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ABSTRACT: To promote the heat-sealing properties of
soy protein isolate (SPI) films applied in the packaging
field, we mixed a synthetic polymer of poly(vinyl alco-
hol) (PVA) with SPI to fabricate blend films by a solu-
tion-casting method in this study. To clarify the
relationship between the heat-sealing properties and the
heat-sealing temperature, strength, melting process, crys-
talline structure, and microstructure, variations of the
heat-sealing parts of the films were evaluated by means
of differential scanning calorimetry, tensile testing, scan-
ning electron microscopy, X-ray diffraction, and Fourier
transform infrared spectroscopy, respectively. The test
results showed that both the PVA and glycerol contents
greatly affected the melting behavior and heat of fusion

of the SPI/PVA blends; these blend films had a higher
melting temperature than the pure SPI films. The peel
strength and tensile strength tests indicated that the long
molecular chain of PVA had a main function of enhanc-
ing the mechanical properties above the melting temper-
ature. With increasing heat-sealing temperature, all of
the mechanical properties were affected by the micro-
structure of the interface between the laminated films
including the chain entanglement, crystallization, and
recrystallization. VC 2009 Wiley Periodicals, Inc. J Appl Polym
Sci 115: 1901–1911, 2010
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INTRODUCTION

Soy protein isolate (SPI) has gained increasing atten-
tion for the fabrication of biodegradable films, pack-
aging films, and edible films as a potential substitute
for existing petroleum-based polymers because of its
low cost, easy availability, and complete biodegrad-
ability.1–9 To date, physical, enzymatic, chemical,
and physicochemical attempts have been made to
modify the lower mechanical properties and higher
moisture sensitivity of SPI films.10–12 In addition to
the previously mentioned two inherent characters
that limit their application, sealing ability is another
important property for these films in the making of
packaging bags.13 The ability to produce packaging

film with such a sealing ability is now a major con-
cern for SPI plastics and a key issue for their com-
petitiveness for opening a new packaging material
market.14 However, no literature has reported on the
sealing ability of natural SPI films. Therefore, it is
very meaningful to investigate the heat-sealing abil-
ity of SPI-based films for packaging applications. At
the same time, heat-sealing research results will pro-
vide valuable information about the structure and
fabrication for natural protein materials and throw
more light on SPI application.15

Compared to available sealing methods, including
mechanical fastening, adhesive application, ultra-
sonic sealing, and high-frequency sealing, heat seal-
ing is the most versatile method, with advantages of
safety, convenience, good productivity, and high me-
chanical strength.16 Heat sealing is defined as a pro-
cess of joining two or more thermoplastic films or
sheets by the heating of areas in contact with each
other to a temperature at which fusion occurs; this is
usually aided by pressure.17 The heat-sealing prop-
erty is normally evaluated mechanically by peel
strength testing as determined by two aspects: the
heat-sealing process and the microstructure of the
heat-sealing part.18 To enhance the sealing strength
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during the heat-sealing process, the pressure, tem-
perature, and heat-sealing time are the three basic
parameters to be considered.19 The initial pressure
makes an intimate squeeze between two films; then,
the adhesion of two films is promoted by the action
of heat from the outside with sufficient time. The
peel strength of laminate films will distinctly be
determined by the interface microstructure of the
raw film materials after the heat-sealing process. It is
well known that the mechanism of heat sealing is
that the intimate contact of the sealing surfaces
occurs after the molecular segment diffuse across
the interface with entanglement.17 Moreover, the
cooling and recrystallization greatly affect the peel
strength by chains diffusion and entanglement at
the interfaces.20

A novel blend film of SPI/poly(vinyl alcohol)
(PVA) compatibilized with glycerol fabricated by a
solution-casting method was reported in our previ-
ous study.21 Interestingly, it was proven that these
SPI/PVA blend films with higher mechanical
strengths had promising applications in the biode-
gradable packaging field.22 With the importance of
heat sealing for packaging films, the objective of this
study was to evaluate the peel strength of SPI/PVA
blend films with different PVA contents. Tempera-
ture was selected as the only parameter in the heat-
sealing process with a stable pressure and heat-seal-
ing time. In addition, the relationship between the
heat-sealing temperature and the microstructure of
the heat-sealing part was investigated by means of
differential scanning calorimetry (DSC), X-ray dif-
fraction (XRD), Fourier transform infrared (FTIR),
and scanning electron microscopy (SEM).

EXPERIMENTAL

Materials

SPI powder (Type AVC ) with moisture content of less
than 5.0% prepared under acid precipitation and con-
taining more than 90% protein was provided by Har-
bin High-Technology Soy Protein Co., Ltd. (Harbin,
China). PVA (molecular weight � 9000) was pur-
chased from SINPEC Shanghai Petrochemical Co., Ltd.
(Shanghai, China). Analytical-grade glycerol (1,2,3-pro-
pane triol) with 95% purity was acquired from Tianjin
Chemical Co. (Tianjin, China). Sodium hydroxide
(NaOH) pellets were applied to prepare a 1.0-mol/L
solution at room temperature in the laboratory.

Fabrication of the SPI/PVA blend films

The fabrication of the SPI/PVA blend films was
described in a previous article with four steps.21

First, an SPI water solution was prepared by the
addition of 5.0 g of SPI powder into 100 g of deion-

ized water; its pH value was adjusted from 6.8 to
10.0 by a 1.0-mol/L NaOH solution with continuous
a 200-rpm stirring rate at 80�C for 60 min. The pH
of the solution was monitored with an electronic pH
meter (660 type, Lengpu Co., Shanghai, China). The
raising the pH to 10.0 is well known to give a maxi-
mum protein unfolding and rearrangement state; a
pH of 10 will bring high lysino–alanine linkage for-
mation and high hydrolysis of asparagines and glu-
tamine primary residues.23

Second, a PVA water solution (10 wt %) was stir-
heated in a water bath maintained at 90�C for 90 min.
Third, a mixture including the prepared SPI solu-

tion, PVA solution, and glycerol was formed as the
film-fabrication resin. The pH value of this film resin
was again adjusted to 10.0 with a 1.0-mol/L NaOH
solution at 80�C.
Fourth, the final prepared resin was vacuum-

defoamed and poured onto a Teflon-coated metal
sheet to form SPI/PVA films. We achieved a con-
stant film thickness by casting the same amount of
resin on one sheet in the same area. The Teflon-
coated metal sheet was dried in an oven at 40�C for
6 h. These dried films were peeled off of the casting
surface and were coded as P-0, P-10, P-15, P-20, P-
25, and P-30 with the PVA weight ratios in the SPI/
PVA blends controlled at 0, 10, 15, 20, 25, and 30%,
respectively. Another series of SPI/PVA films with
glycerol was fabricated with the same casting
method and were coded as P-PVA-n, where n is the
weight percentage of glycerol based on the SPI in
the blend (wt %, glycerol/SPI).

Heat-sealing process

The heat-sealing process was carried out on a heat-
sealing testing machine (HSG-C, Brugger, Muenchen
Deuschland, Germany) with a pair of removable seal-
ing jaws, whose heat-sealing temperature could be
individually adjusted between ambient temperature
and 300�C. Figure 1 shows the cross-sectional illustra-
tion of the sealing jaws and the laminate films placed
between silicone rubbers. The temperature rose
sharply toward the setting temperature with heat dis-
persion through the silicone rubbers. In this study, the
heat-sealing temperature was kept at the peak temper-
ature isothermally for 0.1 s with a 150-kPa pressure.
At last, the heat-sealing films were removed from the
jaws after they were cooled for 5.0 s. Because of the
heat transfer lag in the polymer, the actual tempera-
ture inside the laminated films [polymer melting tem-
perature (Tm)] did not rise up to the setting heat-seal-
ing temperature during such a short sealing time.17

The heat-sealing temperature was defined as the set-
ting temperature recorded on the machine, which was
equal to the temperature outside of the film
surfaces.24
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Peel strength tests

The peel strengths were measured by peel tests with
a crosshead speed of 100 mm/min. Figure 2(a–c)
illustrates the peel testing direction and sample (100
� 10 mm2) dimensions with a heat-sealing area of 10
� 10 mm2. To achieve the peel strength, a sample
was gripped at the non-heat-sealed part and peeled
open at 180�. The maximum load attained was used
to calculated the peel strength (N/10 mm). The final
peel strength was calculated from the average value
of triplicate measurements for each type of film with
individually prepared films. Three failure types
occurred during the peel tests and were defined as
separation between the two layers in contact [Fig.
2(d)], peeling by rupture of the lower cohesion layer
[Fig. 2(e)], and tearing [Fig. 2(f)].17

Tensile tests

As the heat-sealing part usually exhibits a higher
tensile strength than the gripped part in a film sam-
ple, a circular notch promotes the tensile deforma-
tion right in the middle of the heat-sealing zone.25

Figure 3 illustrates a circular notch (radius ¼ 5 mm)
punched on the heat-sealing area of a film sample
with a size of 15 mm (width) � 90 mm (length). To
achieve uniform samples and notches, outlines were
drown on the films according to a size of 90 �
15 mm2, and notches were punched carefully before
the samples were cut into strips. During the punch-
ing process, it was important that the perforator
guide were aligned with the sample outlines to sat-
isfy the accurate position of the circular notches. The
machine direction (MD) and the transverse direction
(TD) referred to the directions along the length and
width of the heat-sealing samples.

DSC analysis

DSC curves were tested with a DSC TA2010 controlled
by a TA5000 system (TA Instruments, New Castle,
DE). Film samples (10 mg) were placed in hermetically
sealed aluminum TA pans and heated at a speed of
5�C/min from 0 to 250�C. Tm was determined as the
peak temperature of the endothermic event of a DSC
curve, and heat of fusion (Hf) data were calculated
from the melting area of a DSC curve automatically.

XRD tests

XRD patterns were measured with a powder diffrac-
tometer (Rigaku D/max 2500v/pc, Tokyo, Japan) to
characterize the crystalline structure of the samples.
According to a previous analysis,21 the samples
were scanned from 14 to 28� (2y) at 5�/min with the
application of 0.1542-nm Cu KaX-ray radiation.

FTIR analysis

The casting film samples were dried in vacuo at
room temperature for 24 h and then cut into small

Figure 1 Cross-sectional illustration of the sealing jaws
and the laminate films placed between silicone rubber.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 2 Illustration of the peel strength measurement of
the heat-sealing samples: (a) sample dimensions, (b) peel
testing direction and types of peel tests, (c) peeling, (d)
peel separation, and (e,f) tearing failure. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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pieces to be pelletized with KBr before the FTIR
measurements. FTIR spectra were obtained on a
Nicolet (Tokyo, Japan) Magna 750 spectrometer with
a deuterated triglycine sulfate detector and Omnic 3.2
software with 128 scans at a resolution of 4.0 cm�1 in
a range of wave numbers from 4000 to 400 cm�1.

SEM morphology

The film samples were stuck by double-side electri-
cally conductive carbon tape and then coated with
thin gold layers about 200 Å thick. The SEM surface
morphologies of the film samples were characterized
(SEM XL30, Philips, Holland) at an acceleration of 5
kV.

RESULTS AND DISCUSSION

Melting characteristics of the SPI/PVA
films tested by DSC

The heat-sealing temperature had to be equal to or
higher than Tm; the laminated films were melted
and sealed following with the chains entanglement
across the interfaces.17 As the heat-sealing time was
very short (0.1 s), the degradation of natural SPI in
the films could be omitted during heat softening.
This means that Tm of the SPI/PVA blend was the
minimum heat-sealing temperature for the poly-
meric films. Figure 4(a,b) shows the initial heating
DSC curves (first run) of the pure SPI and PVA.
Although SPI has been widely studied, the literature
has reported no consistent results on the SPI glass-
transition temperature and Tm because of the com-
plex protein structure.26 In this study, pure PVA had
a Tm of 225�C; SPI melting occurred in a temperature
range of 100–200�C with a very broad melting peak,

and 145�C was determined as its Tm. All these melt-
ing characteristics accorded with reported results.22

Before we determined Tm of the SPI/PVA blend, it
was necessary to examine the compatibility of SPI
and PVA to ensure that the blend was homogeneous
in macroscopic level with a single Tm. Typical sam-
ples of P-10 and P-20 were selected to evaluate this
problem.
Figure 4(c,d) shows that the SPI/PVA blend had

good compatibility with only one melting peak. In
addition, compared to P-20, P-10 had a broader Tm,
ranging from 150 to 175�C. Similar articles reported
that composites of PVA and natural polymers
(including starch, cellulose, chitin, chitosan, wheat
protein, egg protein, lignin, and sodium alginate)
showed good biocompatibility.27–31 The mechanism
reported was that there were strong interactions and
crystalline between PVA and natural molecules.
Another phenomenon was that the addition of glyc-
erol (only 1.0 wt % based on SPI) greatly affected
the melting behaviors of the SPI/PVA blends, as
shown in Figure 4(e,f). Both P-10-1 and P-20-1 had a
decreased Tm with a broader Tm range compared to
P-10 and P-20. The reason for this phenomenon
was that glycerol could be inserted into the crystal
structure and decrease the crystalline degree of
polymers.32,33

Another conclusion could be drawn from the DSC
curves: that PVA content was a main factor greatly
affecting the melting process of the blends. Because
the same heat pressure (150 kPa) and heat time
(0.1 s) were adapted to simplify the heat-sealing pro-
cess, Hf based on the heat-sealing temperature deter-
mined the ultimate heat-sealing results. Figure 5
shows the Hf data for samples P-5, P-10, P-15, P-20,
P-25, and P-30 with/without glycerol, respectively.
With increasing content of PVA in the blends, these
samples needed more heat to make the long mole-
cule melt. Meanwhile, the addition of glycerol
decreased the value of Hf for the same sample. For
example, value of Hf for P-5-1 (50.5 J/g) was less
than that of P-5 (65.2 J/g). This result also proved
the analyses in Figure 4 that show that the glycerol
could destroy the crystalline microstructure and that
the SPI/PVA/glycerol blend needed less heat to be
converted to the melting state.

Effect of the heat-sealing temperature on the
peel strength

In the peeling tests, fracture section could occur
inside or outside the heat-sealing part, which was an
indication of adhesion strength. These results supply
information about the relationship between Tm and
the surface molecular structure. Figure 6 shows the
peel strength data of samples P-5, P-10, P-15, P-20,
P-25, and P-30 without glycerol in a heat-sealing

Figure 3 Illustration of tensile testing samples with circu-
lar punches (radius ¼ 5 mm). [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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temperature range of 170–250�C. When the heat-seal-
ing temperature was lower than 170�C, all films were
lead into a peeling separation without satisfying heat-
sealing properties. This result accorded with the pre-
vious DSC analysis in that the blend did not melt
under the lower temperature of 170�C. When the
heat-sealing temperature increased higher than 180�C,
the peel strength for all samples sharply increased. As
the pure PVA had a higher Tm than SPI, a higher
PVA content in the films brought a relatively higher
heat-sealing temperature. However, the increasing
ratios of peel strength were different, as shown by a
comparison of the slopes of the temperature–healing
strength curves. The peel strength for P-5 was in the
range 6.4 MPa (170�C) to 6.8 MPa (250�C), whereas P-
30 had peeling strengths from 7.1 MPa (170�C) to 21.0
MPa (250�C). P-30 had the maximum increasing ratio
in the temperature range of 180–230�C. Interestingly,
nearly each sample had three types of peeling proc-
esses (peeling separation, peeling, and tearing) with

Figure 5 Hf values for P-5, P-10, P-15, P-20, P-25, and P-
30 with and without glycerol. [Color figure can be viewed
in the online issue, which is available at www.
interscience.wiley.com.]

Figure 4 DSC curves of the blend films: (a) pure SPI, (b) pure PVA, (c) P-10, (d) P-10-1, (e) P-20, and (f) P-20-1.
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two division temperatures of 180 and 230�C. This
indicated that the molecules in laminated films were
softened at a temperature of 180�C and adhered to
each other in a state of conglutination; and then, the
molecules inserted into and entangled with each other
at a temperature of 230�C.

Another aspect taken into account was the influ-
ence of glycerol on the heat-sealing ability of the films.
Plasticizers, such as glycerol and stearic acid, with
lower molecular weights have been used to improve
the flexibility and moisture resistance of natural films.
These plasticizers are usually bound to the protein
molecules via weak hydrogen bonds and leach out
over time, affecting the mechanical properties of the
films.17,22 Therefore, it is necessary to evaluate the
sealing results of the heat-sealing parts with the
leached-out plasticizer. In others words, the heat-seal-
ing parts should be recognized as new material to
investigate the changes of its microstructure after heat
sealing with prolonged time.17 Only 1.0 wt % glycerol
(on the basis of SPI) was mixed in samples P-5, P-10,
P-15, P-20, P-25, and P-30 to determine the effect of

glycerol on the peeling process. Similarly, each sample
with glycerol also had three types of peeling results,
separation, peeling, and tearing, in the temperature
range 180–220�C. P-30-1 had the maximum increasing
ratio of peel strength in the temperature range 180–
220�C. Still, 180�C was the division temperature of the
separation and peeling for all samples. However, the
division temperature for the peeling and tearing proc-
esses decreased from 230 to 220�C. For the same con-
tent of SPI/PVA films, their tensile strength decreased
with the addition of glycerol. This means that glycerol
greatly affected the structure of the samples by
decreasing the chain entanglement of the long mole-
cules in the films. The mechanism of this phenom-
enon was that the existence of glycerol made it easy
to move to the interface of the films and then prevent
the contact of long molecules.21,33

Effect of the heat-sealing temperature on the
tensile strength

Figure 7 shows the tensile strength of the heat-seal-
ing samples (with/without glycerol) through circular

Figure 7 Relationship between the tensile strength and
heat-sealing temperature for the samples with circle
notches.

Figure 6 Effect of the heat-sealing temperature on the
peel strength and failure types of the samples. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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notch tensile tests (TD) under various heat-sealing
temperatures. As it was confirmed that these sam-
ples had a phenomenon of peeling separation under
180�C, the heat-sealing temperature was set in the
range of 180–250�C in this tensile strength test. In
Figure 7(a), the tensile strength for all of the samples
(P-5, P-10, P-15, P-20, P-25, and P-30) increased with
increasing heat-sealing temperature and reached
maximum values around 230�C and then decreased.
This trend under 230�C was similar to that observed
in the peel strength, which might have been an indi-
cation that adhesion between the films affected the
mechanical strength of the heat-sealing area. The
tensile strength increased with increasing adhesion
strength between the films, and it got to the peak
point when all of the blends were melted. With a
higher PVA content in the film, the initial value of
the tensile strength was higher at a heat-sealing tem-
perature of 180�C. This result shows that the long
molecule of PVA had a main function of resisting
the stretching of the blends. Crystallization in blend
was partly lost beyond a temperature of 230�C with
the complete melting state. The higher the sealing
temperature led to a greater quench-cooling effect
with the result of fewer crystals and poorer tensile
strength.16 In another aspect, the molecules in the
blend films may have been partly oriented during
the film-casting process, which would have caused a
high tensile strength in TD.20,34 However, this orien-
tation would have been disturbed under higher
heat-sealing temperatures with complete melting.
Therefore, the values of tensile strength for all of the
samples decreased because of the previously men-
tioned two reasons.

The values of tensile strength for samples P-5-1, P-
10-1, P-15-1, P-20-1, P-25-1, and P-30-1 are shown in
Figure 7(b) to show the effect of the glycerol. With
the addition of glycerol, the initial values of strength
at 180�C had decreased for all samples. With
increasing heat-sealing temperature, the strength
increased for each film, similar to the sample with-
out glycerol. The peak values of the tensile strength
were obtained at a temperature of 240�C.

Crystalline structure as tested by XRD

As aforementioned, the peel strength was correlated
to the microstructure of the interface structure of the
laminated films, including the chain entanglement,
orientation, and crystallization. So it is important to
understand the effect of the heat-sealing temperature
on the heat-sealing properties by characterization of
the crystalline microstructure of the heat-sealing
parts. Figure 8 shows the typical X-ray patterns of P-
20 and P-20-1 before and after heat sealing at 220�C.
The reason 220�C was selected as the heat-sealing
temperature was that the samples were in a melting

and easy peeling state as the peel strength
decreased. P-20 had an XRD peak at 2y ¼ 22� in this
test, which was similar to previous reported
results.21 After the heat-sealing process, the XRD
peak (2y) for P-20 did not shift; the intensity of the
XRD peak was gentler than before. This indicated
that the heat-sealing had greatly broken the crystal-
line structure of the blend and that the crystalliza-
tion degree of the blend could not return to the orig-
inal state, even with a short melting process.
The XRD peak of P-20-1 was about 2y ¼ 20�. It

was seen ultimately that P-20-1 compatibilized by
glycerol had an even less intense peak than P-20.
This phenomenon must have been due to the break-
ing of the crystalline structure in PVA/SPI by small
molecules. Glycerol was compatible with protein
and could improve the mechanical properties of the
films through decreasing intermolecular attraction
and interfering with the protein packing. Moreover,
glycerol limited the crystal growth of other polymers
by interacting with these polymeric chains and hin-
dering their alignment.35

Figure 8 Typical XRD patterns of P-20 and P-20-1 before
and after heat sealing at 220�C. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Microstructure of the heat-sealing parts as
tested with FTIR

Figure 9(a,b) show the FTIR curves of the pure PVA
and SPI. The basic structure of the PVA molecule is
AOH groups on carbon chains. At room tempera-
ture, the broad AOH absorption band was observed
in the wave-number range 2918–3565 cm�1. The
absorption at 3294 cm�1 in SPI referred to the hydro-
gen-bond association between the protein chains and
moisture in the protein. There was obvious absorp-
tion of the ANHA band in the ranges 1636–1680 and
1533–1559 cm�1. These bands accorded with the
reported soy protein spectrum with an amide I band
at 1632 cm�1 and an amide II band at 1536 cm�1.22

As shown in Figure 9(c), the FTIR spectra of P-20
had absorption bands at 1636–1533 and 1150–
1250 cm�1 because of ANHA, CAN stretching and
NAH bending (amide III) vibrations, respectively. A
typical characterization of these spectra was the dis-
appearance of the strong hydrogen-bond association,

which both appeared in the SPI and PVA spectra,
where a new absorption band at 2900–3100 cm�1

appeared. These band-shifts suggest that there is a
specific chemical interaction occurring between SPI
and PVA. The new band may have referred to the
hydrogen-bond association between the protein
chains and PVA. After heat-sealing at temperatures
of 180 and 230�C, the FTIR spectra of P-20 shown in
Figure 9(d,e) nearly totally overlapped with each
other, which means that the heat-sealing process
nearly did not affect the band structure of the
blends.
Figure 9(f–j) shows the FTIR spectra of P-20-1 and

its heat-sealing parts (180, 200, 220, and 240�C). By
comparing the FTIR curves of P-20 and P-20-1, we
determined that glycerol (1.0 wt % of SPI) did not
greatly change the main FTIR bands. Meanwhile, the
IR absorbances of the SPI/PVA/glycerol depended
on the heat-sealing temperatures. The absorption in-
tensity of the 1000-, 1200-, and 1500-cm�1 bands
obviously decreased with increasing heat-sealing
temperature from 180 to 240�C. Compared to the
spectra of SPI and PVA, the five peaks at 850, 900,
and 1045 cm�1 (CAO stretching at C1 and C3) and
1117 cm�1 (CAO stretch at C2) were clearly observed
only for the SPI resin with glycerol. This indicates
that at least some glycerol molecules were present in
the free form in the cured SPI resin.36 The presence
of glycerol also decreased the absorption because of
the stretching of the carbonyl peak in primary amide
at 1641 cm�1; this indicated lesser amide bonds.
However, these bands formed with the glycerol
were easily broken through molecule thermal libera-
tion. These variations may be attributed to the leach-
ing of water and glycerol from the blend films dur-
ing the heat-sealing process.37

Morphology of the heat-sealing areas

Morphological analysis helped us to clearly deter-
mine the conditions of the heat-sealing area. Optical
microscopy, infrared microspectroscopy, and SEM
were applied to observe the interface changes in the
laminated films.16,37,38 Figure 10(a–c) show the opti-
cal photographs of the pure SPI, P-5, and P-5-1 films
in a rolling state with a size about of 50 � 50 cm2;
these were large enough for mechanical property
characterization. As shown in Figure 10(d), P-20-1
was in an expanding state with good properties of
integrality, transparence, and flexibility. Figure 11
shows the SEM morphology details of the heat-seal-
ing films at various temperatures. The separation
surface of P-20 at 180�C is shown in Figure 11(a).
The two black arrows point to the directions of peel
strength. A separation line of laminated films was
clearly observed in the upside of this figure. As the
interfacial strength mainly depended on the number

Figure 9 FTIR curves of the heat-sealing areas of samples
at various temperatures: (a) pure PVA, (b) pure SPI, (c) P-
20, (d) heat-sealing part of P-20 (180�C), (e) heat-sealing
part of P-20 (220�C), (f) P-20-1, (g) heat-sealing part of P-
20-1 (180�C), (h) heat-sealing part of P-20-1 (200�C), (i)
heat-sealing part of P-20-1 (220�C), and (j) heat-sealing
part of P-20-1 (240�C). [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

1908 SU ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



Figure 10 Photographs of the SPI/PVA blend films: (a) the pure SPI film, (b) P-5, (c) P-5-1, and (d) P-20-1. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 11 SEM morphology of the heat-sealing areas: (a) the separation surface of heat-sealing P-20 between the two
layers in contact; (b–e) the cross-section morphology of P-20 after heat sealing at 220, 230, 240, and 250�C, respectively;
and (f) the cross-section morphology of P-20-1 after heat sealing at 240�C.



of entangled chains forming connections across the
interface, the easy separation indicated that the mol-
ecules of P-20 could not yield more entanglement at
a lower temperature of 180�C. Although the heat-
sealing properties were not satisfied, the interfaces
of the laminated films still were broken by peel
force. In the peeling process, some areas of the film
were ripped off, which was attributed to the adhe-
sive capacity of the laminated films.

Figure 11(b–e) shows the cross-sectional morphol-
ogies of P-20 after heat sealing at temperatures of
220, 230, 240, and 250�C, respectively. With increas-
ing temperature, the laminated films merged into
each other at different degrees. In Figure 11(b), melt-
ing and diffusing areas, pointed by an arrow, indi-
cated that the molecules had formed connections
and across the interface. Higher temperature acceler-
ated the molecular movement in the interface. At
250�C, as shown in Figure 11(e), sufficient fusion
made the interface of P-20 disappear. This indicated
that only at the temperature at which these chains
melted and diffused across the interface could a
high adhesive capacity be realized. The higher adhe-
sive capacity led to higher peel strength because of
the chain entanglements. Figure 11(f) shows the
cross-sectional morphologies of P-20-1 after heat
sealing at a temperature of 240�C. With the addition
of glycerol, the laminated films also completely
fused, which led to a satisfying development of peel-
ing strength. Through these observations, we found
the heat-sealing temperatures (set temperatures)
were higher than those given by DSC. This phenom-
enon was attributed to the thermal barrier of the
polymeric materials, which has been reported
before.39,40

CONCLUSIONS

The heat-sealing properties of PVA/SPI films with/
without compatibilization by glycerol were investi-
gated. The SPI/PVA blend films were found to hold
superior heat-sealing abilities to pure SPI films.
Also, the PVA and glycerol contents in the blend
films and the temperature were main factors control-
ling the mechanical properties of the films. More-
over, the heat-sealing temperature of the films
greatly affected their crystalline structure. After a
short melting time, the blend crystallization degree
could not convert to the original state in a short
cooling time. The long-chain molecules of PVA
blended with SPI caused entanglement and intermo-
lecular hydrogen bonding, which enhanced Tm and
Hf of the films. Glycerol destroyed the crystalline
microstructure, and the SPI/PVA blends needed less
heat to be converted to the melting state. We con-
firmed by SEM that the heat-sealing process was a

process of chains melting and diffusing through the
laminated interface, which strongly depended on the
temperature: a higher temperature led to a higher
adhesiveness and a higher peel strength because of
the chain entanglements.
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