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Abstract 

The crystallization kinetics of polyamide 11 (PA 11) in presence of sepiolite and organo-

modified montmorillonite nanofillers has been studied in a wide range of temperatures and 

cooling rates by conventional differential scanning calorimetry (DSC) and fast scanning 

chip calorimetry (FSC). The presence of the nanofillers has a negligible effect on the 

crystallization temperature of PA 11 at low cooling rates. However, at rapid cooling 

conditions a distinct nucleating effect of the nanofillers is detected. The critical cooling 

rate to suppress crystallization increases from 600 K s
–1

 to about 1000 and 3000 K s
–1

 in 

nanocomposites containing sepiolite and montmorillonite, respectively. Regardless the 

cooling rate applied for solidification the melt, in the nanocomposites the crystallinity of 

PA 11 is 5 to 10 % higher than in neat PA 11, with the highest values obtained for the 

montmorillonite-containing system. The nucleating effect of the nanofillers onto the 

crystallization of the PA 11 is confirmed by analysis of the half-times of isothermal 

crystallization, and by analysis of the spherulitic superstructure. All measurements proved 

a saturation of the nucleation efficiency at a loading of the nanofiller of 2.5 m%. 
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Introduction 

Polyamide 11 (PA 11) is a bio-based crystallizable polymer which is produced from 

renewable castor oil. It is gaining increasing importance due to its potential to replace 

petroleum based polymers. It is used for many high-performance engineering applications 

due to its balanced property profile including relatively high thermal stability, excellent 

chemical resistance, and reasonable mechanical characteristics [1]. As a rule, holding for 

all crystallizable polymers [2], the properties of PA 11 depend on the semicrystalline 

morphology which can be adjusted in wide ranges regarding the structure, fraction, shape 

and spatial arrangement of crystals. Major tools to control such structural parameters are 

the variation of the condition of melt-crystallization [3], or the addition of nucleating 

agents, promoting the crystallization process [4]. Though typically added to tailor 

properties according to composite rules [5], in this work the effect of presence of two 

different types of nanofillers on the crystallization kinetics and the semi-crystalline 

morphological structure of PA 11 is evaluated. 

 

Regarding the crystallization behavior of unmodified PA 11 it is known that, depending on 

the crystallization conditions, different crystal structures may form [6–11]. Slow cooling of 

the melt leads to formation of triclinic -crystals which convert reversibly to -crystals at 

the Brill-transition temperature [12] of about 100 °C. The equilibrium melting temperature 

of the -structure is between 203 and 220 °C [13, 14] and the bulk enthalpy of fusion is 

between 189 and 244 J g
–1

 [13–15]. These crystals, which form at low supercooling of the 

melt, are of lamellar shape and are organized within spherulites [16]. Rapid cooling of the 

melt at rates between 100 and 500 K s
–1

 suppresses /-crystal formation at low 

supercooling and leads to development of a pseudohexagonal ’-phase of nodular shape at 

temperatures lower than 80 °C [3, 9]; even faster cooling prevents all ordering and causes 

complete vitrification of the melt at the glass transition temperature T g of around 40 °C [3]. 

Recent analysis of the rate of isothermal crystallization revealed maxima at about 105 and 

70 °C [3], with the bimodal dependence of the crystallization rate on temperature related to 

the occurrence of different nucleation mechanisms; this view is supported by an analysis of 

the nucleation density of samples crystallized at different supercooling [17]. 

 

For many polymers including polypropylene [18–20], polyoxymethylene [21], 

poly(ethylene terephthalate) [22], poly(butylene terephthalate) [23], poly(butene-1) [24], 

but in particular polyamides [25–34], it has been shown that addition of nanofillers often 
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enhance crystallization and even support the formation of specific crystal polymorphs. In 

fewer cases, however, a retardation of the crystallization process has also been reported, 

likely due to an immobilization of polymer chain segments at the polymer/nanofiller 

interface [35, 36]. 

 

Crystallization studies on nanocomposites based on PA 11 included analysis of half-times 

of crystallization and of the cooling-rate dependence of the crystallization temperature 

[37], and analysis of the X-ray structure of injection-molded test bars [38] or as-extruded 

pellets [39]. Half-times of crystallization were measured at rather low supercooling of the 

melt providing information that presence of montmorillonite (MMT) nanofiller is 

connected with an acceleration of the crystallization process. In addition it was found that 

the crystallization temperature of PA 11 on cooling the melt at rates between 2.5 and 20 K 

min
–1

 was increased. In a further study of PA 11/MMT nanocomposites for use in 

angioplasty balloon applications it was found that addition of MMT into PA 11 led to a 

distinct decrease of the half-time of isothermal crystallization. However, the accelerating 

effect of the nanofiller on the crystallization of PA 11 faded at loadings exceeding 2 m% 

[40]. Only recently the research of the crystallization behavior of PA 11 in presence of 

nanofillers has been expanded towards the application conditions relevant in polymer 

processing, that is, to analysis of the crystallization at rapid-cooling conditions and at high 

supercooling of the melt [41]. It was found for a specific system containing 5 m% organo-

modified MMT (OMMT) that the PA 11 crystallization temperature was only increased on 

cooling faster than about 1 K s
–1

 and that the critical cooling rate to suppress crystallization 

of PA 11 was significantly increased. Similar observations have been reported for 

nanocomposites based on PA 6 [32]. 

 

In the present work, the prior research of the effect of nanofillers on the crystallization of 

PA 11 is expanded such to compare the nucleation efficiency of layer-like organo-modified 

montmorillonite (OMMT) and needle-like sepiolite, added at different concentrations into 

PA 11. These two nanofillers exhibit largely different shape/aspect ratio, and surface 

chemistry and it has been shown for nanocomposites based on PA 6 that, for these reasons, 

sepiolite has a higher reinforcing efficiency than MMT [42, 43]. Similar observations were 

obtained in studies of properties of nanocomposites based on poly (lactic acid) and poly (-

caprolactone) [44]. To the best of our knowledge, research about crystallization of PA 11 

in presence of sepiolite nanofillers has not yet been performed.  In this study, therefore, 
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crystallization experiments are presented, with the purpose to compare the nucleating 

effect of sepiolite and OMMT nanofillers on the crystallization of PA 11. In advance to the 

numerous prior crystallization studies on polymer based nanocomposites, we employed in 

addition to conventional differential scanning calorimetry (DSC) a fast scanning chip 

calorimeter (FSC), allowing cooling the melt at rates up to several thousand K s
–1

 and to 

gain therefore novel information about structure formation of PA 11 based nanocomposites 

at processing relevant conditions. 

 

Experimental 

Materials and preparation 

In this study a high-viscosity, natural PA 11 extrusion grade Rilsan BESNO TL from 

Atofina with a melting volume index of 1 cm
3
 (10 min)

–1
 (235 °C, 2.16 kp) was used [1]. 

Needle-like sepiolite Pangel S9 (Tolsa, Spain) and layer-like organo-modified 

montmorillonite Cloisite 30B (Southern Clay, USA) were employed as nanofillers. The 

nanocomposites were prepared by a melt-compounding using a Nanjing Ouli Extrusion 

Machinery Co., Ltd. model TE-30/600-11-40 co-rotating twin-screw extruder (screw 

diameter = 30 mm, L/D = 40). The compounding was carried out with barrel temperature 

of 200 °C and a screw speed of 202 rpm. Before extrusion, the nanofillers and PA 11 were 

dried at 90 °C for more than 12 hours. First a masterbatch, containing 10 m% of the 

nanofillers was prepared, which then was diluted in a second extrusion-step to the desired 

concentrations of 2.5 and 5 m%, using a reduced screw speed of 40 rpm. Neat PA 11 was 

subjected to an identical processing history, serving as reference for the crystallization 

studies and accounting for possible processing-related changes of the molar mass. The 

extruded strands were cooled in a water bath, followed by granulation. 

 

Instrumentation 

Differential scanning calorimetry (DSC): Crystallization of PA 11 and its nanocomposites 

at low supercooling of the melt and at slow-cooling conditions was studied using a 

calibrated Mettler-Toledo heat-flux DSC 1 equipped with a Huber TC100 intracooler. The 

furnace was purged with nitrogen gas using a flow rate of 60 mL min
–1

, in order to prevent 

sample degradation. Specimens with a mass about 5 mg were prepared from the extruded 

pellets and placed into small 20 µL aluminum pans. Isothermal crystallization experiments 

were performed at temperatures between 170–180 °C, with the crystallization temperature 

approached by cooling the relaxed melt from 220 °C at a rate of 50 K min
–1

. The kinetics 
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of crystallization was then quantified by evaluation of the time of the crystallization-

induced exothermic heat-flow rate peak. Non-isothermal crystallization experiments 

included cooling of the samples at rates between 2 and 50 K min
–1

, and evaluation of peak-

temperatures and enthalpies of crystallization. After completion of both isothermal and 

non-isothermal crystallization the specimens were re-melted and used for the next 

experiment, with absence of irreversible molecular changes assured by reproducibility 

tests. 

 

Fast Scanning Calorimetry (FSC): The Mettler-Toledo Flash DSC 1 was used for analysis 

of isothermal and non-isothermal crystallization of PA 11 based nanocomposites at 

conditions which cannot realized using conventional DSC, that is, at rapid cooling and at 

low crystallization temperatures. The instrument was connected to a Huber TC100 

intracooler to allow for fast cooling and subambient-temperature operation. The sample 

environment was purged with nitrogen gas at a flow rate of 40 mL min
–1

, to avoid 

degradation and condensation. From the as-extruded pellets thin sections with a thickness 

of about 15 µm were prepared using a Slee rotary microtome. Then theses sections were 

reduced in their lateral size to about 100 µm using a stereomicroscope and scalpel. A thin 

layer of silicon oil was distributed on a conditioned and corrected chip sensor serving to 

improve the thermal contact between the specimen and the chip membrane. Isothermal 

crystallization experiments were performed to determine the peak-time of crystallization in 

the temperature range between 60 and 160 °C, if not stated otherwise. In these experiments 

the melt was cooled from 220 °C at a rate of 1000 K s
–1

 to the crystallization temperature, 

to record then the isothermal exothermic heat flow during a period of 5 s. Subsequently the 

sample was re-melted before analysis of crystallization at a different temperature. Non-

isothermal crystallization experiments included melting of the sample at 220 °C followed 

by cooling at rates between 1 and 5000 K s
–1

. The cooling scans were analyzed regarding 

the occurrence of crystallization peaks and determination of their peak temperature. The 

crystallinity was evaluated from the subsequently recorded heating scans. 

 

Transmission electron microscopy (TEM): A Leica EM UC6 Ultramicrotome with cryo-

attachment equipped was employed to cut ultrathin sections at 80 C with a diamond 

knife. Samples with a thickness of 90 ± 10 nm were cut from injection molded tensile test 

bars molded at 50 C. The specimens were placed on 300 mesh copper grids, and then 

inserted into a Zeiss TEM LEO 912 Omega, operated at 120 kV. The obtained images 
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show the structure/nanofiller dispersion in a plane perpendicular to the long dimension of 

the molding. 

 

Scanning Electron Microscopy (SEM): SEM images of OMMT and sepiolite nanofillers, in 

order to gain information about the shape and dimensions as well as surface features, were 

taken with the help of a Zeiss Ultra Plus Gemini 55 FESEM at 60 kV. For sample 

preparation, all the samples were coated with carbon. 

 

Polarized light Optical Microscopy (POM): POM was used to obtain information about the 

effect of presence of the sepiolite and OMMT nanofillers on the spherulitic superstructure 

of PA 11. Specimens with a thickness of 15 µm were cut from the extruded pellets using a 

Slee microtome, re-melted between Plano cover slips, and slowly crystallized on cooling at 

a rate of 1 K min
–1

. The microstructure was then analyzed using a Motic BA410 optical 

microscope with the samples placed between crossed polarizers. Images were captured 

with a Moticam 2300 CCD camera. 

 

 

Results and Discussion 

Figure 1 shows the morphology/habit and dimensions of the plate-like OMMT (left) and 

needle-like sepiolite nanofillers (right) used in the present work, before melt-mixing with 

PA 11. The left SEM image shows isolated OMMT particles revealing that their lateral 

dimension and thickness are of the order of magnitude of 1 µm and around 30–50 nm, 

respectively. The sepiolite fibers exhibit a diameter of close to 50 nm and are distinctly 

longer than 1 µm; apparently the fibers form bundle-like aggregates. 

 

 

 

 

 

 

 

 

 

Figure 1: SEM images of OMMT (left) and sepiolite (right), taken before melt-compounding in PA 11. The 

scale bar holds for both images. 
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Figure 2 shows TEM images of PA 11 based nanocomposites containing OMMT (top row) 

and sepiolite (bottom row). The images at the left-hand and right-hand sides represent the 

structure of samples containing 2.5 and 5 m% nanofiller, respectively. To allow a direct 

comparison of the size of the nanofillers, the field of view is identical in all images, that is, 

the scale bar of 50 nm holds for all four pictures. The insets show typical features of the 

observed structure at a larger magnification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: TEM images of PA 11 based nanocomposites containing OMMT (top row) and sepiolite (bottom 

row). The images at the left-hand and right-hand sides represent the structure of samples containing 2.5 and 5 

m% nanofiller, respectively. The scale bar of 50 nm in the bottom right picture holds four all four images. 

 

The images of the top row show well-dispersed edge-on viewed OMMT platelets with a 

lateral dimension of 50–100 nm and a thickness of few nm. In particular the inset in the top 

left image indicates that a high degree of intercalation and at least partially even complete 

exfoliation of the initially, that is, before melt-compounding, present galleries (see left 

image in Figure 1) was achieved with the selected processing/compounding route. It can be 

seen that the thickness of the clay particles is around 1–2 nm, which compares with a long 

period of 1.85 nm in the as-delivered OMMT powder [45], supporting our view of 
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presence of exfoliated sheets. Simultaneously, in particular in the sample containing 5 m% 

OMMT (top right image), there is occasionally observed incomplete dispersion/exfoliation 

of the OMMT nanofiller, which is recognized by still present stacks of individual clay 

layers, though with intercalated polymer (see inset). 

 

The bottom two images of Figure 2 reveal presence of well-dispersed individual sepiolite 

fibers with a diameter between 10 and 50 nm, and length shorter than 1 µm. Obviously, 

extruder processing led to fracture of the initially much longer fibers (see right image in 

Figure 1). Similar as in case of the nanocomposite containing 5 m% OMMT, an increase of 

the concentration of the sepiolite fibers in the nanocomposite is connected with incomplete 

deagglomeration as is demonstrated with the inset in the bottom right image, showing a 

fiber cluster with a dimension close to 1 µm. 

 

The non-isothermal crystallization behavior is explained with Figures 3 and 4. Figure 3 is a 

plot of temperatures of crystallization of PA 11 (gray squares) and its nanocomposites with 

2.5 and 5 m% OMMT (blue triangles and stars) and 2.5 and 5 m% sepiolite (red circles and 

diamond symbols) as a function of the cooling rate. Data obtained on samples cooled at 

0.83 K s
–1

 (50 K min
–1

), or slower, were gained by DSC, otherwise FSC has been used. 

Regardless the specific differences between the various data sets of Figure 3, there is 

observed for all samples a decrease of the crystallization temperature with increasing rate 

of cooling the melt, being related to the kinetics of the crystallization process. For neat PA 

11, the crystallization temperature on rather slow cooling at 0.033 K s
–1

 (2 K min
–1

) is 

around 170 °C, however, decreases to values lower than 100 °C if the cooling rate is 

increased beyond 100 K s
–1

. Simultaneously, at such fast cooling, there is detected 

mesophase formation at even lower temperatures close to 50 °C (light gray squares), which 

is caused by incomplete /-crystal formation at higher temperature. Crystallization and 

mesophase formation are completely suppressed on cooling faster than 600 K s
–1

, being in 

accord with data observed in an independent study. 

 

Regarding the crystallization temperatures of the nanocomposites, several clear-cut facts 

are obtained from Figure 3. First of all, similar to prior studies on polyamide-based 

nanocomposites with OMMT, the effect of the presence of nanofiller on the crystallization 

temperature is rather negligible at slow-cooling conditions. The crystallization temperature 

increased by only few Kelvin in the DSC-cooling experiments. However, if the cooling 
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rate exceeds about 5 K s
–1

, then the nucleating effect of the nanofillers becomes obvious 

since the crystallization-temperature difference between neat PA 11 and PA 11 

nanocomposites is then distinctly increased. Furthermore there is observed with the data of 

Figure 3 that in case of both nanocomposite systems, PA 11/OMMT and PA 11/sepiolite, 

an increase of the nanofiller concentration beyond 2.5 m% is ineffective from the point-of-

view of an attempted increase of the crystallization temperature. This behavior may be 

explained with the observed incomplete deagglomeration of sepiolite fibers and exfoliation 

of OMMT layers as were shown with right-hand side TEM images of Figure 2, ultimately 

reducing the nanofiller/polymer interfacial area which is important for the heterogeneous 

crystal nucleation process. Needless to say the distribution and dispersion of the nanofiller 

in the polymer matrix depends on the specific processing/melt-compounding route. In 

other words, variation of the nanocomposite-preparation scheme may lead to different 

results, though in this work a state-of-the art compounding technique was applied. Finally, 

the data of Figure 3 reveal that the crystal-nucleation efficiency of OMMT layers is 

superior of that of the sepiolite needles; in particular on cooling at rates faster than 100 K 

s
–1

 the different action of the sepiolite and OMMT nanofillers can be seen by the higher PA 

11 crystallization temperature in presence of the latter. 

 

Figure 3: Crystallization-peak temperature of PA 11 (gray squares) and its nanocomposites with 2.5 and 5 

m% OMMT (blue triangles and stars) and 2.5 and 5 m% sepiolite (red circles and diamond symbols) as a 

function of the cooling rate. Data of samples cooled at 0.83 K s
-1

 (50 K min
-1

), or slower, were collected by 

DSC, otherwise FSC has been used. 
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In accord with the observation of increased crystallization temperatures of PA 11 in 

presence of sepiolite fibers and OMMT platelets, the cooling-rate range in which 

crystallization can occur is increased. While crystallization and mesophase formation in 

neat PA 11 only is observed on cooling slower than 600 K s
–1

, in the nanocomposite with 

sepiolite and OMMT, the melt needs to be cooled faster than 1000 and 3000 K s
–1

 to below 

the glass transition temperature in order to prevent ordering, respectively. 

 

Figure 4 shows the enthalpy of crystallization of PA 11 (gray squares) and its 

nanocomposites with 2.5 and 5 m% OMMT (blue triangles and stars) and 2.5 and 5 m% 

sepiolite (red circles and diamond symbols) as a function of the cooling rate. Since the 

mass of FSC samples, typically being around 100 ng, is difficult to determine precisely, 

enthalpies of crystallization from FSC experiments were estimated by scaling the obtained 

absolute transition enthalpies in order to fit the data obtained by DSC. The enthalpy of 

crystallization of neat PA 11 on slow cooling is about 50 J g
–1

, which is equivalent to a 

crystallinity of around 26 % if a bulk enthalpy of crystallization of 189 J g
–1

 is used for its 

calculation. With increasing cooling rate there is first observed an only slight decrease of 

the crystallinity before it rapidly declines if the cooling rate exceeds about 100 K s
–1

. Most 

striking regarding the data of Figure 4, however, is the observation of an increased 

enthalpy of crystallization/crystallinity of PA 11 in presence of the nanofillers, regardless 

the cooling rate. While on slow cooling the enthalpy of crystallization of neat PA 11 is 50 J 

g
–1

, in the nanocomposites with sepiolite and OMMT the enthalpy of crystallization of PA 

11 is around 55 and 62 J g
–1

, respectively. In other words, there is observed a relative 

increase of the crystallinity of PA 11 by about 10 and 20 % in the nanocomposites, with 

the larger increase in the system containing OMMT being in qualitative agreement with 

higher crystallization temperature, compared to the nanocomposites containing sepiolite. 

Note that for the determination of the enthalpy of crystallization of the PA 11 matrix the 

reduced amount of polymer in the DSC samples containing nanofiller has been considered. 

Similar as in case of the crystallization temperatures, there is not detected an increase of 

the crystallinity when increasing the nanofiller content from 2.5 to 5 m%, presumably due 

to the deagglomeration/exfoliation reason as discussed above. Furthermore, and as it is 

emphasized with the vertical arrows, the data of Figure 4 illustrate again that the critical 

cooling rate above which crystallization is suppressed increases from 600 K s
–1

 in neat PA 

11, to 1000–2000 and about 3000 K s
–1

 in the nanocomposites containing sepiolite and 

OMMT, respectively (see vertical arrows). 
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Figure 4: Enthalpy of crystallization of PA 11 (gray squares) and its nanocomposites with 2.5 and 5 m% 

OMMT (blue triangles and stars) and 2.5 and 5 m% sepiolite (red circles and diamond symbols) as a function 

of the cooling rate. Data of samples cooled at 0.83 K s
-1

 (50 K min
-1

), or slower, were collected by DSC, 

otherwise FSC has been used. The vertical arrows indicate critical cooling rates above which crystallization 

is suppressed. 

 

The nucleating effect of the nanofillers on the crystallization of the PA 11 matrix in the 

nanocomposites, as it was detected with the non-isothermal crystallization experiments 

discussed with Figures 3 and 4, is confirmed by isothermal analyses of the crystallization 

kinetics. Figure 5 is a plot of peak-times of crystallization of PA 11 (gray squares) and its 

nanocomposites with 2.5 and 5 m% OMMT (blue triangles and stars) and 2.5 and 5 m% 

sepiolite (red circles and diamond symbols) as a function of the crystallization temperature. 

With respect to the data points obtained on unmodified PA 11 (gray squares) it is observed 

that the peak-time of crystallization decreases with increasing supercooling due to 

increasing thermodynamic driving for the crystallization [50, 51], passes through a 

minimum at 110–120 °C and then begins to increase because of the decreasing mobility of 

chain segments. At high supercooling, at temperatures slightly below about 100 °C, there 

is then observed a rapid increase of the crystallization rate due to a change from 

heterogeneous nucleation, evident at high temperature, to homogeneous nucleation, 

prevailing at low temperature. Note that the change of the nucleation mechanism on 

variation of the supercooling of the melt has been investigated in an independent study [21, 

22]. Most important in the context of the present work, however, is the observation of a 

decrease of the characteristic time of crystallization of PA 11 due to the presence of the 
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nanofillers. In case of the nanocomposites, data were only collected at temperatures higher 

than 130 and 150 °C for the systems containing sepiolite and OMMT, respectively, which 

is due to instrumental reasons since analysis of processes faster than about 10-100 

milliseconds is impossible with the device used. This notwithstanding, the data of Figure 5 

clearly reveal that the nucleating effect of the nanofillers on the crystallization of PA 11 

increases with the supercooling of the melt, and also confirm the higher nucleation 

efficiency of the OMMT nanofiller compared to sepiolite; while for neat PA 11 the peak 

time of crystallization, which is close to the crystallization half-time, is around 1 s at 150 

°C, in case of the nanocomposites with sepiolite and OMMT it is reduced to about 0.3 and 

less than 0.1 s, respectively, at identical temperature of crystallization. In other words, at 

150 °C the crystallization rate of PA 11 in a nanocomposite with 2.5 m% OMMT is 

increased by more than one order of magnitude compared to neat PA 11. 

 

 
Figure 5: Peak-time of crystallization of PA 11 (gray squares) and its nanocomposites with 2.5 and 5 m% 

OMMT (blue triangles and stars) and 2.5 and 5 m% sepiolite (red circles and diamond symbols) as a function 

of the crystallization temperature. Data points referring to peak-times of crystallization longer than 50 s were 

collected by DSC, otherwise FSC has been used. 

 

 

With the horizontal dashed line in Figure 5 is indicated the use of different instrumentation 

for obtaining information about the crystallization kinetics. Peak-times of crystallization 

longer than 50 s were measured by DSC, otherwise FSC was employed. The data reveal 
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that analysis of the kinetics of crystallization of PA 11 and its nanocomposites using DSC, 

that is, at rather low supercooling of the melt, provides only limited information about the 

nucleating effect of the nanofiller. Similar as in slow-cooling experiments, which enforced 

crystallization at low melt-supercooling (see Figure 3), negligible differences of the 

crystallization kinetics are detected by DSC, emphasizing the need to employ alternative 

analytical tools, such as the FSC, for identification of the nucleating effect of the 

nanofillers. 

 

In both non-isothermal and isothermal crystallization experiments it has been found that 

the nucleating effect of the OMMT and sepiolite nanofillers on the crystallization of PA 11 

levels out at rather low concentration of around 2.5 m%. This finding is illustrated and 

further quantified with the data plotted in Figure 6. With the bottom two data sets, 

associated with the left axis, are shown crystallization temperatures obtained on cooling at 

100 K s
–1

, and with the top two data sets, associated with the right axis, are shown 

crystallization peak-times at a temperature of 150 °C as a function of the OMMT (red, 

squares) and sepiolite (blue, circles) nanofiller concentration. It can be seen that for both 

nanofillers the crystallization temperature and characteristic crystallization time obviously 

are independent on the concentration if the loading is higher than 2.5 m%, confirming the 

consistency of the different experimental approaches to quantify the crystallization kinetics 

of PA 11 in nanocomposites. This holds also for the detection of a higher nucleation 

efficiency of the OMMT platelets in comparison to the sepiolite fibers; both, the increase 

of the crystallization temperature and decrease of the characteristic time of crystallization 

are larger for the OMMT nanofiller. Regarding the inefficiency of the nanofillers to further 

accelerate crystallization at loadings higher than 2.5 m%, incomplete 

dispersion/deagglomeration during processing is suggested as the cause for this behavior. 

This notwithstanding, the increase of the crystallization kinetics of PA 11 on nanofiller 

loading of 2.5 m% is considered remarkable, as the observed acceleration is of similar 

order of magnitude as it may be achieved when using classical nucleation agents [46, 47]. 
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Figure 6: Crystallization temperature on cooling at 100 K s
–1

 (left axis, bottom two data sets) and peaks-time 

of crystallization at 150 °C (right axis, top two data sets) of PA 11 as a function of the content on  OMMT 

(blue, circles) and sepiolite (red, squares). 

 

 

The data of Figures 3–5 showed that melt-crystallization of PA 11 is accelerated in 

presence of the OMMT and sepiolite. It is assumed that these nanofillers support 

heterogeneous crystal nucleation at their surface. In other words, the observed increase of 

the overall crystallization rate in the nanocomposites, as it is detected with the increase of 

the crystallization temperature and decrease of crystallization time, is explained with an 

increase of the nucleation density compared to neat PA 11, but not by an increase of the 

crystal growth rate. The assumption of an increase of the nucleation density in 

nanocomposites is evidenced by analysis of the spherulitic superstructure using POM. The 

left, center, and right micrographs of Figure 7 were obtained on neat PA 11 and the PA 11 

nanocomposites with 2.5 m% OMMT and sepiolite, respectively, with the specimens 

crystallized on slow cooling of the melt at a rate of 1 K min
–1

. Qualitative inspection of the 

images shows that the micrometer scale structure of the nanocomposites is distinctly finer 

than the structure of neat PA 11. While in the left image obtained on unmodified PA 11 

individual spherulites with a size of up to 10–20 µm can be identified, in case of the 

nanocomposites such detection of larger structural entities fails. Comparing the 

microstructures of the nanocomposites with OMMT (center) and sepiolite (right), it 
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appears that the addition of sepiolite leads to an even finer morphology than the addition of 

OMMT, despite the calorimetric data showed a higher nucleation efficiency in case of the 

latter nanofiller. The reason for this observation is not clear, and it may be speculated at 

this stage of research that despite a higher number of heterogeneous nuclei in the system 

containing sepiolite the overall crystallization rate is reduced compared to the system with 

OMT, for example by mobility constraints [35]. 

 

 

 

 

 

 

 

 

 

Figure 7: POM images obtained on neat PA 11 (left) and nanocomposites of PA 11 with 2.5 m% OMMT 

(center) and 2.5 m% sepiolite (right). The samples were prepared by slow cooling of the melt at a rate of 1 K 

min
–1

. 

 

Conclusions 

The crystallization kinetics of PA 11 in presence of sepiolite and OMMT nanofillers has 

been studied in a wide range of temperatures and cooling rates using DSC and FSC. There 

is observed negligible effect of the nanofillers on the crystallization temperature of PA 11 

at low cooling rates as well as on isothermal crystallization at low supercooling of the melt. 

At rapid cooling conditions, however, a distinct nucleating effect of the nanofillers is 

detected by the observation of increased crystallization temperatures. Simultaneously, the 

critical cooling rate to suppress crystallization increases from 600 K s
–1

 in case of neat PA 

11 to about 1000 and 3000 K s
–1

 in the nanocomposites containing sepiolite and OMMT, 

respectively. This observation suggests implications on structure formation in processing, 

as for example injection molding may be connected with cooling the melt at such high 

rates. In agreement with the non-isothermal experiments which revealed a nucleating effect 

of the nanofillers in particular at high cooling rates, enforcing crystallization at low 

temperature, in isothermal crystallization experiments there is detected a large decrease of 

the crystallization time of PA 11 in the nanocomposites at rather high supercooling of the 

melt. 
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It is suggested that the nanofillers support heterogeneous crystal nucleation at their 

surfaces with the observed increase of the overall crystallization rate then being explained 

with an increase of the nucleation density compared to neat PA 11. This assumption seems 

justified with the observed change of the spherulitic superstructure which shows that the 

micrometer-scale structure of the nanocomposites is distinctly finer than the structure of 

neat PA 11. Apparently, the addition of sepiolite leads to an even finer morphology than 

the addition of OMMT, despite higher nucleation efficiency is seen for the latter nanofiller. 

It may be speculated that despite a higher number of heterogeneous nucleation sites in the 

system containing sepiolite, the overall crystallization rate is reduced for example by 

segment-mobility constraints. This notion is supported by the observation that nanofiller 

loadings greater than 2.5 m% are not associated with a further acceleration of the 

crystallization rate. This can be caused by incomplete deagglomeration of the initial 

nanoparticle clusters, as it was demonstrated with TEM analyses, but also by presence of 

large rigid amorphous fraction of PA 11, hindering the crystal growth. 
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