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Abstract  The correlation between ring-opening polymerization (ROP) of cyclic butylene terephthalate (CBT) and 
crystallization of polymerized CBT (pCBT) strongly affected the final properties of pCBT and its composites. The major 
objective of this contribution is to pinpoint the threshold temperature between them and the interrelation is successfully 
disclosed. That is, crystallization during polymerization occurs below 204 C and the crystallization properties of pCBT are 
determined by this isothermal ROP stage; polymerization and crystallization are gradually separated with the increase of 
temperature of ROP (TP) from 204 C, and the crystallization properties of pCBT are dominated by cooling stage; only 
polymerization is performed above 212 C. Moreover, quantitative analysis suggests that uniform crystal size distributions 
and thicker lamellar crystals derive from the stage of crystallization during polymerization. On the contrary, the crystal size 
distributions become wider above 204 C of TP and lead to obvious double melting peaks during heating scan. These efforts 
provide a very useful guide for the related investigation and application of CBT. 
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INTRODUCTION 

Cyclic butylene terephthalate (CBT) is a kind of solid mixture composed of different crystalline cyclic 
oligomers. CBT can be synthesized into high-molecular-weight poly(butylene terephthalate) (PBT) by ring-
opening polymerization (ROP) in the presence of appropriate tin or titanate catalysts[15]. During the past few 
years, studies about CBT mainly focus on the following three aspects. Firstly, due to the thermal stability and 
compatibility in combination with numerous fillers, CBT is favorable to well disperse fillers for composites 
preparation including clay[6], silica[7], carbon nanotubes[8], polyhedral oligomeric silsesquioxane (POSS)[9] and 
graphene[10]. Also, CBT can be used as masterbatch[6, 9], lubricant[11] or blending compatilizer[3, 12] etc. Secondly, 
ultra-low viscosity (~30 mPa·s, 190 C)[15] allows CBT to impregnate many kinds of dense fibrous 
reinforcements easily, thus, the thermosetting composites manufacturing technologies can be employed in the 
thermoplastic fields directly, such as typical resin transfer molding (RTM), casting and rotational molding[13, 14]. 
Thirdly, toughening by in situ copolymerization is another important field[1517]. In addition, the thermoneutral 
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ROP of CBT can be quickly performed within several or tens of minutes without evolution of low-molecular-
weight byproducts[15]. ROP is often performed below the melting temperature (225 C) of polymerized CBT 
(pCBT) and the solidified product can be removed from the mold without cooling. This meets the manufacturing 
requirements which need the thermal cycling time and expenses as low as possible[18]. Therefore, CBT has 
become a promising “green material” for fabricating the recyclable thermoplastic composites. 

With regard to PBT, it is usually produced by polycondensation and its properties are strongly dependent on 
the degree of crystallization, processing condition[19] and the resulting spherulite morphology[2026]. As for pCBT, 
the polymerization methods, i.e. RTM, vacuum-assisted RTM, hot plate press[1317] and the correlative 
parameters, such as polymerization temperature (TP), reaction time, heating or cooling rates and catalyst types 
are involved in the performance of the final matrix, not only in pure pCBT but also in its composites[5, 13, 14]. 
Though PBT and pCBT have the same chemical structure, however, the researchers and engineers are always 
suffered from a key problem that pCBT and the composites prepared by CBT are much more brittle than 
PBT[15]. Some researchers ascribed the brittleness to higher crystallinity and more perfect crystal structure of 
pCBT than PBT[15, 13, 14]. Parton et al.[13, 14] demonstrated that the pCBT was brittle when polymerization and 
crystallization occurred simultaneously at 190 C, but the brittleness was improved when polymerization was 
proceeded at 230 C and then isothermal crystallization at 190 C. They also found that the multiple melting 
peaks resulting from the melting and recrystallization of imperfect crystals, indicated poor crystal quality in the 
composites part. Moreover, Tripathy[5] declared that crystallization of pCBT at relatively low temperature (lower 
than 190 C) resulted in “unusual” type spherulites, but above 195 C, “usual” type ones were observed. Wu[27] 

displayed the similar morphologies of pCBT under different crystallization temperatures (Tc). Importantly, 
Moginger et al.[28] studied the amount of different type spherulites of PBT in injection moulded samples and 
found an increase in amount of “usual” type spherulites when the cooling rate decreased and the melt 
temperature increased. Together with the increasing amount of “usual” type spherulites, PBT became more 
brittle.  

Therefore, it is the most important question to clarify the interrelation between polymerization and 
crystallization for effective monitoring and process controlling in industrial production. Hakmé et al.[29] 
monitored electrical properties during polymerization of CBT by dielectric sensor. Although they declared that 
the polymerization and crystallization occurs simultaneously below 200 C according to the study of four TP 
(190, 200, 210 and 220 C), but the sensor could not distinguish the distinctness between polymerization and 
crystallization when TP was below 210 C. Similarly, Archer et al.[30] used the dielectric analysis (DEA) to 
correlate conversion rate and curing state (crystallization of pCBT) during the preparation of fiber reinforced 
composites for wind energy and they found an inverse relationship between cure time and molecular weight.  

Among all the techniques, differential scanning calorimetry (DSC) is proven to be a simple and convenient 
choice and has been used in almost all related research works about CBT. Typically, Lehmann[31] studied the 
polymerization of CBT at 250 C for 0 and 15 min and examined the isothermal and non-isothermal 
crystallization kinetics of pCBT at Tc from 190 to 195 C with 1 K intervals. Wu[27] studied the ROP of CBT at 
230 C for 30 min and investigated crystallization kinetics, crystallization morphologies and melting behaviors 
from 190 C to 205 C at 25 K intervals. Lanciano[32] studied the effects of thermal history of ROP at 220, 240 
C for 10 min and the mixtures of CBT with montmorillonite on the crystallization of the resulting pCBT. 
Tripathy[5] employed DSC to characterize the different catalyst’s effect on the ROP and monomer conversion at 
185205 C with 5 K intervals. But they all did not discuss the occurrence order between polymerization and 
crystallization which is an important factor for the mechanical properties’ definition of pCBT.  

Despite the considerable efforts paid to the research about CBT, however, the key issue of correlation 
between ROP of CBT and crystallization of pCBT is uncertain up till now. Therefore, the aim of this work is to 
systematically investigate and pinpoint the threshold temperature between polymerization of CBT and 
crystallization of pCBT and further elucidate the differences of crystallization during polymerization or 
crystallization from melt (polymerization followed by crystallization) and finally disclose the instructive 
variation laws for the further investigation of CBT. 
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EXPERIMENTAL 

Materials 
CBT®100 pellets were purchased from Cyclics Corporation. Butyltin chloride dihydroxide catalyst 
(Fascat®4101) was commercially available from Sigma-Aldrich. CBT and catalyst were dried at 105 C 
overnight under vacuum before using. Trichloromethane (CHCl3) was procured from Sinopharm Chemical 
Reagent, China and used as received. CBT and catalyst were pre-mixed in CHCl3 at room temperature and the 
blends were named as catalyzed CBT. After solvent evaporated, it was dried at 105 C for 12 h in a vacuum 
oven. For all of our experiments and measurements, the catalyst content to the neat CBT was fixed at 0.45 wt%. 

Characterization 
Differential scanning calorimetry (Mettler Toledo DSC I) was calibrated with an indium standard and employed 
to characterize the melting point and record heat flow during polymerization and crystallization. Sample mass of 
~5 mg was adopted in 40 µL standard aluminum crucibles for all experiments. Heating rate is 10 K/min for 
CBT. For catalyzed CBT, the thermal circle procedure is follows: first quick heating to TP at a heating rate of 
100 K/min, hold for 30 min to finish polymerization, cooling to room temperature; second heating to 250 C, 
hold for 5 min to erase heat history, and followed by second cooling and third heating at a rate of 10 K/min. Note 
that the heat flow of every DSC curve was normalized by sample mass in our study. A nitrogen purge gas (flow 
rate: 50 mL/min) was used to minimize thermal degradation. Thermogravimetric analysis (TGA) was performed 
with about 5 mg sample in nitrogen atmosphere (flow rate: 50 mL/min) at a heating rate of 10 K/min from 50 °C 
to 600 °C by a Mettler Toledo-TGA/DSC I instrument.  

RESULTS AND DISCUSSION 

As a mixture, the CBTs component distribution varies from two to seven, which results in a melting range from 
115 C to 200 C[1]. In Fig. 1, the DSC curve shows the melting behavior of CBT used in the following studies 
and four endothermic peaks (115, 140, 155 and 185 C) can be observed obviously. These peaks correspond to 
the melting point of the oligomers with different distributions in CBT[1, 33, 34]. 

 

 
Fig. 1  DSC curve of neat CBT with heating rate of 10 K/min 

 

Due to the final performance of pCBT are determined by polymerization and the first cooling stage in 
practical application. Unlike the laboratory method of quenching reaction system by ice-water or liquid 
nitrogen[1], very fast cooling rate is difficult to achieve in industrial community, especially for the composites 
fabrication, so an appropriate cooling rate of 10 K/min is chosen in all measurements. And the time window at 
isothermal stage for ROP is fixed for 30 min in the following studies to correspond to the industrial practice 
requirements, as well as to enhance the comparability. What is more, it is well known that catalyst is introduced 
into the end of ring-opened cyclic molecules during ROP[15], and it has been proven to be an important factor 
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connected with properties of pCBT[5]. In Fig. 2(a), the TGA curve shows about 5 wt% and 10 wt% mass losses at 
220 C and 250 C respectively. Unlike cyclic stannoxane catalyst with melting point of 230 C[5], the melting 
point of tin-based catalyst used in this study are 134 C (Fig. 2b) which are very close to the main melting point 
of CBT. That is, it may immediately initiate ROP once CBT melted at about 115 C. Therefore, the highest TP is 
set 230 C to avoid the thermal decomposition of catalyst. 

 

   
Fig. 2  Thermal analysis of catalyst: (a) TGA and (b) DSC 

 

Subsequently, ROP of catalyzed CBT is performed in DSC at 190 C for 30 min with different heating rates 
in order to disclose the influences of heating rate. According to the literature[15, 34], entropy-driven ROP of CBT 
is a thermal neutral process. Therefore, exothermic peaks observed in Fig. 3 must derive from the crystallization 
of pCBT. Also, the time to peak in Fig. 3 indirectly indicates the crystallization induction time of pCBT during 
isothermal stage[5]. In addition, the peak position shifts to longer time with the increase of heating rate. Because 
CBT can melt gradually from 115 C (Fig. 1), this kind of difference of peak location indicates that the melted 
CBT can be firstly initiated to build up molecular weight. Once the chain propagation meets the primary demand 
of crystallization, these macromolecules will crystallize preferentially[35]. Therefore, it is very important that the 
high heating rate should be chosen to perform ROP, namely, the heating rate of 100 K/min is set for the 
following DSC study. 

 
Fig. 3  DSC curves of catalyzed CBT at 190 C for 30 min with heating rates of 10 K/min (a) and 100 K/min (b) 

 

Based on the former results, the systematic results for TP from 190 C to 230 C are displayed in Fig. 4, in 
which 5 K intervals of TP (190200 C and 220230 C) and 2 K increments (200220 C) were chosen. As 
shown in Fig. 4(a) (ROP at TP for 30 min), all the exothermic peaks originated from the crystallization of pCBT 



J.Q. Zhang et al. 1108

 
Fig. 4  DSC thermograms of catalyzed CBT during thermal circles: (a) Holding at Tp for 30 min to finish ROP; (b) 
First cooling from Tp to room temperature; (c) Second heating to 250 C to erase heat history; (d) Second cooling; 
(e) Third heating  
Each curve is labeled with Tp above it. The steps (a) and (b) are decisive for the final properties of pCBT. b(1) and 
c(1) represent the enlarged views of rectangular regions marked with dashed lines in (b) and (c), respectively.  

 

due to no reaction heat of ROP. The peak positions shift to longer time with the increasing of TP which is just 
right equal to the Tc of pCBT. This is a common phenomenon of semi-crystalline polymers, namely, 
crystallization is postponed when Tc increase. When the TP is below or equal to 206 C, the integral shape of 
crystallization peak can be seen (Fig. 4a). However, the crystallization can not completely finish from 206 C to   
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212 C and only a straight line is shown above 212 C, so the curves from 214 C230 C are not displayed. In 
Fig. 4(b) (cooling from TP), the heat release of cooling crystallization can not be detected below 204 C. This 
indicates that the main crystallization of pCBT has finished (during isothermal ROP stage within 30 min). But 
above 204 C, exothermic peaks become more and more remarkable and the peak temperature show an obvious 
decreasing trend labeled with a dotted line. When the TP is set above 220 C, the curves are almost the same.  

In addition, under the cooperation of enlarged view (Fig. 4b(1)), a slight heat liberation labeled with 204 C 
and 206 C can be seen and there exist a transition point from 204 C to 206 C. Also, the other obvious 
transition point appears between 210 C to 212 C. Based on results of Hakmé[29], the former threshold 
temperature (204206 C) must demonstrate that polymerization and crystallization occur simultaneously below 
204 C within 30 min, namely crystallization during polymerization. The second threshold temperature 
(210212 C) may indicate that polymerization and crystallization are separated. Namely, polymerization of 
CBT is followed by crystallization of pCBT when the TP is beyond 210 C, and only polymerization occurs 
beyond 220 C of TP. In other words, the crystallization properties of pCBT are determined by isothermal stage 
when TP is below 204 C where the main crystallization of pCBT has finished, on the contrary, when TP is above 
204 C, crystallization of pCBT occurs mainly in the cooling stage.  

It is well known that the crystal size is proportional to the polymer’s melting point (Tm)[36], and Parton[13, 14] 
demonstrated that the more perfect lamellae were observed in pCBT than in PBT. Figure 4(c) displays the 
heating stage which can disclose the crystallization behavior determined by the ROP and the cooling stage from 
TP. Accordingly, single exothermic peaks (corresponding to the TP: 190204 C) suggest a relatively perfect 
crystals of pCBT[13, 14]. On the contrary, from 204 C to 230 C of TP, the double melting peaks can be 
distinguished obviously. The multiple melting behavior of PBT has been investigated intensively[3747]. The 
appearance of multiple melting peaks is nowadays most attributed to the melting and recrystallization during the 
heating scan[13, 14, 46, 48, 49]. Therefore, according to Figs. 4(c), 4(d) and 4(e), it can be concluded that the crystal 
size of samples derived from crystallization during polymerization (ROP below 204 C) is larger than that when 
polymerization and crystallization are separated (ROP above 204 C). That is to say, the smaller crystals will 
melt firstly and show up the low temperature melting peak (TL), then the melting/recrystallization occurs during 
heating scan of DSC and leads to the high temperature melting peak (TH). 

Furthermore, a small peak can be seen after second heating in Fig. 4c(1) marked with a short line, which 
matches the temperature of first appearance of TL of double melting peaks in Fig. 4(c). This further confirms the 
threshold temperature of 204 C. Here, though the spherulite morphology study is beyond this work, it should be 
noted that ROP, crystallization during polymerization or reaction-induced crystallization can result in complex 
molecular weight architecture process[50] or crystallization morphology[51]. And Lorenzo and Righetti[25] 
concluded that an “unusual” type spherulite of PBT would change to mixed-type at Tc = 204 C and the II-III 
regime transition[52, 53] occurred around 210212 C, accompanied by the change in crystal morphology. These 
transition points agree well with our two threshold temperatures (204206 C and 210212 C). Therefore, the 
TP is an immediate and fundamental reason not only for the crystallization of pCBT but for the different 
spherulite morphologies of pCBT. Moreover, double melting peaks become more and more prominent with the 
increase of TP, but only single melting peak can be found below 204 C which further demonstrates that the 
uniform distribution of crystals size is obtained for TP below 204 C, on the contrary, double melting peaks, TL 

and TH, appear dominantly when polymerization is performed above 204 C. However, it is obvious that the 
results are completely different to each other in twice cooling (Figs. 4b and 4d), and twice heating (Figs. 4c and 
4e), respectively. That is, the interrelation between ROP and crystallization has a strong impact on crystallization 
behavior of pCBT.  

Thus, quantitative analysis of the second heating has been made. As shown in Fig. 5, the second heating 
curve of the sample obtained from polymerization at 210 C is set as an example to explain the change of double 
melting peaks in which melting enthalpy (ΔHL and ΔHH) are calculated according to the method in      
literature[54, 55]. Detailed data are summarized into Table 1. It should be noted that the peaks of samples 
polymerized at 204 and 206 C are too small for calculating the related enthalpy (Fig. 4b(1)), the effective data, 
therefore, are recorded for TP of 208 C to 230 C.  
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Fig. 5  Quantitative analysis of double melting peak in second heating for the sample after ROP at 210 C 

 
Table 1. Comparison of thermal parameters of the second heating 

TP (C) 
Peak L

a Peak H
 b 

TL
 (C) ΔHL (J/g) TH (C) ΔHH (J/g) 

190   220.6  64.5  
195   220.6  65.7  
200   221.4  67.0  
202   222.0  66.7  
204   222.8  65.1  
206   223.2  62.9  
208 218.2  16.4  223.4  44.0  
210 218.0  35.5  223.9  14.0  
212 217.2  38.5  223.3  14.4  
214 217.4  42.2  223.5  26.2  
216 216.0  27.0  224.0  20.0  
218 216.3  34.0  223.4  20.3  
220 216.0  31.7  223.9  25.4  
225 215.1  24.0  223.5  26.6  
230 215.0  24.2  223.5  21.5  

a low temperature melting peak; b high temperature melting peak; TL and TH: temperature of low and high 
temperature peaks; ΔHL and ΔHH: melting enthalpy of low and high temperature peaks 

 

On the basis of the former discussion, it is necessary to elucidate the change connected with TP because the 
final properties of pCBT are significantly affected by this stage. According to the method of Gupta[56], the 
second cooling curve labeled with 210 C is used as an example (Fig. 6), the cross-point of baseline and two 
tangents on cooling curve determine the crystallization start temperature (Tonset) and end temperature (Tendset). 
Also, the peak temperature is obtained by the intersection of the two tangents. The value of ΔT (TonsetTpeak) 
represents the difference of overall crystallization rate. Here, ΔT and crystallization rate possesses inverse 
changing relationship, in other words, when the value of ΔT is smaller, crystallization rate will be quicker. The 
ΔW, in Fig. 6, indicates the width at half-height of the cooling crystallization peak and can be used to explain the 
distributions of crystal size. When ΔW is larger, crystals size distribution is wider. Finally, the detailed data, 
obtained from the method in Fig. 6, are listed in Table 2.  

Regarding the rate of crystallization at cooling stages, the first cooling stage shows that the crystallization 
rate becomes quicker with the decrease of the value of ΔT as given in column four in Table 2. On the other hand, 
when the TP is below the melting point of pCBT (225 C), partially crystallized pCBT, however, left seeds which 
can act as centers for further growth on subsequent cooling[57]. With the increase of TP, of course, the portion of 
crystallized pCBT becomes smaller and its effect on cooling stage will become weak and the overall 
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crystallization rates should be dominated by supercooling. This is also confirmed by the data of second cooling 
stage in Table 2, which display the almost same thermal and crystallization behaviors after the heat history is 
eliminated at 250 C. Concerning the distributions of crystal size (ΔW), the single endothermic peaks of second 
heating stage below 204 C of TP indicate the relatively uniform crystal sizes. But above 208 C, ΔW becomes 
more and more smaller with the increase of TP as given in column five in Table 2, which is supported by the 
results of Fig. 4(c). When the TP is above 220 C, the data in Table 2 are almost the same for the first and second 
coolings, which demonstrates that the crystallization (first cooling stage) occurs from the melt of pCBT during 
cooling to the room temperature, just like the crystallization from 250 C.  

 

 
Fig. 6  Quantitative analysis of the second cooling stage for the sample after ROP at 210 C 

 
Table 2. Comparison of crystallization parameters of first and second cooling stages 

TP 
(C) 

First cooling stage (Fig. 4b) Second cooling stage (Fig. 4d) 
Tonset 
(C) 

Tpeak 
(C) 

ΔT 
(C) 

ΔW 
(C) 

Tonset 
(C) 

Tpeak 
(C) 

ΔT 
(C) 

ΔW 
(C) 

190     194.2 190.0 4.2 4.8 
195     194.5 190.2 4.3 4.8 
200     194.1 190.0 4.1 4.8 
202     194.1 190.0 4.1 4.8 
204     194.0 190.0 4.0 4.9 
206     194.0 189.4 4.6 4.9 
208 206.2 197.9 8.3 10.8 194.0 189.7 4.3 4.9 
210 203.5 196.0 7.5 10.2 193.5 189.2 4.3 4.8 
212 200.1 193.2 6.9 8.6 193.5 189.3 4.2 4.8 
214 198.2 192.6 5.6 7.4 193.1 189.0 4.1 4.7 
216 197.9 192.0 5.9 6.2 194.0 190.0 4.0 5.0 
218 197.2 192.0 5.2 6.0 194.0 190.0 4.0 5.0 
220 196.0 191.0 5.0 5.9 194.0 189.5 4.5 4.9 
225 194.7 190.5 4.2 4.8 194.0 190.0 4.0 4.8 
230 193.7 189.5 4.2 4.8 194.0 189.5 4.5 4.8 

ΔT = Tonset Tpeak; ΔW: Peak width at half-height 
 

To further disclose the effect of crystallization during ROP, in a new test programme (Fig. 7a), the second 
heating scan is started from TP directly, and only one endothermic peak is displayed for every curve (Fig. 7b). 
Combining these results with the discussion of Fig. 4(c) indicates that uniform size distribution of crystals is 
formed during isothermal stage, and further demonstrates that the double melting behaviors of pCBT result from 
the melting/recrystallization during heating scan. Moreover, it is well known that the molecular weight increases 
faster with the increase of TP

[13, 14]. Therefore, with the increase of TP (below 210 C), relatively, the propagated 
chains will obtain more annealing time and show the slight increase of melting temperatures (Fig. 7b) related to 
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the lamellae thickening[36]. Finally, combined with Figs. 4(b), 4(c) and 7(b), the accurate separation temperature 
between ROP of CBT and crystallization of pCBT is pinpointed, namely, 212 C.  

 

 
Fig. 7  (a) DSC testing procedure; (b) Second heating curves corresponding to (a) 

CONCLUSIONS 

Based on the careful investigation between ROP of CBT and crystallization of pCBT, their correlation is clearly 
disclosed for the first time. Namely, the crystallization during polymerization occurs when TP is below 204 C; 
polymerization and crystallization are gradually separated with the increase of TP from 204 C; only 
polymerization is performed beyond 212 C. Furthermore, the quantitative analysis about the related thermal 
results demonstrates that the uniform distributions of crystals size are formed when polymerization and 
crystallization occur simultaneously below 204 C. With the increase of TP above 204 C, crystal size 
distributions become wider and lead to more and more obvious double melting peaks during second heating 
scan. Finally, the crystallization properties of pCBT are determined by the isothermal stage when TP is below 
204 C, and mainly dominated by cooling stage when TP is above 204 C. In summary, these efforts are helpful 
to processing, morphology, structure controlling and brittleness mechanism investigation of pCBT and 
contribute to the industrial practice for fabrication of composites with CBT or tailoring their properties. 
 
REFERENCES 
 
1 Brunelle, D.J., Bradt, J.E., Serth-Guzzo, J., Takekoshi, T., Evans, T.L., Pearce, E.J. and Wilson, P.R., Macromolecules, 

1998, 31: 4782 

2 Miller, S., Ph.D Dissertation, University of Massachusetts Amherst, 1998 

3 Tripathy, A.R., Chen, W., Kukureka, S.N. and MacKnight, W.J., Polymer, 2003, 44: 1835 

4 Tripathy, A.R., MacKnight, W.J. and Kukureka, S.N., Macromolecules, 2004, 37: 6793 

5 Tripathy, A.R., Elmoumni, A., Winter, H.H. and MacKnight, W.J., Macromolecules, 2005, 38: 709 

6 McLauchlin, A., Bao, X. and Zhao, F., Appl. Clay Sci., 2011, 53: 749 

7 Jiang, Z., Siengchin, S., Zhou, L.M., Steeg, M., Karger-Kocsis, J. and Man, H.C., Compos. Part A-Appl. S.,               

2009, 40: 273 

8 Wu, F.J. and Yang, G.S., J. Appl. Polym. Sci., 2010, 118: 2929 

9 Wan, C.Y., Zhao, F., Bao, X.J., Kandasubramanian, B. and Duggan, M., J. Phys. Chem. B., 2008, 112: 11915 

10 Fabbri, P., Bassoli, E., Bon, S.B. and Valentini, L., Polymer, 2012, 53: 897 

11 Xu, D. and Karger-Kocsis, J., Tribol. Int., 2010, 43: 289 

12 Samsudin, S.A., Kukureka, S.N. and Jenkins, M.J., J. Appl. Polym. Sci., 2012, 126: E290 

13 Parton, H., Baets, J., Lipnik, P., Goderis, B., Devaux, J. and Verpoest, I., Polymer, 2005, 46: 871 



Correlation between Polymerization of CBT and Crystallization of pCBT 1113

14 Parton, H., Ph. D Dissertation, Katholieke Universiteit Leuven, Belgium, 2006 

15 Baets, J., Dutoit, M., Devaux, J. and Verpoest, I., Compos. Part A-Appl. S., 2008, 39: 13 

16 Baets, J., Godara, A., Devaux, J. and Verpoest, I., Compos. Part A-Appl. S., 2008, 39: 1756 

17 Baets, J., Godara, A., Devaux, J. and Verpoest, I., Polym. Degrad. Stab., 2010, 95: 346 

18 Verrey, J., Wakeman, M.D., Michaud, V. and Månson, J.A., Compos. Part A-Appl. S., 2006, 37: 9 

19 Radusch, H.J., Handbook of thermoplastic polymers: Homopolymers, copolymers, blends, and composites, Wiely-Vch 

Verlag GmbH, Weinheim: 2002 

20 Chang, E.P. and Slagowski, E.L., J. Appl. Polym. Sci., 1978, 22: 769 

21 Roche, E.J., Stein, R.S. and Thomas, E.L., J. Polym. Sci., Polym. Phys., 1980, 18: 1145 

22 Stein, R.S. and Misra, A., J. Polym. Sci., Polym. Phys., 1980, 18: 327 

23 Misra, A. and Garg, S.N., J. Polym. Sci., Polym. Lett., 1982, 20: 121 

24 Ludwig, H.J. and Eyerer, P., Polym. Eng. Sci., 1988, 28: 143 

25 Di Lorenzo, M.L. and Righetti, M.C., Polym. Eng. Sci., 2003, 43: 1889 

26 Yoshioka, T., Fujimura, T., Manabe, N., Yokota, Y. and Tsuji, M., Polymer, 2007, 48: 5780 

27 Wu, C.M. and Jiang, C.W., J. Polym. Sci., Part B: Polym. Phys., 2010, 48: 1127 

28 Moginger, B., Lutz, C., Polsak, A. and Fritz, U., Kunststoffe German Plastics, 1991, 81: 251 

29 Hakmé, C., Stevenson, I., Maazouz, A., Cassagnau, P., Boiteux, G. and Seytre, G., J. Non-Cryst. Solids, 2007, 353: 4362 

30 Archer, E., McIlhagger, A.T., McIlhagger, R., Quinn, J.P., Mallon, P. and Bradaigh, C.O., Polym. Polym. Compos., 

2008, 16: 365 

31 Lehmann, B. and Karger-Kocsis, J., J. Therm. Anal. Calorim., 2009, 95: 221 

32 Lanciano, G., Greco, A., Maffezzoli, A. and Mascia, L., Thermochim. Acta, 2009, 493: 61 

33 Bryant, J.J.L. and Semlyen, J.A., Polymer, 1997, 38: 4531 

34 Chen, H., Yu, W. and Zhou, C., Polym. Eng. Sci., 2012, 52: 91 

35 Zhang, J.Q., Wang, Z.B., Wang, B.J., Gou, Q.T., Zhang, J.W., Zhou, J., Li, Y., Chen, P. and Gu, Q., Polym. Chem., 

2013, 4: 1648 

36 Wunderlich, B., Macromolecular physics, crystal melting. Academic Press, New York, 1980 

37 Yeh, J.T. and Runt, J., J. Polym. Sci., Part B: Polym. Phys., 1989, 27: 1543 

38 Cheng, S.Z.D., Pan, R. and Wunderlich, B., Makromol. Chem., 1988, 189: 2443 

39 Cheng, Y.Y., Brillhart, M.V. and Cebe, P., Thermochim. Acta, 1997, 305: 369 

40 Hsiao, B.S. Wang, Z.G., Yeh, F.J., Gao, Y. and Sheth, K.C., Polymer, 1999, 40: 3515 

41 Righetti, M.C., Thermochim. Acta, 1999, 330: 131 

42 Supaphol, P., Dangseeyun, N., Srimoaon, P. and Nithitanakul, M., Thermochim. Acta, 2003, 406: 207 

43 Dangseeyun, N., Srimoaon, P., Supaphol, P. and Nithitanakul, M., Thermochim. Acta, 2004, 409: 63 

44 Huang, J.W., Wen, Y.L., Kang, C.C., Yeh, M.Y. and Wen, S.B., Thermochim. Acta, 2007, 465: 48 

45 Nichols, M.E. and Robertson, R.E., J. Polym. Sci., Part B: Polym. Phys., 1992, 30: 755 

46 Righetti, M.C., Di Lorenzo, M.L., Angiuli, M. and Tombari, E., Macromolecules, 2004, 37: 9027 

47 Konishi, T. and Miyamoto, Y., Macromolecules, 2010, 43: 375 

48 Righetti, M.C. and Di Lorenzo, M.L., J. Polym. Sci., Part B: Polym. Phys., 2004, 42: 2191 

49 Di Lorenzo, M.L. and Righetti, M.C., Polym. Bull., 2004, 53: 53 

50 Guo, A., Yang, F. and Yu, R., Chinese J. Polym. Sci., 2015, 33(1): 23 

51 Li, X., Chen, L., Huang, W., Li, X., Zhang, C. and Liu, X., Chinese J. Polym. Sci., 2014, 32(8): 1052 

52 Hoffman, J.D. and Miller, R.L., Macromolecules, 1989, 22: 3502 

53 Runt, J., Miley, D.M., Zhang, X., Gallagher, K.P., McFeaters, K. and Fishburn, J., Macromolecules, 1992, 25: 1929 

54 Ishak, Z.A.M., Shang, P.P. and Karger-Kocsis, J., J. Therm. Anal. Calorim., 2006, 84: 637 

55 Jandali, M.Z. and Widmann, G., Application handbook of thermal analysis: thermoplastics, Donghua University Press, 

Shanghai, 2008 

56 Gupta, A.K. and Purwar, S.N., J. Appl. Polym. Sci., 1984, 29: 1595 

57 Banks, W., Gordon, M. and Sharples, A., Polymer, 1963, 4: 289 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 2400
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 2400
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


