
Introduction

Semicrystalline poly(ethylene terephthalate), PET,

generally consists of two phases with different struc-

tures and properties. One of them is the crystalline

phase, where molecules are arranged into lamellae

further associated into larger objects, e.g. spherulites,

and the other is the amorphous phase represented by

disordered molecules or their parts situated in both

inter-spherulitic and intra-spherulitic amorphous re-

gions. However, the existence of a third fraction, of-

ten denoted as a rigid amorphous fraction of the amor-

phous phase, RAF, can be revealed experimentally.

Thus, the sample can be considered to consist of three

fractions: crystalline, RAF and MAF (mobile amor-

phous fraction) [1-17]. Nevertheless, this is not only

the case of PET but also other semicrystalline poly-

mers show the existence RAF, such as PTFE [18],

PA-6 [9, 19], PC [20], poly(phenylene sulfide) [21] or

poly(L-lactic acid) [22].

Experimental techniques, such as differential

scanning calorimetry, DSC, or temperature-modu-

lated DSC, are usually capable of quantifying this

fraction as a deficiency in the difference in heat ca-

pacity, �cp, at glass transition temperature, Tg [1–9],

or from enthalpy relaxation experiments performed in

the glass transition region [8, 10–13]. However, the

character of the amorphous phase in semicrystalline

PET can be also investigated by other methods like

dynamic mechanical analyses, DMA [12, 14, 15],

which also reveals the existence of a third fraction, di-

electric spectroscopy [13, 16] or positron annihilation

life time spectroscopy [17].

RAF arises from the strain at the crystal-amor-

phous interphase produced by polymer molecules in-

corporated into both regions. The strain constrains the

local segmental mobility of amorphous parts of mole-

cules, which significantly modifies their properties due

to the layer of disordered but hindered molecules or

their parts which is created on the surface of crystals.

The analysis of PET revealed that the thickness of RAF

at the surface of lamellae is about 2–4 nm, and is al-

most independent of the lamella thickness [3, 5, 17]. It

is widely accepted that the formation of RAF is cou-

pled with the formation of crystals and their

devitrification with melting or continuously between

the glass transition temperature, Tg, and crystallization

temperature, Tc [3–5, 17, 23]. Such conclusions were

made according to precision studies, e.g. the studies fo-

cused on oxygen transport/solubility [5] or results ob-

tained from positron annihilation lifetime spectroscopy

[17]. It was reported that the specific volume of RAF

increases with an increase of Tc [5], or that fractional

free volume is related to that of the equilibrium melt at

Tc [17], both concluding that RAF becomes vitrified at

the crystallization temperature.

From the macroscopic point of view, semi-

crystalline PET incorporates two different amorphous

regions with different thermal properties [1–12], re-

laxation kinetics [8, 10–13, 23, 24] or macroscopic

mechanical behaviour [7, 14, 24, 25]. The effect of

RAF is obvious in changes of thermal properties of
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the amorphous phase, like broadening of the glass

transition region together with shifting of convention-

ally evaluated Tg, representing just one temperature

point of extensive transition region, to higher temper-

atures. The observed changes in specific heat, cp, or

thermal expansion coefficient, �, associated with

glass transition as �cp or �� depending on the content

of crystallinity, are found to be inconsistent with the

two-phase model. Based on these facts, some material

is expected to be in the form of RAF.

Overall, semicrystalline PET can be prepared in a

wide range of crystallinity as a result of the thermal

treatment in the temperature region between the glass

transition temperature, Tg, and melting temperature,

Tm, and at both principal regimes, i.e. the cold-crystal-

lization or the melt-crystallization (classified from the

direction in which crystallization temperature is ap-

proached). The effect of crystals onto amorphous re-

gions depends not only on the degree of crystallinity

but also on the structure of the crystalline phase, like

the size and distribution of lamellae, and hence crystal-

lization conditions, i.e. crystallization temperature or

cold- vs. melt-crystallization [5, 13]. Cold-crystalliza-

tion results in the formation of imperfect crystals

showing a relatively large amount of RAF, while

melt-crystallized PET contains a larger number of

lamellar stacks in the crystalline fraction. The fraction

of RAF was found to increase steadily with

crystallinity and seems to level off at the final stage of

cold-crystallization [3]. However, the ratio of RAF to

the crystalline fraction, specific RAF, decreases during

cold-crystallization or at subsequent annealing. Calori-

metric and X-ray analyses indicate changes of the crys-

tal morphology and increasing perfection of the crys-

tals, which results in a decrease of local strain at the

crystal surface and of the amount of specific RAF.

Although poly(ethylene terephthalate) is a mate-

rial of common use and suitable calorimetric thermal

data is generally known, volumetric analyses provid-

ing appropriate data are very sporadic. However, the

presence of RAF and its actual content plays a signifi-

cant role in effective use of PET in practice, e.g. recy-

cling of PET packaging materials.

In this paper, volumetric thermal analysis of

semicrystalline PET in a broad range of crystallinity

from nearly amorphous material (2.4 vol.% – pre-

pared by quenching of PET melt into room-tempera-

ture water) to pseudo-equilibrium PET

(25.3 vol.% – crystallized at 106°C by cold-crystalli-

zation) was carried out. The effect of crystalline con-

tent onto the volumetric glass transition temperature

and thermal expansion coefficients was determined.

The presence of the rigid amorphous fraction was

detected and its amount quantified.

Experimental

PET was purchased from Aldrich Chemical Company.

From the original granules the specimen for dilatometric

measurements was prepared by pouring the melted

polymer (290°C) into room-temperature water.

A mercury-in-glass dilatometer was prepared ac-

cording to ASTM Standard D 864-52 [26]. The

dilatometer with the specimen was filled with pure

mercury (99.999%) under vacuum of about 2 Pa.

Thermal programs were followed by immersing the

dilatometer into precision programmable thermostatic

bath Julabo HP 4 with a thermal stability of �0.02°C.

Volume-temperature dependences were measured

during uniform cooling at 1°C min
–1

from the initial

temperature Ti=90°C, where the sample was heated

for 15 min, to 48°C (in order to erase any previous

thermal history of the specimen prior to cooling). The

lag between the temperature of silicon oil bath and the

temperature inside the dilatometer was measured to

be 0.7°C. It was determined with a K-type thermocou-

ple placed inside the sample inserted into a dilato-

meter with the same geometry and amount of sample

and mercury as in the testing dilatometer. All experi-

mental data was corrected by this value.

Different levels of crystallinity were reached by

the varying way of crystallization. Cold-crystalliza-

tion was done at 106°C by immersing the dilatometer

into the precision thermostatic bath; the times were

from 10 up to 256 min, and additional long-term an-

nealing at the same temperature was performed for

74 h (4440 min). Finally, annealing at 245°C for

60 min was performed. Then the dilatometer was re-

filled with mercury to scan the volume-temperature

dependence. Crystallinity was determined by density

measurements after breaking up the dilatometer.

Results and discussion

The density of the prepared quenched PET sample in-

serted into the dilatometer was measured to be

�=1.3391 g cm
–3

. Compared to the density of pure

amorphous PET, �a=1.335 g cm
–3

[27] and to the cal-

culated density of crystalline phase, �c=1.515 g cm
–3

[28], the degree of crystallinity can be expressed as

the mass fraction, w, or volume fraction, �, Eqs (1)

and (2), both under the assumption of additivity of

amorphous and crystalline phases:
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The calculated values were w=2.6 mass% and

�=2.3 vol.%. Moreover, an independent determina-

tion of the sample crystallinity was carried out using a

wide-angle X-ray diffraction (HZG 4 Diffractometer)

giving the degree of crystallinity 2.1% [8], which is in

a good agreement with volumetric measurements.

The temperature dependence of the difference in

specific volume is presented in Fig. 1. It was measured

during uniform cooling from equilibrium above Tg to

glassy state here presented as examples for the original

PET sample (�=2.3 vol.%) and for other four selected

crystallinities, covering the crystallization range. The

values of �	 were only used to make data graphically

comparable for different crystallinities, and were cal-

culated as �	=	(T)–	(48.5°C). The temperature scan of

the original sample clearly demonstrates the method of

determination of Tg and thermal expansions coeffi-

cients, �. In this concept, the glass transition tempera-

ture is determined as the intersection of the equilibrium

liquid and asymptotic glassy trails, represented in

Fig. 1 by full lines. This corresponds to

Tg=68.5�0.3°C.

The standard deviation was calculated from a set

of cooling experiments and this value was also used

as a typical value for the other specimens. Thermal

expansion coefficients above and below Tg (�l and �g,

respectively) were calculated as the slopes of these

lines, as given by Eq. (3) [26].

�
	

	
�

1 d

dT
(3)

Overall, it seems to be problematic to measure �l

because of possible concurrent processes with thermal

expansion and crystallization or re-crystallization oc-

curring between Tg and Tm. Practically, �l could be

measured in a relatively narrow temperature range,

slightly above Tg but below the cold-crystallization

temperature range. In the present study, the maximum

temperature of cooling experiments was selected to be

90°C; no cold-crystallization prior to cooling was ob-

served. The values of thermal expansion coefficients

for the initial PET were �l=(5.55�0.07)·10
–4

K
–1

and

�g=(2.31�0.03)·10
–4

K
–1

, leading to ��=�l–�g=

(3.24�0.10)·10
–4

K
–1

. This is actually a jump in � at

glass transformation, representing the transformation

of mobile amorphous fraction, MAF, which is bulk

amorphous PET. The standard deviations were calcu-

lated using the Student t distribution, probability of er-
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Table 1 Data for different crystallization times, t, for cold-crystallized PET at 106°C, and final 60 min exposure at 245°C. �c

represents volume fraction of crystalline phase, Tg glass transition temperature, � thermal expansion coefficients (�l

for the liquid state, �g for the glassy state), ��=�l–�g, volume fractions of RAF and MAF as �RAF and �MAF,

respectively, and �RAF/�c means specific RAF

t/min �c/% Tg/°C �l/10
4

K
–1

�g/10
4

K
–1

��/10
4

K
–1

�RAF/% �MAF/% �RAF/�c

– 2.3�0.4 68.5�0.3 5.55�0.07 2.31�0.03 3.24�0.10 12.2 85.5 5.4

10 3.8�0.6 68.3�0.3 5.20�0.08 2.25�0.04 2.95�0.12 18.4 77.8 4.9

18 6.4�0.6 68.0�0.3 4.82�0.06 2.22�0.04 2.60�0.10 25.0 68.6 3.9

26 10.2�0.7 69.0�0.3 4.53�0.06 2.24�0.05 2.29�0.11 29.4 60.4 2.9

32 13.0�0.7 69.3�0.3 4.20�0.07 2.25�0.06 1.95�0.13 35.5 51.5 2.7

40 18.1�0.7 71.2�0.3 3.80�0.05 2.29�0.03 1.51�0.08 42.0 39.8 2.3

48 20.9�0.8 73.9�0.3 3.60�0.07 2.32�0.04 1.28�0.11 45.3 33.8 2.2

56 22.8�0.8 74.3�0.3 3.58�0.06 2.33�0.04 1.25�0.10 44.2 33.0 1.9

86 24.7�0.8 77.9�0.3 3.53�0.05 2.33�0.04 1.17�0.09 44.5 30.9 1.8

126 25.2�0.8 79.7�0.3 3.62�0.08 2.44�0.04 1.18�0.12 43.7 31.1 1.7

246 25.3�0.8 79.6�0.3 3.60�0.08 2.43�0.03 1.17�0.11 43.8 30.9 1.7

4440 28.5�0.8 79.1�0.3 3.63�0.08 2.54�0.03 1.09�0.11 42.7 28.8 1.5

60/245°C 50.0�1.0 74.9�0.3 4.35�0.07 2.61�0.04 1.74�0.11 4.1 45.9 0.1
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Fig. 1 Difference in specific volume–temperature dependence

during uniform cooling by 1°C min
–1

from equilibrium

above glass transition temperature, Tg, to glassy state

for PET with crystalline content indicated; Tg and ther-

mal expansion coefficient, �, evaluation



ror 0.005, and are presented in Table 1 (and further as

error bars in Fig. 3).

Figure 1 also demonstrates changes in the char-

acter of temperature scans with crystallinity. Al-

though below Tg the slopes seem to be nearly identi-

cal, the effect of crystals on thermal properties ap-

pears significantly above Tg. Here �l decreases with

crystallinity. Another interesting phenomenon is the

shift of the glass transition region to higher tempera-

tures and its broadening. On the contrary, the data for

highly crystallized PET achieved after annealing at

245°C shows partial return to higher values of �l, the

glass transition shifts to lower temperatures and the Tg

region seems to be narrower.

For the determination of the crystallization pro-

cess it was necessary to find a temperature which

would enable safe manipulation with the dilatometer,

in other words, to get different crystallinities with

only one dilatometer. The optimum temperature was

found to be Tc=106°C. The isothermal crystallization

data as a dependence of X
(t )c

on logarithm of crystal-

lization time, tc, at this temperature is presented in

Fig. 2. Symbol X
(t )c

represents the level of crystalli-

zation according to Eq. (4), where 	0 means initial

specific volume, 	
 is equilibrium specific volume,

and 	
(t )c

stands for specific volume at time tc.

X
(t )

(t )

c

c

�
�

�



	 	

	 	

0

0

(4)

The crystallization times, tc, and corresponding

values of volume fraction of crystallinity, �, are given

in Table 1. The standard deviations of �c presented in

the table were calculated from the volume reading ac-

curacy of the mercury-in-glass dilatometer determined

according to the dilatometer parameters and thermal

fluctuation of the used thermostatic bath, which was

3·10
–5

cm
3

cm
–3

. The crystallization isotherm given in

Fig. 2 represents a typical sigmoid curve with an initial

plateau, then it goes through an inflection point (begin-

ning of crystallization) and finally approaches a

pseudo-equilibrium value, which is around 25.3 vol.%

crystallinity (after approximately 4 h at Tc).

The crystallization isotherm was analyzed assum-

ing that the extent of crystallization, X
(t )c

, with time

could be described by the Avrami equation, Eq. (5).

1� � �X Z t
(t ) c

n

c

exp ( ) (5)

where Z is a rate constant, and n represents a constant

of crystallization mechanism. The calculated values of

the constants were logZ=–3.40�0.23 and n=2.15�0.15.

The function is represented by the full line in Fig. 2 and

was obtained as a least square fit of Eq. (4). Half-time

of crystallization, �1/2, defined as the middle of crystal-

lization completion, was determined to be 32 min. The

calculated values of Avrami constants were found to be

in good agreement with data published in [13],

logZ= –3.65, n=2.30 and �1/2=33 min measured by

DSC, crystallized also at 106°C and for the same type

of initial PET (before cold-crystallization). In the men-

tioned reference the initial PET sample was prepared

by pouring melted PET into icy water. The authors re-

port a residual degree of crystallinity not statistically

different from zero. In such quenched samples the ex-

istence of mesomorphic domains can be supposed,

which can be proved, for example, by a lower heat ca-

pacity increment in Tg [4]. Finally, such domains are

considered to be precursors for a subsequent crystalli-

zation process affecting its kinetics. This should be a

reason why another study [29] presents slightly differ-

ent characteristics for PET crystallized at Tc=105°C:

logZ=–3.17, n=1.7 and �1/2=59 min. Here, the material

was pure amorphous PET as delivered by the supplier.

The values of pseudo-equilibrium crystallinity

around 25% can be considered typical of cold-crystal-

lized PET at adequate crystallization temperatures

[3, 5, 30]. Slight discrepancies in literature data, be-

tween 24–27%, can be partly attributed to the differ-

ences in densities of pure amorphous and crystallized

PET which are used for crystallinity calculations ac-

cording to Eqs (1) and (2). For example, a relatively

broad range is reported for �c=1.420–1.515 g cm
–3

[27]. Some inconsistencies can also be found with

varying crystallization temperature. Increasing Tc

leads to an increase in crystallinity, for example in the

range of Tc=95–185°C crystallinities between 24 and

34% were determined [30].

The data in the table shows further increase in

crystallinity to some 28.5 vol.% after next long-term

crystallization at 106°C (74 h). Finally, when the tem-
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Fig. 2 Volume crystallization isotherm of PET at cold-crystal-

lization temperature 106°C. The full line represents the

best fit by Avrami equation, Eq. (5)



perature of annealing is increased to 245°C, a temper-

ature close to melting of crystals, the sample is highly

crystallized, with the density �=1.4250 g cm
–3

and the

content of crystalline phase 50.0 vol.%.

The research also followed the dependences of

specific volume on temperature at the cooling rate of

1°C min
–1

for each crystalline content, and the values of

Tg, �l, �g and �� were calculated by the same methods

as described above; they are presented in Fig. 3 and

summarized again in Table 1. As could be expected, Tg

tends to increase with the degree of crystallization, but

the rise is not linear. At the beginning, actually, a slight

decrease could be observed, then, up to some

13.0 vol.%, it increases gradually, and in the second half

of the graph, the increase is quite steep. For

�=25.3 vol.% at a pseudo-equilibrium state after

246 min, Tg achieves 79.6°C. After further annealing at

106°C the value remains more or less constant, within

the range of experimental accuracy, but for highly crys-

tallized PET it clearly decreases to some 74.9°C. This

can be explained by the decrease in RAF content.

It is usually reported that the glass transition tem-

perature of PET in its amorphous and semicrystalline

forms differs by some 10°C. When studied by various

experimental methods and under various conditions the

values of Tg were found 67–76°C for amorphous and

81–86°C for highly crystalline PET [8, 10, 27, 30]. The

crystallinity dependence of Tg measured by DSC and

dynamic mechanical analyses (DMA) is presented in

[30]. For PET crystallized at 130°C the authors found

comparable values of Tg for both experimental methods

with the same dependence on crystallinity content as in

the present paper, Fig. 3. Here Tg increases non-linearly

with crystallinity, with a sharp rise as it approaches

pseudo-equilibrium. On the other hand, literature more

often presents a linear dependence. For example, results

determined by DMA [14] for PET crystallized at

Tc=130°C contain only linear E´ and tan� dependences,

or dielectric thermal analysis [13] shows Tg linearly in-

creasing with crystallinity for Tc=140°C.

Figure 3 also shows the changes in the thermal ex-

pansion coefficient, �l, with crystallinity. As can be seen,

it decreases from the value of 5.55·10
–4

to 3.60·10
–4

K
–1

,

and seems to reach asymptotically �l=3.6·10
–4

K
–1

at

pseudo-equilibrium. Neither here the decrease is linear.

From the first three lowest crystallinities the value for

pure amorphous PET was extrapolated to be

�l,a=6.25·10
–4

K
–1

. On the contrary, the thermal expan-

sion coefficient for the glassy state, �g, is largely inde-

pendent of the crystalline content, with values ranging

between 2.22·10
–4

and 2.44·10
–4

K
–1

. The value for pure

amorphous PET was extrapolated and determined to be

�g,a=2.46·10
–4

K
–1

; thus, considering �l,a given above,

��a=3.79·10
–4

K
–1

. The values for highly crystallized

PET yield a significant increase in �l at 25.3 vol.% and

only a slight increase in the value of �g. Typical available

literature values of � for semicrystalline PET are 1.7·10
–4

and 3.94·10
–4

K
–1

below and above Tg, respectively, and

for equilibrium melt 6.55·10
–4

K
–1

[27]. For comparison,

the values calculated from p	T isobars extracted at ambi-

ent pressure presented in [31] are �l=d	/dT=

6.19·10
–4

cm
3

g
–1

K
–1

for equilibrium melt between

270–320°C and �g=d	/dT=1.55·10
–4

cm
3

g
–1

K
–1

below

Tg (22–64°C) for PET crystallized during cooling from

melt, leading to some �g=2.2·10
–4

K
–1

using appropriate

specific volume. Data comparable with �l in the present

context can be found in [32]; it was obtained with the

help of a mercury dilatometer in the temperature range of

80–100°C. For amorphous PET, value �l=

4.5·10
–4

cm
3

g
–1

K
–1

was determined, leading to �l=

6.16·10
–4

K
–1

for 	=0.7296 cm
3

g
–1

measured at T=

84.7°C [31]. As can be seen, the values published earlier

are comparable with our results.

In general, it was proved by experimental results

that the presence of crystals affects the thermal prop-

erties of semicrystalline PET. The difference in ther-

mal expansion coefficient associated with glass tran-

sition as an attribute of the amorphous phase does not

decrease in direct proportion with crystallinity. The

data shows a strong deviation from two-phase system

linear trend. Further, the missing amount of �� indi-

cates the presence of the rigid amorphous fraction.

This can be calculated incorporating a three-phase

model when amorphous and crystalline fractions are

smaller than unity. In case of a three-component sys-

tem containing two amorphous regions, RAF and

MAF, together with the crystalline region (with the
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assumption of their volumes additive), the total vol-

ume, V, can be given as

V V V V�  
c MAF RAF

(6)

where Vc, VMAF and VRAF are the volumes of the corre-

sponding phases. Then the volume fraction of the i
th

element is defined as

�
(i)

(i)

(i)

i

�

�

V

V
(7)

leading to:

1�  � � �
c MAF RAF

(8)

The volume changes in glass transition transfor-

mation (vitrification), represented here by the value

of ��, are considered to be a contribution of the trans-

formation of MAF from melt to the glassy state. The

temperature dependence of VRAF or Vc is not supposed

to have sudden changes in Tg region, so their values

do not contribute to the jump in � at Tg. Using this as-

sumption, the volume fraction of MAF can be esti-

mated from relation

�
� �

� �

�

�
MAF

l g

l,a g,a a

�
�

�
�

�

�
(9)

where, ��a represents the difference in thermal ex-

pansion coefficients in the glass transition region for

completely amorphous PET and �� for its semi-

crystalline modification.

The mobile amorphous fraction, �MAF, decreases

with crystalline content, �c, as can be seen in Table 1

(and also in Fig. 4). The quantity �RAF, on the other

hand, gradually increases with �c up to 20.9 vol.%,

then it slightly decreases at pseudo-equilibrium. The

achieved values of RAF in the present paper, around

44 vol.%, are very similar to the literature data mea-

sured for cold-crystallized PET; despite the fact that

all available literature data represents mass fraction of

RAF, as they are usually achieved by calorimetric

measurements. For example, for cold-crystallized

PET with the crystallinity of about 24–27% the por-

tion of RAF is between 37 and 49% [3, 5, 30]. On the

other hand, melt-crystallized PET presents much

lower content of RAF, e.g. for recrystallization tem-

perature 210°C, where the crystallinity reaches 35%,

the content of RAF is only 14% [5], compared to our

present research, where at 245°C recrystallization the

crystallinity is as high as 50 vol.% but the portion of

RAF only 4%, which is an extremely low value.

The values of specific RAF defined as the average

of the fraction of rigid amorphous structure per crystal,

�RAF/�c, were also calculated. As can be seen from

Fig. 4 (and Table 1), the values are reduced during

cold-crystallization from 5.4 for the original PET to 1.7

at pseudo-equilibrium, and further by subsequent an-

nealing. For highly crystallized PET the fraction of

RAF per crystal achieves a very low value (0.1). The

described decrease in the amount of RAF, as a result of

longer cold-crystallization at 106°C, but mainly after

re-crystallization at 245°C, can be attributed to crystal

perfection when the strain transmitted to the amor-

phous phase is reduced. A similar effect was observed

in a calorimetric study [3], where specific RAF also de-

creased from values >5 to some 1.7–1.8 at the

crystallinity of 24% after finished cold-crystallization

and finally decreased to about 0.7–0.8 after annealing

at 240°C reaching crystallinity 44%.

Conclusions

The research has shown that the two-phase model is

not able to describe the structure of semicrystalline

PET. The difference in thermal expansion coeffi-

cients, �� associated with Tg does not change in direct

proportion with crystallinity. Instead, a missing

amount of �� was found, which proves the presence

of the rigid amorphous fraction, RAF. Incorporating a

three-phase model, the amount of RAF was estimated

and found to increase with crystallinity; its maximum

value is ca. 45 vol.% at pseudo-equilibrium for cold-

crystallized PET. On the other hand, the proportion of

RAF per crystal continuously decreases. Such

changes can be explained by progressing crystalliza-

tion process in the material, connected with the con-

struction of more complex crystalline structure and

crystal perfection. Further high temperature anneal-

ing causing PET recrystallization leads to a dramatic

reduction of the RAF content.
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Fig. 4 Dependences of rigid amorphous fraction and specific

rigid amorphous fraction on crystallinity content for

cold-crystallized PET at 106°C



As the RAF portion affects processing character-

istics or content of acetaldehyde in recycled PET, its

content is an important factor in the material manu-

facture in practice.
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