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a b s t r a c t

Binary blends of poly(ethylene terephthalate) with poly(lactic acid), PET/PLA, were studied by differen-
tial scanning calorimetry and X-ray scattering. The PET/PLA blends, prepared by solution casting, were
found to be miscible in the melt over the entire composition range. Both quenched amorphous and
semicrystalline blends exhibit a single, composition dependent glass transition temperature. We report
the non-isothermal crystallization of (a) PET, with and without the presence of PLA crystals and (b) PLA,
with and without the presence of PET crystals. PET can crystallize in all blends, regardless of whether
PLA is amorphous or crystalline, and degree of crystallinity of PET decreases as PLA content increases. In
igid amorphous fraction (RAF) contrast, PLA crystallization is strongly affected by the mobility of the PET fraction. When PET is wholly
amorphous, PLA can crystallize even in 70/30 blends, albeit weakly. But when PET is crystalline, PLA can-
not crystallize when its own content drops below 0.90. These different behaviors may possibly be related
to the tendency of each polymer to form constrained chains, i.e., to form the rigid amorphous fraction, or
RAF. PET is capable of forming a large amount of RAF, whereas relatively smaller amount of RAF forms in
PLA. Like the crystals, the rigid amorphous fraction of one polymer component may inhibit the growth

end p
of crystals of the other bl

. Introduction

PET is a commercially important engineering thermoplastic
ith good thermal and mechanical properties, low permeabil-

ty, and chemical resistance. It is used for example in bottle
ontainers, food packaging, textile fibers, engineering plastics in
utomobiles, electronics and blood vessel tissue engineering [1–4].
nlike petroleum-based plastics, biodegradable green plastic PLA

s derived from renewable resource, such as corn and starch. PLA
s biodegradable polyester with high strength and high modulus.
t has various applications in drug delivery, tissue engineering,
ood packing and bottle containers [5–7]. Recently, PLA bottles
ave been produced and start to challenge PET bottles especially
ith the rise in oil prices. PLA bottles have many advantages such

s biodegradability, plentiful material source, and lower cost dur-
ng blow-molding due to its lower glass transition temperature
Tg = 70 ◦C for PET [8–10] and Tg = 50 ◦C for PLA [11–13]). However,
ince PLA is not a good barrier for oxygen and has relatively high

ost, the use of PLA bottles is still limited.

Blending is usually used to improve the properties of polymers.
any binary blends of the type A/B with A being either PET or

LA have been produced [14–18]. However, binary blends incor-
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porating both PET and PLA have not yet been investigated. In the
present work, the miscibility and thermal properties of PET/PLA
blends were studied over a wide composition range from 0% to 100%
PLA. In this blend system, both PET, the A component, and PLA, the
B component, have the potential to crystallize. Whether they will
do so depends upon their relative mass fractions and upon the crys-
tallization conditions, i.e., whether the blends are thermally treated
by cooling from the melt state, or by heating from the glassy state.

The crystallization kinetics of a crystallizable polymer with an
amorphous polymer in binary polymer blends is different from the
kinetics of a crystallizable polymer blended with another crystal-
lizable polymer. In the former case, we expect that the amorphous
polymer B component could be diffused from the crystalline growth
front of the crystallizing A component. In the latter case, if B is
already crystalline, the crystalline fraction would serve as a restric-
tion on the subsequent growth of the crystallizable A partner
[18]. However, most prior reports were based on crystallization
of the A component with either non-crystalline B component,
or crystallized B component. In the present work, we report the
non-isothermal crystallization of (a) A component, PET, with and
without the presence of PLA crystals, and (b) B component, PLA,

with and without the presence of PET crystals.

Even in A/B polymer blends, a three-phase model, compris-
ing crystalline fraction (C), mobile amorphous fraction (MAF),
and rigid amorphous fraction (RAF), is proposed to describe the
phase structure, instead of using a conventional two-phase model

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:peggy.cebe@tufts.edu
dx.doi.org/10.1016/j.tca.2009.04.023
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omprising only crystalline and amorphous fractions. RAF has
een found in many well-crystallized polymer blends such as iso-
actic polystyrene/atactic polystyrene blends [19], polyurethane/
oly(methyl methacrylate) blends [20], PET/polystyrene blends
21], polycarbonate/poly(�-caprolactone) blends [22], poly(ether
ther ketone)/polyarylate blends [23], and poly(ether ether
etone)/poly(ether imide) blends [24]. The rigid amorphous frac-
ion (RAF) is the intermediate phase connecting the crystalline
hase (C) to the mobile amorphous fraction (MAF); MAF is also
alled the “conventional” amorphous phase [25–31]. Unlike MAF,
he RAF will not undergo relaxation during the conventional glass
ransition. Furthermore, since the RAF is intimately connected with
he crystalline phase, like the crystal fraction, RAF would proba-
ly not be diffused from the crystalline growth front and therefore
ould also restrict the growth of the other blend partner.

PET and PLA have very different abilities to form RAF, even in
ases where the crystalline fractions do not differ greatly. In PET,
hen the crystal fraction, �C = 0.29, the RAF fraction, �RAF = 0.49

32], giving a total solid fraction, �S = 0.78. PLA on the other hand,
orms little RAF. In a typical case, PLA with �C = 0.40, presents only
RAF = 0.13 [32], giving a total solid fraction, �S = 0.53. If two crys-

allizable polymers with tendency to form different amounts of
AF are blended, it was our thinking that the confinement ability
RAF-forming ability) of one polymer could affect the subsequent
rystallization and crystallinity of its blend partner. Here we explore
he non-isothermal crystallization of PET/PLA blends to assess the
rystalline fractions, �C(PET) and �C(PLA), and, to the extent possi-
le, also the rigid amorphous fractions, �RAF(PET) and �RAF(PLA).

. Experimental

.1. Materials

The PET films were obtained from the former Allied Signal
orp. with intrinsic viscosity of 0.92 dl/g, measured in 60/40
henol/trichloroethylene solution, giving a molecular weight of
5,000 g/mol calculated from the Mark–Houwink equation with
= 0.640 and K = 14 × 10−4 dl/g. Poly(lactic acid), PLA-2002D (con-

aining 1.5–2% of D isomer) pellets were obtained from Cargill
ow LLD, NatureWorks LLC, USA. Onset degradation temperature
f PLA-2002D is 290 ◦C. PET and PLA were dissolved separately in
exafluoro-2-propanol (HFIP) to form stock solutions with concen-
rations of about 10% by weight of polymer. PET/PLA blends were
repared by mixing the stock solutions to achieve the following
eight ratios of PET to PLA: 100/0, 90/10, 70/30, 50/50, 30/70, 10/90,

nd 0/100. Films of the blends were cast from solution, dried in
vacuum oven at 85 ◦C for several days and then compression-
olded above the melting temperature of the PET component and

ooled to room temperature to obtain films with uniform thick-
ess about 0.2 mm. Wholly amorphous samples were obtained by
uenching the molten samples into liquid nitrogen, and the films
ere confirmed to be amorphous by X-ray diffraction.

.2. DSC measurements

DSC studies were carried out using TA instruments temperature
odulated DSC (TA Q100). Indium was employed for the temper-

ture and heat flow calibration. The heat capacity was evaluated
ith respect to sapphire standard. Dry nitrogen gas was purged into

he DSC cell with a flow rate of 50 mL/min. The sample mass was

ept at about 5–6 mg. Endotherms are presented with downward
eflection in our scans.

Crystallinity was determined from the area of the DSC
ndotherm using 140 J/g as the heat of fusion of 100% crystalline PET
33] and 86 J/g as that of 100% crystalline PLA [33]. The crystallinity
Fig. 1. Heat flow rate vs. temperature of initially wholly amorphous PET/PLA blends
during DSC heating at 5 ◦C/min. Ordinate values have been normalized for total sam-
ple mass. Curves are displaced vertically for clarity. The dashed lines are guides to
the eye.

can be obtained from:

�C = �H(Meas)

�Hf
(1)

where �H(Meas) is the measured heat of fusion of the semicrys-
talline polymer and �Hf is the heat of fusion of 100% crystalline
polymer from the literature.

2.3. Wide angle X-ray scattering

Two-dimensional WAXS patterns of PET/PLA blends were
obtained at room temperature on a Bruker AXS from 2� = 8–30◦

(for � the half-scattering angle) at wavelength � = 0.1542 nm.
Scattered intensity was corrected for air background, and the two-
dimensional isotropic pattern was converted to a one-dimensional
pattern by integrating over a sector.

3. Results and discussion

3.1. Miscibility of PET/PLA blends

Fig. 1 shows the DSC thermograms for wholly amorphous
PET/PLA blends, obtained by quenching from the melt. The ther-
mograms show Tg in the range from ∼40 ◦C to 80 ◦C, followed by
crystallization exotherms with peaks marked as TC(PLA) or TC(PET).
Near 150 ◦C, the melting of PLA occurs, marked as TM(PLA) followed
by PET melting near 250 ◦C, marked as TM(PET). A single melting
peak of PET was observed for all the blends. Melting temperature
of PET was slightly decreased with an increase of PLA concentration.
Similar result was also found in iPS/aPS blends [19,34] and Nylon
6/Silk blends [35]. The PET crystals may become less perfect with
PLA addition, or there may be a decrease of the equilibrium melting
temperature after blending.

For all blend compositions, the transition temperatures follow
the relationship:

Tg < TC(PLA) < TC(PET) < TM(PLA) < TM(PET) (2)

All PET/PLA blends exhibit a single glass transition temperature, Tg,
which is shown in Fig. 2 as a function of PET composition. Tg of the
initially quenched amorphous blends is shown by open circles. The
appearance of a single, composition-dependent Tg for the PET/PLA
blends indicates that the blends exhibit a homogeneous amorphous

phase structure and that PET is completely miscible with PLA over
the entire composition range.

Several different relationships have been proposed to describe
the dependence of Tg on the composition of miscible polymer
blends [19,36–42]. As in our prior work in iPS/aPS blends [19], here
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Fig. 2. Glass transition temperature vs. PET content for PET/PLA blends. Open
circles—wholly amorphous blends; filled circles—blends crystallized during cool-
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ng from the melt at 20 ◦C/min, containing crystalline PET and amorphous PLA. Solid
ine is the best fit to the semicrystalline blend data using Eq. (3) with k = 1.01 and
= −70. Dashed line is the best fit to the wholly amorphous blends data using Eq.

3) with k = 1.01 and p = −10.

lso we use Kwei’s equation [39–41] to describe the Tg-composition
elationship:

g = (W1Tg1 + W2Tg2)
(W1 + kW2)

+ pW1W2 (3)

here Tg is the glass transition temperature of the blends; Tg1
nd Tg2 are those of pure components (1 for PET, 2 for PLA); W1
nd W2 are the weight percent of PET and PLA, respectively; k is
n adjustable fitting parameter which can be taken as a quantity
haracterizing the strength of intermolecular interactions between
lend components. The first term on the right-hand side of Eq. (3) is
lso known as the Gordon–Taylor equation [37]. In the second term
n the right-hand side, p represents intermolecular specific interac-
ions in the mixture, accounting for effects of the rearrangements in
he neighborhood of the molecular contacts. Some self-association
nteractions are broken and some inter-association interactions are
ormed [39,42]. There are a few different forms used for the second
erm. For example, Tsutsui et al. [38] use (pW1W2/(W1 + kW2)) for
he second term. The values of p can be either positive or negative
19,36–42].

Fig. 2 also shows the glass transition temperature vs. PET con-
ent for semicrystalline PET/PLA blends after cooling from the melt

t 20 ◦C/min (solid circles). It is confirmed by Fig. 3, and by X-
ay analysis, that these blends contain only PET crystals. PLA is
nable to crystallize during melt cooling at 20 ◦C/min, even in the
ase of the PLA homopolymer (blend 0/100). Crystallized blends

ig. 3. Heat flow rate vs. temperature of PET/PLA blends during cooling from the
elt at 20 ◦C/min. Ordinate values are normalized for total sample mass. Curves are

isplaced vertically for clarity. Exothermic peaks arise solely from crystallization of
ET.
Fig. 4. Heat flow rate vs. temperature of PET/PLA blends during heating at 5 ◦C/min
after cooling from the melt at 20 ◦C/min. Ordinate values are normalized for total
sample mass. Curves are displaced vertically for clarity.

in the compositions we investigated generally have a decrease
of Tg compared to the quenched amorphous samples except for
homopolymer PET. Fig. 2 shows the glass transition temperature vs.
PET content for crystalline PET/PLA blends, crystallized during cool-
ing from the melt at 20 ◦C/min (filled circles). Tg’s of the crystalline
PET/PLA blends can be fitted by Eq. (3) with k = 1.01 and p = −70.
For the quenched amorphous PET/PLA blends, the fitting parame-
ters k and p are 1.01 and −10, respectively. The large negative value
of p indicates a strong intermolecular interaction between PET and
PLA [19,39–42] regardless of whether the sample is amorphous or
crystalline, and crystalline blends (with PET crystalline/PLA amor-
phous) show much stronger intermolecular interaction than wholly
amorphous blends.

3.2. Cold crystallization of PLA in the presence of amorphous PET

In Fig. 1, during heating from the glassy wholly amorphous
state homopolymer PET shows a non-isothermal cold crystalliza-
tion peak at about TC(PET) = 110 ◦C and homopolymer PLA shows
its crystallization peak at TC(PLA) = 90 ◦C, 20 degrees lower than
PET. For PET/PLA blends, PLA crystallized earlier than PET during
heating. The crystallization temperature of PLA shifts to higher tem-
perature with an increase of amorphous PET concentration (shown
by dashed lines in Fig. 1) and crystallization of PLA is not observable
as an exothermic peak when the weight fraction of PET was higher
than 0.30. Meanwhile, crystallization of PET also shifted to higher
temperature with an increase of PLA composition and cold crystal-
lization of PET during heating was still possible even in the 10/90
blends. In blend 10/90, no clear exotherm can be seen for PET, but
its crystallization during heating is confirmed by appearance of the
endotherm at TM(PET) ∼250 ◦C.

3.3. Melt crystallization of PET in the presence of amorphous PLA

Fig. 3 shows the DSC thermograms for semicrystalline PET/PLA
blends during cooling from the melt at 20 ◦C/min. Crystalliza-
tion temperature of PET, TMC(PET) (melt crystallization) shifts to
lower temperature and the exotherm broadens, with the increased
content of amorphous PLA. Since TC(PLA) < TC(PET), PET crystal-
lizes from the melt in the presence of wholly amorphous, molten
PLA. After cooling from the melt to room temperature, the PLA

component in all the blends was still fully amorphous. That fact
is confirmed by both DSC results in Fig. 4 and X-ray results in
Fig. 5. In Fig. 5, no crystal peaks of PLA were observed for the
blends.
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Fig. 5. WAXS intensity vs. scattering angle, 2� (for � = 0.154 nm), at room temper-
ature for PET/PLA blends non-isothermally crystallized by cooling from the melt
at 20 ◦C/min with compositions as marked. In the blend samples all the crystal
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as a restriction on the subsequent growth of the other polymer. As
shown in Table 1, for PET/PLA 50/50 blends, before the cold crys-
tallization of PET, the crystallinity of PLA is 0.10; before the cold
crystallization of PLA, the crystallinity of PET is 0.14. The crystalline
fractions are very similar in these two systems, but PET can easily

Table 1
Crystallinity of PET and PLA in PET/PLA blends.

PET/PLA 100/0 90/10 70/30 50/50 30/70 10/90 0/100

�C(PET)a(±.01) 0.30 0.27 0.23 0.17 0.10 0.04 0
�C(PLA)b(±.01) 0 0 0.01 0.10 0.18 0.22 0.25
�C(PET)c(±.01) 0.31 0.25 0.20 0.14 0.08 0.03 0
�C(PLA)d(±.01) 0 0 0 0 0 0.02 0.25

a Crystallinity of PET after non-isothermal crystallization of PET during heating
of wholly amorphous samples and determined from heat of fusion of PET in Fig. 1
using Eq. (1).

b Crystallinity of PLA after non-isothermal crystallization of PLA during heating
of wholly amorphous samples and determined from heat of fusion of PLA in Fig. 1
using Eq. (1).

c Crystallinity of PET after non-isothermal crystallization of PET during cooling
eaks are related to PET crystals. The lower curve shows crystalline PLA for compar-
son. Miller indices are marked above the homopolymer curves. For semicrystalline
LA, the Miller indices refer to orthorhombic crystal structure (alpha phase) and
tereo-complex crystals (sc) found in mixed isomer systems of PLLA with PDLA [43].

.4. Cold crystallization of PLA in presence of crystallized PET

Fig. 4 shows DSC thermograms for PET/PLA blends during
eating at 5 ◦C/min after cooling from the melt at 20 ◦C/min. As
entioned above, the blends were confirmed to contain crystalline

ET and amorphous PLA. For PLA homopolymer, an exothermic
eak due to the crystallization of PLA was observed. For the blends,
nly for the PET/PLA 10/90 was a very tiny melting peak of PLA
bserved, caused by melting of PLA crystals formed during the heat-
ng. However, when the content of PET increased to 0.30, and the
ET was already previously crystallized, then the crystallization of
LA was totally inhibited.

The absence of crystallization of the PLA is not simply due to the
iluting effect of blending with PET, since cold crystallization of PLA

n the presence of amorphous PET occurs readily even in PET/PLA
0/30. The modified Turnbull–Fisher equation which represents
he spherulitic growth rate, G, in polymer blends is expressed by
44–47]:

= G0v2 exp

[
U

kB(TC − T∞)
− KgT0

M
fTC �T

+ 0.2T0
M ln v2

f �T

]
(4)

here G0 is constant; v2 is the volume fraction of the respective
olymer; U is the activation energy for molecular transport; TC is the
elected crystallization temperature; kB is the Boltzmann constant;
∞ is the temperature below which chain transport is impossi-
le; T0

M is the equilibrium melting temperature of the respective
olymer; �T is the degree of supercooling; f is a correction factor
nd equals 2TC/(TC + T0

M); and Kg is usually regarded as a constant
44], related to the lamellar lateral and end surface free energies.
he crystallization of the PET component is suggested to form a
obility restricted region which reduces the growth of PLA crys-

als, affecting the activation energy for cold crystallization, U, in
q. (4).

In Fig. 4, homopolymer PET exhibits two endothermic melting
eaks. The explanation for the multiple melting peaks of PET is

melting–recrystallization–remelting model, in which the lower

ndotherm (occurring at lower temperature) is due to the melting
f original crystals and the higher temperature endotherm is due to
he melting of crystals that recrystallized during heating after melt-
ng of the original crystals [48]. With the addition of any amount
Acta 492 (2009) 61–66

of PLA, only one broad melting peak was observed, and the upper
melting endotherm is not distinguishable.

3.5. Cold crystallization of PET in the presence of crystallized PLA

As discussed above, and shown in Fig. 1, for PET/PLA blends, the
PLA component crystallized at a lower temperature than PET dur-
ing heating. Therefore, subsequent crystallization of PET occurs in
the presence of already-crystallized PLA from compositions 70/30
to 10/90. Crystallization peak temperature of PET shifts to higher
values as PLA content increases. This suggests that an increase of
chain mobility (brought by higher temperature) is needed in order
for PET to crystallize as the PLA content increases.

Whereas the PET component could cold crystallize in the pres-
ence of crystalline PLA up to 0.90 PLA fraction (see Fig. 1), the
PLA component was unable to cold crystallize in the presence of
crystalline PET in blends with greater than 0.10 PET fraction (see
Figs. 4 and 5). We speculate that this is might be related to the
different abilities of PLA and PET to form the rigid amorphous frac-
tion: RAF in PET can be very large compared with PLA [32]. Like the
crystals, the rigid amorphous fraction of one polymer may block
the growth of crystals of the other blend partner. To determine the
degree of crystallinity, �C(PET) and �C(PLA), of the blends, Eq. (1)
was used, and these results are listed in Table 1. PET can crystallize
in all blends, regardless of whether PLA is amorphous or crystalline,
and �C(PET) decreases as PLA content increases. In contrast, PLA
crystallinity is strongly affected by the mobility of the PET fraction.
When PET is wholly amorphous (Table 1, row 3), PLA can crystallize
even in 70/30 blends (albeit weakly: �C(PLA) = 0.01). But when PET
is crystalline (Table 1, row 5), PLA cannot crystallize when its own
content drops below 0.90. In 10/90, �C(PLA) has already decreased
to 0.02, down from 0.25 in homopolymer PLA.

As mentioned above, both PLA and PET can cold crystallize in
the presence of an amorphous blend partner. However, in the pres-
ence of crystalline polymer, crystallization rates of PET and PLA
are extremely different. At the scanning rate used in this study
(5 ◦C/min), PLA cannot crystallize when its own content drops
below 0.90, while PET can crystallize in all blends. So the different
crystal growth rates are most likely due to the restrictions caused by
prior crystallization of the blend partner and not simply due to the
diluent effect of blending. This leads us to consider the role of the
crystals. As mentioned above, the crystalline fraction would serve
from the melt and determined from heat of crystallization of PET in Fig. 3 using Eq.
(1).

d Crystallinity of PLA after non-isothermal crystallization of PLA during heating
after cooling from the melt and determined from heat of fusion of PLA in Fig. 4 using
Eq. (1).
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Table 2
Mobile amorphous, rigid amorphous and solid fractions of PET after non-isothermal
crystallization of PET during cooling from the melt.

PET/PLA 100/0 90/10 70/30 50/50 30/70 10/90 0/100

�
�
�

c
c
p
s
e

3

e
p
c
t
P
W

2

a
b

MA (±.01) 0.26 0.20 0.28 0.54 0.75 0.90 100
RAF (±.01) 0.43 0.55 0.52 0.32 0.17 0.07 0
S (±.01) 0.74 0.80 0.72 0.46 0.25 0.10 0

rystallize in the 50/50 blend whereas PLA cannot. This led us to
onsider, in the next section, the possible effect of the rigid amor-
hous fraction on non-isothermal crystallization in PET/PLA blends,
ince the RAF contents are greatly different between PET and PLA
ven in samples with about the same crystallinity.

.6. Rigid amorphous fraction in PET/PLA blends

In this section, we consider the determination of the RAF that
xists in the already-crystallized blend partner, before the other
artner crystallizes. Two situations must be distinguished: (1)
alculation is made of the RAF content of PET prior to PLA crys-
allization, but, (2) we cannot calculate directly the RAF content of
LA prior to PET crystallization, and therefore it must be estimated.
e consider these cases separately below.

1. For non-isothermal cold crystallization of PLA in the presence
of crystallized PET, the RAF content of the PET can be obtained
by the following method. First, the mobile amorphous fraction,
�MA, in the PET/PLA blends can be obtained using:

�MA = �CMeas
P (Tg)

[�CPET
P (Tg)WPET + �CPLA

P (Tg)WPLA]
(5)

where �CMeas
P (Tg) is the measured heat capacity step at Tg;

�CPET
P and �CPLA

P are the heat capacity steps at Tg for 100% amor-
phous PET and 100% amorphous PLA, respectively. As shown in
Fig. 1, Tg is different for different blends and �CP for 100% amor-
phous sample is obtained from heat capacity difference between
100% solid and 100% liquid at the selected Tg. Therefore, different
Tg will give different heat capacity step for the 100% amorphous
sample. The heat capacity of 100% solid and 100% liquid states
for PET and PLA are taken from the ATHAS data bank [33]. Then
the RAF content of the PET, �RAF, and the total solid fraction, �S,
can be obtained using:

�RAF = 1 − �MA − �C(PET) (6a)

�S = 1 − �MA (6b)

where �C(PET) is the crystallinity of PET after non-isothermal
melt crystallization during cooling. The results of �RAF, �MA, and
�S are shown in Table 2.

. On the other hand, for cold crystallization of PET in the presence
of already-crystallized PLA, it is impossible to use the above cal-
culation to determine the RAF content of the PLA. The reason is
that PET cold crystallizes immediately after, or even along with,
the crystallization of PLA. Therefore, we use prior results for PLA
samples of known crystallinity [32] to help estimate the RAF con-
tent of PLA. Under the assumption that the crystalline fraction
and rigid amorphous faction have a linear relationship to one
another, we can estimate the RAF of PLA. For example, as men-
tioned in Section 1, in a PLA sample with �C = 0.40, the authors
report �RAF = 0.13 [32]. This result is for homopolymer PLA, and

gives a ratio of �C/�RAF = 3.1.

For PLA in blends, the relationship of crystal fraction to rigid
morphous fraction should be investigated. The PET/PLA 50/50
lend was selected for a special thermal treatment. Quenched
Fig. 6. Heat flow rate vs. temperature of PET/PLA blends during heating at 5 ◦C/min
after cold crystallization at 87 ◦C for 1 h from initially fully amorphous sample. Ordi-
nate values are normalized for total sample mass.

PET/PLA 50/50 blend (fully amorphous) was cold crystallized at
87 ◦C for 1 h to let PLA crystallize and then the blend was cooled
to −20 ◦C and reheated at 5 ◦C/min using DSC. Fig. 6 shows the DSC
scan of this blend during reheating. �C, �MA, and �RAF were deter-
mined using Eqs. (1), (5), and (6), respectively. We found the PLA RAF
component of this specially treated sample was �RAF = 0.04 when
the crystallinity of PLA was �C = 0.17, giving a ratio of �C/�RAF = 4.2.
In this test of the 50/50 PET/PLA blend, and in Ref. [32], the RAF
fraction of PLA is small (never greater than 0.04), and the crystal
fraction is about 3.1–4.2 times greater than the RAF fraction.

With this insight, we use Ref. [32] to help us estimate the RAF
content of non-isothermally cold crystallized PLA. For the 50/50
blend, we estimate the RAF as follows. In PET/PLA 50/50 sample,
with PLA cold crystallized during heating from the wholly amor-
phous state (i.e., there are no PET crystals) �C = 0.10 as shown in
Table 1, before the start of cold crystallization of PET, and under the
assumption that crystallization of PLA is completed before the start
of crystallization of PET. The solid fraction in PET/PLA 50/50 is about
0.13, from �S = �C + �RAF = 0.10 + 0.03. (The �RAF was estimated by
linear proportion from the RAF and corresponding crystallinity
measured in Ref. [32].) So before the start of cold crystallization
of PET, there is about 0.13 solid fraction in PET/PLA 50/50, of which
about 0.03 comes from RAF and 0.10 from PLA crystals. �C(PLA) is
less than 0.23 in all the compositions we studied and if the ratio
�C/�RAF = 4.2 had been used rather than 3.1, it would increase the
�RAF by at most 0.02. This variation has been incorporated into the
error range of the symbols in Fig. 7.

The solid fraction of the PET/PLA 50/50 blends having PET crys-
tallized is about three times greater than the solid fraction in
the PET/PLA 50/50 blends having PLA crystallized (i.e., �S = 0.46 in
PET/PLA 50/50 with crystalline PET, and �S = 0.13 in PET/PLA 50/50
with crystalline PLA). Note that the crystallinity values are close for
these two systems (�C = 0.10 in PET/PLA 50/50 with crystalline PLA,
and �C = 0.14 in PET/PLA 50/50 with crystalline PET) whereas the
solid fractions differ greatly. Fig. 7 shows the crystalline and rigid
amorphous fractions vs. the weight content of the other compo-
nent before the crystallization of the other component. �C(PET) and
�S(PET) are the crystal and solid fractions, respectively, in PET/PLA
blends before the cold crystallization of PLA. �C(PLA) and �S(PLA)
are the crystal and solid fractions, respectively, in PET/PLA blends
before the cold crystallization of PET. For � (PET) and � (PET), the
C S
weight content of the other component is the weight content of
PLA in PET/PLA blends; for �C(PLA) and �S(PLA), the weight con-
tent of the other component is the weight content of PET in PET/PLA
blends. �C(PLA) and �C(PET) are very close before the crystalliza-
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Fig. 7. Phase fractions vs. weight content of the one component before the crystal-
lization of the other component. �C(PET) (filled square) and �S(PET) (filled circle)
are the crystal and solid fractions, respectively, in PET/PLA blends before the cold
crystallization of PLA. �C(PLA) (open square) and �S(PLA) (open circle) are the crys-
tal and solid fractions, respectively, in PET/PLA blends before the cold crystallization
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f PET. For �C(PET) and �S(PET), the weight content of the other component is the
eight content of PLA in PET/PLA blends (upper abscissa); for �C(PLA) and �S(PLA),

he weight content of the other component is the weight content of PET in PET/PLA
lends (lower abscissa). The lines are guides to the eye.

ion of PET and PLA. However, �S(PET) is several times greater
han �S(PLA) before the crystallization of the other component. The
xtreme difference in spherulitic growth rates should result from
he solid fraction rather than simply from the crystalline fraction.
hus, in A/B polymer blends, it is better to use the solid fraction
ather than the crystalline fraction of the A or B polymer to char-
cterize the impact of the crystallization of one partner upon the
ther partner’s ability to crystallize. The impact can be seen in the
ET/PLA blends. PLA could easily cold crystallize in 50/50 blends
ith PET un-crystallized as shown in Fig. 1, but cannot crystallize

n the presence of the very large PET solid fraction.

. Conclusions

Blends of PET/PLA prepared by solution casting were studied by
ifferential scanning calorimetry and X-ray scattering and found
o be miscible in the melt over the entire composition range. Both
uenched amorphous and semicrystalline blends exhibit a single,
omposition dependent glass transition temperature. PET can crys-
allize in all blends, regardless of whether PLA is amorphous or
rystalline, and degree of crystallinity of PET decreases as PLA con-
ent increases. In contrast, PLA crystallization is strongly affected by
he mobility of the PET fraction. When PET is wholly amorphous,
LA can crystallize even in 70/30 blends, albeit weakly. But when
ET is crystalline, PLA cannot crystallize when its own content drops

elow 0.90. This might be related to the different abilities of PLA and
ET to form the rigid amorphous fraction: RAF in PET can be very
arge compared with PLA, leading to a very large solid fraction once
ET has crystallized. Like the crystals, the rigid amorphous frac-
ion of one polymer may block the growth of crystals of the other

[

[
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blend partner. Further work is underway to develop the calorimetric
approaches needed directly to quantify RAF in binary blends.
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