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Abstract Differential fast scanning calorimetry (DFSC) was employed on the study of self-nucleation behavior of
poly(butylene succinate) (PBS). The ultra-fast cooling ability of DFSC allows investigating the effect of self-nucleation on
the isothermal crystallization kinetics over a wide temperature range. Crystallization half-time, instead of crystallization peak
temperature, was used to describe the self-nucleation behavior, and the self-nucleation domain for the samples crystallized at
different temperatures was determined. Due to the competition between homogenous nucleation and self-nuclei, the effect of
self-nucleation was less pronounced at high supercooling than that for the sample isothermally crystallized at higher
temperature. An efficiency scale to judge the efficiency of nucleating agents from the crystallization half-time was also
introduced in this work.
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INTRODUCTION

Self-nucleation (or self-seeding) is a unique phenomenon for semi-crystalline polymers which show a large
melting temperature range. It allows co-existence of molten and crystalline regions at a given temperature in a
same samplel!l. Numerous early studies reported that the seeds obtained from the fragmentation of partially
molten crystals could effectively lower the free energy barrier for the nucleation and increase the overall
crystallization rate®'%. With self-seeding, the crystallization temperature of the sample could be 25 K higher
than that from the equilibrated random coil, and the number of nuclei could be increased by several orders of
magnitude. Since most commercial crystalline polymers are processed from the melt, self-nucleation can shorten
molding or solidification cycles and improve optical properties by reducing the size of the spherulites due to
enhanced nucleation density. It is of significance to study the self-nucleation (SN) behavior of polymers either
for scientific research or for practical application. A seminal work was presented by Fillon et al.!¥, adapting self-
nucleation procedures to differential scanning calorimetry (DSC). Their detailed investigations on isotactic
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polypropylene enabled the division of the melting temperature range into three domains. Domain I is defined as
the high temperature range where complete melting occurs and no self-nucleation or annealing takes place. In
domain II or SN domain, almost all of the polymer crystals melt but leave some small crystal self-nuclei or
seeds, resulting in an exponential increase in nucleation density. Correspondingly, it is observed that the
crystallization temperature (7¢) shifts to higher values upon cooling from lower self-nucleation temperature (7).
In domain III, 75 is low enough to leave some unmelt crystal lamellae, resulting in annealing and thickening of
the original lamellae.

Over the past decades, various characterization techniques, such as differential scanning calorimetry, optical
microscopy and rheological measurements, have been applied to study self-nucleation in polymers. The
self-nucleation behavior of various polymers (including copolymers) has been investigated. The effects of
annealing time and different molecular weights on self-nucleation behavior were studied™ * -1, Compared to
homopolymers, the crystallization of random copolymers that contained a unique sequence selection and a strong
memory effect of their prior crystallization could be observed even at temperature above the equilibrium melting
point!!”> 181, This memory effect might be attributed to the seeds made of segregated segments without any
crystalline nature which could also accelerate the subsequent crystallization. The polymorphic change of random
copolymers in subsequent crystallization depending on the initial polymorph or melt temperature was also
studied recently, which offered help to discuss the mechanism of polymorph selection of copolymers during
crystallization!'®-2%l. A so-called ‘efficiency scale’ for nucleation additives of polymers is also established from
self-nucleation experiments performed with conventional DSCP. Judging the nucleation efficiency is commonly
done by comparing the crystallization peak temperature on cooling from the melt in DSC at a cooling rate of
10 K/min as proposed by Fillon et al?!. However, because of the limited cooling abilities of conventional DSC,
a saturation of the nucleating effect can be found as a small number of active nuclei at high crystallization
temperatures are sufficient to allow the sample to fully crystallize within the time defined by the slow DSC
experiment!?> 23, Isothermal crystallization experiments of samples performed on DSC are also limited to a high
temperature range due to the slow cooling. Recently, Zhuravlev et al. employed a new powerful tool, differential
fast scanning calorimetry (DFSC), to investigate the efficiency of nucleating agents on polymers. The ultra-fast
cooling ability of DFSC allows to judge the nucleation efficiency in the whole range of temperatures where the
semi-crystalline polymers crystalizel'> 23,

Differential fast scanning calorimetry (DFSC) is a sensitive characterization technique to get insight into
structure formation in fast crystallizing polymers. It gives unique possibility for an insight on polymer crystal
nucleation and growth?2?71. The isothermal crystallization measurement (e.g. crystallization half-time) was
found to be a sensitive tool to investigate the crystal nucleation, reorganization and disordering in the sample.
Different levels of ordering obtained from the cooling process will affect the experimental results in the final
stage of heating, thus a reheating method can be used to study the kinetics of nucleation under isothermal
conditions as described in the previous reports?® 23], Using multi-step annealing experiments allows to gain
deeper insight into crystal nuclei formation at large undercooling®). An advantage of DFSC compared to
conventional DSC is the fast scanning rates up to 10° K/s, which can prevent reorganization, i.e. nucleation and
growth, during both fast heating and cooling, thus allowing to study e.g. isothermal crystallization of the samples
after thermal conditioning at selected 7s. Among recent works, Martino et al. applied fast scanning calorimetry
to investigate the self-nucleation of poly(ethylene 2,5-furandicarboxylate) (PEF). The SN domain in their work
was described by the change of melting behavior of a sample nucleated under different thermal treatments and
crystallized under fixed isothermal conditions in analogy to previous conventional DSC studies!®*”). In the present
work, we use the half-time of crystallization to characterize the self-nucleation. In addition, we also use the
crystallization half-time to calculate the efficiency of nucleating agents at different crystallization temperatures,
which is of high interest for industrial processing.

In this paper, a systematic investigation on the self-nucleation behavior of pure poly(butylene succinate)
(PBS) was carried out using conventional DSC and DFSC, employing the conventional SN procedure developed
by Fillon et al?!. Polarized optical microscopy (POM) was also applied to observe the crystalline morphologies
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of the crystallized samples after different thermal conditioning. A modified SN procedure was used in DFSC
measurements to study the self-nucleation effect on the kinetics of isothermal crystallization of PBS. The change
of crystallization half-time 7j, instead of crystallization temperature 7¢, was used to describe the self-nucleation
behavior as 75 changed. The nucleating efficiency scale for PBS samples was calculated from 7. and 71, too. A
PBS sample blended with 2 wt% of poly(butylene fumarate) (PBF) was taken as an example to calculate the
efficiency of nucleating agents from crystallization half-time.

EXPERIMENTAL

Materials

Poly(butylene succinate) (PBS) sample and PBS sample with 2 wt% of poly(butylene fumarate) (PBF) were
provided by Prof. Jun Xu’s group and used without further purification®!, and the detailed sample preparation
was described in their previous workP®!">3%, The number-average molecular weight (M,) and polydispersity (PDI)
of PBS are 4.46 x 10* g/mol and 1.47, respectively.

Differential Scanning Calorimetry (DSC)

All the DSC experiments were performed in Mettler-Toledo DSC 1 with the heating and cooling rates at
10 K/min. Samples were encased in aluminum pans and an empty aluminum pan was used as a reference. The
weights of the DSC samples were around 4 mg. Dry nitrogen gas flow (50 mL/min) was used for purging.

DSC thermal treatment protocol was same as the former reports® 31, which was composed of four steps
(Fig. 1a): (1) heating the initial PBS samples at a rate of 10 K/min to 423 K and keeping for 5 min to erase the
previous history, then creating the “standard” sample by cooling down to 298 K at a rate of 10 K/min; (2)
heating the “standard” sample to self-nucleation temperature 75 and melting for 5 min; (3) recrystallizing the
samples on cooling from 75 to 295 K at a rate of 10 K/min; (4) heating the resultant samples to 423 K, and
recording the re-melting curves.

Differential Fast Scanning Calorimetry (DFSC)

Isothermal crystallization of PBS samples were studied by an ultra-fast scanning calorimeter. The details of
instrument and sample preparation could be found in the previous reports®* 3. Figure 1(b) shows the thermal
treatment protocol of DFSC for studying the effect of self-nucleation on the subsequent isothermal
crystallization process. Similar to the protocol in DSC, there are four steps, including (1) crystallizing the
samples at 320 K for 10 s as the history to generate a relatively stable initial state (the fast cooling process
produced full amorphous samples, which needed isothermally crystalizing at a selected temperature to create a
“standard” state); (2) heating up to self-nucleation temperature 7, for 0.001 s to achieve partial melting; (3)
cooling at 1 x 10* K/s to a selected crystallization temperature Ty, (320 or 260 K) and annealing for different
time; (4) heating the samples to 420 K to investigate the melting peaks.

T N 7 b

Ts

Time Time

Fig. 1 Schemes for thermal treatment protocols in (a) DSC and (b) DFSC (Both are composed of 4 steps.)



1012 J. Jiang et al.

Polarized Optical Microscopy (POM)

The crystalline morphology was investigated by a polarized optical microscope (Olympus DX14) with crossed
polarizers. Thin melt samples were prepared between microscope cover slips, which were melted at 423 K for
5 min and then cooled down to room temperature at 10 K/min to obtain the standard morphology. Then, the
samples were heated to different self-nucleation temperature 75 and cooled down to reproduce the conditions
employed in DSC as described previously. The final crystalline morphology was obtained for each T.

RESULTS AND DISCUSSION

Self-nucleation Behavior in Conventional DSC

Figures 2 and 3 present the self-nucleation behavior of PBS observed with DSC. Figure 2(a) shows the cooling
curves after thermal conditioning at the indicated 7 temperatures, and Fig. 3 exhibits the subsequent heating
runs. After 5 min thermal treatments at selected T, the “standard” samples were partially melted to different
extents and various crystallization peaks appeared in the subsequent cooling at a fixed cooling rate of 10 K/min.
As shown in Fig. 2(a), decrease of T results in a significant increase of crystallization temperature 7, indicating
that more surviving “nuclei” are left in the polymer melt which increase the density of nucleation sites and
accelerate the crystallization kinetics. The self-nucleation phenomenon proceeds until 7 reaches 388 K, where
the concentration of remained crystalline fragments is high enough and the unmelted crystal starts to anneal
(domain IIT). An additional high temperature melting peak marked with an arrow shows up on the subsequent
second melting (step 4) as shown in Fig. 3 (75 = 387 K). When T is above 405 K, samples are completely melted

15 Decreasing T, increasing 7 a 370 338 K b
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Fig. 2 (a) DSC cooling curves (at 10 K/min) after 5 min annealing at the indicated 7s (from 387 K to 407 K) (Decreasing
Ts results in an increase of crystallization peak temperature 7. on the subsequent cooling.); (b) Variation of the peak
crystallization temperature 7¢ as a function of self-nucleation temperature T
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Fig. 3 Subsequent DSC heating curves (at 10 K/min) after controlled cooling scans shown in Fig. 2(a)
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(domain I) and subsequent cooling simply reproduces the standard state with a crystallization peak located at
348 K. For all the crystallization peaks, the heat of crystallization (AH.) keeps almost constant at (76 + 2) J/g,
indicating a similar crystallinity of the sample with different 7.

The crystallization temperature 7¢ of self-nucleated samples is shown in Fig. 2(b) as a function of self-
nucleation temperature 7s. According to the definition of self-nucleation domain (or domain II) proposed by
Fillon et al?, PBS sample used here has a wide SN domain over 17 K and the crystallization temperature of
PBS is increased by 20 K with self-nucleation. Two tuning points can be observed in domain II, one at 75 =
394 K and another at 7, = 400 K, where the crystallization peaks with maximum or minimum peak height are
observed in the subsequent cooling curves (Fig. 2a), respectively.

Multiple melting peaks are observed in the reheating curves of PBS after crystallization (Fig. 3). Three
melting peaks can be distinguished, marked as “peak I, peak II and peak III” respectively. The shoulder peak
appears in the heating curve when T, = 387 K is an evidence of unmelted crystal remained in the sample and the
trademark of domain III (i.e. annealing as opposed to self-nucleation)!?!. Peak III appears at about 387 K in each
measurement and depends on neither 7. nor 7. This is usually the melting peak of reorganized crystals. Peak I
originates from the thermal history. When the sample is reheated, it will melt and recrystallize to another crystal
with higher stability whose melting peak corresponds to peak II. As 7 decreases, the sample crystallizes at
higher temperature producing more stable crystals and leads a shift of peak I to higher temperature in the
reheating curves. When T is lower than 393 K, stable crystals form during cooling (peak I) and can reorganize
directly to the most stable one (peak III) in the subsequent heating.

Morphology of Self-nucleated Samples

Crystalline morphology of PBS sample is significantly affected by self-nucleation, similar to many other semi-
crystalline polymerst”- % 11- 351 Figure 4 displays selected optical micrographs of the morphologies formed via
self-nucleation at different temperatures, corresponding to the samples treated by DSC in Fig. 2. The standard
sample (cooled from 423 K without self-nucleation at 10 K/min) presents well-developed spherulites with
distinct boundaries as shown in the last picture in Fig. 4. When 7 decreases, reduction in spherulite size and
increase of nucleation density can be observed. For 400 K < 7 < 405 K, the spherulites of PBS are very compact
and preserve the well-developed morphology of the original large spherulite in “standard” sample with some
obvious self-seeds in the center. When 7 < 400 K, progressive fading of the original morphology appears and
the morphology of crystals become mainly fan-shaped, leaving some spherulitic patterns. As T decreases further
to below 391 K, the exponential increase in nucleation density results in the spherulite diameter decreasing
dramatically, and only granular crystals can be seen. The morphology of PBS sample blended with 2 wt% PBS is
also investigated by POM, which is the same as that of neat PBS after self-nucleated at 7 below 391 K.

S0um 7, =423 K NN

Fig. 4 POM micrographs of PBS after SN treatment at indicated 7s temperatures
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Self-nucleation Behavior Investigated by DFSC

DFSC measurements were performed by following the thermal procedure showed in Fig. 1(b). A sample
isothermally crystallized at 320 K for 10 s was used as the “standard” state, instead of the non-isothermally
crystallized sample performed in conventional DSC. To study the effect of self-nucleation on the kinetics of
isothermal crystallization, the crystallization half-time of PBS after self-nucleation at different 75 were compared
with that of the original state. The kinetics of nucleation and crystallization in PBS nanocomposites has been
studied by Papageorgiou et all'*l. According to their results, the nucleation mechanism of PBS changed at 280 K
from heterogeneous to homogeneous. Two isothermal crystallization temperatures 7., were selected, 320 K and
260 K, which were close to the melting temperature or just above the end of glass transition of the samples,
attributed to the heterogeneous or homogeneous nucleation dominating region respectively. A high cooling rate
(1 x 10* K/s) was chosen to suppress additional crystallization or homogeneous nucleation on cooling. It is one
of the main advantages of DFSC. After melted at different 7 for 0.001 s, the sample was cooled to selected Ty,
and annealed for different time 4, expecting to realize different degrees of ordering. Then reheating curves were
collected to investigate the different levels of ordering in the sample. This reheating method was already used in
several previous reports to study the kinetics of nucleation in polymers under isothermal conditions!!3: 2328 361,

Reheating curves after isothermal crystallization experiments of PBS samples with or without SN are
shown in Fig. 5. The results from the crystallization at 260 K show two separated melting peaks (Fig. 5b). The
first one is attributed to the imperfect low temperature crystals, which melt just above the crystallization
temperature and then reorganize even at 1 x 10* K/s heating rate to even more stable crystals melting at 350 K.
However, the crystals formed at 7. = 320 K are more stable and the melting peaks integrate into one peak as the
annealing time is long enough (Fig. 5a). The melting behaviors of self-nucleated samples are similar
(Figs. 5c and 5d), but the crystallization time is dramatically shortened as 7, decreases. When T decreases
further, an additional shoulder peak at higher temperature appears in the reheating curves (Figs. 5e and 5f),
indicating that unmelted crystals remain and the thickening of original crystal lamellaec occurs under the
subsequent isothermal conditions, similar to that of conventional DSC.

The values of total latent heat (A#%) of the crystallized samples after annealing at Ty, = 320 and 260 K with
self-nucleation at selected 75 are shown in Figs. 6(a) and 6(c). A systematical shift to shorter crystallization time
(indicating a speed up of crystallization rate) at each annealing temperature can be observed as 75 decreases, and
the SN domain can be determined. The open square points (410 K) are attributed to the completely melted
sample without self-nucleation. When 7 decreases, the curve starts to shift to shorter crystallization time at 75 =
390 K for T,y = 320 K, while for 75, = 260 K, it keeps unchanged until 75, = 380 K. As T decreases as low as
possible, the nucleation induction plateau starts with a constant AZ (circled with red dotted line in
Figs. 6a and 6c), instead of zero, indicating that unmelted crystals remain in the sample before isothermal
crystallization, which can be seen as the trademark of domain III.

The results from the integration of experimental data were fitted according to the formalism proposed by
Kolmogorov-Johnson-Mehl-Avrami (KIMA)!'> 231, and the obtained crystallization half-time (7i2) of PBS is
plotted against self-nucleation temperature for each Ty, in Figs. 6(b) and 6(d). For Ty, = 320 K, PBS has a SN
domain over 30 K from 360 K to 390 K, while for 7., = 260 K, the SN domain is narrower, about 15 K from
365 K to 380 K. As mentioned previously, isothermal crystallization at 260 K is dominated by homogeneous
nucleation, and homogeneous nucleation may compete with the self-nuclei and overturn their influence. It can
also be seen that the self-nucleation exhibits different levels of acceleration in isothermal crystallization of PBS.
The high nucleated samples present two orders of magnitude faster crystallization in the region of heterogeneous
nucleation (7 = 320 K), while less than one order of magnitude is shown in the region of homogeneous
nucleation (7, = 260 K). Similar phenomena were reported for some polymer nanocomposites!!® 231,

Previously, the self-nucleation is commonly analyzed according to a methodology introduced by Fillon
et al ", which rests on the analysis of impact of partial melting of the samples on subsequent crystallization as
investigated in a DSC apparatus. The crystallization peak temperature on cooling is used to judge the nucleation
efficiency of self-nuclei. A higher crystallization temperature is considered to indicate higher nuclei density in
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the sample. However, the increase of crystallization peak temperature is an overall effect of nucleation and
crystallization on cooling from the melt. Because of the limited cooling abilities of conventional DSC, a
saturation of the nucleating effect can be found, as a small number of active nuclei at high crystallization
temperatures are sufficient to allow the sample to fully crystallize within the time defined by the slow DSC
experiment!?> 23], In addition, the effect of self-nucleation on isothermal crystallization can only be studied in a
very limited temperature range with conventional DSC, also due to its limited cooling ability. The samples have
been crystallized on cooling before reaching lower temperatures.
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Fig. 5 Heat capacity of PBS isothermally crystallized samples from DFSC reheating curves annealing at (a, ¢, €) 7an =320 K

or (b, d, f) Tan = 260 K at a scanning rate of 1.0 x 10* K/s for different time after self-nucleated at (a, b) Ts=410K, (¢, d) Ts =
370K, (e) Ts=358 K, (f) Ts =360 K
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when annealing at (b) Tan = 320 K and (d) 7an = 260 K

In the current work, we suggest a characterization method of isothermal crystallization rates measured with
DFSC to analyze the effect of self-nucleation. The ultra-fast cooling ability of DFSC allows an observation of
crystal nucleation and growth on time scales starting from 1 ms and makes it accessible to study the effect of
self-nucleation on isothermal crystallization in the whole range of temperatures where semi-crystalline polymers
crystallize. As shown in Fig. 7, the crystallization half-time can be obtained for the original and self-nucleated
PBS samples isothermally crystallized at different temperatures. The “ideal” 7 means the temperature at the
lower limit of domain II, where the maximum number of self-nuclei may be afforded in the sample. For
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Fig. 7 Schematic representation of isothermal crystallization kinetics of original (black) and ideally self-nucleated (red)
PBS sample (The dash lines show linear cooling from the melt at different rates.)
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non-isothermal experiments with linear cooling performed with DSC, as schematically shown in Fig. 7 (dash
line), self-nucleation makes the cross moving to higher crystallization temperature, which means a shift of
crystallization peak to higher temperature in the cooling curves (as shown in Fig. 2a). This is also useful for
tuning the crystallization temperature of polymers in fast cooling process. But one important thing to note is that
the effective self-nucleation domain depends on the “standard” state. It is not comparable for the self-nucleation
temperature region obtained from DSC and DFSC, as they have different initiate structure of crystals. And the
crystallization half-time of ideally self-nucleated PBS sample (Fig. 7) may vary if the standard history is
changed.

Self-nucleation experiments have also been used to judge the efficiency of nucleating agents in polymers.
Control of the spherulite size by addition of nucleation agents is a facile means to modify and adapt the physical
properties of bulk crystalline polymers for specific uses®” 3], Schneider et al. established an “efficiency scale”
for nucleation additives of PVDF by investigating the self-nucleation phenomenon, helping rate the nucleation
induced by crystalline additives!®!. The percentage of efficiency can be defined by the following Eq. (1):

Efficiency (%) = AT, /AT, = (T, =T )/(T, ~ T.,) (1)

€ max

where T¢; and T, are the lower and upper limits of 7. investigated in SN procedure, T nu is the crystallization
temperature of the sample added with nucleating agents, AT; = Tcnuet — Tci1 is the increase in 7¢ induced by the
nucleating additive, and AT¢ max = Te2 — Te1 is the maximum range of 7.

As discussed above, judging the nucleation efficiency by comparing the crystallization peak temperature on
cooling from the melt in DSC traces is not as accurate as by the quantitative analysis under isothermal conditions
with DFSC. Miiller et al. carried out a study on the influence of multiwall carbon nanotubes (MWCNT) on
nucleation of poly(&-caprolactone) (PCL) with DSC, and found a saturation of the nucleating effect at about
0.5 wt% MWCNT concentration®. However, with designed experiments performed with DFSC, Zhuravlev
et al. claimed that nucleation by MWCNTs was not yet saturated with up to 2 wt% MWOCNT in PCLI?3,

In analogy, Eq. (2) can be introduced to judge the efficiency of nucleating agents with crystallization half-
time 7j, obtained from DFSC measurements:

Efficiency, (%)=A7,,/AT,; :[z’m el —Tllj/[z'l . —711] )
2 2 2

where AT max 18 the maximum range of 7i, for the self-nucleation procedure at a selected Tan, A7if is the

increase in 73, induced by the nucleating agents at the same isothermal crystallization temperature. As the

obtained crystallization half-time is of the sample crystallized at a given temperature (e.g. Ton = 320 K), the

efficiency of nucleating agents calculated from this equation is only valid for the indicated crystallization

temperature.

Taking PBS with 2 wt% PBFP! as an example, we can calculate the nucleating efficiency of PBF from Tt
and 71, (Fig. 2a and Fig. 6b). It is 88% for non-isothermal crystallization and 89% for isothermal crystallization
at Tan = 320 K, respectively. As the self-nucleation behavior depends on the initiate crystal structure of the
standard sample, the efficiencies of nucleating agents calculated from these two equations are not comparable.
But Eq. (2) enables a chance to calculate the approximate nucleation efficiency of additives at any selected
crystallization temperature under isothermal conditions.

CONCLUSIONS

In this work, self-nucleation of PBS sample was investigated with DSC and DFSC. Instead of crystallization
peak temperature T¢, the change of crystallization half-time was introduced to describe the self-nucleation
behavior. And with the advantage of fast scanning rates, the effect of self-nucleation on the kinetics of
isothermal crystallization was examined over a wide temperature range where PBS crystalizes. The effective
self-nucleation domain varied with the annealing temperature, and homogeneous nucleation might compete with
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the self-nuclei and overturn the self-nucleation effect at high supercooling. Because of the limitation of cooling
abilities of conventional DSC, it was of more accuracy to judge the efficiency of nucleating agents by the change
of crystallization half-time, and an equation established from self-nucleation measurements enabled the
calculation of nucleation efficiency at any indicated crystallization temperature under isothermal conditions.
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