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ABSTRACT: Linear and branched poly(butylene adi-
pate)s (PBA) with molecular weights ranging from 2000 to
10,000 g/mol, and a branching agent content between 0 and
1.8%, were solution cast with poly(vinyl chloride) (PVC) to
form 50- to 60-�m thick flexible films. Dry films were ana-
lyzed by tensile testing, Fourier transform infrared spectros-
copy (FTIR), differential scanning calorimetry (DSC), and
optical microscopy (OM) to study the effects of molecular
weight and branching on the plasticizing efficiency of the
polyester. PBA formed a semimiscible two-phase system
with PVC, where the amorphous part exhibited a single

glass transition temperature. The degree of crystallinity for
the polyester, surface composition, and mechanical proper-
ties of the films depended on the blend composition, molec-
ular weight, and degree of branching of the polyester. Plas-
ticizing efficiency was improved by higher degree of branch-
ing. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci 100: 2180–2188,
2006
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INTRODUCTION

Poly(vinyl chloride) (PVC) is today one of the most
important plastic materials available in terms of con-
sumption. It has a broad collection of applications in
different areas, and flexible PVC grades are obtained
by compounding PVC with plasticizers. The most sig-
nificant group of PVC plasticizers is phthalate esters.
They constitute 97% of the total amount of plasticizers
used and are usually added in concentrations up to
50% of the final weight of the products. Phthalate
esters are low molecular weight compounds that are
easily released from the polymer matrix. They have
been found in most environments, in domestic foods
and wastes, in animals and humans.1 When used in
applications such as medical devices or toys, the con-
tact with biological fluids or synthetic substitutes ac-
celerates the migration of low molecular weight addi-
tives, causing changes in the long-term properties of
the material and possible toxic and biological effects
arising from the transfer of plasticizer to humans.1–6

In December 1999, the European Commission is-
sued an emergency ban (1999/815/EG) on the use of
six phthalate esters (diisononyl phthalate, diisodecyl

phthalate, bis(2-ethylhexyl) phthalate (DEHP or DOP),
dibutyl phthalate, benzyl butyl phthalate, and di-n-
octyl phthalate) in toys and childcare articles that are
intended to be placed in the mouth of children under
the age of three.7 This ban was renewed in August
20031 but some EU members already apply more strin-
gent restrictions where products that are likely, or can
be placed in the mouth of children under the age of
three are concerned as well. Following the European
ban, also other countries including USA and Canada
have introduced regulations regarding the use of these
phthalate esters in toys intended for mouthing.1

Both alternative plasticizers and substitute plastic
materials have been assessed for the replacement of
phthalate-plasticized PVC. The key issues for a suc-
cessful substitution of phthalate-plasticized PVC is to
find a material possible to process in conventional
processing equipments, a material that forms products
matching the technical requirements, and a material
that can be manufactured at a comparable cost. Phtha-
late plasticizers provide a broad range of properties
when compared with those of many other plasticizers
such as phosphates, epoxides, aliphatic dibasic esters,
trimellitates, pyromellitates, and polymeric plasticiz-
ers.8 The literature reports of PVC blends with differ-
ent rubber-like materials, e.g., acrylonitrile-butadiene
rubber or vinylchloride-ethylene-vinylacetate,9 and
with aliphatic polyesters, including polycaprolactone
(PCL),10–12 poly(3-hydroxybutyrate-co-3-hydroxyval-
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erate),13 poly(butylene adipate) (PBA),12,14–16 poly(ca-
prolactone-carbonate) (PCL-PC), and poly(caprolac-
tone-ethylene glycol-carbonate).17 Among the substi-
tute plastics evaluated, ethylene-vinyl acetate (EVA)
copolymers, polyesters, blow-molded polyolefins and
laminates have been found to offer additional prop-
erty benefits to some applications,2,18 though often at
the expense of original application performance. How-
ever, in many applications no material has yet been
found that can satisfactorily substitute soft PVC, and
no low molar mass plasticizer has so far been capable
of replacing phthalate esters without inducing migra-
tion. Coatings based on poly(ethylene oxide)19 or sur-
face modification by radiation crosslinking20 often re-
duce migration at the cost of other properties. There is
thus a large demand for finding alternative plasticiz-
ers and a promising and appealing way to obtain safe
plasticized PVC grades is to substitute phthalate esters
with compatible and nontoxic polymeric plasticizers.

A low molecular weight plasticizer is easily mixed
with the polymer resin and its high density of chain-
ends induces much free volume in the material. At a
given phr ratio, a plasticizer with a higher hydrody-
namic volume, i.e. a more bulky plasticizer, reduces
the strength, stiffness, and toughness of the material
more efficiently than a plasticizer that easily can be
packed among the polymer chains.21 Higher molecu-
lar weight of the plasticizer allows more entangle-
ments and provides fewer chain-ends per mass plas-
ticizer. Plasticized with a polymeric plasticizer the
material usually becomes more difficult to process
than if plasticized with a low molecular weight plas-
ticizer, the tensile strength increases and elongation is
reduced.16 Branched polymers have a higher density
of chain-ends compared with that of linear polymers
of the same molecular weight, and therefore also more
free volume and mobility at the same molecular
weight. Using a branched polymeric plasticizer would
thus increase the mobility of the system when com-
pared with a system plasticized with a linear polymer
at the same time as the branched polymer’s high mo-
lecular weight and bulkiness significantly reduce its
volatility and diffusivity compared with low molecu-
lar weight plasticizers.

PVC and aliphatic polyesters are miscible probably
through hydrogen bonding between the carbonyl
group of the ester and the �-hydrogen next to the
chlorine atom in PVC. The intermolecular force might
also originate from hydrogen bonding between the
carbonyl group of the ester and a �-hydrogen in PVC,
or from a dipole–dipole interaction between the car-
bonyl group of the ester and the chlorine atom in
PVC.12,22–25 The miscibility of polyester/PVC blends
have been shown to be favored by a polyester CH2/
CAO ratio of 4–10,12,14 and flexible films of PVC and
polyesters have been found miscible in the amorphous
state in all compositions.10,17,22 Recently Choi and

Kwak reported on the use of hyperbranched poly(�-
caprolactone)26 and another highly branched, pat-
ented polyester27 as plasticizers. Plasticizing effi-
ciency, measured by the shifting of Tg and tensile
elongation, was found to be similar to that of DEHP
and favored by shorter linear segments and more
branching.26,27 We have in earlier studies investigated
PVC/poly(caprolactone-carbonate) blends28 and as
far as we know there are no earlier studies on how low
degree of branching affects the properties of PVC/
polyester blends, and the aim of this work was to
evaluate how macromolecular structure affects the
polyester plasticizer efficiency and blend properties.

EXPERIMENTAL

Synthesis of the polyesters

1,4-butanediol (BD) (99%), adipic acid (AA) (99%),
dimethyl ester of AA (DMA) (�99%), dimethyl ester
of succinic acid (DMS) (98%), and trimethylol propane
(TMP) (�98%) as branching agent were purchased
from Fluka and used as received. Titanium iso-
propoxide (TIP) (99.99%) was used as a catalyst for the
reaction, chloroform and diethyl ether were obtained
from Sigma-Aldrich. Methanol was obtained from
Merck Eurolab. To synthesize linear PBA (PBA-L1,
-L2, -L3), BD and DMA or AA were weighted and
added to a two neck round-bottom reaction vessel in
the amounts reported in Table I. TIP catalyst was
added to each reaction mixture. The reaction vessel
was immersed in a silicon oil bath and the tempera-
ture was increased under nitrogen gas to 130°C where
the reaction was continued for 3 h. The methanol
formed in the reaction was continuously distilled from
the reaction mixture. The temperature of the reaction
mixture was then raised to 180°C under reduced pres-
sure and the polymerization was continued for 16 h.

TABLE I
Amounts 1,4-butanediol, Adipic Acid, Dimethyl Ester of

Adipic Acid, Trimethylol Propane, and Titanium
Isopropoxide Added to Synthesize Different PBA

Polyesters

Polyester BD:Acida,b Acida TIP (mole %) TMP (mole %)

PBA-L1 1.05:1.0 AA 0.15 —
PBA-L2 1.0:1.0 AA 0.2 —
PBA-L3 1.06:1.0 DMA 0.1 —
PBA-B1 1.05:1.0 AA 0.1 0.5
PBA-B2 1.0:1.0 DMA 0.2 1.5
PBA-B3 1.0:1.0 AA 0.2 0.26
PBA-B4 1.0:1.0 DMA 0.2 3.0

BD, 1,4-butanediol; TMP, trimethyl propane; TIP, titanium
isopropoxide.

a Generic term for adipic acid (AA) and dimethyl ester of
adipic acid (DMA).

b Molar ratio (mole:mole).
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After the polymerization was completed the reaction
mixture was cooled down to room temperature. The
polyesters were dissolved in chloroform and removed
from the reaction vessel. The polymers were precipi-
tated into methanol, filtrated, and washed with di-
ethyl ether. Branched PBA polymers (PBA-B1, -B2,
-B3, -B4) were synthesized in a similar way by adding
BD, DMA or AA, and TIP catalyst in the amounts
reported in Table I to a two-neck round-bottom reac-
tion vessel. PBA-B1 was first kept 1 h at 140°C, where
after the temperature was raised to 200°C for 1 h and
40 min. The reaction mixture was cooled to room
temperature and 0.5 mol % TMP was added. The
reaction was continued for 6 h at 180°C under reduced
pressure before the temperature was raised to 200°C
and the polymerization was continued for 16 h.
PBA-B2 was in the first step reacted 2 h at 130°C. The
reaction was continued for 3 h at 130°C after the
addition 1.5 mol % TMP. The temperature was then
raised to 180°C under reduced pressure and the poly-
merization was continued for 16 h. PBA-B3 was re-
acted 2 h at 130°C after which the temperature was
raised to 160°C under reduced pressure for 16 h. 0.26
mol % TMP was added to the reaction mixture and the
polymerization was continued for first 3.5 h at 130°C
and then 3.5 h at 180°C under reduced pressure. The
last polyester, PBA-B4, was reacted 2 h at 130°C before
3.0 mol % TMP was added. The reaction was then
continued at 130°C for 2 h. The polymerization was
finalized at 180°C under reduced pressure for 24 h.

Size exclusion chromatography

Molecular weight of synthesized polyesters was de-
termined using a Viscotek TDA model 301 triple de-
tector array SEC apparatus (viscometer, refractive in-
dex detector, and light scattering detector) equipped
with GM HHR-M � 2 columns with TSK-gel (Tosoh
Biosep), a Viscotek VE 5200 GPC Autosampler, a Vis-
cotek VE 1121 GPC Solvent pump, a Viscotek VE 5710
Degasser, and a Viscotek Trisec 2000 software (Ver-
sion 1.0.2), all from Viscotek Corp. Tetrahydrofuran
stabilized with hindered phenol (250 ppm) was used
as mobile phase at the velocity of 1.0 mL/min. Linear
polystyrene standards were used for SEC calibration,
11 narrow standards (Mp: 0.580–185 kg/mol) and one
broad standard (Mw � 250 kg/mol, PDI � 2.5). Flow-
rate fluctuations were corrected using the DRI signal
of the injected THF as an internal standard. The right
angle laser light scattering detector (RALLS) was cal-
ibrated with linear polystyrene standards (Mw � 90.1
kg/mol, PDI � 1.04; Mw � 250 kg/mol, PDI � 2.5;
both in concentration, 1.00 mg/mL). Columns and
detectors were kept at 35°C.

Nuclear magnetic resonance

1H NMR analyses were conducted on a Bruker
Avance 400 Fourier transform nuclear magnetic reso-
nance spectrometer (FT-NMR) operating at 400 MHz.
The temperature was 25°C and chloroform-d1
(CDCl3) was used as solvent. Samples were prepared
by dissolving 25 mg of polymer in 0.5 mL CDCl3 in
5-mm diameter sample tubes.

Fourier transform infrared spectroscopy

Infrared spectra of synthesized polyesters and solu-
tion cast films were recorded on a PerkinElmer Spec-
trum 2000 FTIR spectrometer (Norwalk, CT) equipped
with a single reflection attenuated total reflectance
accessory (golden gate) from Graseby Specac (Kent,
UK).

Solution casting

Solution cast PVC/PBA films were prepared by dis-
solving 2 g (total amount of polymers) in 80 mL of
THF (from BergmanLabora, Sweden). Three different
ratios of PVC/PBA were prepared for each polyester,
i.e., 20, 40, and 60 wt % PBA. The dilute polymer
solutions were prepared at 40°C and constant agita-
tion, exception for solutions of PVC/PBA-L1 and
PVC/PBA-B2 that were dissolved at 45 and 50°C,
respectively. To eliminate possible dust in the synthe-
sized PBAs, the weight portions of polyesters were
first dissolved and filtered through a preweighted fil-
ter before PVC was added to the solution. The filters
were dried until constant weight to ensure no major
loss of polyester during this step of the preparation.
When both polyester and PVC was fully dissolved, the
dilute solutions were cast in clean petri dishes (with
lids) that had previously been flushed with com-
pressed air to minimize the presence of dust particles.
The films were dried in ambient pressure and room
temperature for 3 days and in a vacuum desiccator for
additionally 3 days. Dry films were �50–60-�m thick
and kept between light protecting aluminum foils in a
desiccator until analysis.

Tensile testing

Tensile testing of solution cast films was conducted in
an Instron 5566 equipped with pneumatic grips and
Instron series IX software (Bristol, United Kingdom).
Five dry samples of uniform shape (80 � 5 mm2) were
cut using a EP 04/80 � 5 mm2 specimen cutter from
Elastocon AB, Sweden, and drawn to break from an
initial grip separation of 25 mm at a crosshead speed
of 50 mm/min and with a load cell of 0.1 kN. The
sample thickness was measured using a digital thick-
ness gauge (Mitutoyo micrometer) and elongation at
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break was calculated from grip separation. ASTM
standard D 882–02 was followed with the exception of
conditioning procedures. Tensile modulus of elasticity
was not measured because of insufficient sample
lengths.

Differential scanning calorimetry

DSC analyses were performed on a Mettler-Toledo
DSC 820 under nitrogen atmosphere. 5–10 mg of dried
polymer or polymer film was encapsulated in a 40-�L
aluminum cap without pin. Samples were under a
nitrogen gas flow of 80 mL/min heated from 25 to
80°C at a rate of 5°C/min. There after the samples
were cooled from 80 to 25°C at a rate of 5°C/min, from
25 to �50°C at a rate of 1°C/min, and from �50 to
�70°C at a rate of 0.5°C/min to ensure controlled
crystallization. The samples were held isothermally at
�70°C for 10 min before being heated from �70 to
120°C at a rate of 5°C/min. Samples containing pure
PVC were heated to 120°C also in the first heating
cycle.

Optical microscopy

Polarized light optical microscopy (OM) of solution
cast films was conducted using a Leitz Ortholux POL-
BK II OM equipped with a Leica DC 300 camera and
Leica IM50 software (Version 1.20, Release 19), which
was used to process the images.

RESULTS AND DISCUSSION

One way of avoiding the negative effects caused by
the migration of plasticizers, and at the same time
retaining the good qualities of plasticized PVC, is to
substitute low molecular plasticizers with compatible
and nontoxic polymeric plasticizers. In this work, lin-
ear and branched PBA were synthesized and used as
PVC plasticizers in concentrations of 20, 40, and 60 wt
% PBA. The synthesized polyesters were characterized

by SEC, NMR, and FTIR. The results from SEC and
NMR measurements can be seen in Table II. Good
correlation was found between Mark Houwink a-val-
ues obtained in SEC and the TMP content calculated
from NMR spectras, i.e., lower a-values for PBA-B2
and PBA-B1 than those for the other polyesters.

Mechanical properties of PVC/PBA films

Investigation of the mechanical properties of flexible
PVC films is a useful first step in evaluating a new
plasticizer. Solution cast PVC films plasticized with
different amounts of traditional or polymeric plasti-
cizers were therefore analyzed by tensile testing to
detect patterns correlating plasticizer efficiency and
plasticizer characteristics. The polymeric plasticizers
used in this study had different molecular weights
and degrees of branching as reported in Table II. Plas-
ticizer concentration proved to be the most important
parameter for the plasticizing effects on PVC films for
both polyester plasticizers and traditional phthalate
plasticizers. As can be seen in Table III, films with 40
wt % plasticizer content showed elastomeric stress–
strain curves for all the studied plasticizers while only
PBA-B2 and DEHP showed elastomeric stress–strain
curves for other concentrations as well, i.e., 20 and
60% respectively. The polymeric plasticizers in gen-
eral produced a stronger material with rather similar
ductility as films containing the traditional low molec-
ular weight plasticizers, see Figures 1 and 2. Within
the collection of polymeric plasticizers studied it was
however difficult to deduce any specific pattern cor-
related to the molecular weight of the polyester but a
trend of somewhat larger elongation was observed for
films plasticized with polyesters having a higher de-
gree of branching (Fig. 1). Higher plasticizing effi-
ciency of branched polyesters is concurrent with a
lower packing density of the polymer chains. A higher
degree of branching generates more mobile chain-
ends and hence increases the free volume in the ma-
terial.29 Recent results reported on the mixing of PVC

TABLE II
Average Molecular Weights, Polydispersity Index, and Percent Branching Agent in Synthesized PBA Polyesters,

Characterized by SEC and NMR

Polyester Mn (g/mol)a Mw (g/mol)a PDIa TMP (%)b MH a-valuec

PBA-L1 2,800 3,300 1.4 — 0.582
PBA-L2 4,100 6,100 1.5 — 0.604
PBA-L3 7,800 14,100 1.9 — 0.608
PBA-B1 4,200 6,900 1.6 0.8 0.550
PBA-B2 5,000 8,000 1.6 1.8 0.543
PBA-B3 5,400 8,800 1.6 0.4 0.597
PBA-B4 9,700 17,500 1.8 0.2 0.629

a Measured by SEC, universal calibration.
b Measured by NMR.
c Mark Houwink a-values, measured by SEC, universal calibration.
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and hyperbranched PCL with different degree of
branching and length of linear segments26 are in good
agreement with our results.

Surface character and miscibility of PVC/PBA films
measured by FTIR

A blend of two or more polymers can be defined as
totally miscible (microscopically homogenous), par-
tially miscible (microscopically heterogeneous), or im-
miscible (macroscopically heterogeneous),30 depend-

ing on the level of homogeneity. One good method for
determining miscibility on a molecular level is Fourier
transform infrared spectroscopy (FTIR). FTIR was in
this study used to analyze the surface composition of
plasticized films to see if the two polymers mixed
well, or if one of the two polymers was more promi-
nent at the surface. A certain degree of surface enrich-
ment of the component with the lowest surface free
energy might occur also in totally miscible blends,30

but the better the miscibility, the less surface segrega-
tion. At 40 wt % polyester, only films plasticized with

TABLE III
Tensile Testing Results of PVC/PBA Blends

Plasticizer
Plasticizer conc,

(wt %)
Stress at break

(MPa)
Strain at break

(%)
Stress at upper

yield (MPa)
Strain at upper

yield (%)

PBA-L1 20 33.5 � 5.0 321 � 39 43.5 � 0.9 7 � 0.2
40 24.6 � 1.2 507 � 44 — —
60 13.0 � 2.9 333 � 87 14.1 � 0.8 15 � 0.6

PBA-L2 20 25.5 � 6.3 35 � 27 51.9 � 4.4 6 � 0.4
40 23.6 � 1.7 523 � 26 — —
60 10.3 � 2.2 170 � 56 13.0 � 0.4 21 � 5

PBA-L3 20 27.4 � 3.6 187 � 70 41.2 � 4.0 7 � 0.1
40 23.2 � 1.8 504 � 71 — —
60 14.7 � 4.3 474 � 117 13.6 � 0.7 22 � 3.4

PBA-B1 20 33.2 � 3.4 314 � 74 24.2 � 6.3 7 � 0.5
40 23.7 � 2.1 560 � 77 — —
60 14.7 � 2.3 388 � 137 13.9 � 0.8 26 � 2

PBA-B2 20 34.6 � 1.3 497 � 52 — —
40 29.4 � 1.7 617 � 50 — —
60 10.8 � 0.7 175 � 27 10.4 � 0.7 24 � 3

PBA-B3 20 27.5 � 6.0 187 � 85 45.7 � 2.1 7 � 0.1
40 21.1 � 2.4 508 � 53 — —
60 11.4 � 3.0 286 � 102 12.0 � 10 23 � 2

PBA-B4 20 27.8 � 3.4 284 � 49 31.9 � 1.5 7 � 0.2
40 25.6 � 3.4 538 � 43 — —
60 15.5 � 2.9 386 � 142 15.2 � 1.3 23 � 2.7

DOP 20 31.9 � 2.5 371 � 41 15.6 � 0.6 8 � 0.2
40 17.0 � 2.3 562 � 56 — —
60 6.9 � 1.0 651 � 74 3.9 � 1.6 284 � 168

DEHP 20 36.0 � 2.0 346 � 46 24.2 � 1.1 6 � 0.3
40 17.6 � 1.1 533 � 52 — —
60 7.2 � 0.7 669 � 70 — —

Films showing an elastomeric stress-strain curve (i.e. no yield point) in tensile tests are marked as bold.

Figure 1 Strain at break vs. branching agent content of PVC
films containing 40 wt % plasticizer. L, linear polyester
plasticizer; B, branched polyester plasticizer.

Figure 2 Stress at break vs. branching agent content of PVC
films containing 40 wt % plasticizer. L, linear polyester
plasticizer; B, branched polyester plasticizer.
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PBA-B2 and PBA-B4 displayed FTIR spectra contain-
ing an evident mixture of the pure PVC spectra and
the original polyester spectra, see Table IV. In corre-
lation, blends containing PBA-B2 and PBA-B4 also
proved strongest in the tensile testing mentioned in
the previous section, Figure 2. The other films contain-
ing 40 wt % plasticizer all exhibited spectra more
similar to the original polyester than that to pure PVC,
indicating a domination of plasticizer at the surface.
These results are concurrent with results found by
Clark et al.30 for the PVC/PCL system where a surface
enrichment of crystalline PCL was observed when
compared with the amorphously blended bulk. Blends
containing 20 wt % PBA-B2, i.e., the only PVC/PBA
films showing elastomeric stress–strain curves at 20 wt
% plasticizer, also displayed a clearly mixed surface
spectra, which can be seen in Figure 3. Films plasti-
cized with traditional phthalate plasticizers showed
spectra indicating a clearly mixed surface composi-
tions at all concentrations.

Miscibility of PVC and esters/polyesters has in mul-
tiple studies been analyzed by observing a shift of the
carbonyl group stretch absorption band by FTIR. Such
a shift toward lower frequencies compared with the
absorption band frequency of the carbonyl group in
the pure plasticizer was observed for films plasticized
with traditional plasticizer. This result for the phtha-
late plasticizers is in good agreement with several
studies on the shift of the carbonyl group absorption
band in the molten or amorphous state because of
interactions between the carbonyl group in PCL, and a
�-hydrogen in PVC (hydrogen bonding), or between
the carbonyl group and the chlorine atom (dipole–
dipole interaction).12,22–25 However, for films plasti-
cized with polymeric plasticizers a shift toward higher
frequencies compared with the absorption band fre-

quency of the carbonyl group in the pure plasticizer
was observed. In a PVC/polyester system it is usual
that the polyester crystallizes and that the system
therefore consists of a two-phase system with one part
of crystalline polyester and one part of amorphous
miscible PVC/polyester. Many studies have been
done on the two-phase miscible PVC/PCL sys-
tem.11,30–32 The carbonyl group stretch absorption
band from the ester groups in PCL consists of one part
due to the crystalline domains and one part due to the
amorphous domains. The crystalline domains give
rise to an absorption band at lower frequencies than
that of the amorphous domains. When specific inter-
actions between PVC and PCL are favorable, the
amorphous part of the band is more intense, and as a
result of the specific interactions, the amorphous part
of the absorption band is shifted toward lower fre-
quencies while the crystalline part is shifts toward
higher frequencies.11 By comparing experimental
spectra of PVC/PCL blends with simulated spectra,
Canavate et al.31 confirmed the results of Coleman and
Zarian11, showing that because of the interactions be-
tween PVC/PCL, a new band is formed between the
amorphous and crystalline band. A shift of the car-
bonyl group absorption band toward higher frequen-
cies in amorphous PVC/PCL systems compared with
pure semicrystalline PCL have also been reported
from Karal et al. in 199733 and Penco et al. in 2002.32

The shift of the carbonyl group stretch absorption
band observed for polyester plasticized films in this
study can thus be confirmed as an indication of the
presence of specific interactions between the PVC and
PBA. The shift toward higher frequencies also concurs
well with the significantly lower degree of crystallinity
of PBA in the blends as reported in later sections
below. As can be seen in Table V, generally slightly
larger shifts were measured for films with 20 wt %
PBA than that for films with higher plasticizer content.

Figure 3 FTIR surface spectra of PVC plasticized with 20
wt % PBA-B2. The lower line is the spectra of pure PVC, the
line in the middle is the surface spectra of PVC/PBA-B2, and
the upper line is the spectra of pure PBA-B2.

TABLE IV
Surface Character of Plasticized Films Analyzed by FTIR

20% PC 40% PC 60% PC

A B C A B C A B C

PBA-L1 • • •
PBA-L2 • • •
PBA-L3 • • •
PBA-B1 • • •
PBA-B2 • • •
PBA-B3 • • •
PBA-B4 • • •
DOP • • •
DEHP • • •

PC, plasticizer concentration. Film surface character: A,
FTIR spectra of films contained absorption peaks character-
istic for both PVC and the plasticizer used; B, FTIR spectra of
films were more similar to the spectra of pure PVC than to
that of pure plasticizer; C, FTIR spectra of films were more
similar to the spectra of pure plasticizer than to that of pure
PVC.
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Films plasticized with PBA-B2 and PBA-B4 show in
accordance with other results (tensile testing, surface
composition, and degree of crystallinity) largest shifts
at 40 wt % plasticizer. At 20 wt % PBA, most of the
films have been shown to be practically amorphous by
OM (see below), and a large shift of the carbonyl
group stretch absorption band thus indicates good
miscibility and low crystallinity.

Film crystallinity

Optical microscopy and visual transparency

To study differences in the crystalline structure of
solution cast films, OM was applied. Among the films
containing 20 wt %, only films plasticized with
PBA-B2 showed a visual presence of crystals. These
crystals were small and evenly spread out throughout
the film as can be seen in Figure 4. This finding is in
good agreement with the tensile testing results where
films plasticized with PBA-B2 were the only films to
show an elastomeric stress–strain behavior at 20 wt %
plasticizer. The small and well-dispersed crystals are
proposed to work as physical crosslinks in the amor-
phous matrix, resulting in an elastomeric material.
Other films containing 20 wt % plasticizer were all
smooth and visually crystal free with the exception of
films plasticized with PBA-B4, which exhibited a
somewhat rough surface.

In the case of 40 wt % plasticizer, all films contain-
ing polymeric plasticizer showed crystalline domains
to some extent. In accordance with tensile testing re-
sults, morphological differences seemed more corre-
lated to whether the polyester plasticizer was linear or
branched rather than to the molecular weight of the
polyester. Exception from this statement must again
be made for films plasticized with PBA-B4, which also
at this plasticizer concentration exhibited a somewhat
rough film surface. Films containing polyesters with a
higher degree of branching, i.e., films containing
PBA-B1 and PBA-B2, showed large crystal structures

dispersed in the amorphous matrix, see Figures 5 and
6. Tensile testing results presented in the previous
section showed that films plasticized with PBA-B1 and
PBA-B2 displayed the largest elongation at break, and
the correlation suggests that these larger crystals dis-
persed in the amorphous matrix form a structure sim-
ilar to that of elastomers. Films plasticized with a less
branched polyester, PBA-B3, showed a different crys-
tal structure with smaller, more tightly packed crys-
tals, see Figure 7, and in correlation, a lower elonga-
tion at break.

TABLE V
Shift of the Carbonyl Group Stretch Absorption Band in

Plasticized Films, Analyzed by FTIR

Plasticizer concentration

20% 40% 60%

PBA-L1 4 1 2
PBA-L2 3 2 2
PBA-L3 3 2 2
PBA-B1 3 2 2
PBA-B2 3 5 4
PBA-B3 3 2 2
PBA-B4 3 4 3
DOP �4 �3 �2
DEHP �4 �3 �2

Values given are shift measured in cm�1.

Figure 4 Nonpolarized light optical micrograph of solution
cast film plasticized with 20 wt % PBA-B2. The scale bar is
equal to 10 �m.

Figure 5 Polarized light optical micrograph of solution cast
film plasticized with 40 wt % PBA-B1. The scale bar is equal
to 10 �m.
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Among the films plasticized with linear polyesters a
small difference can be noticed between films contain-
ing PBA-L2 vs. PBA-L1 and PBA-L3. PBA-L2, with
intermediate molecular weight, showed a somewhat
larger crystalline structure than that of PBA-L1 and
PBA-L3 and in correlation also , to some extent, a
larger elongation at break. At 60 wt % plasticizer, all
films containing polymeric plasticizer showed a
densely packed crystalline structure. Films plasticized
with traditional plasticizers DEHP and DOP showed
no crystals regardless of the plasticizer concentration,
and visual transparency was in good agreement with

optical micrographs, i.e., showing an increasing trans-
parency with decreasing crystal density.

Differential scanning calorimetry

Glass transition temperature and degree of crystallin-
ity of the solution cast films were measured by differ-
ential scanning calorimetry (DSC). The existence of a
single glass transition temperature is a well-recog-
nized proof of miscibility in polymer blends. In Figure
8 the recorded glass transition temperatures are plot-
ted as a function of polyester concentration in the cast
PVC/PBA films. The values measured for pure PBA
were slightly higher than that of the earlier recorded29

but the values for the analyzed PVC/PBA films were
in good agreement with values reported by Ziska et al.
in 1981.14 The presence of a composition-dependent
single glass transition temperature in analyzed blends
is thus another indication of miscibility between PVC
and the synthesized PBA. However, the broader
transition widths observed in analyzed blends com-
pared with those of pure polymers, along with the
presence of a crystalline polyester phase, indicate that
there is only partial miscibility between the two com-
ponents.

As earlier reported for both the PVC/PCL sys-
tem11,30–32 and for PVC/PBA,14 some of the PVC/PBA
blends did not form a totally amorphous film but a
two-phase miscible PVC/PBA system. DSC was there-
fore also used to calculate the amount of crystalline
PBA in the different PVC/PBA films. Figure 9 shows
the degree of crystallinity as a function of polyester
concentration in prepared blends. Degree of crystal-
linity was calculated by dividing the measured nor-
malized heat of fusion by the theoretical value for a
100% crystalline PBA sample, 135.0 J/g.34 Most of the
blends showed a minimum degree of crystallinity at
40 wt % plasticizer, but the composition dependence
of crystallinity was most prominent for films plasti-

Figure 6 Polarized light optical micrograph of solution cast
film plasticized with 40 wt % PBA-B2. The scale bar is equal
to 10 �m.

Figure 7 Polarized light optical micrograph of solution cast
film plasticized with 40 wt % PBA-B3. The scale bar is equal
to 10 �m.

Figure 8 Glass transition temperature (°C) dependence on
polyester concentration in PVC/PBA films.
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cized with PBA-B2. A lower degree of crystallinity and
an indication of a crystalline structure more similar to
that of elastomers via larger elongations at break for
branched PBA compared with linear PBA was also
seen by Han et al.29 when they characterized solution
cast films of pure PBA.

CONCLUSIONS

PBA formed a semimmiscible two-phase system with
PVC, where the amorphous part exhibited a single
glass transition temperature. Mechanical properties,
glass transition temperature, and morphology of
PVC/PBA blends depended on molecular weight, de-
gree of branching, and blend composition. Desirable
mechanical properties were achieved at a 40 wt % PBA
concentration. Branching enhanced the plasticizing ef-
ficiency of the polyester plasticizer in terms of greater
elongation and improved miscibility.

Lina Emilsson and Carl Brunius are thanked for synthesiz-
ing the PBA polymers. Professor Ann-Christine Albertsson
is thanked for valuable discussions during this work.
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