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Abstract. Our work reveals a notable shift in the crystallization temperature (7) of poly(butylene terephthalate) (PBT) at which
crystallization occurs due to exposure to prolonged thermal degradation at 270 °C in an environment of nitrogen gas. The initial
T of 193 °C undergoes a marked decrease, settling at 133 °C, which signifies a considerable 60 °C shift towards lower temper-
ature ranges. This transition is discernible across three distinct degradation stages: an initial phase of increase, an intermediate
phase characterized by a sharp decline, and a subsequent late stage of the degradation phase characterized by a more moderate
decrease in T,. Both crystallinity and crystallization kinetics consistently mirror this pattern, demonstrating an initial rise, a
rapid subsequent drop, and a gradual decline in the late-stage period. Evident from the presence of two melting peaks, the re-
search implies differing lamellar thicknesses. As the degradation progresses, the melting points of these peaks, denoted as 77;
and Ty, decline at 38 and 41 °C, respectively. Validation of the degradation-induced changes is provided by a small angle
X-ray scattering (SAXS), which corroborates the observed decrease in the long period (L). A contextualization of the results
against prior studies underscores analogous trends in the alteration of crystallization behaviour consequent to degradation.

Keywords: degradation, kinetics, crystallization, crystallinity, aromatic polyesters, PBT, differential scanning calorimetry, X-ray

1. Introduction

The behaviour of polymers under various conditions
of temperature and environmental exposure is para-
mount in material’s science and engineering [1].
Polymer degradation, driven by thermal, mechanical
or chemical factors, can change their macroscopic
and molecular properties, influencing their overall
performance and applicability [2]. Poly(butylene
terephthalate) (PBT) is a high-performance thermo-
plastic polymer that has garnered significant atten-
tion within the domain of material’s science and en-
gineering due to its exceptional combination of
mechanical, thermal, and electrical properties [3].
This semicrystalline polymer is derived from the
condensation polymerization of terephthalic acid or
dimethyl terephthalate with 1,4-butanediol. The re-
sultant polymer exhibits a range of attributes that
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render it suitable for diverse industrial applications
[4]. One of the most critical applications is polymer
solar cells, such as Functional layers of inverted flex-
ible perovskite solar cells and effective technologies
for device commercialization, strain engineering to-
ward High-Performance Formamidinium-Based Per-
ovskite Solar Cells, high-performance inorganic per-
ovskite solar cells and Mixed-Halide Inorganic
Perovskite Solar Cells [5—7]. The alteration of PBT’s
crystallization behaviour under thermal degradation
has emerged as a significant area of investigation,
given its implications for material integrity and
longevity [8].

The crystalline nature of polymers strongly influ-
ences their mechanical, thermal, and optical proper-
ties, rendering a comprehensive understanding of the
crystallization process essential for informed material
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design and utilization [9]. Crystallization is a dynam-
ic phenomenon involving transforming polymer
chains from a disordered state to an ordered crys-
talline structure. This transformation is governed by
a delicate interplay of many factors like temperature,
molecular weight, processing conditions, and, no-
tably, structural defects and degradation [10].

In recent years, researchers have increasingly turned
their attention to the impact of thermal degradation
on the crystallization kinetics and behaviour of poly-
mers [11-14]. The structural changes induced by
degradation can introduce defects, alter molecular
weight distributions, and perturb chain mobility, all
of which can influence crystallization dynamics. The
scientific exploration of such changes advances our
fundamental understanding of polymer behaviour. It
offers valuable insights for practical applications,
ranging from polymer processing and engineering to
developing degradation-resistant materials. To our
knowledge, no previous research has investigated
the influence of thermal degradation on PBT’s crys-
tallization, which was carried out under a very long-
time experiment.

This paper delves into the specific poly(butylene
terephthalate) case and its crystallization behaviour
under prolonged thermal degradation. By employing
differential scanning calorimetry (DSC) and small-
angle X-ray scattering (SAXS) techniques, the study
examines the shifts in crystallization temperature
(T¢), crystallinity, and crystallization kinetics as PBT
undergoes various stages of thermal degradation.
The investigation considers the complexities intro-
duced by lamellar thickness variations and melting
point shifts, shedding light on the intricate relation-
ships between degradation-induced structural changes
and crystallization tendencies.

Through a systematic analysis of the effects of ther-
mal degradation on PBT’s crystallization behaviour,
this study contributes to a deeper comprehension of
polymer degradation mechanisms and their reper-
cussions. The insights garnered to have the potential
to inform the design of polymers with enhanced
durability and performance in the face of degradative
conditions. Furthermore, by establishing parallels
with prior research, this work aims to contextualize
its findings within the broader landscape of polymer
science, enriching the collective knowledge that un-
derpins advancements in polymer engineering and
material design.

2. Experimental method

The PBT variant used in this study, ARNITE T0S8-
200, was supplied by DSM Company, headquar-
tered in Genk, Belgium. PBT’s molar mass is
34000 g/mol. An illustration representing the mo-
lecular configuration of this PBT type is presented
in Figure 1. For the small-angle X-ray scattering
(SAXS) analysis, we used the Anton Paar SAXSpace
instrument (Stuttgart, Germany). Samples were
placed in the holder, and the distance between the
sample and the detector was 268.5 mm. CuK, was
used with U =40 kV, =50 mA, exposition time ¢ =
15 min. An imaging plate was used as a detector.
Before the degradation, the polymer was dried at
80°C in a vacuum oven for 24 h. The degradation,
crystallization and melting behaviour studies were
performed in Mettler Toledo DSC 1 (Greifensee,
Switzerland) machine under the nitrogen with a flow
rate set at 200 ml/min. This DSC machine has some
limits, e.g., the maximum number of steps being 40.
Initially, we did not know how long the experiment
would last and how significant changes in crystal-
lization and melting would happen. So at first, we
chose the 50 min degradation steps. The 150 h degra-
dation-crystallization experiment took 14 long ex-
periments (each composed of 40 steps lasting about
15 h). The first-day experimental plan was slightly
different from the following plans. Step #1: heating
from 25 to 270 °C at heating rate 20 °C/min, step #2:
isothermal annealing 1 min at 270 °C, step #3: cool-
ing from 270 to 60 °C at cooling rate being 20 °C/min,
step #4: heating from 60 to 270 °C at heating rate
20°C/min, step #5: isothermal annealing 50 min at
270°C, step #6: cooling from 270 to 60 °C at cooling
rate 20 °C/min, step #7: heating from 60 to 270 °C at
heating rate 20 °C/min, step #8: isothermal annealing
50 min at 270 °C, step #9: cooling from 270 to 60 °C
at cooling rate 20 °C/min, ... continued similarly till
step 40.

The first-day plan contained the initial 1 min anneal-
ing time, while the following days included only
50 min annealing periods. The 1 min period was just
for the first crystallization reference point, but then
it was not needed.
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Figure 1. Chemical structure of PBT.
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Heating steps were: 1, 4, 7, 10, 13, 16, 19, 22, 25,
28, 31, 34, 37 and 40, all were done at 20 °C/min
heating rate. Cooling steps were: 3, 6, 9, 12, 15, 18,
21, 24, 27, 30, 33, 36 and 39, all were done at
20°C/min cooling rate. The program was slightly
modified the following days, and all the isothermal
annealing steps at 270 °C lasted 50 min. The crys-
tallinity percentage of PBT was calculated at a heat
of fusion of 142 J/g for 100% crystalline PBT [15].
The heating and cooling rate 20 °C/min is rather
common in literature even though some researchers
use 10 °C/min. The higher rate has an advantage of
faster processing time, and the degradation during
the heating and cooling is smaller. The isothermal
annealing was initially only 1 min, but there was a
50 min time period, so we got change in crystalliza-
tion in precise time intervals.

Relative crystallinity was calculated in Excel as cu-
mulative heat flow that was recalculated then to be
in range 0—1.

Measurement of molecular weight was done using
gel permeation chromatography (GPC). PBT samples
were dissolved in Hexafluoroisopropanol (HFiP)
(Sigma-Aldrich s.r.0., Prague, Czech Republic) con-
taining 0.1 M potassium trifluoride (Sigma-Aldrich
s.r.0., Prague, Czech Republic) at a concentration of
2.0 g/L. The injection volume was 100 pL, and the
analysis temperature was set to 40 °C. The measure-
ments were carried out utilizing an 2695 GPC in-
strument (Waters GmbH, Vienna, Austria). The re-
ported molar masses were expressed in poly(methyl
methacrylate) (PMMA) (Sigma-Aldrich s.r.o., Prague,
Czech Republic) equivalents.

3. Results and discussions

The change of molar mass during degradation at
270°C in nitrogen atmosphere is illustrated in
Figure 2. Initially (during few several hours) the de-
crease is rather steep. After about 7 h the decrease in
M, is rather moderate. These results agree well with
Passalacqua et al. [14] who studied the influence of
thermal degradation of PBT on molar mass change in
N at temperatures 240, 250, 260, 280 and 300 °C.
Mechanisms of thermal degradation of PBT were
well described by several authors [11, 12, 16-19] and
included random chain-scission, cross-linking, cy-
clization and desertification. One possible mecha-
nism of PBT degradation is depicted in Figure 3.
Some of the degradation products are solid or liquid,
and some are gas. The gas products’ escape from the
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Figure 2. The influence of degradation time on the molar
mass of PBT.
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Figure 3. One possible mechanism of PBT degradation.
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sample and the weight loss was detected and record-
ed during the 150 h degradation experiment.

At the beginning of the degradation experiment, we
observed an interesting increase in the position of
crystallization temperature 7, from 182 to 189°C,
peak height increased from about 2.1 to 3.1 W/g; it
changed from broad to narrower — see Figure 4. After
integration, the relative crystallinity curves were ob-
tained, called ‘S-curve’, and then the slope at the in-
flection point was evaluated, which relates to the
maximum in crystallization kinetics. The slope (or
the crystallization kinetics) has significantly in-
creased from 0.035 to 0.044 (Table 1). The kinetics
were also evaluated with the help of a modified
Avrami equation (for nonisothermal crystallization).
Our results in the initial degradation period agree
well with other researchers [20, 21].

Avrami model [22] provides a mathematical frame-
work to analyze the fraction of crystalline material as
a function of time, which is described in Equation (1):

In[-In(1 —X,)] = Ink+ nlnz (D)
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Figure 4. Nonisothermal crystallization measured by DSC at 20 °C/min cooling rate — initial period, a) heat flow, b) relative

crystallinity, ¢) Avrami plot.

Table 1. PBT properties.

Property PBT DSM Arnite T08-200
Melt temperature (10 °C/min) |225°C ISO 11357-1/-3)
Tensile modulus 2550 MPa (ISO 527-1/-2)

Charpy notched impact strength |6 kJ/m? at 23 °C (ISO 179/1eA)
1300 kg/m? (ISO 1183)
13 g/10min  (ISO 1133)

Density
MFI at 250°C, load 2.16 kg

where n is Avrami exponent, £ Avrami rate con-
stant, and X; is the relative crystallinity of polymer
at time 7.

Initially, degradation of PBT caused increased 7. It
seems that at a certain range of molecular weight the
decrease in My, causes easier crystallization that is
demonstrated by the 7. shift towards higher temper-
ature. Ergoz et al. [23] have shown (for polyethylene)
that in the lowest range of M,, the decrease in My,
causes a decrease in crystallization rate. At the same
time, at the higher range of My, the decrease in M,,
causes an increase in crystallization rate and there is
also a M,, range when the decrease in My, has almost

no effect on crystallization rate. Chen ef al. [24] had
the same poly(e-caprolactone) conclusion.

Rangari and Vasanthan [20] showed that PLA sam-
ple had T, before degradation at 89°C, and after
10 days of degradation, the 7, was 96 °C.

They explained the 7¢ increase in this way. The T,
and 7, depend primarily on chain flexibility, molec-
ular weight, and cross-linking, suggesting that seg-
mental interaction increased as a function of degra-
dation time for the PLA film.

Chen et al. [25] observed an increase in T, with de-
creasing molecular weight of poly(trimethylene
terephthalate) (PTT). Their PTT samples had M,
12800, 17600, 21200 and 28000 g/mol; correspon-
ding T, was 185.2, 182.0, 180.0 and 178.6°C.
Unlike the initial crystallization period, the interme-
diate period shows a decrease in the crystallization
peak position 7. — see Figure 5. In the time range
5-38 h, the T, has changed from 187 to 149°C (a
significant 38 °C decrease), and the peak height de-
creased initially from 3.2 to 2.3 W/g (time 5-20 h),
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Figure 5. Nonisothermal crystallization measured by DSC at 20 °C/min cooling rate — intermediate period. Normalized to

sample size, a) heat flow, b) relative crystallinity.

and then it remained approximately constant (time
20-38 h). Our data agree well with other researchers.
Rabello and White [26] observed decreased T, for
photodegraded polypropylene; initially, the 7, was
115°C, and after 24 weeks of photodegradation, it
was 108 °C. Muthuraj et al. [27] studied poly(buty-
lene succinate) (PBS) and observed a decrease in 7
after degradation — 30 days of continuous condition-
ing at 50 °C and 90% relative humidity (RH). Initial-
ly, the PBS sample had 7t 92 °C and after degrada-
tion, it was 77 °C. Avela et al. [28] observed a lower
T, for polypropylene with lower molecular weight.
Wang et al. [29] observed a decreased 7, for poly
(trimethylene terephthalate) samples with lower mo-
lecular weight. The reported M, values were 67 000,
27000, 23000 and 13000 g/mol. The respected T,
values were approximately 182, 178, 173 and
163°C.

Xu and Shi [30] studied the crystallization kinetics
of silsesquioxane-based hybrid star poly(g-caprolac-
tone) and found a lower position of crystallization
peak T, for polymers with lower molecular weight.
For example, the samples with M), being 269 840 and
30368 g/mol had at cooling rate 10 °C/min the posi-
tion of crystallization peak 7}, 33.9 and 19.5°C re-
spectively.

Figure 6 illustrates the late degradation stage’s influ-
ence on nonisothermal crystallization. The time frame
for degradation was 38—150 h. The prolonged degra-
dation at 270 °C is taking a toll on the polymer sam-
ple. We observed a further decrease in 7; (from 149
to 132 °C), but this time, the peaks became gradually
lower and broader, suggesting changes in crystallini-
ty and crystallization kinetics. The decrease in peak
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height was quite tremendous (from 2.78 to 0.70 W/g).
The crystallization kinetics expressed as the slope at
the inflection point decreased from 0.035 to 0.013
(as shown in Table 2).

Samperi et al. [11] describe in detail the thermal
degradation of poly(butylene terephthalate) at the
processing temperature, possible mechanisms of
degradation, and many degradation products.
Figure 7 illustrates the influence of cooling rate on
nonisothermal crystallization after 15 h of degrada-
tion. At cooling rate 25 °C/min, the peak position is
at the lowest value (175°C), and there is a slight
shoulder at 183 °C suggesting crystallization of two
different lamellae at two different crystallization
rates. The real presence of two crystallization peaks
becomes even more pronounced at lower cooling
rates. At a cooling rate 5 °C/min, there is a clear pres-
ence of two peaks at 184.8 and 189.4 °C. This result
corresponds well to the presence of two melting peaks
shown in Figure 13. Seo et al. [31] described this
phenomenon in terms of primary and secondary crys-
tallization kinetics. They used Avrami and Nakamura’s
dual models to describe such crystallization behav-
ior. We have followed their example and obtained dual
Avrami and Nakamura parameters. They are listed in
Table 3 and dual Nakamura parameters are also
shown in Figure 10. Initially (at higher temperatures),
the crystallization is slower, reflected both by lower
Avrami k| parameter and lower Nakamura K| param-
eter. This is followed by much faster crystallization
at lower temperatures, which is reflected by much
higher Avrami &, and Nakamura K, parameters.

Our results correspond well with Rabello and White
[26], who also observed decreased crystallization
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Figure 6. Nonisothermal crystallization measured by DSC at 20 °C/min cooling rate — late stage. Normalized to sample size,

a) heat flow, b) relative crystallinity, ¢) Avrami plot.

Table 2. Crystallization kinetics parameters as a function of
degradation time at 270 °C: half time of crystalliza-
tion 1y, reciprocal half-time of crystallization 1{/12,
Nakamura parameter K = k", the slope at the in-
flection point.

-1

Time T T Slope
[h] 5] A
0.02 38.63 0.02589 0.02330 0.03545
0.83 30.84 0.03243 0.02907 0.04219
1.67 28.86 0.03465 0.03105 0.04437
5.83 28.86 0.03464 0.03091 0.04379
10.00 29.74 0.03362 0.02973 0.04131
12.50 30.43 0.03286 0.02906 0.03968
16.67 28.14 0.03553 0.03032 0.03943

20.83 28.78 0.03474 0.02853 0.03902

23.33 31.43 0.03182 0.02668 0.03771

27.50 33.64 0.02973 0.02576 0.03751

31.67 30.88 0.03238 0.02835 0.03621
38.33 32.56 0.03071 0.02683 0.03459
60.00 37.73 0.02650 0.02324 0.02978
77.50 49.32 0.02027 0.01812 0.02515
99.17 63.62 0.01572 0.01418 0.02054
150.83 6991 0.01430 0.01250 0.01377

kinetics for photodegraded polypropylene and Fraisse
et al. [32], who observed decreased crystallization
kinetics for photo and thermo-aged poly(ethylene
oxide). Ergoz et al. [23] found a tremendous decrease
in the crystallization kinetics of linear polyethylene
when M,, decreased from 20000 to 5000 g/mol.
Figure 8 illustrates the change in the position of crys-
tallization peak 7¢ and crystallinity X as a function
of degradation time. The change in T, position can
be divided into three time-ranges. The 7. increases
sharply in the initial period (0.02—1.67 h). The Tt de-
creases sharply during the intermediate time range
(3.3-31.7 h). Finally, in the late stage of degradation
(45-150 h), the decrease of T is relatively moderate.
The crystallinity had to be corrected by the measure-
ment of weight loss. We can detect initial increase
(05 h) followed by approximately constant value
(560 h), then there is a decrease (60—100 h) and fi-
nally almost constant value (100—150 h).

Our initial increase in 7, corresponds well with
Rangari and Vasanthan [20], who studied crystalliza-
tion after and enzymatic degradation of poly(L-lactic
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acid) (PLLA) films. In their case, the 7¢ has increased ~ degradation of poly(L-lactic acid) and found an in-
from 89 to 96 °C after 10 days of degradation, and crease in crystallinity during the degradation.

crystallinity has increased from 19.7 to 23.2% [20]. Wang et al. [29] studied the effect of molecular
Our initial increase in crystallinity corresponds also  weight on crystallization of poly(trimethylene tereph-
well with Tsuji ef al. [33] who studied the hydrolytic  thalate). They had samples with M, being 67000,
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27000, 23000 and 13000 g/mol. Corresponding
crystallinities were 35, 36, 30 and 29%. Thus, our
results are in good agreement with Wang et al. [29],
they also observed initial increase in crystallinity fol-
lowed by a decrease with decreasing M,,.

Figure 9 and Table 2 illustrate the influence of ther-
mal degradation on (Figure 9a) the slope at the in-
flection point, (Figure 9b) the Nakamura K parame-
ter and (Figure 9c) the reciprocal of crystallization
half-time (t,,). The crystallization kinetics is highly
influenced by the degradation time.

As it can be seen, a parallel trend emerges, consistent
with the alterations observed in crystallinity and
peak position (see Figure 8).

Initially introduced in 1973, the Nakamura model [34]
is a firmly established paradigm for characterizing
nonisothermal polymer crystallization. Rooted in
this model is a comprehensive consideration of both
temperature and the degree of crystallization within

the polymer, further encompassing the crystalliza-
tion kinetics delineated by the Avrami equation
(Equation (2)):

K(T)=k(T)" 2)

where n and k are Avrami parameters, required to
calculate the Nakamura K constant.

The complex effect of molecular weight on crystal-
lization was illustrated by several researchers [23,
24, 35, 36]. They showed a hill-like shape of the
crystallization kinetics as a function of Mj,. Our re-
sults are in good agreement with these observations.
Initially the crystallization kinetics increases. This
result follows the trend shown by Wu et al. [37]
who reported increase in crystallization kinetics for
samples of polyethylene with M, being 18360,
17150 and 16 540 g/mol and the 7/, for these sam-
ples at 122 °C was 5.6, 4.8 and 3.7 min, clearly with
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Figure 9. Crystallization kinetics from DSC nonisothermal experiment expressed by: a) slope at the inflection point of the
S-curve, b) Nakamura K parameter, c¢) reciprocal crystallization half-time rl’/lz.
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a decrease in M, the isothermal crystallization was
faster.

In certain degradation time range, there seems to
be almost no change (or very little) in crystalliza-
tion kinetics expressed by Nakamura K parameter
(Figure 9b) and by reciprocal half time of crystal-
lization (Figure 9c). This result is comparable e.g. to
Galante et al. [38] and to Isayev and Catignani [39].
Galante et al. [38] studied metallocene type poly-
propylenes, M,, range was 68-10°-288-10° g/mol,
the crystallization rate was assessed as 1/1, (inverse
time to attain 20% of the total transformation). They
concluded that crystallization rates for given crys-
tallization temperature were essentially same for all
studied polymers or in other words, there was no in-
fluence of M,, on crystallization kinetics. Isayev and
Catignani [39] studied polypropylene with M,, in
range 70-10°~670-103 g/mol by optical microscopy.
They concluded that above a certain value of molar
mass, the linear growth rate of spherulites is inde-
pendent of M.

Our results also show that the crystallization kinetics
is decreasing in a certain degradation time range.
These results correspond well with Ergoz et al. [23],
who showed an enormous decrease in the crystal-
lization kinetics of polyethylene when the M, was
decreased from 20000 to 4200 g/mol.

Ozawa model [40] takes into consideration the im-
pacts of the distribution of crystal size on the non-
isothermal crystallization kinetics, as depicted in
Equation (3):

o] A

where X symbolizes crystallinity, m is the Ozawa pa-
rameter illustrating the nucleation and growth of
crystals, K is Ozawa’s rate constant, and ¢ represents
the cooling rate. Equation (4) is obtained by applying
double logarithms to Equation (3):

(T)] 3)

log[—In(1 = X)] = log K(T)—mlog ¢

“4)
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Figure 10. Nakamura K, and K, parameters from dual Avrami
plots for degradation time 15 h.

Figure 11 shows the Ozawa cooling function at dif-
ferent degradation times by applying various cooling
rates (15, 20 and 25°C/min). As can be seen, the
Ozawa cooling function moves towards the lower
temperatures with increasing degradation time. The
shift of the cooling function towards the lower tem-
peratures corresponds well to the shift in 7 illustrat-
ed in Figure 11.

Additionally, an excellent linear relationship be-
tween log[—In(1 — X(7))] and log ¢ is obtained at dif-
ferent cooling rates. This linear relationship con-
firms the validity of the Ozawa model. To obtain a
nice linear relationship, we had to choose similar (or
not very far) cooling rates (15, 20 and 25 °C/min).
Ozawa himself used rates 1, 2 and 4 °C/min and ob-
served a nice linear relationship. Some researchers
try to use a much wider range of cooling rates, such
as 1-50 °C/min and fail to get a nice linear relation-
ship.

Figure 12 shows the melting behaviour at various
heating rates. At lower degradation times, we can see
a peak for cold crystallization that is typical for poly-
esters; however, at longer degradation times, there is
no cold crystallization peak, and we can clearly see

Table 3. Dual Avrami and Nakamura parameters for degradation time = 15 h.

Cooling rate Avrami parameters Nakamura parameter Avrami parameters Nakamura parameter
[°C/min] n ky =k s ks K, = I,V
25 2.49877 8.14287-107 0.0230944 0.744120 0.108105 0.0503054
20 2.39468 7.70817-1073 0.0191613 0.585162 0.163427 0.0452510
15 2.42770 4.09666-107° 0.0155849 0.523750 0.183972 0.0394625
10 242114 1.96273-10°° 0.0113715 0.462041 0.192122 0.0281474
5 2.40819 5.32581-10°¢ 0.0064586 0.447950 0.155924 0.0157857
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Figure 11. a) Influence of cooling rate on the relative crystallinity, b) Ozawa plot for different cooling rates for degradation

time 1.67 h, ¢) Ozawa cooling function.

two melting peaks. A lower heating rate makes better
visibility of two melting peaks.

Several authors have reported a change in melting
point Ty, towards lower values during degradation
[26, 33, 41, 42]. Figure 13 shows the change in
melting temperature by the thermal degradation at
270°C. Increasing the degradation time, the peak

a 05
g I Degradation time = 1.67 h Cold crystallization
5| 3
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=
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o
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—_— 25
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a) Temperature [°C]

shifts towards the lower temperatures and then two
melting points appear (7, and T,2). The melting
peak has two maxima, which could be a result of pri-
mary/secondary crystallization kinetics that could be
modelled by a dual Avrami model [31].

Figure 14 and Table 4 confirm this effect of thermal
degradation on PBT’s melting temperature and
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Figure 12. Melting behaviour at various heating rates: a) degradation time = 1.67 h, b) degradation time = 50 h.
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crystallinity. Initially (0-20 h), the change in Ty, for
PBT is enormous, then from 20 to 150 h the change
is relatively moderate. The presence of two melting
peaks is clear.

The crystallinity curve (from melting during the
heating step) was corrected again for the weight loss
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during the extended degradation time. There is a
significant increase in crystallinity for samples de-
graded 1.67 to 34.17 h. Our initial increase in 7, cor-
responds well with Rangari and Vasanthan [20] and
Tsuji et al. [33]. From 34.17 to 88.33 h there is a
rather large decrease in crystallinity. Finally, from

60
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Figure 14. DSC results at heating rate 20 °C/min: a) positions of higher and lower melting peaks, b) change in crystallinity

derived from melting peaks.
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Table 4. Positions of melting peaks Tp,; and 7}, and relative
crystallinity X from the heating experiment at
20°C/min as a function of degradation time at

270°C.
Time Tm1 Tm2 0%

[h] [°C] [°C]

1.67 2254 212.8 43.93
12.50 213.1 203.0 48.99
23.33 200.1 191.8 50.73
34.17 197.8 188.5 55.19
45.00 196.4 186.7 52.02
55.83 195.9 185.4 52.00
66.67 195.4 183.5 47.46
77.50 194.8 182.0 45.97
88.33 193.6 179.7 41.78
99.17 192.2 177.6 41.96

110.00 191.9 177.3 40.17
120.83 191.1 176.0 40.39
131.67 190.2 174.8 38.10
142.50 188.7 173.3 38.55
150.83 187.4 172.3 37.78

88.33 to 150.83 h, the decrease in crystallinity is rel-
atively moderate. The increase and decrease in crys-
tallinity follow perfectly the trend illustrated by
Wang et al. [29].

Rabello and White [26] observed similar behaviour
for photodegraded polypropylene. After 3 weeks of
photodegradation, they observed increased crystal-
lization kinetics followed by a steady decrease until
the end of the experiment (24 weeks).

Fraisse et al. [32] reported a decrease in crystalliza-
tion kinetics for poly(ethylene oxide) samples ex-
posed to thermo-ageing using photo DSC at 55°C.
The half time of crystallization for photo-oxidation
of PEO at 15°C has increased from 105 to 345 s. For
the thermo-oxidation experiment at 75 °C, the time
of crystallization increased from 101 to 266 s after
thermo-oxidation for 1200 s, i.e., the crystallization
kinetics became relatively slower.

Overall, thermal degradation exerts a significant in-
fluence on the crystallization kinetics of PBT. Its in-
herent crystallization behaviour is notably altered as
it undergoes thermal degradation, characterized by
chain scission, cross-linking, and molecular weight
reduction. The variations in molecular weight distri-
bution, chain mobility, and polymer conformation
introduced by degradation intricately impact the
nucleation and growth processes central to crystal-
lization kinetics. These alterations in polymer struc-
ture can lead to changes in crystallization temper-
ature, crystallinity, and growth rates, necessitating
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a comprehensive analysis to unravel the underlying
mechanisms. Next, we will illustrate the effects of
thermal degradation on the melting temperatures of
PBT and clarify the appearance of double melting
points that is associated with lamellar thickness.
The presence of two melting peaks (in the DSC ex-
periment) suggests that the situation is more compli-
cated, i.e., the presence of thicker and thinner lamel-
lae and the decrease in thickness of both during the
degradation [43]. Many researchers have described
the long period and lamellar thickness calculation
from SAXS data [44-49].

Crystalline structure analysis was undertaken using
SAXS, and the long period involved was determined
using Equation (5) [49]:

I = 21

Qmax

)

where L is the long period related to the scattering
peak position, and g,y 1S the value of scattering vec-
tor at maximum.

A clear reduction in the long period is observed due
to irradiation. The initial sample exhibited a long pe-
riod of L = 12.31 nm, whereas the sample subjected
to thermal decomposition at degradation time of 30 h
demonstrated a long period of L= 10.91 nm (see
Table 5).

The effect of thermal degradation on the lamellar
thickness can be noted clearly with the help of
Gibbs-Thomson equation. The equation calculates
the change in melting point with lamellar thickness.
It assumes that the crystal sizes a and b with thick-
ness /; we can calculate the melting temperature (7,)
by Equation (6) [48]:

_0(i_2(c .0 &))
n(=1(1-2(2+9+9 ©)
where T, is the equilibrium melting point, Ak is the
heat of fusion, o is the surface free energy, and o, is
the end surface free energy. Equation (6) can be mod-
ified into (Equation (7)):

Table 5. SAXS results: peak position ¢, [nm '] and long pe-
riod L [nm] as a function of degradation time at

270°C.

Time Gmax L
[h] [nm™'] [nm]
0.83 0.5179 12.13

23.33 0.5605 11.21

30.00 0.5761 10.91




A. Nasr and P. Svoboda — Express Polymer Letters Vol.18, No.3 (2024) 309-325

26.T°

e~ m

Ah

T, (1) =Ty =5

where C = 7
In the case of a particular material, it becomes feasi-
ble to assess the reduction in lamellar thickness by
gauging the decline in melting point (Equation (8)):
L _

2 Tr(r)l_Tml(l)

b Ty =T (D) (%)

where /; is the original lamellar thickness with orig-
inal melting point 71,1 and /, is a new thickness after
the treatment with new melting point 7},.

These data agree well with the literature presented,
e.g. by Hsiao et al. [50], who observed the peak po-
sition of intensity when ¢ was in the range 0.4 to
0.5 nm™! for pristine PBT.

The surface free energy (o) probably remains con-
stant under the long degradation time, and that leads
to a decrease in the melting temperature (7).
One-dimensional correlation function can be calcu-
lated by using the Equation (9) [51]:
) oo

[ 1a)¢* cos(ar)dg

0

21

0

where 7 is the direction perpendicular to the surfaces
of the lamellae, along which the electron density is
measured. y(0) =1 at »=0; Q is the scattering in-
variant (Equation (10)):

Y(r)= 9)

Q=2anof 1(q)g*dq (10)
Finally, the volume fraction of the crystallites ¢, by
Equation (11):

0= . (1- )P (1
where Ap. denotes the electron density contrast be-
tween the crystalline and amorphous layers.

Both the long period (L) and lamellar thickness (/)
decrease during the degradation. The long-period
values obtained by two independent methods (Bragg’s
equation vs. one-dimensional correlation function)
have slightly different values but reveal the same de-
creasing trend with progressing degradation. The
‘one-dimensional correlation function’ method also
has the advantage of getting the lamellar thickness.
Our data are not very far from Hsiao ef al. [50], who
found long periods in the range 10—14 nm for pure
PBT. The higher numbers correspond to higher crys-
tallization temperatures. They observed slightly higher
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lamellar thickness (around 5 to 8 nm). They have
performed isothermal crystallization at elevated tem-
peratures, some of them quite close to 71, while our
samples crystallized during quite rapid nonisother-
mal cooling at rate 20 °C. Hence, our smaller lamel-
lar thickness is not that surprising.

We have observed a decrease in melting point during
the degradation. Based on the Gibbs-Thomson equa-
tion, we could assume that the lamellar thickness de-
creases during degradation. This was confirmed by
SAXS measurement.

Initially, there is mainly one peak (even though the
second peak is also present). In the later part of
degradation, the presence of two peaks is evident and
might mean the presence of lamellae with two dif-
ferent thicknesses.

The T},; and T}y are still moving towards the lower
temperatures, so we can assume a moderate decrease
in both lamellar thicknesses. The results from SAXS
(see Figures 15 and 16 and Table 5) confirmed a de-
crease in long-period L that comprises the lamellar
thickness plus the amorphous layer’s thickness. The
data from SAXS indicate a decrease in lamellar
thickness during the degradation [52].

4. Conclusions

The results reveal a substantial shift in 7¢, indicating
a significant alteration in the crystallization temper-
ature of PBT. Throughout the experiment, the 7.
shifts from an initial value of 193 °C to a final value
of 133 °C, marking a notable 60 °C decrease. This
shift progresses through three distinct periods: an
initial increase in 7, an intermediate stage charac-
terized by a steep decrease, and a late-stage degra-
dation period with rather moderate decline. Crys-
tallinity and crystallization kinetics exhibit a similar
trend, with an increase followed by a steep decrease
during the intermediate degradation period and a
subsequent moderate decrease in the late-stage peri-
od. Additionally, the study identifies the presence of
two melting peaks in the DSC data, suggesting the
presence of two distinct lamellar thicknesses. These
peaks experience a decrease in melting point (73,),
where the higher melting point 7},; changed during
degradation from 225 to 187°C (a 38°C decrease)
while the lower melting point 7}, changed during
degradation from 213 to 172°C (a 41 °C decrease).
While the 7, changed about 40 °C towards lower
temperatures, the 7. decreased much more (60 °C).
Since these two temperatures usually are very much
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Figure 16. SAXS one dimensional correlation function for PBT after degradation a) 0.83 h, b) 23.33 hand ¢) 30.00 h. L, is
long period, and /. is lamellar thickness.

connected to each other, the change in 7; contains in-  which was also quantitatively confirmed by slower
formation about the ability of molecules to crystallize  crystallization kinetics (besides much lower T¢).
after degradation. Apparently, the ability of mole- Small-angle X-ray scattering (SAXS) analysis further
cules to crystallize is much lower after degradation,  supports the degradation-induced changes, revealing
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a decrease in the long period and lamellar thickness.
Our work effectively illustrates the influence of the
degradation stages on nonisothermal crystallization,
highlighting the gradual decrease in 7., peak height,
crystallinity, and crystallization kinetics during the
late-stage degradation. Our research emphasizes the
complex nature of the crystallization behaviour of
PBT under thermal degradation, reflecting the inter-
play of factors such as lamellar thickness and mo-
lecular weight. The study’s comprehensive analysis
and comparison with related research contribute to
the broader understanding of polymer degradation
and its impact on crystallization. Further investiga-
tions into these changes’ intricate mechanisms could
offer valuable insights into tailoring polymer prop-
erties for specific applications, fostering advance-
ments in polymer engineering and materials science.
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