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Abstract:  The goal  of  this  work was to  study the non isothermal  and isothermal  crystallization behavior  of  Poly(L-lactic  acid)
(PLLA)  with  melamine  (TP)  through  differential  scanning  calorimeter  and  optical  depolarizer.  The  study  of  the  crystallization
behavior  of  PLLA/TP  composites  indicated  that  TP  could  promote  the  crystallization  of  PLLA.  The  half  time  of  overall
crystallization of PLLA with 1.5 wt% TP, compared with the neat PLLA, gave rise to a decrease from 3999.44 s to the minimum
value 228 s at 100 °C. In addition, the cooling rate also affected significantly the crystallization behavior of PLLA. The melting
behavior  of  PLLA/TP  composites  exhibited  a  complicated  and  different  melting  process  after  cooling  crystallization,  and  the
increasing of TP content made melt mass flow rate of PLLA firstly decrease, then increases.
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1. INTRODUCTION

In the past ten years, biodegradable polymers exhibited extensive attention due to little environmental pollution.
Poly(L-lactic acid) (PLLA) among biodegradable polymer is the most typical bio based and degradable thermoplastic
polymer materials, and the scientists in the global also had done a large number of works for developing the novel
materials based on PLLA [1 - 3]. For examples, clay is often used to improve the performance of PLLA. Maider et al.
reported the  use  of  clay  could  increase  the  thermal  stability  of  PLLA/nanoclay nanocomposites,  and decreased the
degradation rate during processing [4]. Cele et al. [5] also used clay to investigate the effect of nanoclay on optical
properties of PLLA/clay films. The morphological results of PLLA/clay films showed surface roughness increased as a
function of  clay content,  and the refractive index,  extinction coefficient  and absorption of  light  correlated with the
thickness of PLLA/clay films and clay loading, respectively. In addition, to improve the crystallization performance of
PLLA, many works were carried out to increase the degree of crystallization of PLLA. The literature [6] highlighted
that the presence of talc could increase significantly the degree of crystallization and decrease the crystal size of PLLA
in PLLA/PCL/talc ternary systems. Similarly, ZnO also had good heterogeneous nucleation effect in PLLA matrix, and
played a very key role in accelerating the crystallization rate of PLLA [7].

Melamine (TP) with high nitrogen is very common chemical raw materials, and has used in multiple fields such as
polymer [8], chemical synthesis [9], flame retardant [10], etc. Furthermore, TP has attracted more and more attention
with  country’s  increasing  attention  to  food  safety.  Besides,  because  TP has  amino,  high  electron  density  and  rigid
structure (See Fig. 1), which results in that the TP still be the most important additive.

Amino of  TP easily makes  the interaction between PLLA and melamine, moreover, the rigid structure of melamine
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may make the molecular chain of PLLA gather in TP to be regular structure. According to the above two points, in this
paper, TP was introduced into PLLA to prepare PLLA/TP composites using common melt blended technology, and the
effect  of  TP on  nucleating  effect,  isothermal  crystallization  kinetics  of  PLLA was  investigated  using  DSC,  optical
depolarizer, etc. The results of this work may exhibit a potential application.

Fig. (1). Structure of melamine.

2. EXPERIMENT

2.1. Materials

Poly(L-lactic acid) (2002D) was purchased from Nature Works LLC (USA). Melamine (TP) was obtained from
Huanwei Chemical Reagents Company from Chongqing of China.

2.2. Preparation of PLLA/TP Composites

The detailed processing procedure of PLLA/TP composites with different TP content is similar to that of others
composites in our earlier works [11, 12].

2.3. Test

Crystallization Behavior Measurement

The isothermal crystallization behavior of PLLA/TP composites was performed on a optical depolarizer from 90 ºC
to 115 ºC. And the non isothermal crystallization and melting behavior at different cooling rate were carried out though
differential scanning calorimeter (DSC) Q2000 with 50 ml/min nitrogen.

Melt Index

The fluidity of melting PLLA/TP composites was measured by melt index instrument, the measurement temperature
was 145 ºC, load is 10 Kg. And the melt mass flow rate (MFR) was calculated and obtained by averaging over three
specimens.

3. RESULTS AND DISCUSSION

3.1. Non Isothermal and Isothermal Crystallization

Fig. (2) shows the non isothermal crystallization of the neat PLLA and PLLA with 2 wt% TP (designated here as
PLLA/2%TP) at different cooling rate. It is very clear from Fig. (2) that the addition of TP makes the crystallization
behavior of PLLA occur to the change, Upon the cooling rate of 1 ºC/min, 3 ºC/min and 5 ºC/min, the non-isothermal
crystallization peak of the neat PLLA hardly is observed. However, PLLA/2%TP exhibits obvious crystallization peak,
what is more, the crystallization peaks at all cooling rates are very sharp, these results indicate that TP could promote
the crystallization of PLLA. Meantime, it is a fact that the crystallization peak of PLLA/2%TP widens and shifts to low
temperature with the increasing of cooling rate, the possible reason is that the increasing of cooling rate makes the
ability of PLLA molecular chain arrangement weaken, resulting in decreasing of crystallization ability of PLLA. In
addition,  it  is  also  observed  that  the  crystallization  peak  nearly  moves  at  cooling  rate  of  3  ºC/min  and  5  ºC/min,
exhibiting a complicated crystallization procedure. In a word, these results show that cooling rate is very important
factor for crystallization of PLLA.

Isothermal  crystallization  performance  is  also  very  interesting  research  content  to  deeply  know  the  role  of  the
additive  in  polymer  matrix.  The  effect  of  crystallization  temperature  and  TP  content  on  half  time  of  overall
crystallization  t1/2  of PLLA was showed in Fig. (3). As seen in Fig. (3), the addition of TP makes the t1/2  extremely
decrease. The t1/2 of the neat PLLA decreases with the increasing of isothermal crystallization temperature in the range
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from  95  ºC  to  115  ºC.  However,  the  t1/2  of  PLLA/TP  composites  exhibits  the  regular  change  with  crystallization
temperature, that is to say, the t1/2  of PLLA/TP composites firstly decreases, then increases, and the t1/2  exhibits the
minimum value at 100 ºC. Meantime, TP content also affects he t1/2 of PLLA. In general, the t1/2 of PLLA/TP decreases
with increasing of TP content. Compared to the neat PLLA, 1.5%TP makes the t1/2 of PLLA decrease from 3999.44 s to
228 s.

Fig. (2). Non isothermal crystallization of PLLA and PLLA/2%TP at different cooling rate.

Fig. (3). Effect of crystallization temperature and TP content on t1/2 of PLLA.

In  addition,  the  kinetics  of  the  isothermal  crystallization  of  PLLA/TP  composites  were  also  described  through
Avrami equation as our previous work [13]. Fig. (4) shows the avrami plots of PLLA/TP sample, the relationship of log
[−ln(1−Xt)] versus logt is linear, and the linear relationship is better, which indicates that Avrami equation can be used
to accurately describes the kinetics of crystallization of PLLA/TP.

3.2. Melting Behavior and Fluidity

Fig.  (5)  shows  the  melting  behavior  of  PLLA/TP  composites  at  heating  rate  of  10  ºC/min  after  cooling
crystallization  from  melt  at  cooling  rate  of  1  ºC/min.  There  exist  double  melting  peaks  during  melting  process  of
PLLA/TP  samples,  the  phenomenon  of  double-melting  peaks  were  reported  continually  during  melting  process  of
polymer  materials  in  a  large  number  of  literature  [14],  and  a  increasing  of  TP  content  makes  the  low temperature
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melting peak and high temperature melting peak shift to lower temperature, and the melting endotherms with double-
melting  peak  gradually  change  to  the  single  endotherms,  which  exhibits  a  very  strange  phenomenon.  As  the
aforementioned crystallization results, the crystallization ability of PLLA with high loading TP is better than that with
low  loading  TP.  Thus,  the  low-temperature  melting  peak  of  PLLA  with  high  loading  TP  would  become  sharper.
However, the low temperature melting peak of PLLA/TP composites weakens with the increasing of TP content. What
is more, the high temperature melting peak firstly strengthens, then weakens with increasing of TP, which indicates that
high loading TP makes the forming crystal exhibit a more difference after non-isothermal crystallization process and
second heating process. The strange melting behavior may result from the effective dispersion of TP in PLLA matrix,
on the other hand, the melting process of PLLA/TP composites is very complicated.

Fig. (4). Avrami plots for PLLA/TP at different temperature.

The fluidity is very important factor for processing, and the fluidity of PLLA/TP from Fig. (6) shows that the melt
mass flow rate (MFR) of PLLA firstly slightly decreases, then greatly increases with TP increasing, resulting from that
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the addition of TP may decrease the interaction between PLLA molecular chain.

Fig. (5). Melting behavior of PLLA/TP at the heating rate of 10 °C/min after cooling crystallization.

Fig. (6). Effect of TP on melt mass flow rate of PLLA.

CONCLUSION

The PLLA/TP composites were fabricated using rheometer, and The observation from DSC and optical depolarizer
measurements  showed that  TP could serve as  accelerator  for  the crystallization of  PLLA, but  the crystallization of
PLLA and PLLA/TP composites was also affected by the cooling rate. Similarly, the TP content and crystallization
temperature  affected  significantly  the  isothermal  crystallization  process,  and  upon  the  1.5%  TP,  PLLA  had  the
minimumt1/2 at 100 ºC. the cooling rate also affected significantly the crystallization behavior of PLLA. In addition, the
addition of TP also resulted in the a complicated and different melting process after cooling crystallization, and the
MFR of PLLA firstly decrease, then increases with the increasing of TP content.
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