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Abstract: Polymer films based on polyethylene (PE) and ionomer ethylene/methacrylic acid (EMAA)
copolymer blend were prepared by film blowing, whose surface properties were tuned by varying
processing parameters, i.e., take up ratio (TUR). Blends of PE/EMAA copolymer were firstly prepared
by the melt-mixing method, before being further blown to films. The wettability of the film was
investigated by measuring the contact angle/water-film encounter time, and optical properties,
i.e., the haze and transmittance. The wettability was found to be enhanced with the increase of TUR.
So too was the haze, while the transmittance was found to be almost independent of TUR. The XPS
and AFM results directly show the increasing polar functional groups (<COO~) on the surface and
roughness with increasing TUR. Further analysis of the 2D SAXS and WAXS unveiled the origin of the
invariant transmittance, which resulted from the minor change of the crystallinity and the monotonic
increase of the haze, with TUR resulting from the evolution of crystal orientation. In addition to other
post-modification methods, the current study provides an alternative route to prepare large-scale
PE films as the template for the advanced potential applications, i.e., covering in the layer of roof,
the privacy of protective windows, and multitudes of packaging.

Keywords: PE; EMAA; blown films; haze; wettability

1. Introduction

Polyethylene (PE) film is one of the most widely used polymeric materials, which is attributed to
its numerous advantages, i.e., abundant supply, good chemical resistance, low cost, and versatility [1-4].
However, its lack of reactivity, dyeability, poor wettability, and matting limit its potential applications
to some extent. PE films are widely used in multi-product packaging, where optical properties are of
paramount importance [5-12]. Films with low haze and high transparency are preferred for packaging
and agriculture, since it allows the customers to see inside clearly. However, another type of film with
extremely high haze, named matte film, has attracted great interest in the packaging industry in recent
years, especially for the commercial enterprise of superior quality stuff [13]. This is due to the fact that
the matte surface reduces glare for easy viewing and increases the appeal of the products. Moreover,
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some of the PE films used in packaging applications are in the form of laminate with other materials,
i.e., paper and aluminum, where the adhesion property or the high wettability is the key issue in the
applications [14,15] The adhesion property mainly depends on the surface free energy and surface
morphology. However, PE films have disadvantages in it owing to its nonpolar nature. Modification of
the PE surface is necessary to enhance the interaction between PE and other metal foil layers [11-13].

Besides packaging, another major usage of PE film is in the field of agriculture as greenhouse
covers, which provide a favorable environment to increase plant yield [16]. In general, greenhouse
films need to be have as high transmittance as possible for the solar spectrum. Thus, films with low
haze and high transparency are favored. However, in peculiar cases, like in the areas where there is
perennial sunshine with no cloud, the direct incident of natural light (high transmittance) may harm
crops and burn their leaves. Under this condition, films with high haze are required. As a result,
the application of PE films as greenhouse covers require tuning the optical properties depending
on local conditions. Besides the optical properties, the fogging phenomenon is also crucial in the
applications of PE films [17]. Drop-like condensation of water on the film leads to the serious lens effect
and falls onto the plants, creating an appropriate environment for the multiplication of disease [2].
The so-called antifogging films with a hydrophilic surface are demanded in order to change the
condensation shape from drop-like to a water layer, which does not reflect the light and can flow
down gradually [2,18]. However, PE films exhibit limitations for greenhouse coverings because of
their hydrophobic behavior [17,19].

Based on the above descriptions, for the major demands, the modification of optical properties,
adhesion properties, and wettability of PE films is necessary to adapt to the highly increasing
requirements of applications. For the film products, transmittance and haze are the key parameters
used to describe the optical properties. The former (transmittance) is defined as the ratio of total
transmitted light to the incident light, while the latter (haze) is the percentage of transmitted light
that deviates from the directly transmitted beam by more than 2.5° [20]. Both the internal structure
and surface roughness can influence the haze, which are referred to as bulk (internal) and surface
haze, respectively [5,21]. Bulk scattering is caused by the fluctuation of the refractive index on the
scale of the light wavelength, which usually results from the formation of the superstructure [5].
The scattering intensity is roughly proportional to the sixth power of the radius, supposing that
spherulitic superstructure is generated [22]. Thus, the haze can be tuned though altering the
superstructures, including adding nucleating agents, changing temperature, and flow field. The other
general way of influencing the optical properties is to reduce the thickness of the film. The thick film
attributes the larger spherulite size, which scatters the light at the large angle and results in the higher
haze value [23]. Lots of studies on the quantified relation between superstructure effect and light
scattering have been carried out [5,6,10,18,24-26] Surface haze arises on account of the existence of
surface asperities on the scale of light wavelength (several hundred of nanometers), which induces the
occurrence of diffuse reflection and refraction. Studies on the blown film surface morphology show that
melt flow behavior and crystallization are two main causes to give rise to the surface roughness [5,6,21].
It has been recognized that the major cause of the high haze is surface haze, which comes from the
surface roughness, while the effects of bulk haze are relatively minor, in the case of single-component
polymer films [5,27].

Various attempts have been made to improve the adhesion properties of PE, such as flame
treatment [28], corona treatment [29], plasma treatment [30], and chemical etching [31], which mainly
focus on the post-modification of PE films [32]. However, many of these techniques are subject to
certain limitations, such as severe conditions, tedious fabrication, expensive reagents, and special
equipment. As to the wettability, hydrophilic additives, such as nonionic surfactants (esters of fatty
acids and glycerine or sorbitan) are used to obtain the antifog films [18]. However, the antifog effect
decays rapidly during the lifetime of the film, as the surfactants are extracted by the condensed water
and usually disappear within two years. New formulations with improved antifog effect quality and
duration are needed.
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An alternative approach to solving the above concerns is polymer blending, which is a practical
way of making new materials with outstanding properties [5,6,15]. The final properties of blends
depend on the individual component properties, as well as the composition, morphology, interphase,
and processing conditions. In the present work, one kind of ionomer resin with oxygen-containing
polar groups, partially neutralized with the Na* ions was added to the PE and fabricate of films by
blown film extrusion. Results show that the surface properties heavily depend on the take-up ratio
(TUR). With the increase of TUR, the haze increases monotonically, while the transmittance remains
about the same at a large value. A transformation from hydrophobic to hydrophilic takes place with
increasing TUR. By blending and altering the processing parameters, films with desirable surface
properties are obtained, which is expected to provide a new methodology for the manufacturing of
high-performance films.

2. Experimental Section

The whole experimental process is shown in Figure 1.
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Figure 1. Schematic illustration of the preparation of large-scale polyethylene (PE) and ionomer
ethylene/methacrylic acid (EMAA) copolymer films with tunable surface properties: (a) preparation
of PE/EMAA granules for film blowing; (b) film blowing apparatus; (c) macroscopic performances,
including surface wettability and optical properties.

2.1. Materials

Polyethylene (PE) used in this study is a mixture of three different kinds of PE: linear low density
polyethylenes (LLDPE1, ethylene-octene copolymer, XUS61530, DOW; LLDPE2, ethylene-butene
copolymer, 1001AV, ExxonMobil) and low density polyethylene (LDPE, 0725N, TASNEE) with blending
ratio of 2:1:1 [33]. The ethylene/methacrylic acid (EMAA) copolymer is ionomer resin (Surlyn 1601,
DuPont) with 54% MAA neutralized by the Na* ions. The chemical structure of EMAA copolymer
is illustrated in Scheme 1. The basic physical properties of all these polymers are listed in Table 1.
PE/EMAA blend was obtained by melt-mixing through corotating twin-screw extruders and cutting
into granules. The PE/EMAA (90/10, wt/wt) sample was chosen in this study.

T
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/
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Scheme 1. Chemical structure of ethylene/methacrylic acid (EMAA) copolymer (Surlyn).
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Table 1. Typical molecular characteristics and rheological properties of polymers.

Formula Density (g/cm®)  Melt Flow Index (g/10 min) My, (kg/mol) PDI

LLDPEI1 0.917 0.8 133 42

LLDPE2 0.919 1.0 151 49
LDPE 0.923 0.75 109 51

EMAA 0.940 1.3 — —

2.2. Film Production

PE/EMAA films with different surface properties were produced by a custom-built film blowing
machine. It was equipped with a screw diameter of 25 mm (L/D = 25) and a die having a diameter of
30 mm with a gap of 1 mm. For the detailed setup of this instrument, refer to our previously reported
literature [33-36]. In this study, a wide range of TUR (from 5 to 30) was adopted, during which,
other processing parameters were kept constant with die temperature (220 °C), blow-up ratio (defined
as the ratio of the bubble diameter to the die diameter, BUR 2), extrusion speed (2.37 mm/s), and air
flux for cooling (as shown in Table 2).

Table 2. The processing parameters of blown films (v; is the taking up speed).

TUR-5 TUR-10 TUR-15 TUR-20 TUR-25 TUR-30

vt (mm/s) 11.9 23.9 354 47.3 59.3 71.1
TUR 5 10 15 20 25 30

2.3. Characterization

2.3.1. Contact Angle Measurement

Static water contact angle measurement was carried out by Contact Angle Meter SL200B (Solon Tech.
Co., Ltd.). A drop of ultra-pure water (2 pL) was placed on the prepared film surface using microsyringe
appurtenance and images were captured. The water contact angle was calculated by software CAST
2.0. All measurements were repeated three times.

2.3.2. Haze and Transmittance Measurement

Haze and transmittance were measured with the spherical haze and transmittance meter (SGW-820
Haze-meter, Shanghai INESA Physico-Optical Instrument Co.,Ltd.). All measurements were repeated
three times. During the measurements, the thickness of the films was kept same as the actual film
obtained after the blown film processing at various TURs. The experimental thickness information,
including the theoretical thickness at various TURs, is given at Table S1 and Figure S2.

2.3.3. Atomic Force Microscopy (AFM)

The film surface morphology was characterized by the AFM (Veeco Dimension 3100) with contact
mode. The AFM scan size for surface morphology was 2 X 2 um?. All samples were tested directly
without further treatment.

2.3.4. SAXS and WAXS Measurements

SAXS measurements were carried out at an in-house small-angle X-ray scattering system with a
vertical layout. A micro-focus X-ray source (Genix’® Cu, wavelength A = 1.54 A) equipped with a
PILATUS 300k detector (487 x 407 pixels with a pixel size of 172 x 172 pm?) was employed to collect
the 2D SAXS data. WAXS measurements were performed by an in-house set up with the help of an
image plate detector (Mar 345, 3072 x 3072 pixels with a pixel size of 150 x 150 um?) attached to a
micro Cu Ko X-ray source (Incoatec, GmbH, A = 1.54 A). All SAXS and WAXS patterns were collected
within 15 min with a sample-to-detector of 2250 mm and 352 mm, respectively [37,38].
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Fit2D software from the European Synchrotron Radiation Facility was used to analyze the
data [39,40]. The 2D SAXS and WAXS patterns were integrated to obtain 1D scattering profiles as a
function of the scattering vector

g =4n(sin 0)/ A 1)

where g is the module of scattering vector, 20 the scattering angle, and A is the X-ray wavelength.
The crystallinity x. is calculated as follows:

LA

= = 1 00 2

where A. and A, are the integrated areas of crystalline and amorphous components, respectively,
which are obtained through the multipeak deconvolution of 1D integrated WAXS curve.
The long period L was calculated from the gmax of the 1D SAXS curves:

21

Gmax

L:

®)

The orientation parameter of the lamellar stack (f) was estimated from the full width at half
maximum (FWHM) of the azimuthal-integrated intensity distribution of the 2D SAXS patterns,
according to the following equation:

f 180 - FWHM @
180
where f equals to 1 when all lamellae are perpendicular to the flow direction, while 0 for no preferred
orientation situation.

3. Results and Discussion

Blown films wettability: Figure 2a shows the representative photographs of the water droplets on
different film surfaces at the time of 0 min and 12 min for the all TURs. It could be observed that the
contact area of the droplet increased with the increase of both TUR and time, which reflects increasing
of surface wettability. Figure 2b summarizes the quantitative analysis of the time dependence of the
contact angle 0. The contact angle 0 showed a similar tendency, i.e., the monotonic reduction in the
contact angle 0 with time and the decreasing rate increasing with the TURs. Within the detection
window (<12 min), PE/EMMA films obtained under TUR < 20 had a final contact angle 8 > 90°,
while those obtained under TUR > 20 showed 6 < 90°. Such a phenomenon should be attributed
to the surface modification introduced by varying TURs. Increasing TUR can significantly increase
the number of the polar functional groups of EMAA on the film surface, since only EMAA contains
hydrophilic carboxylic groups, while PE is strongly hydrophobic. Such a conclusion holds for longer
measurement time, as shown in Figure 2c, where the contact angles of different films were obtained
after 12 min. In all, the surface wettability of PE/EMAA film from moderate hydrophobic to strongly
hydrophilic can be manipulated through varying external processing parameters (TUR).
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Figure 2. (a) Photographs of the water droplet on different PE/EMAA film surfaces; (b) contact angle as
a function of time at various take up ratios (TURs); (c) static contact angle after 12 min.

Optical property: The optical property of blown film is crucial in agriculture, where haze and
transmittance are two key measurable parameters, as mentioned above [5,6]. The total haze and
transmittance of PE/EMAA blown film at various TURs are shown in Figure 3. The transmittance
slightly increased from 88% to 89% with the increase of TUR. Such a minor change of transmittance
suggests the TUR does not significantly change the transmittance of film. Considering the haze,
no apparent change was observed for a film with TUR < 15. It increased dramatically with the TURs
from 39.53% (TUR = 15) to 68.05% (TUR = 30). To unveil the origin of the different performances of
haze and transmittance as a function of TUR, it is desirable to find key factors determining these two
properties. Huck et al. found that the haze actually originates mainly from the surface irregularities of
the films, whereas the transmittance is mainly the function of the inner crystallinity [21]. The almost
invariable transmittance suggests the inner structure of the PE/EMAA film, i.e., crystallinity, may
remain almost unchanged with variable TURs, which will be further elucidated later. For the haze,
the dramatic increase was closely related to the surface properties of PE/JEMAA, indicating the large
variation of surface properties, i.e., roughness, induced by variable TURs. There are two possible
mechanisms for the change of haze: one is the extrusion haze and the other is the crystallization
haze [5]. The former is related to the polymer melt and just exists in relation to the die, whereas the
latter is related to the flow-induced crystallization close to the surface. Since only TUR was changed
during the whole preparation process, the crystallization haze should be the dominant mechanism
for the change of haze. Increasing TUR could lead to the strengthening of the flow field, and this
could cause different anisotropy of crystal. Besides polymer structure, another important concern is
related to the film thickness. The film thickness decreases with the increase of the TUR, as shown
in Table S1 and Figure S2. The nonmonotonic dependence of film thickness on TUR suggests the
complicated nature of PE/EMAA blend film, especially at higher TUR regions (TUR > 20). However,
direct experimental evidence tracking the structural evolution during film blowing is necessary to
clarify such a phenomenon and its relation with the haze, which will be published elsewhere.
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Figure 3. Haze and transmittance of PE/EMAA films at various TURs.

From the film wettability and optical properties, it was concluded that: at the lower TURs (5 to
20), the film surface properties are slightly changed, while with the increase of TUR up to 25 and 30,
the rapid decrease in the contact angle and sharp increase in the haze are exhibited by the films. Both of
these properties are closely related to the surface properties, i.e., surface roughness and distribution of
polar functional groups, and inner film structure, i.e., crystallinity and crystal orientation. The detailed
characterization of the surface properties was accomplished based on the XPS and AFM, and that of
the inner structure was by WAXS and SAXS.

Chemical composition of blown film surface: X-ray photoelectron spectroscopy (XPS) is one of the
most suitable techniques for the film surface composition/enrichment analysis, which is quantified in
terms of peak position and peak intensity. The peak position contains characteristic features of different
atoms in different states, and corresponding peak intensities are proportional to their quantities. As a
result, XPS can quantify the elemental composition of the film surface. Figure 4a presents the XPS
whole survey results, including the enlarged O, lineshape of PE/EMAA films obtained at different
TURs. Two sharp peaks were observed at the binding energies of 289-290 eV and 531.5-533 eV,
which were assigned to Cy; lattice and Oy, respectively [41]. No apparent peak shift was observed
for C1s (289-290 eV, Figure S3). For Oy4 (531.5-533 ev), increasing TUR led to the transition from
singlet to doublet peak, whereas further increasing TUR resulted in the emergence of the doublet peak.
As mentioned above, only EMAA contains the polar functional group—carboxylic group. The binding
energy of Oy, for a single C-O bond falls in the binding energy of 531.5-532 eV, whereas that of the
double carbonyl organic bond C=0 lies in the range of 532-533 eV. [42]. Therefore, such doublet peak
could be attributed to the coexistence of single and double bonds on the film surface. The intensity of
Oqs is proportional to the concentration of EMAA on the surface. The counts of functional carboxylic
groups were calculated from the area under the peak O;4. Figure 4b shows the atomic concentration
of Oq5 contents. It shows that the O4 count remained almost constant within low TURs (5 to 20),
but increased dramatically for film obtained at TUR = 30. This suggests more functional polar groups
(-COO7) appear on the surface at the high flow condition.
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Figure 4. (a) Surface composition survey by XPS scans at various TURs; (b) calculation of percentage

atomic concentration of functional group by Oy4 peaks.

Surface roughness of blown film: The atomic force microscopy (AFM) was used to analyze
surface film texture and roughness of the PE/EMAA blown films. Figure 5 shows the topographic
images of PE/EMAA films obtained under different TURs. Generally, all AFM height images showed
irregular surface morphology, and with increasing TUR, more irregular stacked domains appeared
above the surface. The orientation difference of the lamellae on the surface obtained under different
TURs could also be observed in the AFM phase images (Figure S1). The quantitative analysis of the
AFM images resulted in the surface roughness (R,), as shown in Figure 6. The roughness increased
monotonically with the TUR, and changed abruptly at TUR = 30 (R, = 43 nm). The almost double
increase in surface roughness indicates the significant modification of surface induced by TUR. The
film texture, i.e., crystal morphology and lamellar orientation, is not clearly characterized by AFM,
which is later characterized by X-ray scattering.
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Figure 5. AFM height images of PE/EMAA films obtained at various TURs.
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Figure 6. The surface roughness R, of different PE/EMAA films as characterized by AFM.

Above crystal surface characterization results have shown that increasing TUR can increase
the quantity of polar functional groups and surface roughness. The decreasing contact angle was
well consistent with the increase of carboxylic groups on the surface. With respect to the optical
properties, the haze was initially thought to result from the coupling influence of surface composition
and texture morphology. Since the haze increases continuously with the increase of TUR, whereas both
the concentration of carboxylic groups and surface roughness remains almost constant with TUR < 25,
it suggests that the haze of final polymer films are not solely determined by the surface composition and
surface roughness. Another possible origin is the orientation of the crystal lamellae, as discussed below.

Internal hierarchical structure: The internal structure of the PE/EMAA films at various TURs were
characterized by ex situ WAXS and SAXS, as shown in Figure 7. The PE/EMAA films exhibited two
sharp peaks at 20 = 21.6° and 24.08°, corresponding to (110) and (200) crystal planes of polyethylene in
orthorhombic structure, respectively (Figure 7a). The WAXS scattering ring first appeared for film
obtained at TUR = 5, which indicates the randomly distributed lamellae. Further increase of TUR led
to the four-spot patterns along the machine direction (MD). This suggests highly oriented crystal is
formed under the strong flow field [43-45]. Such transition from low anisotropy to high orientation
was further confirmed by the 2D SAXS patterns, as shown in Figure 7b. Quantitative analysis of
the WAXS and SAXS patterns was accomplished based on the 1D integrated curves, as shown in
Figure 7c,d. The lamellar thicknesses L and crystal orientations f of different films can be calculated
based on the gmax and anisotropy calculation in 1D SAXS curves (eq. 2-3), while the crystallinity x.
can be obtained through the multi-peak deconvolution of 1D WAXS curves (eq. 1). As summarized in
Figure 7e, the crystallinity (x.) increased negligibly from 32.8% to 33.9%, so too did the long period L
slightly decrease from 19 to 18 nm. However, the crystal orientation (f) increased monotonically with
increasing TUR from 0.58 to 0.75. Such moderate increase of the crystallinity should be attributed to the
coupling influence of both external flow field and the temperature gradient. Although strong flow field
favors the formation of oriented crystals, the faster cooling rate will also happen, which slows down
the crystallization rate. Considering the minor change of the transmittance and the significant increase
of the haze with increasing TUR, it can be concluded that the transmittance is mainly determined by the
crystallinity and crystal orientation, whereas the haze is significantly influenced by crystal orientation.
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Figure 7. (a) Ex situ 2D WAXS diffraction images; (b) 2D-SAXS scattering patterns, the machine
direction (MD) is horizontal; (c) the 1D integrated SAXS curves; (d) 1D integrated WAXS curves; (e) the
crystallinity x. (%), orientation factor f, and long period L (nm) calculated from the WAXS and SAXS
1D curves, respectively, at various TURSs.

4. Conclusions

In this article, the PE/EMAA films with tunable surface properties were prepared through
manipulating the processing parameter (TUR) during film blowing. The film surface exhibited strong
hydrophilic behavior (contact angle = ca. 45°) and higher optical haze (60%) at the higher taking up
ratios. The inner structure of film influenced slightly on the total haze (supporting previous studies).
The super-spherulitic structure near to the film surface was the major contributor to the large scattering
from the film surface roughness, which further increased total haze at higher TURs. The roughness
was caused by the EMAA enrichment on the surface, which helped to increase the film hydrophilicity
effectively. The current study provides an alternative method to one-step prepare large-scale PE film
with polar functional groups and can be used as a template for advanced film capable of application in
various fields, i.e., agriculture and private stuff packaging.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/10/1565/s1,
Figure S1: AFM phase images of PE-EMAA film obtained at different TURs, Figure S2: Film thickness vs.
the inverse of TUR, Figure S3 XPS C1s lineshape at various TURs. Table S1. Film Thickness of PE-EMAA films
obtained under different TURs.

Author Contributions: Data curation, S.A. and Y.J.; formal analysis, Q.Z., H.Z., D.W., and L.M.; funding acquisition,
L.L.; writing—original draft, S.A.; writing—review and editing, W.C.

Funding: The Fundamental Research Funds for the Central Universities: WK2310000079, the National Key R&D
program of China: 2016YFB0302500, the National Natural Science Foundation of China: 51703217.

Acknowledgments: This work is supported by the National Key R&D program of China (2016 YFB0302500),
the Fundamental Research Funds for the Central Universities (Grants WK2310000079), and the National Natural
Science Foundation of China (51703217). We are very grateful to Lihui Wu from NSRL (Hefei) for providing
a facility for the XPS measurements. We are thankful to CAS-TWAS for their contribution to the outstanding
students of underdeveloped countries.

Conflicts of Interest: The authors declare no conflict of interest.


http://www.mdpi.com/2073-4360/11/10/1565/s1

Polymers 2019, 11, 1565 11 of 13

References

1.  Butler, T.I; Morris, B.A. PE-Based Multilayer Film Structures. In Multilayer Flexible Packaging; William Andrew
Publishing: Burlington, MA, USA, 2016; pp. 281-310.

2. Laverde, G. AGRICULTURAL FILMS: TYPES AND APPLICATIONS. J. Plast. Film Sheeting 2002, 18, 269-277.
[CrossRef]

3.  Xu, M\M.,; Huang, G.Y.,; Feng, S.S.; McShane, G.J.; Stronge, W.J. Static and Dynamic Properties of
Semi-Crystalline Polyethylene. Polymers 2016, 8, 77. [CrossRef]

4. Manas, D.; Manas, M.; Mizera, A.; Stoklasek, P.; Navratil, J.; Sehnalek, S.; Drabek, P. The High Density
Polyethylene Composite with Recycled Radiation Cross-Linked Filler of RHDPEXx. Polymers 2018, 10, 1361.
[CrossRef] [PubMed]

5. Stehling, F.C.; Speed, C.S.; Westerman, L. Causes of Haze of Low-Density Polyethylene Blown Films.
Macromolecules 1981, 14, 698-708. [CrossRef]

6. Wang, L.EIL; Kamal, M.R.; Rey, A.D. Light Transmission and Haze of Polyethylene Biown Thin Films.
Polym. Eng. Sci. 2001, 41, 358-372. [CrossRef]

7. Larena, A,; Pinto, G. The Effect of Surface Roughness and Crystallinity on the Light Scattering of Polyethylene
Tubular Blown Films. Polym. Eng. Sci. 1993, 33, 742-747. [CrossRef]

8. Smith, PE,; Chun, I; Liu, G.; Dimitrievich, D.; Rasburn, J.; Vancso, G.J. Studies of Optical Haze and Surface
Morphology of Blown Polyethylene Films Using Atomic Force Microscopy. Polym. Eng. Sci. 1996, 36,
2129-2134. [CrossRef]

9.  Andreassen, E,; Larsen, A.; Nord-Varhaug, K.; Skar, M.; Emptysd, H. Haze of Polyethylene Films - Effects of
Material Parameters and Clarifying Agents. Polym. Eng. Sci. 2002, 42, 1082-1097. [CrossRef]

10. Fratini, C.M.; Esker, A.R.; Gibson, HW.; Ward, T.C.; Wilkes, G.L. Study of the Morphology and Optical
Properties of Propylene/Ethylene Copolymer Films. Dr. Diss. Virginia Tech 2006.

11. Wang, Y.J.; Zhang, X.N.; Song, Y.; Zhao, Y.; Chen, L.; Su, F; Li, L.; Wu, Z.L.; Zheng, Q. Ultrastiff and Tough
Supramolecular Hydrogels with a Dense and Robust Hydrogen Bond Network. Chem. Mater. 2019, 31,
1430-1440. [CrossRef]

12. Wang, Z,; Kong, D.; Yang, L.; Ma, H,; Su, F; Ito, K,; Liu, Y.; Wang, X.; Wang, Z. Analysis of Small-Angle
Neutron Scattering Spectra from Deformed Polymers with the Spherical Harmonic Expansion Method and a
Network Model. Macromolecules 2018, 51, 9011-9018. [CrossRef]

13. Rosa, R; Buaszczyk, G.; Mazzola, N.C.; Gomes, J.C. Polyethylene Films with Matte Surface. U.S. Patent
Application No. 15/740,621, 2018.

14. Xu, MM.; Huang, G.Y.; Feng, S.S.; Qin, X.Y.; McShane, G.J.; Stronge, W.J. Perforation Resistance of
Aluminum/Polyethylene Sandwich Structure. Mater. Des. 2016, 100, 92-101. [CrossRef]

15. Popelka, A.; Krupa, I; Novak, I; Al-Maadeed, M.AS.A; Ouederni, M. Improvement of
Aluminum/Polyethylene Adhesion through Corona Discharge. J. Phys. D. Appl. Phys. 2017, 50, 035204.
[CrossRef]

16. Espi, E.; Salmerén, A.; Fontecha, A.; Garcia, Y.; Real, AL Plastic Films for Agricultural Applications. J. Plast.
Film Sheeting 2006, 22, 85-102. [CrossRef]

17. Wagner, P. Anti-Fog Additives Give Clear Advantage. Plast. Addit. Compd. 2001, 3, 18-21. [CrossRef]

18.  Dobbin, C. Handbook of Industrial Polyethylene and Technology; Spalding, M.A., Chatterjee, A.M., Eds.; John Wiley
& Sons, Inc.: Hoboken, NJ, USA, 2017.

19. Shlosman, K.; Rosen-Kligvasser, J.; Suckeveriene, R.; Tchoudakov, R.; Narkis, M. Novel Antifog Modification
for Controlled Migration and Prolonged Wetting of LLDPE Thin Films. Eur. Polym. ]. 2017, 90, 220-230.
[CrossRef]

20. ASTM D1003 Standard Test Method for Haze and Luminous Transmittance of Transparent Plastics;
ASTM International: West Conshohocken, PA, USA, 2000.

21. Huck, N.D,; Clegg, P.L. The Effect of Extrusion Variables on the Fundamental Properties of Tubular Polythene
Film. Polym. Eng. Sci. 1961, 1, 121-132. [CrossRef]

22. Stein, R.S.; Rhodes, M.B. Photographic Light Scattering by Polyethylene Films. ]. Appl. Phys. 1960, 31,

1873-1884. [CrossRef]


http://dx.doi.org/10.1177/8756087902034748
http://dx.doi.org/10.3390/polym8040077
http://dx.doi.org/10.3390/polym10121361
http://www.ncbi.nlm.nih.gov/pubmed/30961286
http://dx.doi.org/10.1021/ma50004a047
http://dx.doi.org/10.1002/pen.10734
http://dx.doi.org/10.1002/pen.760331204
http://dx.doi.org/10.1002/pen.10609
http://dx.doi.org/10.1002/pen.11014
http://dx.doi.org/10.1021/acs.chemmater.8b05262
http://dx.doi.org/10.1021/acs.macromol.8b01913
http://dx.doi.org/10.1016/j.matdes.2016.03.090
http://dx.doi.org/10.1088/1361-6463/50/3/035204
http://dx.doi.org/10.1177/8756087906064220
http://dx.doi.org/10.1016/S1464-391X(01)80301-9
http://dx.doi.org/10.1016/j.eurpolymj.2017.03.025
http://dx.doi.org/10.1002/pen.760010307
http://dx.doi.org/10.1063/1.1735468

Polymers 2019, 11, 1565 12 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Bheda, J.H.; Spruiell, J.E. The Effect of Process and Polymer Variables on the Light Transmission Properties
of Polypropylene Tubular Blown Films. Polym. Eng. Sci. 1986, 26, 736-745. [CrossRef]

Johnson, M.B.; Wilkes, G.L.; Sukhadia, A.M.; Rohlfing, D.C. Optical Properties of Blown and Cast Polyethylene
Films: Surface versus Bulk Structural Considerations. J. Appl. Polym. Sci. 2000, 77, 2845-2864. [CrossRef]
Kalfoglou, N.K.; Skafidas, D.S.; Sotiropoulou, D.D. Compatibilization of Blends of Poly(Ethylene
Terephthalate) and Linear Low Density Polyethylene with the Ionomer of Poly(Ethylene-Co-Methacrylic
Acid). Polymer (Guildf). 1994, 35, 3624-3630. [CrossRef]

Silvestrez, C.; Cimmino, S.; Raimo, M.; Duraccio, D.; Del Amo Fernandez, B.; Lafuente, P.; Sanz, V.L. Structure
and Morphology Development in Films of MLLDPE/LDPE Blends during Blowing. Macromol. Mater. Eng.
2006, 291, 1477-1485. [CrossRef]

Sukhadia, A.M.; Rohlfing, D.C.; Johnson, M.B.; Wilkes, G.L. A Comprehensive Investigation of the Origins
of Surface Roughness and Haze in Polyethylene Blown Films. ]J. Appl. Polym. Sci. 2002, 85, 2396-2411.
[CrossRef]

Wingfield, J.R.]J. Treatment of Composite Surfaces for Adhesive Bonding. Int. |. Adhes. Adhes. 1993, 13,
151-156. [CrossRef]

Popelka, A.; Novdk, I; Al-Maadeed, M.A.S.A.; Ouederni, M.; Krupa, I. Effect of Corona Treatment on
Adhesion Enhancement of LLDPE. Surf. Coatings Technol. 2018, 335, 118-125. [CrossRef]

Pandiyaraj, K.N.; Selvarajan, V.; Deshmukh, R.R.; Yoganand, P.; Balasubramanian, S.; Maruthamuthu, S. Low
Pressure DC Glow Discharge Air Plasma Surface Treatment of Polyethylene (PE) Film for Improvement of
Adhesive Properties. Plasma Sci. Technol. 2013, 15, 56-63. [CrossRef]

Wang, H.; Chen, S.J.; Zhang, J. Surface Treatment of LLDPE and LDPE Blends by Nitric Acid, Sulfuric Acid,
and Chromic Acid Etching. Colloid Polym. Sci. 2009, 287, 541-548. [CrossRef]

Baldan, A. Adhesively-Bonded Joints and Repairs in Metallic Alloys, Polymers and Composite Materials:
Adhesives, Adhesion Theories and Surface Pretreatment. J. Mater. Sci. 2004, 39, 1-49. [CrossRef]

Zhang, Q.; Li, L.; Su, F; Ji, Y.; Ali, S.; Zhao, H.; Meng, L.; Li, L. From Molecular Entanglement Network
to Crystal-Cross-Linked Network and Crystal Scaffold during Film Blowing of Polyethylene: An in Situ
Synchrotron Radiation Small- and Wide-Angle X - Ray Scattering Study. Macromolecules 2018, 51, 4350—4362.
[CrossRef]

Zhang, R.; Ji, Y.X.; Zhang, Q.L,; Ju, ].Z,; Sarmad, A.; Li, L.E;; Zhao, H.Y.; Li, L.B. A Universal Blown Film
Apparatus for in Situ X-Ray Measurements. Chinese J. Polym. Sci. 2017, 35, 1508-1516. [CrossRef]

Zhao, H.; Zhang, Q.; Li, L.; Chen, W.; Wang, D.; Meng, L.; Li, L. Synergistic and Competitive Effects of
Temperature and Flow on Crystallization of Polyethylene during Film Blowing. ACS Appl. Polym. Mater.
2019, 1, 1590-1603. [CrossRef]

Li, L;Ji, Y,; Zhang, Q.; Zhao, H.; Ali, S.; Chen, P; Xia, Z.; Chen, W. Structural Evolution and Phase Transition
of Uniaxially Stretched Poly(Butylene Adipate-Co-Butylene Terephthalate) Films as Revealed by in Situ
Synchrotron Radiation Small and Wide Angle X-Ray Scattering. CrystEngComm 2019, 21, 118-127. [CrossRef]
Li, L.-B. In Situ Synchrotron Radiation Techniques: Watching Deformation-Induced Structural Evolutions of
Polymers. Chinese J. Polym. Sci. 2018, 36, 1093-1102. [CrossRef]

Chen, W.,; Liu, D.; Li, L. Multiscale Characterization of Semicrystalline Polymeric Materials by Synchrotron
Radiation X-Ray and Neutron Scattering. Polym. Cryst. 2018, 1-14. [CrossRef]

Hammersley, A.P. FIT2D: A Multi-Purpose Data Reduction, Analysis and Visualization Program. J. Appl.
Crystallogr. 2016, 49, 646-652. [CrossRef]

Ju, J.; Tian, N.; Wang, Z.; Su, E; Yang, H.; Chang, J.; Li, X.; Ali, S.; Lin, Y; Li, L. Precursor Assisted
Crystallization in Cross-linked Isotactic Polypropylene. Polymer. 2019, 180, 121674. [CrossRef]

Liu, Z.H.; Brown, N.M.D.; McKinley, A. Characterisation of Oxygen Plasma-Modified Mica Surfaces Using
XPS and AFM. Appl. Surf. Sci. 1997, 108, 319-332. [CrossRef]

Ding, Z.; Hu, X.; Wan, Y.; Wang, S.; Gao, B. Removal of Lead, Copper, Cadmium, Zinc, and Nickel from
Aqueous Solutions by Alkali-Modified Biochar: Batch and Column Tests. . Ind. Eng. Chem. 2016, 33, 239-245.
[CrossRef]

Wang, Z.; Ma, Z.; Li, L. Flow-Induced Crystallization of Polymers: Molecular and Thermodynamic
Considerations. Macromolecules 2016, 49, 1505-1517. [CrossRef]


http://dx.doi.org/10.1002/pen.760261105
http://dx.doi.org/10.1002/1097-4628(20000923)77:13&lt;2845::AID-APP6&gt;3.0.CO;2-7
http://dx.doi.org/10.1016/0032-3861(94)90538-X
http://dx.doi.org/10.1002/mame.200600239
http://dx.doi.org/10.1002/app.10874
http://dx.doi.org/10.1016/0143-7496(93)90036-9
http://dx.doi.org/10.1016/j.surfcoat.2017.12.018
http://dx.doi.org/10.1088/1009-0630/15/1/10
http://dx.doi.org/10.1007/s00396-009-2000-9
http://dx.doi.org/10.1023/B:JMSC.0000007726.58758.e4
http://dx.doi.org/10.1021/acs.macromol.8b00346
http://dx.doi.org/10.1007/s10118-017-2000-z
http://dx.doi.org/10.1021/acsapm.9b00391
http://dx.doi.org/10.1039/C8CE01734D
http://dx.doi.org/10.1007/s10118-018-2169-9
http://dx.doi.org/10.1002/pcr2.10043
http://dx.doi.org/10.1107/S1600576716000455
http://dx.doi.org/10.1016/j.polymer.2019.121674
http://dx.doi.org/10.1016/S0169-4332(96)00683-6
http://dx.doi.org/10.1016/j.jiec.2015.10.007
http://dx.doi.org/10.1021/acs.macromol.5b02688

Polymers 2019, 11, 1565 13 of 13

44. Cui, K;Ma, Z,; Tian, N.; Su, F; Liu, D,; Li, L. Multiscale and Multistep Ordering of Flow-Induced Nucleation
of Polymers. Chem. Rev. 2018, 118, 1840-1886. [CrossRef] [PubMed]

45. Su, F; Yang, X.; Dong, B.; Zhao, J.; Lv, F; Ji, Y.; Liu, C. Investigation on Phase Transition From Flow-induced
Oriented Form II to I in Isotactic Polybutene-1 with In-situ Microbeam X-ray Diffraction Technique. Polymer.
2019, 179, 121719. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1021/acs.chemrev.7b00500
http://www.ncbi.nlm.nih.gov/pubmed/29350931
http://dx.doi.org/10.1016/j.polymer.2019.121719
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Materials 
	Film Production 
	Characterization 
	Contact Angle Measurement 
	Haze and Transmittance Measurement 
	Atomic Force Microscopy (AFM) 
	SAXS and WAXS Measurements 


	Results and Discussion 
	Conclusions 
	References

