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Abstract: Blown films based on low-density polyethylene (LDPE)/linear low-density polyethylene
(LLDPE) and silica aerogel (SA; 0, 0.5, 1, and 1.5 wt.%) were obtained at the pilot scale. Good particle
dispersion and distribution were achieved without thermo oxidative degradation. The effects of dif-
ferent SA contents (0.5-1.5 wt.%) were studied to prepare transparent-heat-retention LDPE/LLDPE
films with improved material properties, while maintaining the optical performance. The opti-
cal characteristics of the composite films were analyzed using methods such as ultraviolet-visible
spectroscopy and electron microscopy. Their mechanical characteristics were examined along the
machine and transverse directions (MD and TD, respectively). The MD film performance was better,
and the 0.5% composition exhibited the highest stress at break. The crystallization kinetics of the
LDPE/LLDPE blends and their composites containing different SA loadings were investigated using
differential scanning calorimetry, which revealed that the crystallinity of LDPE/LLDPE was increased
by 0.5 wt.% of well-dispersed SA acting as a nucleating agent and decreased by agglomerated SA
(1-1.5 wt.%). The LDPE/LLDPE/SA (0.5-1.5 wt.%) films exhibited improved infrared retention with-
out compromising the visible light transmission, proving the potential of this method for producing
next-generation heat retention films. Moreover, these films were biaxially drawn at 13.72 MPa, and
the introduction of SA resulted in lower draw ratios in both the MD and TD. Most of the results were
explained in terms of changes in the biaxial crystallization caused by the process or the influence
of particles on the process after a systematic experimental investigation. The issues were strongly
related to the development of blown nanocomposites films as materials for the packaging industry.

Keywords: blends; composites; blown film extrusion; silica aerogel; biaxial properties; morphology;
thermal properties; mechanical properties

1. Introduction

Polymer blending is defined as a process in which at least two polymers are blended
to produce a new material with different physical characteristics. This is mainly performed
to improve and increase certain characteristics such as the thermal barrier [1]. Blends of
linear low-density polyethylene (LLDPE) and low-density polyethylene (LDPE) are of
considerable importance in industrial applications. Their good processability and excel-
lent mechanical properties make LDPE/LLDPE films suitable for packaging applications.
LLDPE is added to LDPE because of its superior mechanical characteristics such as higher
tensile strength, impact properties, and elongation at break. The LDPE/LLDPE films
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are characterized by low haze and better bubble stability. Furthermore, manufacturers
can use conventional LDPE film-blowing devices to blend LLDPE with LDPE without
modification [2]. Despite the benefits of LDPE/LLDPE blends in film applications, blend
miscibility, and the miscibility of LDPE/LLDPE blends have certain effects on their proper-
ties, and few studies have been conducted on the miscibility of LDPE/LLDPE blends [3-6].
Most researchers have reported that LLDPE/LDPE blends are miscible at low LDPE con-
tents and show immiscibility at higher LDPE [7]. In this study, the LDPE concentrations
were kept low, and the differential scanning calorimetry (DSC) thermograms exhibited two
overlapping peaks, which may be due to the phase separation of the LDPE and LLDPE
components in the blended film after crystallization [8]. Although LDPE and LLDPE resins
are the most versatile polymers, their applications are restricted by drawbacks such as
low strength, stiffness, and poor heat resistance [9]. To solve these problems and prepare
materials with improved properties, the preparation of polyethylene (PE) nanocomposites
with different inorganic nanofillers has been reported [10,11].

Currently, energy cost and availability are important concerns, and heat energy thermal
insulation is an efficient strategy to address these issues. Low thermal conductivity is
considered to be an essential feature of materials that can be reinforced by incorporating
fillers into the main matrix [12]. Nanoporous networks of aerogels filled with gas (above
90% of aerogels are composed of air) show excellent characteristics including high specific
surface area (500-1200 m?/g), low thermal conductivity (0.013-0.04 W/m K), low dielectric
constant (1.1-2), low density (0.003-0.1 g/cm?), high optical transmission in the visible
range (90%), and high insulating ability. These properties make them good candidates
as insulators in different applications [13]. Low thermal conductivity is one of the major
characteristics of silica aerogels (SAs), making them applicable in the field of insulation.
However, SAs have poor mechanical properties, which restrict their application. Therefore,
SA-based composites are generally used [14,15].

Blown film extrusion is the main processing method for producing a biaxial melt-
drawn film. This method requires the use of air pressure for initiating a transverse direction
(TD) draw, in addition to a higher haul-off roll speed for delivering a machine direction
(MD) draw. Billions of pounds of polymer are processed annually by using this technique.
Blown film extrusion is used to produce agricultural and construction films, industrial
films and bags, stretch films, polyvinyl chloride cling films, liners, high barriers, and small
tube systems [16,17].

The purpose of this study was to improve both the thermal and mechanical properties
of the LDPE/LLDPE blend films; hence, LDPE/LLDPE/SA composites were prepared
using a twin-screw extruder to prepare an LDPE/LLDPE/SA (0-1.5 wt.%) masterbatch, and
then an LDPE/LLDPE/SA (0-1.5 wt.%) film was prepared using the blown method [18,19].
The effects of various SA contents on the morphology, draw ratio, and mechanical and
thermal characteristics of the prepared composite films were studied. Our proposed
blown film extrusion of composites based on LDPE/LLDPE and SA could widen their
application as thermal insulating films in the packaging field while preserving the biaxial
film properties initiated by the processing method or the impact of the particles on the
processing method.

2. Experimental Section
2.1. Materials

Polymer samples of LDPE and LLDPE were purchased from Equate and Seongji Indus-
trial Co., Ltd. (Apryang-myeon, Gyeongsan-si, Korea), and the material characteristics of
both polymers are listed in Table 1 (Part a). The SA powder was provided by EM-POWER
Co., Ltd. (Asan-si, Chungnam, Korea), and its properties are listed in Table 1 (Part b).
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Table 1. (a). The material properties of the low-density polyethylene (LDPE)/linear low-density
polyethylene samples. (b). The technical data of the silica aerogel (SA).

a.

Quantity (g)
Name Used for Blown Grade Melt Flow Density Melting Point (°C) Haze (%) Gloss
. . Index (GU)
Film Preparation
LDPE 15,000 LDPE 150E 025g/10min 0921 g/cm3 96 - -
LLDPE 35,000 CEFOR 1221P 2.0 g/10 min 0.918 g/cm3 116 0.56 151
b.
. . . BULK Surface BET(Brunauer-Emmett-Teller) . Heavy
Particle Size Pore Diameter DENSITY Chemistry Surface Area Porosity Metal
20-30 um 20-30 um 100 kg /m? Hydrophobic 500 m2/g Less than 90% N/A

2.2. Preparation of LDPE/LLDPE/SA (0-1.5 wt.%) Extruded Blown Composite Film

Figure 1 displays the preparation method of the LDPE/LLDPE/SA masterbatch and
film. Before the preparation of the LDPE/LLDPE masterbatch (30%/70%) with various
SA contents (0-1.5 wt.%), the feed rate was set by calculating the weight of the LDPE,
LLDPE, and SA exiting through the feeder. The screw rate was fixed at 480 rpm, at
150-160 °C, and extruded by mixing LDPE, LLDPE, and SA (0-1.5 wt.%) through the feeder.
LDPE/LLDPE/SA was fed into the twin-screw extruder via the hopper and discharged
through the feeder at a fixed rate. The extrudate was appropriately cooled through the
water-cooling zone and cut using a pelletizer to obtain a masterbatch chip. The prepared
masterbatch of LDPE/LLDPE/SA with various SA contents (0-1.5 wt.%) was fed to a
blown film maker with LDPE/LLDPE in a constant ratio to prepare the LDPE/LLDPE/SA
composite film. For the air-blown pure-blend LDPE/LLDPE film, any further addition of
LDPE/LLDPE to the LDPE/LDPE masterbatch chip was not necessary.
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Figure 1. A demonstration of the experiment. (A) SA powder and masterbatch containing SA; (B) film
preparation system at the pilot scale; (C) diagram showing the preparation of the air blown film; and
(D) a macro photograph of the prepared films.

2.3. Instrumental Analysis

The dispersion states and morphologies of the LDPE/LLDPE/SA composites with var-
ious SA contents (0-1.5 wt.%) were tested by applying scanning electron microscopy (SEM,
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SU8220, Hitachi, Japan) at an accelerating voltage of 10.0 kV. A gold coating was applied
to each sample before the analysis. The crystallization behavior of the LDPE/LLDPE/SA
(0-1.5 wt.%) composites were studied by performing X-ray diffraction (XRD, D/Max-2500,
Rigaku, Tokyo, Japan) using Cu-K« radiation under operational conditions of 40 kV with
20 in the range of 2°—40°, having a step interval of 0.02°. Differential scanning calorimetry
(DSC) (Q 2000, TA Instruments, New Castle, DE, USA) was performed to analyze the
thermal characteristics and crystallinity of the LDPE/LLDPE/SA (0-1.5 wt.%) composite
films. First, all of the samples were exposed to a temperature from 30 °C to 300 °C at a
heating rate of 10 °C min~!, then kept for 10 min at 300 °C to remove the thermal history,
and subsequently cooled down to 30 °C at a cooling rate of 10 °C min~!. A second heating
method was performed at 300 °C at a similar scanning rate. The degree of crystallinity
(Xc) was calculated from the peak area of the DSC thermograms [17]. The mechanical
properties were evaluated using an Instron 5567 material testing system at 25 °C, as per the
ASTM D638-96 type Il requirements [18]. All data were estimated based on the average
of three sample measurements. The light transmittance (T%) of the film was measured by
employing ultraviolet-visible (UV-Vis) spectroscopy (K Lab Co., Ltd., Optizen O 2120UV,
Daejeon, Korea) in the 200-800 nm wavelength range. The infrared thermal images were
captured by a FLIR system AB (Téby, Sweden) infrared thermal imager.

3. Results and Discussion

Microstructural FE-SEM micrographs of the prepared samples with various SA con-
tents are shown in Figure 2. The FE-SEM images clearly show the three-dimensional struc-
ture of SA and the effect of SA content on the surface morphology of the LDPE/LLDPE
blend film (Figure 2A-D). These results show that the smoothest surfaces were obtained
for the LDPE/LLDPE blend film without SA (Figure 2A), and all blown composite films ex-
hibited a good SA distribution in both MD and TD. These results are very significant when
considering the mechanical properties of the composite films. However, spherical particles
were observed, and the surface roughness increased due to aggregation as the concentration
of SA increased (Figure 2B-D) [19]. The optical properties of the LDPE/LLDPE blend films
containing different SA contents were determined by measuring the transmittance in the
200-1100 nm range, and the results are presented in Figure 3. The transparency of all of
the polymer composite films (0-1.5 wt.%) was good in the visible light range (380-700 nm),
in spite of a slight decrease in the transparency with an increase in the content of SA. SA
may scatter and absorb ultraviolet light, indicating that it has a UV-blocking function.
Photographs of the blended films with different SA contents are exhibited in Figure 1D. All
of them showed good visible light transmittance capacity. Similar results were obtained for
the LDPE/silica nanocomposite films, showing that various silica contents (0.5-1.5 wt.%)
had no significant influence on the transmittance [20].

Some polymers remain in the crystalline state because their molecular chains can be
stretched and narrowly arranged in parallel. PE is an orthorhombic crystalline polymer. The
crystallization characteristics have an important effect on the physical properties, melting
point, and mechanical strength of the polymers. Therefore, it is crucial to investigate the
changes in the crystallinity of PE [21]. The XRD patterns of the LDPE/LLDPE composite
films with various SA contents are shown in Figure 4. From these scans, it can be observed
that the two major peaks of PE were mainly presented in the 26 range of 10° to 30°.



Materials 2022, 15, 5314 50f13

A

. Blow line
<~ Blow line Agglomeration

y

Agglomeration

MD
SA particles

4

20 pm PRI 20 pm

Agglomeration % AL
b ' + Blow life SA‘pamflc,” £

4

SA particles ok Y : Blow line

4

Agglomeration

Figure 2. The field-emission scanning electron microscopy (FE-SEM) images of the LDPE/LLDPE
blend polymer film with various SA contents: (A) 0 wt.%, (B) 0.5 wt.%, (C) 1 wt.%, and (D) 1.5 wt.%
(MD = machine direction and TD = transverse direction).
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Figure 3. The UV-Vis spectra of the LDPE/LLDPE blend polymer film with various SA contents:
(a) 0 wt.%, (b) 0.5 wt.%, (c) 1 wt.%, and (d) 1.5 wt.%.
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Figure 4. The XRD data of the pure SA and LDPE/LLDPE blend polymer film with various SA
contents (0-1.5 wt.%).
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The XRD peak at 21.6° was ascribed to the 110 reflections of PE [22]. No obvious peaks
of SA appeared in the XRD pattern of the LDPE/LLDPE/SA composite film, indicating
that the SA was fully exfoliated. Silica is an amorphous solid, and the amorphous nature of
silica was confirmed by a broad peak (26 = 22°, (101)) in the XRD pattern of pure silica [23].
Alarge peak at 22° also occurred in our investigation for the pure SA. When a small amount
(0.5-1.5 wt.%) of SA was added to the LDPE/LLDPE blend, the absence of the main peaks
of SA in the spectra of the composite films may have been caused by the masking effect of
the LDPE/LLDPE blend matrix due to the small content of SA [21]. However, it clearly had
an impact on the peak intensity of PE. Additionally, after the addition of SA (0.5-1.5 wt.%),
a modest shift in the peak location of PE, particularly in the range of 20° to 22°, was seen.
These findings can be quite convincingly explained by the various material properties that
are brought about by adding SA (0.5-1.5 wt.%), either as a consequence of the process being
affected by particles or as a result of the variation in SA dispersion in the extrusion blown
LDPE/LLDPE blend matrix with an increase in the SA concentration. The corresponding
SEM images of the samples support the XRD measurements [22].

Figure 5 displays the stress—strain curves for the pure LDPE/LLDPE 70/30 blend and
the LDPE/LLDPE/SA blown film with various SA contents (0-1.5 wt.%) in the MD, and the
tensile properties of the studied films are summarized in Table 2. According to Figure 5B,
the stress at break value of the pure blend film increased after adding the SA content
(0.5-1.5 wt.%) and the composite with 0.5 wt.% of SA loading showed the highest stress at
break (37.96 MPa). In this case, the enhancement of the tensile properties can be clarified by
considering the possible influence of SA on the molecular orientation during the extrusion
blowing along the MD as well as the good matrix—particle adhesion [24], consequently,
promoting the increase in the tensile strength of the composite film with the addition of
SA particles (0.5-1.5 wt.%). However, if the SA amount exceeded 0.5%, the stress at break
decreased gradually from 37.96 to 27.72 MPa. In contrast, the stress—strain curves illustrated
that the strain at break values of the LDPE/LLDPE blend film gradually decreased from
882.18% to 349.01% with the incorporation of SA (0.5-1.5 wt.%). The SA particles may be
stuck inside the entanglements, thus resulting in a restriction in the polymer’s total chain
mobility [20].

The gradual decrease in mechanical properties above a 0.5 wt.% SA loading may
deteriorate the dispersion in the LDPE/LLDPE blend solution, as mentioned earlier [25].
In addition, agglomerated SA particles exhibit poor tensile properties. In this study, the SA
particles were well-dispersed at lower loading (0.5 wt.%), showing excellent reinforcing
efficiency. Moreover, as shown in Figure 5A, the stress increased gradually with filler
loading (0.5-1.5 wt.%) within a lower (90%) strain. This behavior is likely to be related to
the stiff layers of silicate with a high aspect ratio, which produce a high degree of interaction
and appropriate interfacial adhesion properties. Moreover, this tendency restricts the free
movement of the polymer chains, increasing the tensile strength value [26]. However,
when the strain values increased, a strain hardening mechanism developed, which may
be a result of an orientated crystalline structure of polymer in both MD (Figure 5B) and
TD (Figure 6B) [25]. Nanocomposites containing various SA concentrations (0.5-1.5%)
showed different strain hardening mechanisms than the pure blend film, as was expected
by considering the influence of SA dispersion on the polymer chain orientation along the
blow direction during the film-blowing [27], which was also demonstrated by the yield
point at low strain values (Figures 5A and 6A) and that, with an increase in SA content
(0.5-1.5%), the yield stress and yield strain of the blown film, as shown in Tables 2 and 3,
increased from 6.34-7.13%, and 9.92-11.49 MPa, respectively, for MD and by 7.77-8.28%,
6.11-8.25 MPa, respectively, for TD (i.e., the mechanical strength and flexibility increased as
the SA content increased). The crystallinity of the blown film (Table 4) was also influenced
by the effect of SA on the molecular chain, as the molecular orientation decreased the
polymer fractional free volume and molecular flexibility, and induced crystallinity [28].
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Figure 5. The stress—strain curve for the LDPE/LLDPE blend polymer films with various SA contents:
(@) 0 wt.%, (b) 0.5 wt.%, (c) 1 wt.%, and (d) 1.5 wt.%. (A) from 0 to 90% and (B) from 0 to 1500%. The
samples were cut along the MD.

Table 2. The mechanical properties of the LLDPE/LDPE/SA (0-1.5%) air blown composite films

along the MD.
Specimen Thickness Yield Strain  Yield Stress Stress at Strain at Young Modulus
P (um) (%) (MPa)  Break (MPa)  Break (%) (MPa)
LDPE/LLDPE 20+ 10 8.04 10.75 27.56 882.18 139.55
LDPE/LLDPE/SA 0.5 wt.% 20+ 11 6.34 9.92 37.96 742.53 152.44
LDPE/LLDPE/SA 1 wt.% 20.8 +12 6.60 10.40 32.32 526.72 198.55
LDPE/LLDPE/SA 1.5 wt.% 21.5+13 7.13 11.49 27.73 349.014 222.01
(A * [8] *
(a) LDPE/LLDPE
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Figure 6. The stress-strain curve for the LDPE/LLDPE blend polymer film with various SA contents:
(@) 0 wt.%, (b) 0.5 wt.%, (c) 1 wt.%, and (d) 1.5 wt.%. (A) from 0 to 90% and (B) from 0 to 1000%. The
samples were cut along the TD.
Table 3. The mechanical properties of the LLDPE/LDPE/SA (0-1.5 wt.%) air blown composite films
along the TD.
Specimen Thickness Yield Strain  Yield Stress Stress at Strain at Young Modulus
P (um) (%) (MPa) Break (MPa) Break (%) (MPa)
LDPE/LLDPE 20+ 10 10.42 7.75 8.61 448.202 64.84
LDPE/LLDPE/SA 0.5 wt.% 20+ 11 7.77 6.11 6.31 430.64 66.13
LDPE/LLDPE/SA 1 wt.% 20.8 +12 7.80 7.10 7.88 417.76 88.98
LDPE/LLDPE/SA 1.5 wt.% 21.5+13 8.28 8.25 8.05 403.52 94.93
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Table 4. The DSC analysis data for the LDPE/LLDPE binary blend and LLDPE/LDPE/SA (0-1.5%)

air blown composite films.

T T, T AT T T AH X
le T onset endset peak ml m2 c c
Sample Type Q) e Q) o) €0 Q) (/g) (%)
LDPE/LLDPE 110.48 63.87 107.21 3.27 108.58 118.05 95.75 32.67
LDPE/LLDPE/SA(0.5) 110.55 63.90 107.25 3.3 108.54 118.02 97.03 33.11
LDPE/LLDPE/SA(1.0) 110.38 63.42 106.74 3.64 108.19 117.86 94.26 32.17
LDPE/LLDPE/SA(1.5) 110.51 63.75 106.91 3.6 108.03 117.86 94.02 32.02

Because of the effect of the film-blowing ratio and traction ratio in the film-blowing pro-
cedure, the mechanical behavior of the film in different directions was different, and the MD
film performance (Figure 5) was often higher than the TD film performance (Figure 6) [29].
In the composite films, the nanoparticles spread in a preferential position during blown
film extrusion, which could result in changes in the mechanical properties [30]. To deter-
mine the influence of processing and particle existence on the mechanical behavior of the
blown films, a stress—strain test was also performed in the TD, as presented in Figure 6,
and the mechanical properties are summarized in Table 3. The mechanical properties of
the LDPE/LLDPE/SA (0.5-1.5 wt.%) films in both directions, MD and TD, had a differ-
ent behavior than those of the pure blend LDPE/LLDPE film. Unlike the MD samples
(27.73-37.96 MPa) presented in Figure 5, the samples in the TD showed lower stress at
break (6.31-8.05 MPa) compared to the unfilled blend matrices; this can be related to the low
ductility of the composite films compared to the unfilled blend matrix, resulting in early
failure of the samples during the test [31]. The difference in molecular chain orientation
and the effect of SA particle dispersion on the molecular chain orientation along the blow
direction (MD) may also be responsible for this difference between the MD and TD film
samples. This difference may allow for a differential increase in the composite film stiffness
(Tables 2 and 3) [32]. Moreover, according to Figures 5A and 6A, the stress—strain curves
of the LDPE/LLDPE/SA (0.5-1.5 wt.%) composite films in both directions showed the
same characteristic ductile deformation behavior of semicrystalline polymers [33] and the
reinforcing effect of SA particles.

The crystallization behaviors of the LDPE/LLDPE/SA composite films with various
SA contents (0-1.5 wt.%) were studied by DSC, and the resulting DSC cooling and heating
curves are shown in Figure 7.

[A] ~— (a) LDPE/LLDPE [B]
(b) LDPE/L PE/SA0.5
(¢) LDPE/L) X
—— (d) LDPE/LLDPE/SALS
e
e L]
fie] =
e =
2 z
2 2
ool =
- -
S S
= =
l' —— (a) LDPE/LLDPE
(b) LDPE/LLDPE/SA0.5
(¢) LDPE/LLDPE/SALO
= (d) LDPE/LLDPE/SALS

80 85 % 95 100 105 110 80 85 90 95 100 105 110 115 120 125 130

Temperature (°C) Temperature (°C)

Figure 7. The DSC cooling curves (A) and heating curves (B) for the LDPE/LLDPE blend film with
various SA contents: (a) 0 wt.% (b) 0.5 wt.%, (c) 1 wt.%, and (d) 1.5 wt.%.

The experimental results in terms of the melting temperature (Tr,), crystallization
temperature (T.), crystallinity (X), and heat of crystallization (AH,) are listed in Table 4.
The crystallization temperature, enthalpy of crystallization, and X, were obtained from
the cooling cycle (exothermal peak) (Figure 7A). The second heating run for the neat
LDPE/LLDPE blend composite film and those with various loadings of SA (0.5-1.5 wt.%)
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are shown in Figure 7B and the data are listed in Table 4. The T, was calculated based
on the second heating cycle (Figure 7B) and the two melting temperatures (Ty; and Tpyp)
for all of the studied films are listed in Table 4, corresponding to the first and second
endotherms, respectively.

According to Table 4, the addition of SA, irrespective of its content, widened the
crystallization window (increasing AT = Tonset—Tpeax) and delayed the crystallization pro-
gression. This is because SA increases the viscosity of the LDPE/LLDPE matrix, hampers
LDPE/LLDPE chain movements, and slows down crystallization development. The com-
posite with 0.5 wt.% SA loading yielded the highest crystallinity (X.%, 33.1%). However, if
the SA content exceeded 0.5%, the crystallinity decreased, and the heat enthalpy of the crys-
tallization (AH,) results showed the same tendency (Table 4). This result suggests that at
higher SA contents (1-1.5 wt.%), it did not act as a nucleating agent but hampered polymer
chain movements by absorbing polymer segments on its surface. Similar findings were
reported in a previous study [34]. As expected, the DSC endotherm of the binary blend
LDPE/LLDPE sample showed two distinct major peaks (Tn1, Tm2) (Figure 7B). A similar
feature was shown in the endotherms of the LDPE/LLDPE samples reported earlier [8].
Furthermore, the effect of SA content on the LDPE/LLDPE melting point was carefully
observed. As the amount of SA increased in the LDPE/LLDPE blend, the Ty,; and Ty,
values decreased, and its intensity changed, which can be attributed to the effect of the filler
as it influences the thermal motion of the polymer [35]. It should be mentioned that the
MD film was used for the crystallization process and the crystallization curves should not
only reflect the general filler effect [36] of SA particles on LDPE/LLDPE crystallization, but
also the effect of SA particle dispersion on the molecular chain orientation along the blow
direction (MD), as molecular orientation significantly affects the molecular flexibility, which
induces the crystallinity [28]. Thus, the variation in the crystalline peak (107.21-106.91 °C)
for the extrusion blown LDPE/LLDPE/SA (0-1.5%) system may arise from the strong
effect of blown extrusion on the crystal degree orientation [37] and SA aggregates with the
increase in the SA concentration as observed through SEM (Figure 2A-D). Additionally,
the possible influence of the embedded SA particles on the molecular orientation along the
flow direction is also reflected in the mechanical behavior of the film in different directions
(Figures 5 and 6) [22].

The thermal insulation performance of the LDPE/LLDPE/SA (0-1.5 wt.%) compos-
ite films was confirmed by the IR camera and are presented in Figure 8B. The graph in
Figure 8B(f) shows the temperature profiles obtained by placing the LDPE/LLDPE/SA
(0-1.5 wt.%) composite films on a hot plate and exposing them to heating for 6 s and
subsequent cooling, and after 6 s of heating, the hot plate was turned off, and the temper-
ature was collected from the circle-area marked spots of each film sample, as shown by
the temperature—time curve in Figure 8B(a—e). The thickness of all of the studied films is
summarized in Table 2. The results show that the film surface temperature decreased, and
the heat stored in the film was emitted. After 15 min, all of the studied films showed almost
the same temperature; however, after 30 min, the pure blend LDPE/LLDPE film showed a
faster cooling rate than the LDPE/LLDPE/SA composite film with various SA contents,
and the heat retention capacity increased with the addition of SA (0.5-1 wt.%).
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Figure 8. The infrared thermal images and temperature-time curve of (A) only the hot plate and
(B) the prepared LDPE/LLDPE/SA (0-1.5%) films obtained by the hot plate. (a—e) of (A,B) are
measuring time such as (a) 15 min, (b) 30 min, (c) 45 min, (d) 60 min, and (e) 90 min. (f) represented
the temperature according to time.

A similar observation was found in a previous report, where it was shown that the
addition of SA reduced the thermal conductivity by approximately 30% with 1-2 wt.% of
SA loading [22]. Thus, the prepared composite LDPE/LLDPE/SA (0.5-1.5 wt.%) film had
a lower thermal conductivity than the neat LDPE/LLDPE blend film, and was suitable for
application as a thermally insulating material. A control experiment was also conducted
simultaneously (Figure 8A(a—f)), and in contrast to the composite films, the temperature
was measured from the circle-area marked spots of only the hot plate surface without any
films. The results showed a similar time-temperature relationship (Figure 8A(f)) and were
consistent with the results of all of the examined films (Figure 8B(f)), which showed the

same time range (15-90 min) to reach room temperature from the starting temperature
(51 °C).
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Figure 9 depicts the draw ratio at two different directions: MD and TD. As can
be observed, a linear decrease in the draw ratio was obtained as a function of the SA
content for both directions. However, the main aspect to note in these curves is that the
highest maximum draw ratio was achieved for the pure LDPE/LLDPE blend film. Another
interesting observation is that all curves showed a similar dependence on the SA content
(0-1.5%). This indicates that the decreasing tendency of the draw ratio when increasing
the SA content is the result of the direct SA reinforcement effect. As indicated above, the
main effect of the addition of SA particles is the decreased drawability of the LDPE/LLDPE
matrix. This decreased draw ratio resulted in a restriction in the molecular orientation
and chain extension when the SA content increased, which in turn was responsible for the
subsequent decrease in the draw ratio in both directions.

6
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Figure 9. The draw ratio results in the MD and TD of the LDPE/LLDPE blend film as a function of
SA content.

Clearly, all of the investigated films, LDPE/LLDPE and the composites incorporating
0.5 wt.%, 1 wt.%, or 1.5 wt.% SA, revealed the same unique relationship between the draw
ratio and fillers, revealing that the increase in draw ratio was mainly related to the oriented
polymer matrix rather than an additional effect of the filler’s reinforcement. Moreover, the
obtained draw ratio for the TD was higher than that for the MD, which may be due to a
variation in the orientation of the polymer chain during processing of the blown films.

4. Conclusions

Heat-retention LDPE/LLDPE blend films containing highly insulating SA particles
(0.5-1.5 wt.%) were prepared successfully by employing blown extrusion at a pilot scale,
and the influence of various amounts of SAs on the material properties of composite films
was investigated. Macroscopically, the almost homogeneous appearance of the blown films
was the result of a good SA dispersion within the LDPE/LLDPE blend, and this was verified
by performing SEM, XRD, UV-Vis spectroscopy, and DSC. The SA nucleating capacity was
revealed by the increase in the crystallinity degree and crystallization temperature when
0.5 wt.% of SA was incorporated in the composite films. Therefore, the particle dispersion,
nucleating character, and strong effect of blown extrusion played a significant role in the
introduction of the preferential LDPE/LLDPE crystalline orientation and the properties
of the final film. Based on this logic, differences in the tensile behavior of the composite
films were observed between the MD and TD. Almost all of the films (LDPE/LLDPE/SA
(0-1 wt.%)) showed a higher elongation at break in the MD than in the TD. However, films
with 1.5% SA showed almost the same value in both directions. This may be due to the
agglomeration at higher SA content, which reduces mobility and elongation. These results
confirmed that along with the processing method, the SA particles were also responsible for
initiating changes in the biaxial nature of the blown films. Based on the orientation of the
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dual mechanical characteristics, these composite films can be used as packaging materials
in many applications. Moreover, the resulting material showed enhanced infrared retention,
and the incorporation of the filler material did not hamper visible light transmission; thus,
these films have the potential to be applied in greenhouses with good optical performance.
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