N, = (13)

M cyclic

Then a corrected value of M, which includes cycles
may be calculated with Equation (14):

1
Weyclic + N, cc T NHC
Mcyclic 2

M,

ncor —

(14)

where M, values calculated with Equation (14) are
listed in Table 2.

3.3. Molar mass determination by size
exclusion chromatography

In addition to 'H-NMR, M, was also measured by
SEC with HFIP as the eluent and calibration with
PMMA standards. It is necessary to note that poly-
ester samples were not purified after synthesis. In
order to get an idea of the influence of the small
chains fraction, the molar mass was then calculated

Table 2. End-group concentrations and cycles fraction of PBS. M, data of PBS determined using two methods, SEC and
NMR (by taking cyclic oligomers into account or not)

pps | Neo/N ,_,fa) chc‘l)esb) M, of cyc_lles°) [dI[j.g—I] [g-rll\l/f)li_ll p? Mnr;:::oc]ﬂc]hcn T;:el:e;eorf
lerg™] | WL | lemol] e Th/P9 | SEC® | TH-NMR | SECY | SECO | TH-NMR | PBS chain®
PBSI | 812/1060 | 1.9 484 008 | 0.1 | 1150 1070 | 26 | 1150 1030 0.046
PBS2 | 62/362 2.1 473 025 | 033 | 10300 4710 | 17 | 5120 3890 0.52
PBS3 | 272216 0.9 442 050 | 0.67 | 25000 8260 | 1.8 | 8300, 7080 0.51
PBS4 | 18/107 11 432 057 | 0.81 | 29950 | 16000 | 1.8 | 9400 11500 0.77
PBSS | 21/48 1.4 450 089 | 130 | 48550 | 28900 | 19 | 11600 15000 153
PBS6 | 46/12 16 466 099 | 150 | 55250 | 34100 | 2.0 | 12300 15600 1.93
PBS7 | 43/6 2.0 459 107 | 1.62 | 55550 | 40400 | 2.0 | 11300 14400 2.46

dCarboxylic and hydroxyl end-groups concentrations, ®Cycles mass fraction, ®SEC versus PS standard and with THF as the eluent, 9In
50/50 wt% dichlorobenzene/phenol, ®SEC versus PMMA standards and with HFIP as the eluent, ?Dispersity, ¥ Average molar mass
including the contribution of cyclic oligomers, MData calculated from Weyeles» Mn cycles and My, SEC (see text)
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Figure 3. Analysis of the THF soluble fraction of PBS samples, (a) SEC in THF and (b) positive MALDI-TOF mass spec-
trum obtained in reflector mode (HABA matrix). Peaks at m/z 511.2 and 683.3 correspond to
CH2:CHCO(C8H1204)DPO(CH2)4OH with DP =6 and 8, respectively.

by integrating the chromatograms excluding or not
the molar mass range corresponding to oligomers
(100-1000 g'mol™!) (Table 2).

3.4. Comparison of molar mass data obtained
by'H-NMR and SEC

The number-average molar mass of PBS2 to PBS7
obtained via chain-ends quantification by 'H-NMR
was significantly lower than that measured by using
SEC (both without correction for cyclic oligomers).
This confirms the trend reported for polylactones
and polylactides by several authors. Hiltunen et al.
[20] measured molar masses 2—3 times smaller by
titration than by SEC. Kowalsky ef al. [21] and Save

et al. [23] reported the same feature and found that
the error depends on the chemical structure of the
polymer and its mass range. They proposed a cor-
rection factor ranging from 0.54 to 0.58 depending
on the polymer. For PBS, Lahcini ef al. [19] found
that measurements by SEC in chloroform calibrated
with polystyrene standards caused an overestima-
tion of the molar mass by 80-100% compared to
universal calibration. Actually, the values deter-
mined by SEC can vary significantly depending on
the detector and/or on the calibration for PBS sam-
ples. In the present study, the values determined by
SEC overestimated the real M, by at least 50%,
partly due to SEC calibration using PMMA hydro-
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dynamic volumes which are different from those of
the PBS and partly because of baseline errors due to
oligomers.

Note that the molar mass determined by 'H-NMR
or by SEC by taking cyclic oligomers into account
was much different from that with no correction.
Although the oligomers represent a small mass frac-
tion of the polymer (Weyciic = 0.9 to 2.1 wt%), the
number of these cycles is high in comparison with
the number of linear chains. As an example the
number of moles of cycles in 1 g of PBS 5 is n¢ycles =
Weycles/Mn cycles ~ 0.003 mole and the number of moles
of long chains is 7chains = (100 — Wenains)/Mn chains ~
0.002 mole (Weycles 18 the mass percentage of cycles).
Thus it is roughly estimated to be 1.5 cyclic mole-
cule per PBS linear chain for PBS with M, ~
48 550 g'mol™! (the data for other PBS is listed in
Table 2). As a consequence, the corrected M, is
much lower than the data derived without consider-
ing cyclic oligomers. Indeed, this is particularly
true for samples with a high molar mass.

Finally, despite the experimental inaccuracies linked
with the elution of low molar mass compounds,
SEC technique and '"H-NMR provided consistent
M, results when cyclic oligomers were integrated
into the calculation.

3.5. Correlation between intrinsic viscosity
and molar mass.

Figure 4 and Figure 5 show the plot of In[#] versus
In M, for PBS samples in 50/50 wt% 1,2-dichloroben-
zene/phenol and in chloroform respectively, where
M, values were determined by the different meth-
ods presented previously (SEC and 'H-NMR), and
[#] is the average of the Huggins and Kramer dual
extrapolation values. The linear relationship between
In[#] and InM, was obtained by the least squares
linear regression method. The values of equivalent
a and k were obtained from the slope and intercept
of the axis, respectively.

The values of equivalent k& and a are presented in
Table 3 as a function of the solvent used to deter-
mine the intrinsic viscosities and the method used to
measure the molar mass.

Equivalent a and & values can be compared to those
obtained by Imaizumi et al. [15] in chloroform at
40°C, [n] = 2.75-107*M,%-75. Molar masses were
determined by SEC with polystyrene standards cali-
bration. On the other hand Liu et al. [16] proposed
[#] = 1.706:10*M 7. They determined the MHS
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Figure 4. Relation between In[z] and InM, for PBS sam-
ples in 50/50 wt% 1,2-dichlorobenzene/phenol at
25°C with [5] in dL-g"! and M, in g-mol™!. M,
determined (¢) by SEC in HFIP, (m) end-group
analysis and ( A) end-group analysis considering
cyclic oligomers.
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Figure 5. Relation between In[#] and InM, for PBS sam-
ples in chloroform at 25°C with [] in dL-g™! and
M, in g-mol™!. M, determined (¢) by SEC in HFIP,
(m) end-group analysis and (A) end-group analy-
sis considering cyclic oligomers.

parameters in 50/50 wt% phenol/tetrachloroethane
with M, values obtained by SEC measurements in
chloroform with polystyrene calibration (M, <
100 000 g'mol™"). Recently Garin et al. [17] pro-
posed [7] =39.94-1073-M.>"" in chloroform at 30°C
with molar mass determined by SEC with a triple
detection system. [#] is expressed in dL-g .

3.6. Correlation between reduced viscosity
and molar mass

The Mark-Houwink-Sakurada parameters are largely
used in order to calculate molar masses from intrin-
sic viscosity measurements but the methodology
requires the analysis of several concentrations of
one polymer. In routine characterization only the
reduced viscosity, #..q, Of polyesters is measured



Charlier et al. — eXPRESS Polymer Letters Vol.9, No.5 (2015) 424—434

Table 3. Equivalent k and a parameters in chloroform and 50/50 wt% 1,2-dichlorobenzene/phenol to calculate the molar
mass for different method of determination. [#] in dL-g™'.

Solvent used for Method for molar mass determination Range of M, Equivalent
determining viscosity [g/mol] Mark-Houwink-Sakurada relation®
SEC in HFIPY 1 150-55 550 (7] = 7.1-10 *31,06
50/50 wi% End—.gI‘OL.lp analysis without considering 1 070-40 400 1] = 641043707
. cyclic oligomers
1,2-dichlorobenzene/phenol Fnd s eri ¥
nd-group analysis considering cyclic 1 030-15 600 7] = 12-10-4-32997
oligomers
SEC in HFIPY 1 150-55 550 (1] = 6.4-10 *31,067
End—.gI‘OL.lp analysis without considering 1 070-40 400 7] = 6.1-104-3207!
Chloroform cyclic oligomers
Er.ld-group analysis considering cyclic 1 030-15 600 7] = 1.2-10-437093
oligomers

9k parameter determined with [#] in dL-g™!; ®
because obtaining this data is much less time con-
suming. Only one polyester solution is prepared
and analyzed. In the polyester industry, it is com-
mon practice to calculate M, with the help of simple
linear empirical relationships between molar mass
and reduced viscosity. As an example, very helpful
equations have been proposed by Gantillon et al.
[36] for poly(ethylene terephthalate).

In the same way, it is possible to apply this approach
to PBS and plot M, values versus #,.q. The example

50000

M, [g'mol-'] = 20699 , [dL-g™'] - 2583
40000 *
0_.
o

30000 Min (g.mol”) = 20699 1], (dLg") - 2583 -

M, [g:mol-']

20000

10000

”.

i
0.0 05 1.0 15 2.0
Ngg [AL-G"]

Figure 6. Number average molar mass versus reduced vis-
cosity 7,4 measured for a 5 g-L~' PBS solution in
50/50 wt% dichlorobenzene/phenol at 25°C.
Molar mass determined by 'H-NMR without cor-
rection for the cyclic oligomers.

versus PMMA standards, without taking cycles into account

depicted in Figure 6 is the most reliable one, for
which we have the more data; the different relation-
ships for obtaining M, data are summarized in
Table 4

4. Conclusions

The determination of the molar mass of polyesters
is a difficult task. Here a series of PBS samples was
synthesized with molar masses ranging from 1000
to 40 000 g'-mol™'. They contained a fraction of cyclic
oligomers produced during the esterification step of
the synthesis process. This fraction was deliberately
not removed by purification in order to evaluate its
effect. The characterization of the solution viscosity
of these polymers was performed in chloroform, a
typical solvent for PBS and in a mixture of
dichlorobenzene/phenol, a classical solvent for semi-
aromatic polyesters. The molar mass of the poly-
mers was determined using different techniques.
The first one was an easily available method but did
not provide an absolute value of M,. More reliable
data were obtained using 'H-NMR spectroscopy. In
addition a correction was proposed to account for
the presence of PBS cyclic oligomers with a num-
ber average degree of polymerization, DPn =4, 6, 8
and 10. The proposed sets of Mark-Houwink-Saku-
rada parameters and empirical relationships were

Table 4. Empirical relationship for determining M, from reduced viscosity measurements. #cq in dL-g~!. Concentration of

the solution for the viscosity measurement = 5 g-L!.

::tl::rlrlltill:isnegdlf:z R?gfs(::l]v[" M, = f (Mrea) M,, value corresponds to that measured by:
50/50 W% 1 150-55 500 AZ‘ =29 000-77,c4 + 700 | SEC in HFIPY
1,2-dichlorobenzene/phenol 1 07040 400 Aﬁ] =20 6007cq — 2580 |End-group analys%s w1th9ut ?0n31der}ng cychc oligomers
1 030-15 600 |M,=7 50074+ 1700 |End-group analysis considering cyclic oligomers
1 150-55 550 | My=47 000-77,,q — 1300 |SEC in HFIP¥
Chloroform 1 070-40 400 | M, =33 000-77,c¢ — 4500 | End-group analysis without considering cyclic oligomers
1030-15 600 |M,= 12 000-7,cq + 1100 |End-group analysis considering cyclic oligomers

yersus PMMA standards, without taking cycles into account
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very helpful to calculate M, either from the determi-
nation of the intrinsic viscosity or with a simple
measurement of the reduced viscosity, #ed.
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Abstract. Polylactic acid (PLA), one of the well-known biodegradable polyesters, has been studied extensively for tissue
engineering and drug delivery systems, and it was also used widely in human medicine. A new method to synthesize PLA
(ring-opening polymerization), which allowed the economical production of a high molecular weight PLA polymer, broad-
ened its applications, and this processing would be a potential substitute for petroleum-based products. This review
described the principles of the polymerization reactions of PLA and, then, outlined the various materials properties affect-
ing the performance of PLA polymer, such as rheological, mechanical, thermal, and barrier properties as well as the pro-
cessing technologies which were used to fabricate products based on PLA. In addition, the biodegradation processes of
products which were shaped from PLA were discussed and reviewed. The potential applications of PLA in the medical

fields, such as tissue engineering, wound management, drugs delivery, and orthopedic devices, were also highlighted.

Keywords: biodegradable polymers, polylactic acid, properties, medical applications

1. Introduction

In recent years, considerable research effort has
been devoted to the use of polymeric biodegradable
materials in plastics applications, such as packaging,
to reduce the environmental impact related to the
accumulation of plastics waste from the day-to-day
applications of plastic materials based on traditional
polymers, such as polyethylene terephthalate (PET),
polyethylene (PE), etc. [1, 2]. One of the promising
polymers used in these applications was the poly-
lactic acid (PLA), which was an aliphatic polyester
derived from lactic acid (2-hydroxypropionic acid)
3]

First, PLA with a low-molecular weight was synthe-
sized by Carothers in 1932 [4, 5]. Further work by
DuPont resulted in a higher-molecular weight prod-
uct patented in 1954 [6]. Accordingly, two methods
were used to produce the basic block of PLA, lactic

*Corresponding author, e-mail: younggun@ynu.ac.kr
© BME-PT

acid (LA): the chemical synthesis was based on
petrochemical feedstock and carbohydrate fermen-
tation (Figure 1). Although the former was more
familiar to chemists, the fermentation of natural mate-
rials containing carbohydrates, such as rice, corn,
etc., was the main method used to produce LA
(>90%). Datta and Henry [7] examined the synthe-
sis and purification technologies of LA that were
found in two enantiomers, L- and D-lactic acid. The
results reported in that work showed that a 50/50
optically inactive mixture of L and D could be pro-
duced via a chemical route. In contrast, fermenta-
tion-derived lactic acid existed almost exclusively
as L-lactic acid. The ability to produce the L-isomer
in high purity possessed important ramifications in
chemistry and the ultimate process/property rela-
tionships achievable in the polymers produced from
lactic acid.
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Figure 1. Lactic acid preparation methods

Biodegradable polymers attracted considerable atten-
tion in medical applications because they exhibited
advantages over the non-biodegradable polymers,
including an elimination of the need to remove
implants and biocompatibility. Recently, PLA and
its systems played an effective role in medical appli-
cations, where the use of PLA in these applications
was not based solely on its biodegradability because
it was made from renewable resources, but PLA was
being used because it worked very well and provided
the excellent properties at a low cost as compared to
other traditional biodegradable polymers used in
medical applications. A range of devices were pre-
pared from different PLA types, including degrad-
able sutures, drug releasing micro-particles, nano-par-
ticles, and porous scaffolds for cellular applications
[8]. In addition, the excellent properties of PLA,
including mechanical properties, thermal properties,
barrier properties, and processability, using tradi-
tional processing technologies, such as extrusion,
injection molding, compression molding, and blow
molding, broadened its applications. The aim of this
review paper is to discuss the properties for PLA
and summarizes the medical applications of PLA.

Acetaldehyde -

Racemic D, L lactic acid

Lactonitrile ‘

e

PLA polymers

2. Synthesis of polylactic acid

LA monomers synthesized using the last two meth-
ods as shown in Figure 1 were converted to PLA
polymers using a range of polymerization processes,
including polycondensation, ring opening polymer-
ization and azeotopic dehydration condensation reac-
tion (Figure 2).

Although polycondensation (PC) including solution
polycondensation and melt polycondensation was
the least expensive route, it was difficult to obtain a
solvent-free high molecular weight PLA using these
routes. In solution methods, commercial LA aqueous
solution was distilled under reduced pressures and
high temperatures, and the product of the distilla-
tion process was then mixed with the catalyst and
solvent, and charged to a reactor under heating. The
byproduct (water) was continually removed azeotrop-
ically, and the resulting polymer (PLA) was dis-
solved in the solvent and precipitated twice in excess
methanol. Tin (II) chloride was the most commonly
used catalyst and could be recovered at the end of the
reaction. Because the polymer in this reaction was a
low to intermediate molecular weight material, the
coupling agents, such as isocyantes, epoxides or per-

-H,0 Low molecular Depolymerization
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Figure 2. PLA preparation technologies
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oxides, could be incorporated to produce a range of
molecular weights. In contrast, the azeotropic dehy-
dration condensation reaction of LA was a method
used to yield high molecular weight PLA without the
use of chain extenders or adjuvants.
In general, low molecular weights PLA polymers
(no more than 30 kDa [9]) were produced using this
process, and several studies reported an increase in
the molecular weight of PLA polymers using the PC
method. Zei et al. [10] used an aqueous solution of
LA to prepare PLA in the presence of two catalysts
(tin (IT) chloride and succinic anhydride), and they
reported a molecular weight in kDa region. Achmad
et al. [11] fabricated higher molecular weights of
PLA polymers where LA was polymerized by direct
PC under controlled temperatures and pressures
without catalyst, solvent or initiators. The effects of
the reaction temperature and pressure on the result-
ing molecular weights were examined. The results
showed that high molecular weights of 90 kDa
could be obtained at 200°C after ~90 h under vac-
uum condition (Figure 3). In addition, the Mitsui
Toatsu chemical company used organic solvents with
a high boiling point to prepare poly-DL-lactic acid
(PDLLA) by direct solution PC, in which the lactic
acid, catalysts, and solvents were mixed in a reactor
so as to produce high molecular weights of approx-
imately 300 kDa [12].
On the other hand, ring-opening polymerization
(ROP), which occurred by ring opening of the lac-
tide (cyclic dimmer of lactic acid) in the presence of
a catalyst, was the most commonly used method to
obtain high molecular weight PLA [13]. This method
consisted of three steps: polycondensation of LA
monomers to low-molecular weight PLA, depoly-
merization of the PLA into the lactide, and catalytic
100
oof
80}
70t
60}
50}
40}
30}
20}
10}

Polymerization :  Thermal degradation

Molecular weight [kDa]

0 i 0
140 160 180 200 220 240 260

Polymerization temperature [°C]

Figure 3. Effect of the PC reaction temperature on molecu-
lar weights of PLA polymers [11]

ring-opening polymerization of the lactide interme-
diate resulting in PLA with a controlled molecular
weight [14] (see Figure 2). On the other hand, the
additional purification steps required for this process
which was relatively complicated increased the cost
of the polymer prepared using this method as com-
pared to that of the polymer prepared using the PC
method.

The molecular weights of the PLA polymer fabri-
cated by the ORP method could be controlled by the
residence time, temperature, consternation, and cat-
alyst type. The ratio and sequence of D- and L-lac-
tic acid units in the final polymer could also be con-
trolled [15]. Recently, Cargill developed a new
method to prepare the high-molecular weight PLA
polymers from the lactide using a solvent free process
and a novel distillation process, and a range of bio-
degradable PLA copolymers consisting of meso-
lactide or D-lactide have become commercially
available since 2003 [5].

3. Properties of polylactic acid

3.1. Rheological properties

The rheological properties of PLA and its systems
(PLA blends and composites) were investigated
extensively using a variety of rheological character-
ization methods, such as capillary and rational
rheometers [16—20]. Similar to all thermoplastic
polymers, PLA exhibited Newtonian behavior at the
low shear rates (<10 s™') whereas it exhibited non-
Newtonian behavior (shear thinning) at the high
shear rates (>10 s') as shown in Figure 4. Many
studies reported the rheological behavior of PLA and
showed that PLA obeyed the power law (Equa-
tion (1)) over a certain range of shear rates and tem-

10 L B B L L B BN
i PLA polymer at 180°C

10°

Viscosity [Pa‘s]

Newtonian range

i non-Newtonian range -\
H 1

10" L I | 1 L 1
1072 1077 10° 107 10? 10° 10* 108

Shear rate [s7']

Figure 4. Viscosity curve of PLA at 180°C showing shear
viscosity as a function of shear rate [26]
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peratures in the same way where other polymers
obeyed [21-26]:

=Ky (1)

where 7 is the shear stress, y is the shear rate, K is
the consistency index, and 7 is the non-Newtonian
index. The value of n described the deviation from
Newtonian fluid flow behavior, so it was also called
the flow behavior index. A higher n value indicated
that the shear rate had a less effect on the flow behav-
ior. In other words, the changes in viscosity with the
shear rate were not obvious. In addition, it was found
that a PLA melt obeyed Equation (2) (Arrhenius
equation form) at different shear rates and shear
stresses:

n = AeRT )

where E is the flow activation energy, 4 is the con-
sistency related to the structure and formulation and
R is the gas constant. The flow activation energy
reflected the temperature-sensitivity of the viscos-
ity. Hence, a larger £ indicated a higher temperature
sensitivity of the materials behavior.

The effects of the composition (L- and D-isomers)
on the rheological properties of the PLA polymers
were reported in the end of 1990s [16]. Two types of
PLA were investigated, such as amorphous PLA con-
taining 82% L-lactide and 18% D-lactide and semi-
crystalline PLA containing 95% L-lactide and 5%
D-lactide. The results showed that the shear viscos-
ity of the polymer increased with increasing L-isomer
in the L/D-isomer mixture because of the increasing
crystallinity of PLA, where the crystallinity increased
with increasing L-isomer content [24]. In addition,
Dorgan et al. [25] investigated the effect of the struc-
ture of PLA on the rheological properties using two
different types of PLA, such as linear and branched.
Their findings showed that the viscosity of branched
PLA was higher than that of linear PLA in the New-
tonian range, whereas viscosity of the branched PLA
was lower in the non-Newtonian range. This was
attributed to the shear thinning behavior of the poly-
mer, resulting in a lower viscosity at high shear
rates [26, 27].

3.2. Mechanical properties
The mechanical properties described the behavior
of the material under the effect of different loading

modes, such as tensile, impact, shear, and pressure.
PLA had good mechanical properties (particularly
tensile Young’s modulus, tensile strength, flexural
strength) compared to traditional polymers, such as
polypropylene (PP), polystyrene (PS) and polyeth-
ylene (PE). However, the elongation at a break and
the impact strength of PLA were lower than those of
PP, PE, poly(ethylene terephthalate) PET, and poly-
amide (PA). Although the tensile strength and
Young’s modulus (good stiffness) of PLA were com-
parable to PET, the poor toughness limited its use in
applications requiring plastic deformation at higher
stress levels, which has motivated the considerable
interest toward the toughening of PLA over last five
years [28-30].

Oyama [31] reported the use of poly(ethylene-gly-
cidyl methacrylate) (EGMA) as a toughening agent
for PLA, and examined the effects of the agent con-
tent, annealing, and molecular weights of PLA (high
and low molecular weights) on the impact strength.
Their results are summarized in Figure 5. The impact
strength of PLA could be improved by adding the
agent (20%) and by annealing at 90°C for 2.5 h. Fig-
ure 5 shows that the distribution of the EGMA phase
in the PLA matrix was finer in the material fabricated
from the high molecular weight PLA (PLA-H) com-
pared to that fabricated from the low molecular
weight PLA (PLA-L). The higher melt viscosity of
PLA-H than that of PLA-L was likely to create a
higher shear force during melt-mixing. This facili-
tated the pull-out of the copolymers generated from
the interface to the PLA matrix, leading to the gen-
eration of more co-polymers in the interfacial regions
and the finer distribution of the EGMA phase. In a
work reported by Sun et al. [32], ABS-grafted gly-
cidyl methacrylate (ABS-g-GMA) was used as a
toughening agent. They showed that the impact
strength and elongation at a break of PLA could be
improved by incorporating ABS-g-GM. In addition,
styrene/acrylonitrile/glycidyl methacrylate copoly-
mer (SAN-GMA) as the in situ compatibilizer and
ethyltriphenyl phosphonium bromide (ETPB) as a
catalyst were used to improve the toughness and com-
patibility of the PLA/ABS blend [33]. Hashima et al.
[34] used a hydrogenated styrene-butadiene-styrene
block copolymer (SEBS) using a reactive compati-
bilizer and poly(ethylene-co-glycidyl methacrylate)
(EGMA) in the toughness process of the PLA/ABS
blend. Recently, different compatibilizers, such as
maleic anhydride-grafted ethylene propylene rub-

438



Hamad et al. — eXPRESS Polymer Letters Vol.9, No.5 (2015) 435—455

904 .
As-prepared i Annealed
804 E
70+ ;
T i
S 60+ !
= 1
$ 50+ :
] H
7 40 :
5 |
E 304 E
204 i
10 !
PLA-L PLA-H L8O H80 PLA-L PLA-H  LBO H80

o

Caf —

Liee ﬁ.'d. :.e.. (W2 ..-'

Figure 5. (a) Impact strength of PLA/EGMA blends before and after annealing treatment at 90°C for 2.5 h (b and c¢) mor-
phologies of PLA/EGMA blends after annealing treatment at 90°C for 2.5 h [31]. L80 and H80 are PLA/EGMA
blends (20% EGMA) prepared from low molecular weight PLA (PLA-L) and high molecular weight PLA (PLA-

H), respectively

ber (EPR-g-MA), maleic anhydride-grafted styrene
acrylonitrile copolymer (SAN-g-MAH), PE-epoxy,
polycarbonate (PC), and glycidyl methacrylate-
grafted styrene-acrylonitrile copolymer (SAN-g-
GMA), were used in the blend consisting of PLA
and ABS. The results showed that SAN-g-MAH
was the most effective compatibilizer [35]. Wang et
al. [36] also used PC to toughen PLA. Poly (buty-
lene succinate-co-lactate) (PBSL) and epoxy (EP)
were used as compatibilizers. The blends were pre-
pared using a twin-screw extruder. Scanning electron
microscopy (SEM) revealed a good interfacial
adhesion between the blend components, which
resulted in PLA materials with improved toughness

and heat resistance. In addition, a ternary blend con-
sisting of PLA, PC, and poly(butylene adipate-co-
terephthalate) (PBAT) was fabricated to obtain a
novel material with unique properties including
high toughness and good biodegradability [37].
Recently, a bio-based vulcanized unsaturated aliphatic
polyester elastomer (UPE) was used to fabricate a
super-tough thermoplastic blends containing PLA
[30, 38]. The results showed that the interfacial com-
patibilizations between PLA and UPE would lead to
improved tensile and impact toughness with values
up to ~99 MJ/m? and ~586 J/m, respectively, as
compared to those of ~3.2 MJ/m? and ~16.8 J/m for
neat PLA, respectively.
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3.3. Thermal properties

PLA is a semi-crystalline or amorphous polymer with
a glass transition temperature (7)) and melting tem-
perature (7T},) of approximately 55°C and 180°C,
respectively. The thermal properties of PLA could be
affected by different structural parameters, such as
molecular weights and composition (stereoisomers
content). The 7, was related to the molecular weight
of the polymer, and the relation between T, and
molecular weight was described by Equation (3)
(Flory-Fox equation):

K

Ty=T%~ 3)
where 7™ is the glass transition temperature at the
infinite molecular weight, M is the molecular weight,
and K is a constant related to the free volume of the
end groups for the polymer chains. This relationship
was reported on PLA polymers by Dorgan et al.
[39], where the effect of molecular weights and com-
position (L/D ratio) on the thermal properties of PLA
polymers was investigated. Figure 6 shows T, val-
ues of several PLA polymers with different molecular
weights and compositions. The curves presented in
Figure 6 were fit to the data expected by Fox-Flory
equation (Equation (3)) of the dependence of T, on
number-average molecular weights (M,). The T,
increased rapidly with increasing molecular weight
but, then, it reached a constant value. The effect of
the L-stereoisomer content on the 7, of the polymer
showed that, with increasing the amount of L-stereo-
isomer, the glass transition temperature at the infi-
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Figure 6. Glass transition temperatures (7)) of PLA poly-
mers with different L-stereoisomer contents as a
function of number-average molecular weights
(My) [39]

nite molecular weight increased as shown in Fig-
ure 6.

In addition, several studies reported the crystalliza-
tion behaviors of PLA [40—43] showed that PLA
could be either amorphous or semi-crystalline
depending on its stereochemistry and thermal his-
tory. The crystallinity of PLA was determined com-
monly by differential scanning calorimetry (DSC),
and by measuring the heat of fusion, AHy,, and the
heat of crystallization, AHc. The crystallinity (C [%])
can be calculated using Equation (4):

AH, — AHc
93,1

where the constant, 93.1 J/g, is the AH,, for 100%
crystalline PLLA or PDLA homo-polymers. The
effect of stereochemistry on the crystallization behav-
ior of PLA was investigated by Pyda ef al. [44]. The
results from DSC in Figure 7 showed that PLA poly-
mers with ~8 and ~16% D-stereoisomer was amor-
phous even after 15 h of isothermally treatment at
145°C. In contrast, the heat treatment at 145°C of
PLA polymers with 1.5% D-stereoisomer resulted in
a large endothermic melting peak around 177°C,
suggesting that PLA containing 1.5% D-stereoisomer
was semi-crystalline. In addition to the stereo-chem-
istry of PLA polymers, the crystallization behavior
could be affected by processing parameters during
the production of PLA sheets, stretch blow molding
of bottles, and fiber spinning. Figure 8 shows the
crystallization behavior of PLA sheets with respect
to draw ratio and drawing temperature [45]. As
shown in Figure 8, the area below the crystalliza-
tion peak increased with increasing draw ratio, indi-

ﬁ 16% D-s;ereoisomer
]
1

1.5% D-sterecisomer

Cl%] = 100 (4)
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8% D-sterecisomer

Heat-flow rate [mW]
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Figure 7. Differential scanning calorimetry (DSC) curves
of PLA polymers with different contents of D-
stereoisomer: ~1.5, ~8, and ~16 % [44]
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cating the increasing of the crystallinity in PLA
sheets. In addition, highly oriented PLA sheets were
obtained at drawing temperature of 80°C. It was
reported that at this temperature a combination of
fast crystallization and slow relaxation could be
achieved resulting in highly-oriented PLA sheets.

Polymer processes, such as extrusion, injection, and
spinning, could result in the thermal degradation of
PLA, hence the thermal stability of PLA was inves-
tigated widely. Pillin et al. [46] examined the effect
of a thermo-mechanical treatment on the properties
of PLA. The rheological and mechanical properties
of PLA subjected to thermo-mechanical cycles
were determined. The results showed that the viscos-
ity of PLA decreased by a factor of 0.82 after the
first cycle of treatment. In addition, only the tensile
modulus remained constant with the thermo-mechan-
ical cycles, whereas tensile strength and elongation
at a break decreased after the thermo-mechanical
treatment. The effect of a multi-extrusion process on
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the tensile properties, impact strength, melt flow
index, and permeability of water vapor and oxygen
of PLA was reported [47]. The results showed that
the tensile strength and impact strength of PLA
decreased slightly after the multi-extrusion process,
whereas the melt flow index and permeability of
water vapor and oxygen were increased by the multi-
extrusion cycles. Al-Itry et al. [48] examined the
thermal stability of PLA processed by the extrusion
process at different processing temperatures by ana-
lyzing the rheological properties of the extruded
PLA. Figure 9 shows the effect of the processing
temperature on the viscosity of the extruded poly-
mer at different temperatures along with the related
molecular weights. The viscosity of the extrudate
decreased with increasing extrusion temperature
because of the decreasing molecular weights asso-
ciated with the shear deformation imposed by the
extrusion screw. To enhance the thermal stability of
PLA during the extrusion process, chain extenders
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Figure 9. (a) Effect of the extrusion temperature on the complex viscosity of PLA (b) effect of chain extenders on the com-

plex viscosity at 180°C [48]
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were incorporated with the polymer, which resulted
in an increased complex viscosity of the extruded
polymer. Recently, the effects of PS, as a second
component, on the thermal degradation of PLA poly-
mer was studied [49]. The results showed that the
presence of PS in the blend improved the thermal sta-
bility of PLA, which was attributed to the high ther-
mal stability of PS.

3.4. Barrier properties

Because PLA was used in packaging applications [5],
there has been a continuing need for a clear under-
standing of the barrier properties of PLA. PLA
processed barrier properties that were higher than
those of PE, PP and similar to PS but lower than those
of PET (Figure 10). Auras and coworkers [50, 51]
studied the barrier properties of PLA and compared
them with those of PET and PS. They showed that
the permeability coefficients of CO,, O,, N», and
H,O() for PLA were lower than that of PS, but higher
than that of PET. In general, the crystallinity of PLA
strongly affected the barrier properties of the poly-
mer, where the decrease in crystallinity was a nega-
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tive aspect in terms of the mechanical and barrier
properties.

Accordingly, this issue motivated further interest in
an improvement of the barrier properties of PLA.
Many studies have reported improvement of the bar-
rier properties of PLA. Thellen et al. [52] investi-
gated montmorillonite-layered silicate/PLA compos-
ites in terms of the barrier properties. The enhance-
ment of 50% in the oxygen barrier properties was
noted. Chaiwong et al. [53] examined the effects of
a plasma treatment on the barrier properties of PLA.
The results showed that the plasma treatment had
no effect on the barrier properties of PLA. In addi-
tion, Jamshidian et al. [54] reported the effects of a
synthetic phenolic antioxidant (SPA) structure on
the mechanical, thermal, and barrier properties of
PLA. They found that the SPAs had no effect on the
oxygen barrier properties of PLA, even though the
other properties (thermal and mechanical properties)
were affected. Bao ef al. [55] examined the effects of
annealing treatment on the barrier properties of films
fabricated from PLA polymers. They reported that
the barrierity of the films increased after annealing
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Figure 10. Barrier properties of PLA in comparison to other common polymers at 30°C (a) N, (b) O, (¢) CO,, and (d) CH4 [25]
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due to the increasing crystallinity induced by anneal-
ing.

3.5. Processing technologies

Polymer processing technologies were processes in
which a polymeric material was converted to a fin-
ished product involving shaping, compounding, and
chemical reactions. In the compounding process,
additives, such as plasticizers, stabilizers, pigments,
and fillers, were incorporated with the polymer
matrix using different kinds of compounders. Accord-
ingly, plasticizers were added to enhance the flexi-
bility of PLA.

Al-Mulla et al. [56] reported the use of epoxidized
palm oil as a plasticizer for PLA. PLA and plasti-
cizer were blended using the solution method under
which chloroform was used as a solvent. The ductil-
ity of PLA was improved by the addition 20% plas-
ticizer, where the elongation of PLA increased by a
factor of 8 as compared to pure PLA when the plasti-
cizer was added. In other work [57], tWwo commer-
cial grades of polymeric adipates were used as plas-
ticizers. A very good plasticization effect of these
materials was reported. It was found that the elon-
gation at break increased from 6% in the pure poly-
mer up to approximately 500% for 20 wt% of both
plasticizers. Such an increase in ductility was corre-
lated directly with the decreases in 7, due to the
compatibility between the plasticizers and PLA in
the composite (Figure 11).

Polymer processing technologies, including extru-
sion, injection molding, and blow molding, were
known for more than 100 years. In general, it was
essential to dry the PLA pellets before the melt pro-
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Figure 11. Transparent film of PLA/polyadipates blend and
related thermal and structural properties [57]

cessing to reduce the moisture level, which could
enhance the degradation of the ester linkage in PLA
during the melting process of the polymer. Typi-
cally, the polymer was dried to less than 0.01 wt%.
Amorphous pellets of PLA were dried below their
T, and because T, depended on the stereo-chemistry
of the monomers, the drying temperature depended
on the composition of the polymer (PLA). Nature-
works LLC, which was one of the main suppliers of
PLA polymers, has recommended that PLA resins
should be dried to moisture contents of 0.025 wt% or
below [58]. In a single screw extrusion process, the
polymer was dragged continuously along a screw
through regions of high temperature and pressure.
Using this process, constant profile articles, such as
films, tubes, and pipes, were produced through the
rotation of a screw that mixed and pushed the melts
to the final articles. The general screws comprised of
three main zones: the feeding zone, plasticizing (pres-
sure) zone and metering (pumping) zone, where the
temperature increased gradually from the feeding
zone to the metering zone. Normally, extruders were
described using several parameters, such as length/
diameter ratio of the screw (L/D ratio) and compres-
sion ratio, which was the ratio of the channel depth
in the feed zone to that in the metering zone. Many
materials might require a specific screw, which was
related to the structure and thermal stability of the
fabricated materials, such as the PVC screw and PA
screw. In the case of PLA, a screw with a low shear
(L/D ratio between 24 and 40) was required to pre-
vent the degradation induced by thermo-mechanical
shearing during the extrusion process [58, 59].

In the injection molding, the processed material
was molten using a similar screw to that used in the
extrusion process, and it was then pushed (injected)
using the same screw to the mold which provided
the final shape of the product. The injection condi-
tions were related to many factors, such as the chem-
ical structure, molecular weight, morphology, and
final product properties. In general, the injection tem-
perature and pressure, which were related to the vol-
ume of an injected part through pressure-volume-
temperature diagram (PVT diagram), were the most
effective processing parameters in injection model-
ing. Sato et al. [60] reported the PVT diagram of PLA
and other biodegradable polymers, and they used
these diagrams to predict the shrinkage behavior of
the final products fabricated from biodegradable
polymers by injection molding. In addition, PL A bot-
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tles used in food applications were molded by a blow
molding process. In the first step of this process, the
parison (pre-form part) was shaped using the injec-
tion molding process. The parison was then moved
to blow the molding machine where it was stretched
and blown after heating to temperatures between
85-110°C which was generally higher than the T,
and lower than 7, of the polymer in the axial direc-
tion, resulting in a biaxial orientation of the polymer,
which in turn led to high mechanical and barrier
performance of the shaped bottles.

3.6. Biodegradation properties

Biodegradation had a range of definitions but most
definitions were based on the same concept: the
action of microorganisms on the material and its con-
version into carbon dioxide or methane and water.
In addition, according to the Japanese Biodegrad-
able Polymer Society (JBPS), the biodegradation was
a process in which the polymer was decomposed to
water and carbon dioxide through the action of micro-
organisms commonly existing in the natural envi-
ronment, and the JBPS called this type of polymer
(biodegradable polymers) Green Plastic. Two types
of biodegradation were known, and the biodegrada-
tion products were aerobic or anaerobic. No residue
mean complete biodegradation and complete min-
eralization was established when the original sub-
strate was converted completely to the gaseous prod-
ucts. The rate of degradation was affected by a range
of factors, such as the medium of biodegradation
including temperature and humidity, and the chemi-
cal parameters of PLA including molecular weights
and composition.

Many methods were used to measure the biodegra-
dation rate. Some of them depended on measuring
the gaseous products (CO, or CHy) as a function of
time. In addition, the structural, thermal, and morpho-
logical properties of the sample were monitored dur-
ing the biodegradation test. Unlike weight loss, which
reflected the structural changes in the polymer, CO,
and CH,4 measurements provided an indicator of the
ultimate biodegradability (i.e. mineralization) of the
polymer. In these two cases, real or simulated (con-
trolled) composting conditions were used (outdoor
or indoor, respectively).

PLA degradation was studied in animal and human
bodies for medical applications like implants, surgi-
cal sutures, and drug delivery materials. In these envi-
ronments, PLA is initially degraded by hydrolysis

and the soluble oligomers formed are metabolized by
cells. On the other hand, PLA degradation upon dis-
posal in the environment is more challenging because
PLA is largely resistant to attack by microorganisms
in soil or sewage under ambient conditions. The poly-
mer must first be hydrolyzed at elevated tempera-
tures (about 58°C) to reduce the molecular weight
before biodegradation can commence. The hydroly-
sis reaction followed first order kinetics, as demon-
strated previously and fitted to the Equation (5)
[61, 62]:

My = ae™ (5)

where a and b are constants and equal to 230 kDa
and 0.18 s7!, respectively, and ¢ is the time in days.
Recently, the biodegradation behavior of PLA films
buried in real soil environments for several months
was investigated by measuring thermal and mor-
phological properties of the residual degraded sam-
ples [63]. The analyses showed that the PLA sample
surface had many corrosive holes after four months
degradation, clearly showing that the PLA was
degraded (Figure 12). Kale and coworkers [64, 65]
reported the biodegradation performance PLA bottles
in real composting conditions (~58°C and ~60% rel-
ative humidity (RH)) by measuring the variations in
the molecular weight of the degraded polymer with
the time. The results showed that the molecular
weight increased slightly on the first day, which was
attributed to cross-linking or recombination reac-
tions. Major fragmentation which produced decom-
position of the polymer chain to shorter oligomer
chains and monomers was observed from the fourth
day onwards. Figure 13 shows the variation in the
molecular weight and polydispersity index (PDI) of
the PLA bottles as a function of the degradation
time. Molecular weight values below 5 kDa could
be obtained after 57 days of the degradation, which
was in consistent with the values calculated from
Equation (5).

However, the biodegradability rate of PLA poly-
mers in soil under real conditions was lower than the
rate of waste accumulation. Therefore, several works
reported the mixing of PLA with natural materials
such as starch and cellulose in order to improve its
biodegradability. For instance, in a work reported by
Ohkita and Lee [66], PLA/corn starch (CS) compos-
ites were investigated in applications where fast bio-
degradable was required. The results of biodegrada-
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PLA film before PLA film after
biodegradation test

biodegradation test

Morphology before
biodegradation test

Morphology after
biodegradation test

0 month 4 months

Figure 12. PLA film samples and SEM images before the biodegradation test and after 4 months of the biodegradation test [63]

tion tests of the composites performed in soil under  increasing corn starch content in the prepared com-
real composting conditions (~30°C and ~80% RH) posites due to the high biodegradability of starch
are presented in Figure 14. It is clearly seen from materials.

Figure 14 that the biodegradation rate increased with
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Figure 13. (a) Biodegradation of PLA bottles [64] (b) variation in the molecular weight and PDI as a function of the
biodegradation time under real composting conditions [65]
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Figure 14. Weight remaining and appearance for samples fabricated from PLA and PLA/corn starch (CS) composites as a
function of degradation time in burial tests at 30°C with 30% RH

4. Medical applications

4.1. Tissue engineering

Tissue engineering (TE), a term first coined in 1987
[67], has been a multidisciplinary field in an effort
to find a solution for critical medical problems, such
as tissue loss and organ failure using the develop-
ment and application of knowledge in chemistry,
physics, engineering, and life sciences [68]. PLA and
their copolymers were a family of linear aliphatic
polyesters that were used most frequently in tissue
engineering. The medical applications of PLA arose
from its biocompatibility as well as its dissolvabil-

ity in the body by the simple hydrolysis of the ester
backbone to produce non-harmful and non-toxic
degradation compounds. For medical applications
of PLA polymer, hydrolysis would be the most
important degradation mode which differed from
the biodegradation mode explained in the preceding
section.

PLA has been investigated for tissue engineering
applications, such as bone scaffolds, because of the
good biocompatibility of this polymer [69], but it had
poor mechanical properties for applications to tis-
sue engineering. The mechanical properties of PLA
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Figure 15. Hardness and Young’s modulus of PLA/ND-
ODA polymer composites as compared to pure
PLA [70]

were improved using a range of methods, such as
blending, composites forming, and co-polymeriza-
tion.

Zhang et al. [70] prepared PLA/octadecylamine-
functionalized nano-diamond (ND-ODA) compos-
ites for use in tissue engineering. The composites
were prepared using a solution method where PLA
was dissolved in chloroform whereas ND-ODA was
dispersed in chloroform and sonicated. The PLA
solution and ND-ODA dispersion were then mixed,
and the chloroform was vaporized to obtain thin
films of the composites. Various loads of ND-ODA
in the composite preparations (up to 10 wt%) were
incorporated. The results showed that the mechani-
cal properties of PLA (Young’s modulus and hard-
ness) were improved after mixing with ND-ODA
(Figure 15) because of the good affinity between the
polymer and the filler in the composites indicating the
applicability of this composite for tissue engineer-
ing. In addition, the toxicity and biocompatibility

Host bone

experiments showed that the ND-ODA and com-
posites were nontoxic to murine osteoblasts.

In addition, PLA and its copolymers, such as PLA-
polyethylene glycol block copolymer (PLA-PEG)
and PLA-p-dioxanone-polyethylene glycol block
copolymer (PLA-p-DPEG), were used as carriers
for bone morphogenetic proteins (BMPs). BMPs
were biologically active molecules capable of induc-
ing new bone formation, and they were expected to
be used clinically in combination with biomaterials,
such as bone-graft substitutes to promote bone repair.
Saito and Takaoka [71] examined the usefulness of
PLA as a carrier of BMP and the effect of PLA on
the osteoinduction of demineralized bone, and they
found that PLA was a good candidate as a carrier for
BMP. Low molecular weight PLA was mixed with
BMP to form a composite that was then implanted in
the host bone, and new bone cells were formed dur-
ing the degradation of a PLA matrix in the composite
as shown in Figure 16 [72]. On the other hand, the
newly-formed bone was too small in quantity.
Therefore, PLA copolymers were used to solve these
problems with low molecular weight PLA. Chang et
al. [73] prepared a novel porous PLA composite scaf-
fold and evaluated the capacity of the scaffold as a
carrier for the recombinant bone morphogenetic
protein 2 (thBMP2). The results showed that the PLA
scaffolds exhibited a sufficient capability of carry-
ing thBMP?2 to induce bone formation in two weeks.

4.2. Wound management
PLA and its copolymers were used in a range of
applications related to wound management, such as

Figure 16. Bone-defect treatment using implants containing a composite of PLA and BMP. The composite exuded from
pores of the implants and formed a layer of new bone (NB) covering the surface of the biomaterials. The NB
encased the implant and thus enhanced biological fixation of the biomaterials to the host bone (HB) [71, 72]
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surgical sutures, healing dental extraction wounds,
and preventing postoperative adhesions. Li et al.
[74] evaluated the efficacy and feasibility of PLA
ureteral stents for the treatment of ureteral war
injuries. The stents made of PLA were reliable in
the treatment of ureteral war injuries where PLA
stents were degraded so that they were removed from
the body. Therefore, PLA stents represented a prom-
ising future for the treatment of ureteral war injuries.
Qin et al. [75] used PLA based on polymer blends
to prevent postoperative adhesions. In that study,
PLA was blended with polytrimethylene carbonate
(PTMC) using the solution method where the two
polymers were mixed and dissolved in acetoacetate.
After the polymeric solution was poured into a Teflon
plate, the solvent was evaporated to obtain a thin
film. The films prepared from the blend at different
ratios were prepared and compared with those of
pure PLA. Traditional characterizations of the films
(thermal and mechanical characterizations) as well as
the medical study on the films were performed. The
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results showed that the blends were more flexible
than pure PLA, whereas the tensile strength, Young’s
modulus, and glass transition temperature of pure
PLA were higher than those of the blends (Figure 17).
The decreasing T, with increasing PTMC content in
the blend indicated the compatibility between the
two components (PLA, PTMC) [76, 77]. The greater
flexibility of the blends compared to pure PLA made
them more suitable for covering the wound where
the stiff film of pure PLA could not be covered freely
over the wound when it was implanted in the body.
The cytotoxicity of the blend films was examined by
measuring the amount of succinate dehydrogenase
(SDH) released by the cells incubated with the blend
films. The results suggested that PLA and PLA/
PTMC blend films were not cytotoxic. Brekke et al.
[78] used PLA to improve the ability of dental extrac-
tion wound healing, and they reported that a PLA
surgical dressing material reduced the incidence of
mandibular third molar extraction wound failure
substantially in all phases of the study.
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Figure 17. Mechanical and thermal properties of PLA/PTMC blends as a function of PLA content in the blends [75] (a) T,
tensile strength and Young’s modulus, (b) elongation at break
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Figure 18. Different types of polymer used in the drug delivery system applications
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4.3. Drug delivery system

In drug delivery systems (DDS), the drug could be
released continuously for different periods of time
up to one year. Different types of polymers includ-
ing biodegradable polymers were used in this appli-
cation (Figure 18).

Biodegradable polymers (PLA, PCL, Gelatin, etc.)
were used as drug delivery systems owing to their
biocompatibility, biodegradability, better encapsu-
lation, and lower toxicity. Polymeric drug release
occurred in one of three ways: erosion, diffusion
and swelling. In the case of biodegradable poly-
esters consisting of monomers which were con-
nected to each other by ester bonds, the degradation
begun after the penetration of water into the device.
The breakage of ester bonds occurred randomly
through hydrolytic ester cleavage, leading to subse-
quent erosion of the device. For degradable poly-
mers, two different erosion mechanisms were pro-
posed: homogeneous or bulk erosion and heteroge-
neous or surface erosion [79] (Figure 19).

PLA and their copolymers in the form of nano-par-
ticles were used in the encapsulation process of
many drugs, such as psychotic [80], restenosis [81],
hormones [82], oridonin [83], dermatotherapy [84],
and protein (BSA) [85]. Different methods were
used to obtain these nano-particles, such as solvent
evaporation, solvent displacement [86], salting out
[80], and emulsion solvent diffusion [87].
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Figure 19. Different erosion mechanisms

Ling and Huang [88] used the poly(lactic-co-gly-
colic) acid nano-particles for loading the drug, pacli-
taxel. The nano-particles were prepared using the
emulsion solvent evaporation method in the presence
of tocopheryl polyethylene glycol succinate as an
emulsion agent. The drug loading efficiency, encap-
sulation efficiency and ability of in vitro drug release
of the nano-particles were investigated.

Rancan et al. [84] examined the use of PLA nano-
particles (PLA-NPs) loaded with fluorescent dyes
as carriers for transepidermal drug delivery. PLA
NPs were prepared using solvent evaporation tech-
nology. In this process, PLA was dissolved in ace-
tone, the solution was added to an aqueous solution
with moderate stirring and the solvent was then
evaporated under reduced pressure at room temper-
ature to obtain the PLA-NPs. The same method was
used to obtain the fluorescent particles, where the
fluorescent dye and PLA were dissolved in acetone.
PLA NPs were tested in human skin. The results
showed that PLA NPs could represent ideal candi-
dates for the design of drug delivery systems, which
could target active compounds into hair follicles.

4.4. Orthopedic device

Biodegradable polymers were used in orthopedic
applications to achieve many goals. One of the most
important goals was to avoid a second surgical pro-
cedure to remove unnecessary hardware (Figure 20).
Traditionally, titanium was used in this application,
but, in this case, a second surgical procedure was
needed to remove the titanium device. Historically,
the PLA polymer was used to produce biodegrad-
able screws and fixation pins, plates, and suture
anchors. These types of absorbable screws and pins
have been gaining the widespread clinical use, par-
ticularly in cases where high mechanical stiffness
or strength was not required. Pertinent orthopedic
areas might include the knee [89-91], shoulder, foot
and ankle [92-94], hand, wrist [95], elbow [96],
pelvis, and zygomatic fractures. In some cases, high
performance PLA was needed, so that techniques
would be used to improve the mechanical proper-
ties of PLA, particularly impact strength, tensile
strength, and flexural strength in fracture fixation,
where both metal and biodegradable plate, pins, and
rods had limits in their use in fracture fixation.
Haers et al. [97] reported an improvement of the
mechanical properties of PLA through the control
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c)

d)

Figure 20. (a) Screws and plate made of PLA (b) upper jaw with the plates and screws in situ (¢) and (d) lateral cephalogram,
with the screws and plate, taken immediately postoperatively and 6 weeks postoperatively, respectively [97]

of the L/D ratio in the polymer, where the ratio of
L/D 85/15 was polymerized, and the prepared PLA
was used for the manufacture of screws and fixation
plates used in fracture fixation. The results showed
that it was possible to use the plates without the
need for additional support for the fixation of frac-
tures (Figure 20). van Sliedregt et al. [98] examined
the biocompatibility of PLA for orthopedically appli-
cations using cell cultures of three types of rat epithe-
lial cells in addition to human fibroblasts and osteo-
sarcoma cells. They found that PLA showed good
biocompatibility. Majola et al. [99] reported that PLA
rods had good biocompatibility in the cancellous
bone of rats. Bostman et al. [92] also reported the
biocompatibility of PLA copolymers in the human
body. They found that 6 out of 120 patients treated

with pins fabricated from a PLA-PGA copolymer
developed an aseptic sinus at the implantation site.

5. Conclusions

According to the brief review reported in this review
paper, the polylactic acid would be one of the promis-
ing candidates for various industrial applications. The
excellent biocompatibility, low cost, and good materi-
als properties of PLA would open many applications
in the medical fields, such as drug delivery systems
and orthopedic devices. In addition, the shear thin-
ning behavior of PLA would be suitable for processes
using traditional polymer processing technologies,
which have also broadened the applications.

More academic attention would be paid to the devel-
opment of new methods to prepare polylactic acid,
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which would be less expensive and more complex
than those of the other polymerization methods. In
addition, the development of new applications using
PLA in the medical fields would be strongly required
for next-generation.
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The influence of polysilane chemical structure on optical
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Abstract. Polysilane films were prepared by the drop casting method and their optical and morphological properties have
been analyzed in order to investigate their suitability as alignment layers for nematic molecules. The samples do not absorb
the radiations in the visible domain, particularly those containing methylhydrosilyl units, and present a transmittance of
about 90% starting from 390 to 1100 nm. The optical band-gap is higher than 3.26 eV for all polysilanes indicating a low
probability of optical absorption processes in the visible range. The morphology of the pristine samples shows isotropically
distributed granular formations. The polymer surface was oriented by rubbing with two types of velvet: one with short
fibers and the other with long fibers. The latter generates higher surface anisotropy, as shown by the reduction of the surface
texture direction index values. The presence of methylhydrosilyl units allows a denser packing of the polymer structure and

thus finer surface periodicities, leading to better orientation of the nematic molecules on the polysilane surface.

Keywords: material testing, polysilane, rubbing, morphology, LC alignment

1. Introduction

In the last years, devices based on liquid crystal dis-
play (LCD) have evolved rapidly as a result of strong
competition among the other display technologies
including cathode ray tube (CRTs) and plasma dis-
play panel (PDPs) [1]. Given their advantages, such
as lightweight, low power consumption, and low-
voltage operation, LCDs occupy the largest propor-
tion of the entire display market [2]. Therefore, such
devices are commonly encountered in every aspects
of everyday life, including manufacturing of watches,
cellular phones, notebook computers and wide
screen televisions.

The basic element of the LCD is represented by the
liquid crystal (LC) cell, consisting of a layer of
nematic molecules, sandwiched between two glass
substrates [3]. They are covered with an organic or
inorganic compound, like SiO; or other oxides, which
provides a monodomain within the LC. The per-

*Corresponding author, e-mail: irina_cosutchi@yahoo.com
© BME-PT

formance of such devices relies in the homoge-
neous, defect-free alignment of the LC interacting
with the organic (e.g. polymer) layer. Improved ori-
entation of the mesogens can be achieved by a proper
surface treatment of the substrates between which the
LC layer is interposed, also called alignment layers.
There are several different methods of LC align-
ment layer preparation, such as photoalignment,
and Langmuir-Blodgett (LB) layer deposition, but
one of the most used is mechanical rubbing of poly-
mer films with a velvet cloth [4]. This technique is
successfully used in the production process of large
displays currently manufactured.

The continuous evolution of LCDs lies in the devel-
opment of both current technologies and available
materials. Literature surveys [5—8] on this subject
show that many efforts have been made to control
and/or improve the viewing angle, the contrast, the
response time and the transparency of the alignment
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layer in the visible domain. The surface morphol-
ogy of the rubbed alignment layer, the pretilt angle
and surface energy of the alignment film are influ-
enced by the conformation of the polymer molecu-
lar backbone [9].

Many studies are focused on preparing alignment
layers by rubbing polyimides [10—13], poly(vinyli-
dene fluoride) [14] or polyamides [15]. Since the
absorption characteristics of alignment layer deter-
mines unwanted light-transmission modulation of
the liquid crystal leading to ghost images on the
LCD panel [16, 17], the investigations are focused
on transparent polymers with good surface align-
ment ability.

Another class of transparent polymers is repre-
sented by polysilanes. They consist of chains exclu-
sively made up of silicon atoms with significant
delocalization of the sigma electrons along the back-
bone. This aspect leads to interesting electrical and
optical properties, such as high quantum efficiency
of charge generation, high charge-carrier mobility,
efficient luminescence, and optical non-linearity [ 18].
Their photophysical properties are strongly influ-
enced by the chemical structure of the polymer side
groups and/or dimensionality of the skeletal frame-
work [19, 20]. To our knowledge there are no inves-
tigations on polysilane-based alignment layers pat-
terned by rubbing.

Previous papers [21-23] showed that polysilanes
exhibit good ability of aligning molecules. The mor-
phological features of these polymers are affected
by UV exposure due to the scission of the main chain
and oxidation processes [21]. Since UV-irradiated
polysilane generated different orientation of nematic
molecules from that induced non-irradiated poly-
mer, patterning of surface orientation should be pos-
sible by partial UV-irradiation. It was shown that
the friction-transferred polysilane film patterned by
UV exposure with a shadow mask determines the pat-
terned orientation of SCB. Therefore it was reported
that this type of polymer films could be used in
practical applications as patternable LC alignment
layers [21].

Having all these in view, the present work is con-
cerned with the research of different polysilane struc-
tures as suitable layer for LC alignment through con-
ventional rubbing technology. For this purpose, four
polysilanes having methyl, phenyl and hydrogen side
groups in various combinations have been synthe-
sized. Then, thin films have been casted onto quartz

glasses and their optical properties like energy gap or
other energies describing the absorption edge, were
analyzed in connection with the polymer chemical
structure. This type of optical analysis on polysilanes
using the method proposed by Tauc [24] and Mott
and Davis [25] is not reported yet in the literature.
The surface morphology was studied first and sub-
sequently adapted by rubbing with two types of vel-
vet. The surface features are discussed in relation with
both chemical structures of the polysilane and pat-
terning conditions. The alignment capacity of poly-
silane films was further tested using a nematic LC.

2. Experimental

2.1. Starting materials
4'-pentyl-4-biphenylcarbonitrile (5CB, Sigma
Aldrich, Saint Louis, USA) nematic crystalline com-
pound was used as received.

2.2. Polysilane synthesis

Polysilanes with structures represented in Figure 1
have been synthesized using the heterogeneous
Wurtz coupling technique of appropriate monomers.
Details concerning the synthesis method, properties
of the comonomers in relation with the reaction
conditions and methods to protect the methylhy-
drosilyl structural integrity have been described in
previous works [26-28]. The physico-chemical
characteristics of the studied polysilanes are pre-
sented in Table 1.

Polysilanes film samples have been prepared on
quartz slides by drop casting of a 1% polymer solu-
tion in toluene and overnight drying at room temper-
ature. For this purpose the quartz slides were cleaned
in a HNOjs bath for 2 h then ultrasonicated for 5 min-
utes in acetone, washed with toluene and dried in
air. The average thickness of polysilane films vary
between 10 and 20 um (Table 1). For each sample
5 plates were prepared and the standard deviation
for average thickness was determined and listed in
Table 1.

o

CH, () cH ()
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Figure 1. Chemical structures of the studied polysilanes:
(a) polymethylphenylsilane (PMePhS), (b) poly(di-
phenyl-co-methylphenyl)silane (P(DPh-MePhS)),
(c) poly(diphenyl-co-methyl(H))silane (P(DPh-
MeHS)) for m/n =1 and P(DPh-MeHS) 7/1 for
m/n="7/1
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Table 1. Physico-chemical properties of polysilanes and thickness of polysilane films

M,, ‘103 M,/M,, DPh/MePh DPh/MeH Average film thickness
Sample code . .
[g/mol] |GPC] [molar ratio] [molar ratio] [pm]
PMePhS 3.8 1.20 - — 15+0.35
P(DPh-MePhS) 4.6 1.21 7/1 — 10+0.31
P(DPh-MeHS) 3.2 1.50 - 11 20+0.21
P(DPh-MeHS) 7/1 4.1 1.18 - 7/1 10+0.28

2.3. Characterization

The absorption spectra of the films were recorded
using a SPECORD 200 Analytik Jena UV/VIS spec-
trometer (Jena, Germany).

Surface rubbing was performed with a laboratory
made device consisting in a cylinder covered with
velvet having a diameter of 12 mm and a rotation
speed of 200 rpm (rotatio/minute). The polymer films
were processed for 30 seconds, using two types of
velvet: one with short and rigid cotton fibers (Vsf)
and the other made of long and flexible acrylic fibers
(VIf). The pile impression was 0.8 mm and the plate
of our instrument was fixed (its speed was zero).
The texture of the rubbing fabrics was investigated on
an Environmental Scanning Electron Microscope
(ESEM) type Quanta 200 (FEI, Eindhoven, The
Netherlands).

Polarized light microscopy (PLM) images were
recorded on an Olympus BH-2 polarized light micro-
scope (Olympus Corporation, Tokyo, Japan), at 400x
magnification.

The surface morphology was investigated by the
Solver PRO-M, (NTMDT, Zelenograd, Russia) Scan-
ning Probe Microscope (AFM) equipped with a com-
mercially available NSG10 cantilever. The theoreti-
cal spring constant of the cantilever was 11.8 N/m,
the resonant frequency was 228 kHz and the manu-
facturer’s value for the probe tip radius was 10 nm.
All AFM images were collected in tapping mode, in
air, at room temperature. Different scanning areas
starting from 20x20 um? down to 3x3 um? have been
analyzed. For illustration purpose, scanning lengths
of 5 and 10 pm for pristine and rubbed samples
respectively have been chosen because the morpho-
logical features were easier to observe. However, all
the texture parameters were calculated from the AFM
data obtained over the 10x10 pm? scanning area.

3. Results and discussion

3.1. Optical properties

Polymethylphenylsilane, PMePhS, is a homopoly-
meric structure composed of methylphenylsilane
units. It was widely studied in previous reports [19]

and is used in this study for comparison reasons. Poly
(diphenyl-co-methylphenyl)silane, P(DPh-MePhS),
was designed as a statistical copolymeric architec-
ture structure, where the molar ratio of the comono-
meric structural units is M, = 7/1. The most interest-
ing are the poly(diphenyl-co-methyl(H))silane
copolymers known also as polyhydrosilanes. This
work is focused on two polyhydrosilanes having
different content of methylhydrosilyl units: P(DPh-
MeHS) with M, =1 and P(DPh-MeHS) 7/1 having
M, ="T7/1.

The transparency of the polysilane films was stud-
ied within the 200-1100 nm spectral range. The
UV-VIS spectra presented in Figure 2 reveal that
samples do not absorb visible light, having a trans-
mittance of about 90% in the domain starting from
450 nm to near infrared domain. One may observe
that the transparency band can be extended to the UV
region depending on polysilane substituent nature.
The introduction of specific side groups could influ-
ence the position of the cut-off wavelength (the wave-
length at which the transmittance becomes less than
1% in the spectrum). Therefore, polysilanes contain-
ing rigid methylphenyl segments present higher cut-
off wavelengths (Figure 2 inset).

The transmission characteristics of the investigated
films in the visible domain are optimal for LC align-
ment. Moreover, the sharp fall in the UV region can
offer information on the band gap. This parameter
and the energies describing the absorption edges are
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Figure 2. The UV-VIS spectra of the studied polysilane
films
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determined using the approach of Tauc [24] and
Mott and Davis [25]. The method starts from the eval-
uation of the optical absorption dependence on pho-
ton energy, reflecting the type of optical transitions.
The absorption coefficient, a, is calculated using
Equation (1):

1 1
a = g ln(T) (1)

where d is the polymer film thickness and T is the
transmittance.

The dependence of the absorption coefficient versus
photon energy for most amorphous materials presents
three domains: (1) absorption due to the interband
transition near the optical band-gap, (2) absorption
below the optical gap defines Urbach edge caused
by the electric fields produced by charged impuri-
ties and other possible sources of internal electric
fields and (3) optical absorption at low energies
produced by structural defects, referring to the weak
absorption Urbach tail.

Figure 3 shows the absorption coefficient as a func-
tion of incident photon energy, £, for the studied
polysilanes. It can be noticed that the shape of the
obtained curves is similar to that proposed by Tauc
for a typical amorphous compounds [24]. Each of the
absorption edges from Figure 3 exhibits two differ-
ent domains, characterized by different slopes. Both
exponential parts follow the Urbach rule [29] given
by Equation (2):

a x exp(?) (2)

where B becomes either Urbach energy, £, in the
high-energy exponential region or Tauc energy, Ei,
describing the low-energy exponential part of the
absorption coefficient.

The values of E, and E; of the polysilane films are
obtained from the reverse of the slope of the depend-
ence of absorption coefficient on photon energy in the
two domains depicted in Figure 3. It can be noticed
that the results displayed in Table 2 are influenced
by the substituent type and the copolymer composi-
tion. The different absorption capacities of the sam-
ples in the low-energy absorption domain can be
explained by considering the fact that in this energy
region take place transitions involving defect states
in the tails of the states density. Thus, the presence
of structural defects, like the break or torsion of poly-
mer chains, determines the occurrence of the optical
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Figure 3. Absorption coefficient dependence on photon
energy for the investigated polysilanes

Table 2. The values of Tauc energy, £, Urbach energy, £\,
and optical band-gap, E,, of the studied polysilanes

E E E

Sample [metV] [meV] [eV]
PMePhS 3367.1 127.6 337
P(DPh-McPhs) 43103 319.4 321
P(DPh-McHS) 2173.9 2773 3.29
P(DPh-MeHS) 7/1 1785.7 1212 335

absorption processes. The combination of the flexi-
ble methyl or bulky phenyl side groups into polysi-
lane backbone could favor structural disorder and
hence the increase of the £, and E,, values. In the sam-
ple P(DPh-MePhS), where the diphenylsilyl seg-
ments are connected through bulky methylphenyl
units, significant distortions can be produced leading
to defects and higher values for £, and £\ energies.
When the coupling of the diphenylsilyl is made
through an elastic segment, such as methyl(H)silyl
(in P(DPh-MeHS) and P(DPh-MeHS) 7/1), all ten-
sions are dissipated by local modification of the
polymer conformation, resulting in lower values for
the width of the tails of localized states.

The interband transitions in the high absorption
region are expressed through another optical parame-
ter, namely the optical band-gap, E,. This energy is
evaluated from the analysis of the spectral depend-
ence of absorption at the highest energies of incident
photons. The theory developed by Tauc [24] and
Mott and Davis [25] for amorphous materials allows
the determination of the optical band-gap from the
intercept with x-axis of the dependence expressed
by relation (3):

a=C(E - Ey)? 3)

where C is a constant.
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Figure 4. The Tauc dependence for the investigated polysi-

lanes

This approach has been also applied earlier for
amorphous polymer foils [30—32]. The Tauc plots for
the investigated polysilanes, displayed in Figure 4,
present a saturation domain at high energies fol-
lowed by an exponential one in the low energies
range, from which were extracted the values of the
optical band-gap energy (Table 2). It can be noted that
the obtained values increase with decreasing the
polarizability of the polymer. Therefore, the different
types of chain conjugation affect the £, values. In
P(DPh-MePhS) containing diphenylsilyl segments
linked through methylphenilsilyl there is a syner-
getic effect on Eg caused by both o—¢ and o—m con-
jugations, leading to a reduction of the optical band-
gap. In P(DPh-MeHS) 7/1 only o—0 conjugation has
continuity since the o—x one is interrupted by the
short chain of methylhydrosilyl. This results in
slightly higher values of Eg. The same tendency is
noticed for P(DPh-MeHS), which contains methyl
(H)silyl units, where the lower probability of elec-
trons delocalization eliminates the possibility of
optical absorption processes. Nevertheless, all sam-
ples exhibit optical band-gap energy higher than
3.26 eV, which is a good indicator of transparent
polymer films [28].

Considering the good optical properties of the pre-
pared polymer films, it can be concluded that they
meet the transparency requirements encountered for
liquid crystal alignment layers.

3.2. Surface morphology

The investigations continued with morphological
analysis of polysilane films in order to check their
surface organization ability (after rubbing) and
implicitly their LC alignment properties [33].

For a better understanding of the effects created by
the rubbing velvet fibers a comparative analysis
between the pristine films and the patterned ones
was performed. The changes occurring in the poly-
silane surface features were closely examined by
AFM investigations. Figure 5 reveals that the topog-
raphy of the unrubbed polymers is determined by the
structural peculiarities. Thus, the morphological
aspects can be associated with the different packing
abilities of the studied polysilanes, due to the side
groups, which induce a different flexibility for each
macromolecule. The presence of bulky and rigid
methylphenyl units in the polymer structure
(PMePhS or P(DPh-MePhS)) favor the conforma-
tional disorder, thus the chain packing is diminished
and the surface roughness increases resulting in
granular formations of nanometric dimensions. In
P(DPh-MeHS) or P(DPh-MeHS) 7/1 samples, the
introduction of non-bulky and flexible methyl(H)silyl
segments enhance the chain mobility and confor-
mational order. This leads to a closer chain packing,
with lower free volume as reflected by smaller root
mean square roughness (Sy) and implicitly flatter
structural formations (Table 3). The variation of S,
does not influence the LC alignment as much as the
surface uniformity and anisotropy.

For an easy evaluation of the spatial properties of the
surface, two texture parameters were used, namely
texture direction index, Sy; (Which shows the degree
of surface orientation) and texture aspect ratio, Sy
(which identifies the uniformity of the surface tex-
ture, isotropy vs. anisotropy). These parameters

Table 3. The values of texture direction index, Si;, and tex-
ture aspect ratio, Sy, and root mean square rough-
ness, Sq, for the studied polysilanes before and
after rubbing with velvet having short (Vsf) and
long fibers (VIf), respectively

Texture Texture

Sample direction |aspect ratio, [ns;:l]
index, S; Sir

PMePhS 0.638 0.141 19
PMePhS - Vsf 0.420 0.080 12
PMePhsS - VIf 0.442 0.040 11
P(DPh-MePhS) 0.744 0.125 52
P(DPh-MePhS) - Vsf 0.443 0.074 19
P(DPh-MePhS) - VIf 0.493 0.052 30
P(DPh-MeHS) 0.749 0.460 0.9
P(DPh-MeHS) - Vsf 0.403 0.095 32
P(DPh-MeHS) - VIf 0.589 0.090 21
P(DPh-MeHS) 7/1 0.699 0.528 0.6
P(DPh-MeHS) 7/1 - Vsf 0.460 0.078 31
P(DPh-MeHS) 7/1 - VIf 0.322 0.075 11
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Figure 5. The 2D-AFM images of the pristine polysilane films: (a) PMePhS, (b) P(DPh-MePhS), (¢) P(DPh-MeH)S and
(d) P(DPh-MeH)S 7/1
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Figure 6. Fourier angular spectra derived from the 2D-AFM images of the pristine polysilane films: (a) PMePhS,
(b) P(DPh-MePhS), (¢) P(DPh-MeH)S and (d) P(DPh-MeH)S 7/1

461



Soroceanu et al. — eXPRESS Polymer Letters Vol.9, No.5 (2015) 456—468

were calculated based on the Fourier angular spec-
trum and provided information about the directional
preference of the structures in the surface. The topo-
graphical AFM images (Figure 5) and the aspect of
the corresponding Fourier angular spectra (Figure 6)
obtained for all four pristine films suggest surfaces
without apparent orientation. These findings are
supported by the higher values of Si4; and S;; param-
eters shown in Table 3, indicating that the surfaces
are isotropic, having the same characteristics in
every direction.

In order to produce a proper orientation of the
nematic 5CB, the polysilane films surfaces were
adapted by rubbing with two velvet fabrics having
different characteristics of the constituent fibers. It
is well known that each fiber tip comprises subfi-
brous filaments that have a broad range of diame-
ters, from a few submicrometers to a few microme-
ters. The contact of the filaments with the polysi-
lane film during rubbing could generate micro-
roughness and also the reorganization of the chains
at the surface because of the temperature rise. In our
experiments we used velvet having short and rigid
fibers (Vsf) and velvet made from long and flexible
fibers (VIf). The aspect, shape, and size of these
two types of textile fibers are analyzed by ESEM,
as presented in Figure 7. According to this investi-
gation, the material Vsf presents fibers with 950 um
length and 15 pm thickness, whereas VIf fibers with
4000 um length and 23 pm thickness.

The AFM data show that for all polysilane films the
structural formations (randomly distributed on the
surface) become less prevalent and fine micro-

— 100 um——

grooves lines appear parallel to the rubbing direc-
tion. According to Berreman model [33], this type
of surface organization is essential for inducing a
good alignment of LC molecules. The detailed mod-
ifications induced in sample’s surface topography
during rubbing with the two types of velvet are
reflected in bidimensional AFM images and their cor-
responding Fourier angular spectra (Figures 9-11).
The changes resulted in the morphology of the inves-
tigated samples might be explained by considering
the chemical structure of the polymer, which deter-
mines through its organization a specific deforma-
tion response of the film surface during processing.
In other words, when the chain conformation deter-
mines denser packing it can be assumed that the hard-
ness increases producing only weakly developed
structure at the surface, while a more ductile poly-
mer is deformed more easily, producing relatively
well-developed structure. The rigid linking methyl-
phenyl units lead to a reduced chain packing result-
ing in a less organized structure, which allows deeper
penetration of the velvet fibers (as seen in Figures 8
and 9 for samples PMePhS and P(DPh-MePhS)).
Conversely, the presence of the flexible methylhy-
drosilyl coupling segments (methyl groups) results
in a more compact polymer structure and this gen-
erates a smaller depth of the formed microgrooves
(as seen in Figures 10 and 11 for samples P(DPh-
MeHS) and P(DPh-MeHS) 7/1).

Another essential factor which strongly influences the
resulting morphological features is the type of the
fabric fibers. The material constituted from short
and tough fibers (velvet Vsf) penetrates better with

Figure 7. ESEM images obtained for (a) velvet with short fibers (Vsf) and (b) velvet with long fibers (VIf)
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Figure 8. 2D-AFM image (a, c) and the corresponding Fourier angular spectra (b, d) for PMePhS film rubbed with velvet
with short fibers (Vsf) and velvet with long fibers (VIf), respectively

the tip the sample surface, resulting in more intense
racks. The textile having long and flexible fibers
(velvet VIf), tends to bend more during rubbing,
diminishing the depth of the surface grooves cre-
ated on polysilane films. Thus, during patterning,
the polymer surface predominantly interacts with
sides of the fiber than with its tip. For all the studied
polysilanes, except P(DPh-MePhS), a better regular-
ity of surface topography is achieved when they are
rubbed with VIf. For P(DPh-MePhS) film, whatever
the rubbing fiber, the depth of the microgrooves is
almost the same, possibly due to its prevalently aro-
matic structure. Previous investigations showed that
polymers containing aliphatic units develop more
uniform pattern during rubbing with natural fibers
like Vsf, while aromatic structures adopt the men-
tioned surface features when are processed with syn-
thetic fibers (in our case VIf) [10]. In addition, align-

ment layer orientation mechanism is not only deter-
mined by the mechanical contact, but also by the
temperature rise of the layer that causes the polymer
chain reorientation.

The values of Sig; and Sy parameters (Table 3) cal-
culated from the Fourier angular spectra (Figures 9—
11) were significantly lower for all the rubbed poly-
mer films, comparatively with those observed at the
unrubbed ones. This indicates that the surface was
oriented and periodic structures were induced by
the rubbing process. Additionally, the smaller values
of the Sy, ratio (Sy < 0.1) indicate stronger anisotropy,
much more evident in the case of samples rubbed
with synthetic velvet fibers.

3.3. Testing of LC alignment ability
The mechanism of LC molecules orientation on
rubbed polymer films is determined by various fac-
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Figure 9. 2D-AFM image (a, ¢) and the corresponding Fourier angular spectra (b, d) for P(DPh-MePhS) film rubbed with
velvet with short fibers (Vsf) and velvet with long fibers (VIf), respectively

tors including surface topography and intermolecu-
lar interactions. However, which of these two aspects
play the major role is not fully understood. The align-
ment mechanism of the nematic molecules is the
result of two effects: liquid crystal orientational elas-
ticity in connection with an induced surface pattern
[33] and short-range interactions on the molecular
scale [34, 35]. Taking into consideration the surface
features of the polysilanes and the characteristics
derived from their structure, the alignment mecha-
nisms are discussed by considering the surface peri-
odicity and uniformity as the main factor which
induces the LC orientation.

The alignment behavior of SCB on polysilanes,
rubbed with the two types of velvet, is tested by PLM.
The employed approach provides preliminary indi-
cations about the quality of nematic orientation.

The method is based on recording the changes in
light intensity when rotating the sample (placed under
crossed polarizers). For all films, dark regions are
recorded at 0 and 90° rotation of the LC director with
respect to the crossed polarizers, revealing that it is
aligned parallel to the polarizers’ transmission direc-
tion. Further rotation of the polymer film from this
position at 45 and 135° relative to the crossed polar-
izers, bright states are observed since the electric field
components passing through the easy direction of
5CB have the highest resultant on the analyzer trans-
mission direction. This behavior is characteristic for
a homogeneous alignment of a nematic LC. Given the
regularity of the induced grooves it can be noticed
that the higher uniformity of the surfaces rubbed
with VIf leads to a higher contrast between the dark
and bright states (as seen in Figure 12). This is indica-
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Figure 10. 2D-AFM image (a, c) and the corresponding Fourier angular spectra (b, d) for P(DPh-MeH)S film rubbed with
velvet with short fibers (Vsf) and velvet with long fibers (VIf), respectively

tive that the S5CB orientation is more uniform in the
case of VIf. The alignment of S5CB is relatively poor
for samples PMePhS and P(DPh-MePhS) samples,
regardless the rubbing fabric, can be explained by
considering their less flexible structure that leads to
less deep surface grooves. Thus, the performance of
alignment abilities is higher for the samples contain-
ing methylhydrosilyl units, namely P(DPh-MeHS)
and P(DPh-MeHS) 7/1. Considering the transparency
and surface morphology, it can be concluded that
this type of polysilane films meets the requirements
for alignment layers.

4. Conclusions

A series of polysilanes films was prepared in order
to investigate their optical and morphological prop-
erties for LC alignment purposes. The influence of
the specific chemical structure over the optical prop-

erties of the polylsilane was investigated resulting
that introduction of less polarizable methylhydrosi-
lyl units into the polymer backbone improves the
transparency. All samples present a transmittance of
about 90% in the range of 450—1100 nm. The Urbach
energy tends to increase for the samples with rigid
methylphenyl segments (PMePhS or P(DPh-
MePhS)), which facilitate less chain packing and
implicitly a more disordered structure. Optical band-
gap is higher than 3.26 revealing a low probability
of optical absorption processes, thus sustaining the
suitability of the samples as alignment layers from
the point of view of lack of absorption in the visible
domain. The morphology of the pristine polysilanes
is constituted from isotropically distributed granu-
lar formations. In order to obtain a proper alignment
of a nematic LC the surface of the samples was
adapted by rubbing with two different velvets: one
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Figure 11. 2D-AFM image (a, c) and the corresponding Fourier angular spectra (b, d) for P(DPh-MeH)S 7/1 film rubbed
with velvet with short fibers (Vsf) and velvet with long fibers (VIf), respectively

with short fibers and other with longer fibers. The
polymers containing methylhydrosilyl units present
a more compact structure. Hence, finer grooves are
formed at the polymer surface, leading to a better
orientation of the SCB nematic. Also, the velvet with
longer fibers generates surfaces with higher unifor-
mity facilitating a positive contribution to the LC
alignment. This is supported by the higher contrast
between the bright and dark states recorded by PLM.
Considering the transparency and surface morphol-
ogy of the samples containing more methyl sub-
stituents, it can be concluded that this type of poly-
hydrosilane are good candidates as alignment layers
for LCDs.
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Abstract. Silica nanoparticles were modified with aromatic amino groups and modified-silica/polyimide composite films
were prepared using them. 3,3',4,4’-Benzophenone tetracarboxylic dianhydride (BTDA) and 4,4"-oxydianiline (ODA) were
used as precursors for polyimide matrix. The structures of the modified nanoparticles and hybrid nanocomposites were
identified using Fourier Transform Infrared (FTIR) spectrometry. The hybrid composite films were evaluated for mechani-
cal, thermal and morphological characteristics. Morphological results describe a uniform dispersion of silica particles in the
polymer matrix. The thermal stability and mechanical properties of polyimide composite were improved, and the decompo-
sition temperature was increased when the amount of silica nanoparticles was increased.

Keywords: nanocomposites, nanoparticle modification, hybrid polyimide composites, thermal properties, mechanical

properties

1. Introduction

Polymer—inorganic hybrid nanocomposites are an
emerging class of materials that hold significant
promise due to their outstanding properties, which
usually arise from a combined effect of the proper-
ties of their polymeric and inorganic components
[1]. Nanoparticles and nanocomposites are used in a
wide range of applications comprising of diverse
fields, such as medicine, textiles, cosmetics, agricul-
ture, optics, food packaging, optoelectronic devices,
semiconductor devices, aerospace, construction and
catalysis [2—4]. Polymeric nanocomposites consist-
ing of inorganic nanoparticles and organic poly-
mers represent a new class of materials that exhibit
improved performance compared to their micropar-
ticle counterparts [4].

Silica nanoparticles are gaining considerable interest
for a wide variety of applications in various fields

*Corresponding author, e-mail: rv.ghorpade@ncl.res.in
© BME-PT

of material science like electronic, chemical, optical
and mechanical industries due to their unique and
promising physical and chemical properties [5-7].
The surface modification of nanoparticles in order to
change their physical and chemical properties has
become an area of significant research in industry.
However, the applications of silica nanoparticles
are largely limited because of their high energetic
surface, which causes the silica nanoparticles to be
easily agglomerated. However, this problem could be
resolved by using surface modification methods [8].
Surface modification of silica nanoparticles has
attracted attention because it produces excellent
integration and an improved interface between nano-
particles and polymer matrices [9]. Polymer matri-
ces reinforced with modified silica nanoparticles
combine the functionalities of polymer matrices,
which include low weight and easy formability,
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with the unique features of the inorganic nanoparti-
cles. However, the nanoparticles have a strong ten-
dency to undergo agglomeration in the polymer
matrix, degrading the mechanical properties of the
nanocomposites [4, 10, 11]. To improve the disper-
sion stability of nanoparticles in polymer, it is essen-
tial that the particle surface be modified by reactive
surface functionalities to generate a strong interac-
tion between monomer precursors and particle sur-
face and repulsion between particles. In order to
precisely design desirable surface functionalities,
one can select an appropriate surface modification
method according to the needs in terms of polymer
functional groups and composition.

Also the mechanical properties of these hybrid poly-
mer/nanocomposite materials strongly depend on
the dispersion of the reactive sites and on the chem-
ical nature of their environment [12]. This environ-
ment mainly consists of the uncovered surface.
Therefore, the mode of anchorage of the organic moi-
eties is of prime importance for the characteristics
of the final functionalized nanoparticles [13]. Despite
the numerous functionalization methods described
in literature, only a few allow a precise and easy con-
trol of the chemical composition and structure of the
surface functionalities of shell. Not all the modifi-
cation processes offer compatible surface functional
groups that can be directly incorporated during poly-
merization. So, today there is a great challenge to
develop alternative methods that provide conven-
ient access to surface functionalized nanoparticles,
with the characteristics of the hybrid nanoparticles
targeted by the specific property to be achieved.
Aromatic polyimides are important class of thermally
stable organic polymers, ranked among the ther-
mally stable polymers. They are widely used in var-
ious applications such as high temperature plastics,
adhesives, dielectrics, photoresists, nonlinear optical
materials and membranes. Additionally, polyimides
are used in the fields of acrospace, defense, and opto-
electronics; they are also used in liquid crystal align-
ments, composites, polymer electrolyte fuel cells,
fiber optics, etc [14]. The most common technique
used to process polyimides is from soluble poly-
amic acid as a precursor. Films are cast, and then
they are thermally dehydrated to produce the final
imide form [14, 15].

Even though polyimides are thermally very stable
polymers, they can still degrade if exposed to a high
temperature for a long period. This exposure can

lead to changes in the physical and chemical struc-
ture of the materials and affect their thermo-oxida-
tive stability [16]. A technology that has been gain-
ing attention in recent years is the incorporation of
appropriate nanoscale components into polyimides
as a means of improving their thermal and mechan-
ical properties [17—-19]. Polyimide-silica materials
offer key properties of both components are, there-
fore, in great demand for high performance applica-
tions [20]. There are many factors affecting the prop-
erties of hybrid composites, such as the particle
size, size distribution, and filler content. In addition,
the particle shape and surface functionalities play
an important role in the formation of hybrid compos-
ite materials [21]. Especially, the bond strength
between inorganic particles and polymer matrix
should be improved, which always is influenced by
the type of dispersion aid and surface functional
groups of nanoparticles [22-24]. Thermodynamic
immiscibility between inorganic and organic mate-
rials, however, may lead to phase separation of the
components [25].

Preparation of polymer—inorganic nanocomposites
was reported by in situ and ex situ generation of
nanoparticles [27, 28]. Sol-gel process [29] is known
to generate nanoparticles in situ in the polymeriza-
tion process, but it is difficult to ensure full control
of the shape, crystallinity, size, size distribution,
and surface properties of the nanoparticles during the
reaction. Also unreacted reactants and byproducts
are the major drawback of this process [27]. While,
in ex situ process, pre-made and modified nanopar-
ticles are blended with polymer precursors [30],
hence, the properties of the nanoparticles can be eas-
ily controlled. Therefore ex situ synthetic process of
modification and blending of nanoparticles is the
simplest and most convenient way to prepare poly-
mer nanocomposites. Polyimide nanocomposites
with aliphatic amino functionalized SiO, nanoparti-
cles were recently reported [28], but the thermal
properties like decomposition temperature and 7,
deceased with increasing silica content. Therefore
the use of suitably surface modified silica nanopar-
ticles is a reasonably good approach for producing
fine silica particles uniformly dispersed in the poly-
imide matrix through polymerization of monomeric
precursors with modified silica.

In the present work, simple route was used to mod-
ify surface of silica nanoparticle with aromatic amino
groups. Polyimide—silica nanocomposites were pre-
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pared using 3,3",4,4’-benzophenone tetracarboxylic
dianhydride (BTDA), 4,4"-oxydianiline(ODA) and
aromatic amino modified silica nanoparticles by
ultrasonic blending followed by thermal imidization.
This approach contributes to the novelty in the mak-
ing of such composite materials. After the surface
modification process, the modified silica nanoparti-
cles had better compatibility with polymer matrix
and could be well dispersed into the PI matrix in var-
ious amounts and the aromatic amino groups on the
nanoparticle surface forms covalent bond with the
polyimide matrix. Mechanical, thermal and morpho-
logical analyses of the composite films were carried
out and compared with the film prepared by unmodi-
fied silica nanoparticles.

2. Experimental

2.1. Materials

Chemicals of high purity were obtained from vari-
ous commercial sources, which consisted of 3,3',4,4'-
benzophenone tetracarboxylic dianhydride (BTDA;
Aldrich), 4,4-oxydianiline(ODA; Aldrich), N-
methyl-2-pyrrolidone (NMP; Merck), phenyl tri-
ethoxysilane (PTEOS; Aldrich). 100 nm silica nano-
particles were obtained from Fiber Optic Center
Inc. USA and dried under vacuum at 120°C before
use. NMP was purified by distillation under reduced
pressure over calcium hydride and stored over 4 A
molecular sieves. Other organic solvents were puri-
fied by vacuum distillation. BTDA was dehydrated
by drying under a vacuum at 160°C for 24 h. The
other reagents were used as received.

2.2. Methods

The FTIR spectra of silica nanoparticles and silica
polymide composite were scanned using a Perkin
Elmer 599B spectrophotometer (Waltham, MA)
between 400 and 4000 cm™! using KBr pellets as
medium. XPS measurement was carried out on the
APPES system with Mg K radiation (hr=
1253.6 eV). Differential scanning calorimetry was
performed on a TA Q100 DSC instrument to deter-
mine the glass transition temperatures (1) of the
copolymers. All samples were run against an alu-
minium reference in crimped aluminium pans. A
temperature range of 40 to 400°C was used to deter-
mine the T,. Two scans were performed on each
sample at a heating rate of 10°C/min. The second
heating results were used for evaluation of 7. Thick-
ness of the film specimens was measured by Mitu-

toyo Micrometer. For each individual specimen,
measurements were done at five different points
and the average value was taken. The thickness data
of the film specimens were used for tensile testing.
The tensile test was conducted using a Linkam Ten-
sile Stress Testing System-TST 350. Thermogravi-
metric analysis (TGA) was performed on STA 6000
TGA model from Perkin Elmer instruments. The
samples were heated at a rate of 10°C/min under
nitrogen atmosphere in the range of 40 to 900°C.
Modified nanosilica and polyimide hybrid compos-
ite films were investigated using X-ray diffractome-
ter (Rigaku, Micro Max-007 HF).

2.3. Modification of silica nanoparticles with
PTEOS

100 nm silica nanoparticles were dried under reduced
pressure at 120°C for 12 h in vacuum oven. Dried sil-
ica nanoparticles (10.0 g) were suspended in 200 mL
of toluene for 30 min under sonication. Nanosilica-
toluene mixture kept under mechanical stirring in
three necked reactor under nitrogen atmosphere. 3.0 g
of triethylamine was added into the mixture. An
excess 3.0 g of phenyl triethoxysilane (PTEOS) was
added to a suspension of silica — toluene and stirred
for 30 min at room temperature. The mixture was
heated at reflux for 24 h at high speed stirring.
Finally, the particles were washed free of adsorbed
initiator using 5 cycles of centrifugation and re-sus-
pension in toluene, and then volatiles were removed
under vacuum.

2.4. Nitration of PTEOS modified nanosilica
Sodium nitrite (2.0 g) was added to 100 mL RB flask
containing a mixture of PTOES modified silica nano-
particles (2.0 g), chloroform (20 mL), and acetic acid
(3 mL), and the mixture was stirred for 2 hour at
room temperature. Acetic acid (2 mL) was then added
and the mixture was stirred for a further 18 hours.
Nanoparticles were separated by centrifugation and
washed with water for several times to remove any
unreacted NaNO, and acetic acid. Finally silica nano-
particles were washed by centrifugation with ethanol
and dried under vacuum.

2.5. Reduction of nitro group on modified
nanosilica

4.0 g of aromatic-nitro modified silica nanoparti-

cles were dispersed in 50 mL of ethanol and soni-

cated for 30 min. 4.0 g of SnCl,-2H,0 dissolved in
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25 mL of ethanol and added to silica suspension
with mechanical stirring at 30°C. The reaction mix-
ture was kept under stirring for 4 h at 30°C. The pH
was made slightly basic (pH 8) by addition of 5%
aqueous sodium bicarbonate and the resulting basic
mixture kept one hour under stirring. Nanoparticles
were washed with water for several times to remove
unreacted components followed by washing with
ethanol and dried under reduced pressure. These
modified nanoparticles were characterized by IR,
TGA and XPS.

2.6. Determination of surface amino groups

A typical non-aqueous titration method was
employed to detect the coverage density of amino
group on the surface of silica nanoparticles by using
HCI ethanol standard solution. [31] Thymol-blue
was used as indicator in the titration, where the
referred HCI was used to quantify the amount of
amino groups on the surface of modified nanosilica
dispersed in the ethanol. The concentration of sur-
face -NH, groups were determined which is an
average of more than 4 times by this titration process.

2.7. Polyimide/ modified silica composite

Polyimide films with various amounts of modified
silica nanoparticles were prepared. First, the desired
amount of modified silica and NMP were mixed
and sonicated for 15 min (Solution A). Second, the
diamine (ODA) was dissolved in NMP and stirred
for 15 min (Solution B). Then, the solutions A and
B were mixed while stirring was continued for 1 h.
Third, the dianhydride (BTDA) was dissolved in
Solution (A+B) with constant stirring. The mixture
was stirred for 24 h at 30°C. The nanocomposite
films were prepared by casting from the viscous
poly(amic acid)/modified silica solution on a glass
plate using a doctor’s knife. The resultant films
were dried in an oven and subsequently imidized at
a high temperature in air. An imidization program,
such as heating from room temperature to 80°C in
30 min, heating at 80°C for 2 h, heating from 80 to

200°C in 5 h, heating from 200 to 300°C in 2 h, heat-
ing at 300°C for 45 min, and then cooling to room
temperature, was employed. Table 1 presents the
amount of dianhydride, diamine, solvent NMP, mod-
ified silica nanoparticles with film thickness of each
sample. Polyimide film with 4 wt% of unmodified
silica nanoparticles was prepared as per procedure
mentioned.

3. Results and discussion

PTEOS was used to modify surface of nanosilica.
Aromatic amino functionalized silica nanoparticles
were prepared by nitration followed by reduction of
PTEOS modified silica nanoparticles as depicted in
Figure 1. A typical titration method was employed
to detect the surface amino group on the on the
modified nanosilica. The density of -NH, group on
the nanoparticle surface is about 180.7 umol-g~'.
Also FTIR spectral analysis of nanoparticles con-
firms modification of silica nanoparticles with aro-
matic amino groups. Figure 2 shows the FT-IR spec-
trum of the samples, SiO, (curve a), PTEOS modi-
fied SiO, nanoparticles (curve b), SiO@Ar-NO,
(curve c) and SiO@Ar-NH; (curve d). In Figure 2
curve a the spectra displayed the characteristic band
at 1103 cm™' of the Si—O-Si unit and symmetric

()
OO
9

Nitration l

©/Si{0Et)3

_—

o TEA/ Tolune /A

Silica nanoparticles

Figure 1. Synthetic scheme for modification of silica
nanoparticles

Table 1. Modified silica/ polyimide hybrid film compositions and thickness

BTDA ODA NMP (70 wt% wrt. of solids) | Modified silica nanoparticles | Film thickness 0.2 mm

Polymer code o

[g] [g] [g] [wt% / g] [mm]
PI 2.0 1.24 7.56 0/0 0.162
PIMS-2 2.0 1.24 7.71 2.0/0.065 0.168
PIMS-4 2.0 1.24 7.86 4.0/0.130 0.170
PIMS-6 2.0 1.24 8.01 6.0/0.194 0.165
PIMS-8 2.0 1.24 8.16 8.0/0.259 0.169
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Figure 2. FT-IR spectrum of SiO; (a), SiO,@Ar (b),
SiO,@Ar-NO; (¢) and SiO,@Ar-NH; (d)
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stretching at 800 cm~'.The broad absorption from
3200 to 3300 cm™! was assigned to the Si—-OH link-
age. The band at 1638 cm™ was the bending vibra-
tions of water molecules adsorbed on the surface of
the SiO,. Figure 2 curve b displayed the characteris-
tic features of PTEOS modified SiO; nanoparticles.
Compared with Figure 2 curve a, the weak C-H
stretching vibration for Ar-H of PTEOS was observed
at 2990 cm™, and the peaks at 699 and 738 cm™! were
due to Si-Ph vibrations. In Figure 2 curve c bands at
1596 and 1342 cm™ are due to vibrations of nitro
groups, indicate nitration of surface aromatic rings.
While in Figure 2 curve d disappearance bands at
1596 and 1342 cm™! and presence of wider band
consisted of the asymmetric stretching vibration for
N-H bonds and the Si—OH of SiO; depicted the
reduction of SiO,@Ar-NO, to SiO,@Ar-NH,.

Modification of silica nanoparticles was also fol-
lowed by evaluating chemical states of nitrogen
using XPS analysis. Figure 3 curve a and curve b
shows, the N 1 s spectra for SiO,@Ar-NO, and

-——407.1

(a)

Counts

(b)

398 400 402 404 406 408 410
Binding energy [eV]
Figure 3. N 1 s XPS spectra of SiO,@Ar-NO; (a) and
SiO,@Ar-NH, (b)

394 396

SiO,@Ar-NH; nanoparticles respectively. In Fig-
ure 3 curve a peak at 407.1 eV and in Figure 3
curve b peak at 399.6 eV attributing to binding
energy of -NO, and —NH, groups, respectively.
Shifting of chemical states of nitrogen confirms that
surface —-NO, groups from silica nanoparticles con-
verted into —NH; groups.

The contact angle measurement was performed to
obtain the hydrophilicity/hydrophobicity behavior
of nanoparticle surface. The sessile-drop method in
air was used to quantify wetting ability, an indicator
of hydrophilicity. The contact angle reading taken is
the angle between the bordering surfaces, in this case
formed between silica monolayer and the water sur-
face. Figure 4 indicates that the water contact angle
of aromatic modified silica nanoparticles is higher
due to surface hydrophobicity, while the water con-
tact angle decreases on nitration and further decreased
on reduction of surface nitro groups to amino
groups.

In this study, ODA and BTDA were used to prepare
PI matrix. Thin films were obtained from neat poly-
amic acid as well as its composites with various pro-
portions of modified silica (Figure 5). To prevent
aggregation and get uniform dispersion of the nano-
particles, ultrasonic blending was performed on the
reaction mixture. The details of the process of sil-
ica/PI composite films are shown in Figure 6. The FT-
IR spectra of neat PI and hybrid composite films are
shown in Figure 7. The typical characteristic bands
of PI polymer matrix were found. In these spectra,
the bands at 1771 and 1710 cm™!' were associated
with the imide carbonyl band. In the IR spectra of
PIMS-8 additional band at 1104 cm™' were found
due to characteristic vibrations of Si—O linkage.

SiO, (100 nm) Si0, @Ar
CA = 15.6° CA=124.9°
- -
Si0, @Ar-NO SO, @Ar-NH
CA=201°" éas1o° °
w ]

Figure 4. Variation in contact angle during modification of
silica nanoparticles
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Figure 5. Synthetic scheme of modified silica/polyimide composites

The morphology of the modified silica nanoparti-
cles and hybrid films has been studied using scan-
ning electron microscopy (SEM). After modifica-
tion with aromatic amino group silica particles
remains dispersed and spherical in nature (Figure 8b).
The micrographs of the composites containing
4 wt% modified and unmodified silica in the matrix
are shown in Figure 8c and Figure 8d respectively.
Composite films have a very homogeneous distribu-
tion with no agglomeration of silica in any region
across the films. The amino groups present on the sur-
face of nanosilica reacts with polyimide matrix form-
ing covalent bonds and do not allow the agglomera-
tion of silica particles. Such homogeneous distribu-

tion of nanoparticles demonstrates better compati-
bility between modified silica nanoparticles and the
polyimide in the composite films. This has resulted
in improved strength of the composite films for
present system.

To reveal the distribution of silica nanoparticles in
the polyimide matrix, transmission electron micro-
scopy (TEM) was performed. The samples for the
TEM study were taken from a microtomed section
of the polyimide/modified silica nanocomposites.
Figure 9 shows TEM micrographs for the polyimide
nanocomposites incorporated with 4 wt% modified
silica nanoparticles (Figure 9a) and 4 wt% unmodi-
fied silica nanoparticles (Figure 9b). The light
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regions represent the Polyimide matrix, and the gray,
dark spots correspond to the SiO;, nanoparticles.
The distribution of silica nanoparticles in Figure 9a
is more uniform than that in Figure 9b. It can be con-
clude that aromatic amino modified silica nanopar-
ticles distribute more uniformly in the polyimide
matrix than the unmodified silica nanoparticles. It is
thought that the modification plays an important
role in the uniformity of the silica distribution.

Stress—strain curves of neat polyimide, nanosilica/
polyimide films and modified nanosilica/polyimide
films were recorded for evaluation of strain-to-break
properties. Dog bone shaped specimens of the neat
polyimide and polyimide/modified SiO, nanocom-
posites with thickness of around 0.2 micrometer
and width of 2.7 mm at the gauge section were used
for the tensile test. The specimen was loaded at a
strain rate of 0. mm/min until the failure happened.
The influence of the silica content on the tensile

Table 2. Mechanical properties of modified nanosilica/
polyimide composite films

Polymer code Ultimate tensile stress | Strain to yield point
[MPa] [%o]

PI 82.08 8.93

PIMS-2 98.72 8.80

PIMS-4 110.63 8.47

PIMS-6 122.33 7.47

PIMS-8 130.42 7.00

PIAS-4 104.06 7.00

strength is shown in Figure 10. The tensile strength
at yield point for neat polyimide films was 82 MPa.
These values of yield stress for the composite films
increased (122 MPa) with an increase in the modi-
fied silica content up to 8 wt%. The variation of ten-
sile strength at yield point and at break point as a
function of modified silica content is illustrated in
Table 2. The elongation at break decreased slightly
with increasing silica content. Ultimate strength and
% elongation of modified silica/polyimide compos-
ite film (PIMS-4) improved compared with unmod-
ified silica/ polyimide composite film (PIAS-4). This
may be caused by the fact that the modified nanosil-
ica is much easier to be dispersed homogeneously
in the solution and covalently bonded to the poly-
imide matrix.

The DSC curves presented in Figure 11 shows the
evaluation of the glass transition temperatures of
nanosilica/polyimide composites. The glass transi-
tion temperature of the nanocomposites gradually
increased with increase in modified silica content in
the polyimide matrix. Because of the surface modi-
fication of nanoparticles, the interface between the
polymer and the nanoparticle can change and affect
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c) d)

Figure 8. SEM images of silica (a), modified silic (b) modified silica/polyimide (¢) and unmodified silica/polyimide (d)
composite films

200 nm

Figure 9. TEM of modified (a) and unmodified (b) silica/polyimide composite films

the thermal properties of the nanocomposites. In 7, increased from 282 to 288°C with the SiO, con-
this case aromatic amino groups on the nanoparticle  tent increase. Such improvement in 7} is not observed
surfaces form covalent bonds with polyimide matix  in case of unmodified silica/PI composite.

and increase the rigidity in the polymer. As a result
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Figure 12. Thermogravimetric analysis of modified silica
and hybrid polyimide composite films

The thermal stability of the modified nanosilica/
polyimide composite films was studied by thermo-
gravimetric analysis (TGA). TGA plots of PAI modi-
fied nanosilica/polyimide composites with the dif-
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Figure 13. XRD patterns of the modified SiO, particles and
polyimide/SiO, composite films

ferent amounts of modified silica nanoparticles are
shown in Figure 12. The amount of modified silica
nanoparticles to polyimide matrix was changed from
0 to 8 wt%. A weight loss is observed above 150°C
on all the TGA plots, which corresponds to the loss
of water. Weight loss observed at about 250~350°C
is due to the trapped solvent as well contribution
from imidization arising from surface groups. When
the temperature was raised to 500°C, the polyimide
matrix began to decompose and the decomposition
temperature became higher when the modified sil-
ica nanoparticles were added into the polyimide
matrix. At the same temperature, all the curves of
the composites indicated that the weight loss of the
composites was less than that of the pure polyimide
matrix. It is worth pointing out that the thermal sta-
bility of polyimide was enhanced with the increas-
ing modified silica contents. Also comparison of
thermograms of PIMS-4 and PIAS-4 depicted that,
at the initial stage of decomposition, thermal stabil-
ity of PIMS-4 is higher than PIAS-4, which is again
proof for covalent bonding between surface func-
tional amino groups on silica with PI matrix.

The prepared composite films were also character-
ized by XRD. Figure 13 shows the XRD patterns of
the modified SiO, particles and polyimide/SiO,
composite films with various contents of modified
Si0,. As can be clearly seen in the Figure, peak pat-
terns in the diffractograms of the PI hybrid films
reveal semi-crystalline structure polymers. The result
indicated that modified nano-SiO, in polyimide could
improve the crystallization behavior of the polymer
matrix.
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4. Conclusions

The aromatic amino modified silica/PI inorganic/
organic nanocomposite films were prepared by the
simple ultrasonic blending, after the silica nanopar-
ticles were modified by aromatic amino groups on
surface. In the micrographs of composite films, the
modified silica nanoparticles were found to be well
dispersed in the PI polymer matrix. The silica nano-
particles were still monodispersed without any
agglomerations when the amount of silica nanopar-
ticles to PI reached 8 wt%. The thermal stability of PI
improved, and the decomposition temperature was
increased with increasing amount of modified nano-
silica in hybrid films. The optimum tensile strength
was achieved when appropriate amounts of the mod-
ified nanosilica used. Tensile measurements indi-
cate that modulus as well as stress at break point
improved while elongation at break decreased for
the hybrid materials. The shift in 7, values suggests
the presence of interactions between the two phases.
The morphological investigations reveal a uniform
dispersion of silica particles in the polyimide matrix.
In this system, the high thermal stability and mechan-
ical strength showed that these modified silica/PI
nanocomposite films can be widely used in the high
performance polymer applications.
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Abstract. This paper presents the findings of an initial investigation into effects of end tabs and gripping force on speci-
mens for fatigue testing of structural composites. Live measurement of specimen compliance comparing extensometer
measurements with grip displacement showed the impact of gripping on the dynamic behavior of the specimen. Use of ther-
mal imaging enabled assessment of how load is introduced and carried along the specimen.

The effect of grip pressure and comparative merits of popular solutions are examined in the context of fatigue testing of
composites. Although for static tests these potential issues have been investigated extensively throughout the history of
composites research, interest has only recently fallen upon their effects on dynamic loading. Data collected show that the
gripping pressure at the ends of the specimen can affect results more significantly than may be anticipated. These early
results suggest that solutions which are well established for quasi-static testing may cause problems in cyclic tests.

Keywords: polymer composites, fracture and fatigue, material testing, thermography, stress concentration

1. Introduction

1.1. Background

Having regularly received enquiries regarding appro-
priate gripping forces for composite test coupons, and
regarding specimen failures not only at the jaw face,
but within the tabbed and gripped section, the authors
sought to clarify the origins of these problems. The
results of this initial investigation were considered of
significant concern to the composites testing com-
munity, so are published within this paper while a
wider investigation is ongoing.

Instron (Dynamic Systems) noticed that a rise in
commercial demand for composites fatigue data
started in the mid 2000°s and this has continued to
grow unabated since then. This was originally driven
by the wind turbine industry, where structures expe-
rience significant cyclic strain over a long life cycle.
By comparison, academic research interest in com-

*Corresponding author, e-mail: peter bailey@instron.com
© BME-PT

posites fatigue was particularly strong during the
1980s through into the mid-90s, along with all
aspects of mechanical characterization of composites.
Although numbers of publications remained consis-
tent ever since, the topic seemed to become a less
popular research and conference topic until around
2010, since when there has been a rapid increase in
activity, primarily driven by the aerospace and auto-
motive industries.

It has long been known and demonstrated that grip-
ping methods can significantly affect both the value
and the consistency of results in mechanical testing
of composites [1, 2] and certain test practices have
become commonly accepted for quasi-static tests.
Nonetheless, it is interesting to note that ASTM
D3039 for tensile testing of composites remarks that
‘Design of mechanical test coupons, especially those
using end tabs, remains to a large extent an art rather
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than a science, with no industry consensus on how
to approach the engineering of the gripping interface’
[3]. With growing drive to understand the dynamic
behavior of composites [4, 5], an increasing number
of experimentalists are finding it necessary to revisit
their previous methodologies for specimen prepara-
tion.

1.2. Specimen and gripping designs

Straight sided tensile specimens with composite
end tabs are now the accepted basic standard for
tensile testing of composites [3, 4]. Unfortunately,
in a majority of scenarios, where specimens com-
prise a large amount of on-axis reinforcement, these
typically fail at, or only just beyond, the end of the
tab [1, 4, 7]. Qualitatively, the analyst knows that
this will be the region of highest constraint, and
therefore the highest stress concentration, therefore
physics dictates that the specimen must fail in that
region, unless there is some other, more significant
stress raiser or defect. This has been demonstrated
quite elegantly, for a variety of configurations, using
finite element analysis [8] with some straightfor-
ward mechanical tests provided to confirm the pre-
dictions. A number of workers examined tapered
end-tabs [1, 9, 10] but it appears that results varied
from no noticeable difference in failure, through to
complete success in establishing failure away from
the grips. Whatsoever the efficacy of this technique,
tapered tabs are now suggested in international stan-
dards [3, 6], but anecdotally, many laboratory oper-
ators look on them unfavourably due to the even
more laborious preparation required. Early recom-
mendations [1, 11] proposed a variety of tabs includ-
ing different configurations of fibre reinforced tab
material, but also compliant abrasive pads, and alu-
minium sheet. Only glass fibre reinforced polymer
matrix tabs have been carried forward to current
international standards, although some researchers
still use aluminium tabs and consider them easier
and more reliable to prepare.

Several researchers experimented with a gently
radiused gauge section, with the goal of forcing fail-
ure into a region of known and consistent stress state
(away from the grips) as is well established for met-
als and plastics testing. Some work is published in
open literature [12—14], but the authors have also
been privileged to be shown similar results by indus-
trial partners who have undertaken similar which
remains unpublished. In certain respects, the pub-
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lished work shows a basic level of success, in terms
of generating failure within the designated gauge
section. However, this does not appear to signifi-
cantly improve repeatability; it is unclear whether the
dominant factor in variability is therefore related to
the material or to the specimen preparation. More
importantly, a non-critical failure is observed in many
tests presented; prior to complete tensile rupture,
the specimens develop a shear failure, parallel to the
tensile axis, aligned with the edges of the narrowest
point of the gauge section. This is particularly con-
cerning for fatigue analyses, where considerable
insight may be obtained by calculating the dynamic
behavior of the specimen (for example stiffness, mod-
ulus, loss tangent, cyclic work done); clearly if the
geometry of the load carrying section of the speci-
men changes, then any such calculations will show
a change in output, but will no longer give a compara-
ble measure of the material performance. This might
be circumvented by use of strain gauges bonded
directly to the specimen, but this raises the risk of not
measuring a sufficiently large surface area to be rep-
resentative, especially with commercial demand for
use of large fibre tows and woven reinforcements.
By comparison, the use of open-hole specimens for
fatigue does appear to reliably force failure into a
defined location, and although this was demon-
strated some time ago [15, 16], it was not developed
into an international standard until 2011 [17] and is as
yet only used by a small number of workers. Early
work on fatigue damage in composites also exam-
ined the possibility of using on-axis uni-direction-
ally reinforced material with an elongate, transverse,
open hole. Growth of the longitudinal fractures prop-
agating from the edges of the hole (as seen from the
edges of the radii on dumbbell specimens discussed
above) was evaluated, with some success, but the
concept does not appear to have been advanced
beyond the original work by Spearing and Beau-
mont [18].

1.3. Clamping pressure

Historically, mechanical testing practitioners have
often used a ‘rule of thumb’ that the gripping force
on the ends of a typical specimen should be approx-
imately 10 to 15% larger than the maximum axial test
load to be applied. Although at present the authors
cannot identify the origins of this guideline, it seems
highly probable that it originates in testing of met-
als coupons, where specimens have more compliant
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surfaces making them easier to indent and grip. Fur-
thermore a majority of tensile testing on metals and
polymers utilizes wasted specimens where the
gripped section is wider than the gauge length. It is
the authors’ opinion that this level of clamping pres-
sure is usually inadequate for typical, parallel sided
specimens, of structural composites.

2. Materials and experimental pocedure

2.1. Specimen preparation

Tests were conducted on E-glass fibre reinforced
epoxy resin sheet, prepared by wet lay-up and vac-
uum consolidation.

Industrial grade, low temperature curing epoxy resin
was used, with fibre in the form of E-glass 280 gsm
non-crimp fabric. All specimens were produced in
one batch, using the same batches of raw materials.
The raw materials used in this initial work were
generic industrial products, as supplied by East Coast
Fibre Supplies, who do not offer further certifica-
tion of composition or mechanical performance.
Material was produced by wet laying 6 plies of non-
crimp fabric between polyamide peel-ply release
film, on a polished steel caul plate, then vacuum con-
solidating at better than 0.95 bar until gelled. The
consolidated material was moved to an oven (still on
caul plate within bag and under vacuum) for final
cure at 60°C for 4 hours.

Specimens were prepared in accordance with ISO
257 [6], cut by diamond wheel, with parallel gauge
section of 25 by 150 mm. The 50 mm long gripped
section was adjusted for comparison between: tabs of
cross-plied, glass fibre reinforced epoxy, 2 mm thick
[6, 11]; tabs of aluminium sheet, 2 mm thick [11]; no
bonded tab [1].

Where used, the adhesive was the same composition
and subject to the same cure as the matrix material.
Bonded surfaces were thoroughly solvent washed
with acetone, then abraded, then re-washed and
allowed to dry, prior to bonding. Composite surfaces
were abraded using bonded abrasive paper; alu-
minium tabs were grit blasted with clean silica sand.

2.2. Mechanical testing

Specimens were tested using an Instron 8801MT
servohydraulic materials testing system, rated to
100 kN peak dynamic load, with a control system
capable of 10 kHz data acquisition and loop closure
rate. Direct strain measurements were taken using
an Instron dynamic extensometer with a 25 mm

gauge length (a strain gauged, clip-on extensometer,
calibrated at 2% of a 12.5 mm gauge length, manu-
facturer’s part No. 2620-602), at the mid-point of
the free length of each specimen. Specimens were
clamped using hydraulically tensioned, wedge acting
grips (rated for up to 100 kN axial load), with a reg-
ulated acting hydraulic pressure.

For the purposes of this study, tests were carried out
in tension-tension mode, at a single loading level.
After tuning the control system, each specimen was
subjected to a cyclic load at 5 Hz, at a loading ratio of
0.1, to a peak stress equating to 50% failure strength.
After an initial bedding-in period of 1000 cycles, to
overcome the initial phase of rapid damage accu-
mulation, the hydraulic pressure was varied up to
200 bar (supply pressure is nominally 207 bar), in
increments of 20 bar, to apply a range of clamping
stresses on the gripped section of the specimen.
For reference, the peak tensile load in these tests
was 15 kN, which according to the guidance for grip-
ping of metals (discussed earlier) would correspond
to a gripping stress of just 14.3 MPa; no data point
was taken for this value since the required hydraulic
pressure is so low that it is not always sufficient to
overcome mass and static friction on opening or
closing the grips.

Key parameters of the dynamic behavior of the spec-
imen (including phase angle, stiffness and modulus,
for in-phase, out-of-phase, and complex behavior)
were calculated live, for each cycle, by the test con-
trol software, using simulated sine wave correlation
algorithms.

2.3. Infrared thermography

It is fairly well known that composites under cyclic
loading are subject to significant self-heating effects
[14, 19-21], through a combination of viscous heat-
ing and energy release through micro-fractures. Obvi-
ously this presents other experimental concerns
which have been discussed elsewhere, but it facili-
tates identification of where strain and damage are
being introduced [22].

An Optris PI450 bolometer thermal imaging camera
was used to examine the edge of the specimen as it
passed into the gripped section, and at the end of
each test an image was captured and line scan data
extracted along the centerline. Data are presented as
a temperature increase profile; after subtraction of a
baseline profile of the gripped specimen, prior to any
loading.
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For the purposes of this initial investigation, it was
not deemed necessary to apply a constant emissiv-
ity coating, since all surfaces of interest were of the
same material, meaning that the absolute surface tem-
peratures calculated are of uncertain accuracy, but
over the small temperature range present in these
tests, the relative changes of interest are highly reli-
able. Surface temperature calculations were based
on an emissivity of 0.96, typical for polymer matrix
composites.

Specimen heating effects are directly linked to
applied strain amplitude and to progressive damage
accumulation, so the locations of more severely
loaded regions of the specimen may be inferred
from the temperature distribution. This approach is
distinct from thermo-elastic stress analysis [23, 24]
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and the two must not be confused. TSA is a differen-
tial technique for evaluating the relative magnitude
of the change in stress distribution between two load-
ing states of a test piece subject to purely elastic
load; in cyclic tests (on composites) it can only reli-
ably be applied between two loading points within a
single cycle over a relatively small stress range. The
approach used for this paper is effectively measuring
the cumulative energy dissipation in the material
over a large number of cycles, from which a semi-
quantitative measure of strain amplitude is inferred.

3. Results and discussion

3.1. Raw data

Raw data for strain measurements for each speci-
men is presented in Figure 1. Since this is a fatigue

0.40 -16.4
0.35 4 - -16.6
— - -168 E
£ 0.30 E
E - -170 =
g 0251 L 172 2
© 7]
E 0201 - 174 2
g 015 - —17.6 .%
= - -17.8 &
W 010 2
cdadoq 180 <
0.05 F=F=5™ 1T —18.2
0.00 . . . —L 184
0 500 1000 1500 2000 2500
b) Elapsed cycles
0.40 -155
0.35 N
= L 160 —
i E
E 0.30 £
& 0251 NN | 165 S
[ -
E 020 8
g a
§ 0151 d.l 170 s
= 010l I L L Kol S %
10~ L 175 <
0.05 -
S o T St ) [ [
0.00 - - - : -18.0
0 500 1000 1500 2000 2500
d) Elapsed cycles

Extension: Maximum
————— Extension: Minimum
Position:  Maximum
————— Position:  Minimum

Figure 1. Peak strain from actuator displacement or extensometer reading vs elapsed cycles; vertical lines denote the timing
of increments in gripping stress, a) GFRE tab, b) aluminium tab, ¢) no tab, d) abrasive cloth, ¢) SiC coated jaws
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Figure 2. Calculated complex modulus from actuator displacement or extensometer reading vs elapsed cycles; vertical lines
denote the timing of increments in gripping stress, a) GFRE tab, b) aluminium tab, c) no tab, d) abrasive cloth,

e) SiC coated jaws

test, the specimen behavior does change with elapsed
cycles, hence these charts are presented with cycles
on the x-axis; vertical lines are not gridlines, but
instead denote each point at which the hydraulic pres-
sure to the grips was increased, by a step or 20 bar.
The values of dynamic modulus and phase angle
calculated live with each cycle are plotted in a sim-
ilar manner in Figure 2.

3.2. Complex dynamic modulus

Under ideal conditions it is assumed that the speci-
men would be gripped such that there is no slipping
of the specimen within the jaws, that load is intro-

duced evenly without stress concentrations, and that
the stiffness of the grip body and actuator are greatly
above that of the specimen under test. Since our cur-
rent standards for composite test coupons are straight
and parallel sided, the result of this would be that
any geometry-independent measurement of stiffness
would ideally be identical when calculated from grip
separation or extensometer respectively. Practically,
this is clearly unrealistic, but many workers utilize
grip separation to measure strain, for a variety of rea-
sons. For this reason, the authors and many other
sources frequently emphasize the importance of strain
measurement on an appropriate gauge length.
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Figure 3. Error in measured complex modulus at grip vs
gripping stress on tab (based on actuator displace-
ment compared with extensometer measurement)

Figure 3 shows the error in complex modulus gen-
erated by imperfect gripping, and how it varies with
the combination of clamping force and tab material.
Each data point is the average of the percentage dif-
ference between 20 pairs of data points; ‘error bars’
on each data point indicate the maximum variation
from mean.

The implication of a negative error is that there is
significant shear or slippage within the gripped sec-
tion; the effect of this is equivalent to a specimen
with lower modulus or a larger gauge length. By
contrast, positive errors suggest a degree of over-
constraint on the specimen, causing the ends of the
gauge length to exhibit greater on-axis stiffness.
Logically it is also possible for a specimen to suffer
from both effects at the same time; experiencing
some slippage on the loading axis, while the ends of
the gauge length are still subjected to a degree of
over-constraint. For this reason, it is difficult to infer
specific causality solely from the difference in
extension or derived calculations, but it is the first
step in identifying a problem.

On this basis it is postulated that the ‘traditional’
method of using cross-ply composite tabs results in
noticeable over-constraint; potentially this is caused
simply by the fact that the bonded tabs themselves
apply considerable transverse constraint. Furthermore
that this effect dominates compared with the small
degree of slipping, which is known to happen at very
low grip pressures through the evidence of abraded
material which is found stuck in the serrations or the
jaw face.

Conversely, the use of tab-less specimens (whether
directly clamped in serrated, hardened steel jaws, or
using the recommended layer of abrasive cloth) must
give a significant degree of slipping or not clamp
the full grip length. Using the same type of specimen

with a silicon carbide bonded into the metal jaw
surface still showed high sensitivity to clamping
force, but surprisingly shifted the errors to a positive
domain.

Finally, the use of aluminium tab material seems to
be quite effective in achieving only a small error,
without the need for high clamping forces which
increase the risk of stress concentrations at the end
of the gripped section.

3.3. Loss angle

Figure 4 shows the additional component of loss
angle introduced at the grip, as compared with that
at the extensometer measurement. Each data point
is the average of the difference between 20 pairs of
data points; ‘error bars’ on each data point indicate the
maximum variation from mean. Loss angle (usually
termed J, or expressed as tan §) can be used as a meas-
ure of the damping in a system. Since it is known that
the specimen material is moderately consistent for its
whole length, it must be assumed that a phase dif-
ference between the two displacement measurements
is introduced by slipping or shear within the gripping
assembly.

This appears to confirm the earlier suspicion that the
composite tabs are held quite effectively, while the
un-tabbed specimens experience more significant
slippage.

It is interesting to note that the specimen with alu-
minium tabs introduced a similar degree of lag to the
untabbed specimen, but probably for different rea-
sons. With the untabbed specimen this seems very
likely to be related to slippage, but the aluminium tabs
appeared securely gripped throughout, so their con-
tribution may come from shear within the metal. It
was not possible to use digital image correlation dur-
ing this study to determine the actual displacement
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Figure 4. Additional phase lag introduced in grip vs grip-
ping pressure (phase angle at extensometer for all
tests was within 0.10£0.05°)

485



Buailey and Lafferty — eXPRESS Polymer Letters Vol.9, No.5 (2015) 480—488

fields, but the authors intend to pursue this in further
work to resolve these questions.

3.4. Temperature distribution

Figure 5 shows thermal images of the 5 different tab/
grip configurations. A localized heating effect near
the end of the grip is particularly obvious on the spec-
imen with conventional composite tabs.

It is very clear that in the standard tabbed specimens,
there is a very high degree of heating just within the
end of the gripped section. The specimen gripped
with un-bonded abrasive cloth behaved similarly.
Using integral abrasive surfaces on the jaws, without
tabs, seemed to reduce the sharp peak in heating, but
caused more heat introduction further back into the
grip, possibly due to sliding and abrasion. By con-
trast, specimens without tabs, or with aluminium tabs,
show very gentle transitions from gripped to free
length.

The specimens without any tabs and with aluminium
tabs have remained much cooler that the others, prob-
ably due to much better conduction extracting more
rapidly the heat which is generated. Since fatigue per-
formance of composites is necessarily affected by
temperature, due to the nature of the matrix materials,
this would suggests that fatigue test specimens are
doubly likely to fail at the grip, since the material near
the end of the tab is both more highly stressed and at
higher temperature.

Figure 6 plots the increase in surface temperature
along the center-line of these specimens after cyclic
loading

It is very clear that in the standard, composite-tabbed
specimen, there is a very high degree of heating just
within the end of the gripped section. Despite earlier
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Figure 6. Temperature profiles along specimen edge as it
enters the grip

indications (see section 3.4) that the tab-less speci-
men gripped with un-bonded abrasive cloth suffers
significant slippage, the thermal activity in this con-
figuration is very similar to the standard tabbed spec-
imen. The implication of this is that the load introduc-
tion and damage localization is very similar between
these two configurations. It may be argued that this
is not an unexpected outcome, since these methods
were established as moderately reliable and compa-
rable early on in quasi-static test development for
composites [1]; this would imply that the induced
mechanical behavior of the specimen must be con-
gruent in order to achieve similar results.

By contrast, specimens without tabs, or with alu-
minium tabs, show very gentle transitions from
gripped to free length. It must be recognized that
these specimens have a more direct connection to the
metal jaws, through which heat might be conducted
away into the thermal mass of the grips. Although this
would surely suppress the magnitude of temperature
rise, any significant local heating effects should still
be apparent. It would appear that the severity of local

+2°C

+0°C

)

Figure 5. Thermal images of the specimen edge after cyclic loading. (a) GFRE tab; (b) Aluminium tab; (c) Tab-less;
(d) Tab-less with abrasive cloth; (e) Tab-less in SiC fused jaws.
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heating and grip-induced damage is reduced in these
solutions, which do not conform to current interna-
tional standards.

Using jaw faces with a rough silicon carbide surface,
fused directly to the steel, with a tab-less specimen,
seemed to reduce the sharp peak in heating, but
caused more heat introduction further back within the
grip. This may be due to sliding and abrasion of the
surface, as previously discussed, which might reason-
ably overwhelm the better conductive path to extract
heat into the jaws.

The authors have been unable to identify any other
experimental analysis of stress or strain concentra-
tions in the gripping region of composite test coupons
for in-plane tensile or compressive property meas-
urement. However, a survey of stress concentra-
tions within the gripped section was conducted by
De Baere et al. [8], using finite element modelling,
for a fairly extensive range of tab and grip permuta-
tions. For GRFE tabbed specimens, the temperature
rise illustrated by the line scans presented in Figure 6
seem to correspond well with the calculated stress
concentrations along the specimen presented in that
study. For aluminium tabbed specimens the compu-
tational method anticipated a small peak in stress con-
centration near the end of the tabs, which is not
observed in the experimental data here, although
this effect may be masked by the much better heat
conduction along and out of the specimen, as already
mentioned. De Baere ef al. [8] did not examine un-
tabbed specimens.

During the tests, it was also noted that the tempera-
ture distribution appears to change with the applied

- 42°C

+1°C

+0°C

Figure 7. Temperature distribution on GFRE tab specimen
(a) after 1600 cycles with 30 MPa clamping stress
and (b) after a further 2100 cycles at 120 MPa
clamping stress

clamping stress. As shown in Figure 7, qualitatively
speaking, higher clamping stress seems to push the
localized heating into a tighter region, closer to the
end of the gripped section, or just beyond it on some
tab-less specimens. At the time of writing, insuffi-
cient data was available to draw any reliable con-
clusions without further testing.

4. Conclusions

The implication of these data is that, at least in cyclic
testing of composites, the standard method of grip-
ping composite coupons can easily cause damage and
failure outside the gauge length, under un-representa-
tive loading conditions. This initial study gives some
clues for how to locate and reduce the problem, and
the findings are in agreement with computational
models of stress concentration, as well as anecdotal
evidence from a significant number of workers who
regularly observe failure within the gripped section
of composite fatigue test coupons.

The short case study presented here is based on a
small sample size, but the indications are that there is
a need to reconsider the best methods for gripping
composite specimens for fatigue loading. The authors
intend to verify this on a larger sample, and using sev-
eral other representative materials.
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