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ABSTRACT

A novel synthesis method of obtaining polyethylene - hydroxyapatite (HDPE-HA) composites is proposed using in 
situ ethylene polymerization, employing Cp2ZrCl2�0$2� DV� FDWDO\WLF� V\VWHP�� ,Q� WKLV� ZRUN�� WKH� LQÀXHQFH� RI� GLIIHUHQW�
polymerization conditions on the HA dispersion was evaluated. The parameters studied were: stirring velocity (600-2000 
rpm) and temperature (10-75°C). It was found that, combining high stirring velocities (2000 rpm) and low temperatures 
�����&���LW�ZDV�SRVVLEOH�WR�UHDFK�JRRG�¿OOHU�GLVSHUVLRQ�ZLWK�WKH�+$�QDQRFU\VWDOV�LQWHUFRQQHFWHG�LQ�D�QHWZRUN�ZLWKRXW�WKH�
SUHVHQFH�RI�DJJORPHUDWHV��7KHUPDO�GHJUDGDWLRQ�RI�+'3(�+$�FRPSRVLWHV�LQYROYHG�FKHPLFDO�GHJUDGDWLRQ�UHDFWLRQ�RI�¿UVW�
order, accompanied by formation of the gas phase inside the melt polymer.  

Keywords: Synthesis, polyethylene, Composites, Hydroxiapatite, Thermal degradation.

COMPUESTOS DE POLIETILENO DE ALTA DENSIDAD  HIDROXIAPATITA (PEAD-
HA) SINTETIZADOS MEDIANTE LA  POLIMERIZACION IN SITU DE ETILENO

RESUMEN

Los materiales compuestos de polietileno de alta densidad – hidroxiapatita (PEAD-HA) fueron sintetizados mediante la 
polimerización in situ de etileno, empleando Cp2ZrCl2/MAO como sistema catalítico. En el presente trabajo se estudió 
OD�LQÀXHQFLD�GH�GLIHUHQWHV�FRQGLFLRQHV�GH�SROLPHUL]DFLyQ�HQ�OD�GLVSHUVLyQ�GH�OD�+$��/RV�SDUiPHWURV�HVWXGLDGRV�IXHURQ��
velocidad de agitación (600-2000 rpm) y temperatura (10-75°C).  Al combinar altas velocidades de agitación (2000 rpm) 
con bajas temperaturas (10 °C) fue posible obtener una buena dispersión de las nanopartículas de HA interconectadas entre 
sí formando una red sin la presencia de aglomerados. La degradación de los materiales compuestos PEAD-HA ocurre 
mediante una reacción de primer orden, acompañado por la formación de gas dentro del polímero fundido. 

Palabras clave: Síntesis, Polietileno, compuestos, Hidroxiapatita, Degradación térmica

INTRODUCTION

+LJK�GHQVLW\�SRO\HWK\OHQH� �+'3(�� LV� D�SRO\ROH¿Q� WKDW� LV�
ZLGHO\�XVHG�LQ�GLYHUVH�¿HOGV��LQFOXGLQJ�ELRPHGLFLQH��PDLQO\�
due to its bioinert characteristics (Billmeyer, 1984; Park, 
2003). Nevertheless, its application in biomedicine has 
been restricted due to poor mechanical properties, such as 
ORZ�UHVLVWDQFH��%LOOPH\HU��������%RQ¿HOG�et al., 1981; Park, 
2003;  Wang et al., 1994; Tanner et al., 1994). To overcome 
these problems, HDPE has been used in composites, in 
ZKLFK�WKH�SRO\ROH¿Q�DFWV�DV�D�PDWUL[��DQG�GLIIHUHQW�¿OOHUV�
have been incorporated to improve mechanical properties. 

6RPH�RI�WKH�¿OOHUV�LQFOXGH�VLOLFD��:RR�et al., 1995, 1999) 
clays (Yano A et al., 1998), carbon nanotubes (Bonduel 
et al., 2005; Tong et al., 2004), and hydroxyapatite (HA) 
�%RQ¿HOG� et al., 1981). The last one is a biocompatible 
inorganic salt that has been used in implant manufacture, 
because of its structural and physicochemical similarity 
ZLWK�KXPDQ�ERQH��%RQ¿HOG��������3DUN���������

Diverse methods have been employed to obtain HDPE-HA 
composites, including chemical solutions and melt mixing. 
However, these methods did not succeed in obtaining a good 
dispersion of HA, resulting in agglomerates formation. 
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These agglomerates decrease the torsional and tensile 
PRGXOXV�RI�WKH�+'3(�+$�FRPSRVLWH�SURGXFHG��VLQFH�¿OOHU�
rich sites promote fracture (Unwin et al., 2001; Albano et 
al., 2006a and 2006b; Wang. et al., 2002; Shahbazi et al., 
2006;  Zhang et al., 2008).

Recent studies have reported that using in situ 
SRO\PHUL]DWLRQ� JLYHV� EHWWHU� ¿OOHU� GLVSHUVLRQ� HVSHFLDOO\� DW�
KLJKHU�¿OOHU�FRQWHQWV�WKDQ�VLPSOH�PHOW�FRPSRXQGLQJ��In situ 
SRO\PHUL]DWLRQ�RI�PRQRPHUV�LQ�WKH�SUHVHQFH�RI�QDQR¿OOHUV�
is a promising approach for a more homogeneous 
GLVWULEXWLRQ��GXH�WR�WKH�FORVH�FRQWDFW�RI�SRO\PHU�DQG�¿OOHU�
during synthesis( Kaminsky et al., 2006). 

In situ�HWK\OHQH�SRO\PHUL]DWLRQ�XVLQJ�+$�DV�¿OOHU�KDV�QRW�
been reported up to now, to the best of our knowledge. Due 
to the important potential applications of this composite 
DQG�WR�WKH�SRVVLEOH�EHQH¿FLDO�HIIHFWV�RI�QDQRK\GUR[\DSDWLWH�
in biomedical applications, in the present work the 
synthesis of HDPE-HA composites using in situ ethylene 
polymerization with Cp2ZrCl2/MAO as catalytic system 
was studied by varying different reactions parameters in 
order to improve HA dispersability into HDPE matrix. 

EXPERIMENTAL TECHNIQUES 

Materials

Calcium hydroxide and di-amonium hydrogen phosphate 
were supplied by Fisher Chemicals. Ethylene 5.0 grade 
of purity (Boc Gases). Toluene (Riedel de Haën, p.a.). 
Cp2ZrCl2 (Sigma Aldrich). MAO with 12.77% aluminum 
(Akzo Chemicals).

Synthesis of HA

A wet chemical precipitation reaction was used to synthesize 
HA with equimolar solution of calcium hydroxide and di-
amonium hydrogen phosphate (Koutsopoulos, 2002). The 
resulting suspension was washed with de-ionized water and 
centrifuged several times until neutral pH was achieved. 
Afterwards, HA was dried at 80 °C for 48 h to remove water 
absorbed and then pulverized and sieved. 

Synthesis of HDPE-HA composites

HDPE-HA composites were synthesized by in situ ethylene 
polymerization, previously dried toluene was used as 
solvent, (Aemarego, 2003) and Cp2ZrCl2/MAO as the 
catalytic system. All manipulations were carried out under 
nitrogen atmosphere using standard Schlenck techniques 
and dry box (Shiver, 1986). In situ ethylene polymerization 

was carried out at different stirring velocities (600-2000 
USP�� DQG� WHPSHUDWXUHV� ������� �&��� ZLWK� D� FRQVWDQW� ¿OOHU�
percentage (15wt% ¾ 0.8720 g). HA was suspended in 
toluene and transferred to a Büchi reactor by Schlenck 
techniques. After 10 min of stirring, toluene catalyst solution 
(1µmol/ml) was transferred into the reactor. Polymerization 
was carried out at a constant ethylene pressure (1 bar) for 
30 min. The reaction was quenched by addition of an acidic 
solution (10 % HCl in ethanol). The polymer obtained was 
washed several times with ethanol and dried in vacuum at 
60 ºC for 12 h. 

Characterization of HA and HDPE-HA composites

Fourier transformed infrared spectroscopy (FTIR, Nicolet 
iS10) was used to determinate characteristic functional 
groups of HA, using KBr and 64 scans. Transmission 
electron microscopy was carried out in a JEOL 1220, 
operating at 100 KeV to study morphology, size, and 
dispersion of HA nanoparticles into the polymeric matrix. 
Samples were prepared by suspension in water: ethanol 
(70:30). 

Differential scanning calorimetric (DSC) analyses were 
carried out in a Mettler-Toledo DSC 822e. Samples (9 10 
mg) were heated up to 170 °C and subsequently kept for 
about 3 min in order to erase the previous thermal history. 
This initial heating was performed at a rate of 20 °C/
min. Then, the samples were cooled to room temperature 
and subsequently heated up to 170 °C both at a rate of 
10 °C/min. The values of melting temperature (Tm), 
crystallization temperature (Tc���DQG�FU\VWDOOLQLW\�GHJUHH��Ȥ��
were determined from the thermograms of the cooling and 
second heating. Crystallinity degree was calculated using 
equation (1):  

%X
Hm
Hm

100exp
C

theo
#T

T
=^ h (1)

ZKHUH� Ȥc� LV� WKH� FU\VWDOOLQLW\� GHJUHH�� ǻ+Pexp is the 
H[SHULPHQWDO�PHOWLQJ�HQWKDOS\�DQG�ǻ+Ptheo corresponds to 
100% of crystalline PE, 293 J/g (Bandrup, 1999).

Thermogravimetric analysis (TGA) was performed in 
order to elucidate the thermal stability of the synthetized 
composites. Samples (9-10 mg) were heated from room 
temperature up to 700 °C at 10 °C/min in a Mettler-
ToledoTGA/STDA analyzer. Coasts-Redfern kinetic model 
(Coats et al., 1964) was used to determine the reaction order 
(n) and E2 Function model (Chen et al., 2004) to calculate 
kinetics parameters (Ea and A). The equation used for this 
calculation is the following: 
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ZKHUH� Į� LV� WKH� GHJUHH� RI� FRQYHUVLRQ�� *�Į�� WKH� LQWHJUDO�
FRQYHUVLRQ� IXQFWLRQ� �UHDFWLRQ�PHFKDQLVP���ȕ� WKH�FRQVWDQW�
heating rate, T the temperature in Kelvin, R the universal 
gas constant, Ea the activation energy for the decomposition 
process and A the pre-exponential factor. 

RESULTS AND DISCUSSION 

Hydroxyapatite (HA) synthesis was extremely effective, 
resulting in a high yield (99%). Characterization by FTIR 
showed the characteristic HA functional groups bands: 
OH- (3700 and 1600 cm-1), PO4

-3 (1089-1035, 962, 603-
565, and 477 cm-1�� � �¿JXUH� ��� �5HKPDQ� ,� et al., 1997). 
HA nanocrystals have needle-like morphology with an 
average length around (AL) of (55 ± 9) nm and average 
GLDPHWHU��$'��RI����������QP��DV�FDQ�EH�VHHQ�LQ�¿JXUH���
(Koutsopoulos, 2002). 

Figure 1. FTIR of Synthetized HA

Figure 2. TEM image of Synthetized HA

In order to standardize the polymerization reaction MAO, 
MAO/HA, and Cp2ZrCl2/MAO were tested on high 
density polyethylene production (HDPE). The ethylene 
polymerizations were carried out under the conditions 
presented on table 1 (entry 1-4). It was found that MAO or 
MAO/HA was not active on the ethylene polymerization. 
Cp2ZrClx/MAO was active producing HDPE as expected 
(thermal properties presented on table 3 are similar to 
the theoretical thermal properties previously reported) 
(Bandrup et al., 1999). The HDPE mass obtained was 
used as reference to calculate the equivalent mass of 15 
wt% HA, that was employed in the synthesis of HDPE-HA 
composites. HA effect on the catalytic activity was studied 
(reaction 3 versus 4, table 1) it can be observed that HDPE 
production was not affected by the incorporation of the 
¿OOHU� LQWR�SRO\PHUL]DWLRQ�PHGLXP��,Q�JHQHUDO�� LW�KDV�EHHQ�
reported that supports that contain hydroxyl surface groups 
(i.e. zeolites, clays, others) show a decay in the catalytic 
activity due to block of active sites for polymerization 
(Hlatky, 2000). In the particular case of HA, a few OH 
groups are at the surface (Koutsopoulos, 2002), therefore, 
that the catalytic would decay, however, this effect was not 
REVHUYHG� LQ� WKHVH� H[SHULPHQWV��2QFH� LW� ZDV� FRQ¿UP� WKDW�
HA has no negative effect on catalytic activity and polymer 
SURGXFWLRQ�� WKHQ� WKH� LQÀXHQFH� RI� VWLUULQJ� YHORFLW\� DQG�
WHPSHUDWXUH�RQ�WKH�¿OOHU�GLVSHUVLRQ�ZDV�HYDOXDWHG�

7KH�VWLUULQJ�YHORFLW\�ZDV�HYDOXDWHG�DW�¿UVW�IURP�����WR������
rpm (table 1, entry 4-7). As can be seen at 2000 rpm (table 
1, entry 7) the amount of polymer obtained was almost 
twice the amount when 600 rpm was used (table 1, entry 
4). This is attributed to a better dispersion of the catalyst in 
the reaction medium at higher stirring velocities and also to 
a better dispersion of the synthesized polymer (Quijada  et 
al., 1998).

TEM images of HDPE-HA composites obtained at 
GLIIHUHQW�VWLUULQJ�YHORFLWLHV�DUH�VKRZQ�LQ�¿JXUH����$W�KLJKHU�
stirring velocities (1500 and 2000 rpm) formation of HA 
agglomerates were obtained. This could be a consequence 
of the higher amount of polymer formed impeding a good 
GLVSHUVLRQ�RI� WKH�¿OOHU��7R� FRUURERUDWH� WKHVH� REVHUYDWLRQV�
several measures of different images were carried out, 
obtaining the following AA sizes: (273 ± 41) nm for 1500 
rpm and (345 ± 43) nm for 2000 rpm.  When the synthesis 
was carried out at lower stirring velocities (600 rpm) few 
agglomerates can be observed presenting an AA of (110 
± 17) nm. The best HA dispersion was obtained at 1000 
rpm with the lowest AA size of (100 ± 10) nm, this result 
indicated that at room temperature the better dispersion is 
achieved when intermediate stirring velocities are used. 
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Table 1. HDPE-HA composites synthesis.

Entry Polymerization conditions
CA* 

[gPE/mmol
Zr.h.bar]

1 MAO 0
2 MAO/HA 0
3 Cp2ZrCl2/MAO    950
4 Cp2ZrCl2/MAO/HA 1000
5

Stirring velocities 
(rpm) (25 °C)

1000 1245
6 1500 1630
7 2000 1980
8

Temperatures (°C) 
(1000 rpm)

10 1210
9 25 1245
10 75 1840
11 2000 rpm, 10 °C 1900

Reaction conditions: 3 mg Cp2ZrCl2, 15 % HA, 1 bar, 30 min, [Al]/[Zr] = 
500, 100 mL toluene. Entry 1 and 3: Without HA. Entry 2, 4 to 11: With 
15% of HA. 
� &DWDO\WLF� DFWLYLW\��$OO� SRO\PHUL]DWLRQV� ZHUH� FDUULHG� RXW� WZR� RU� WKUHH�
times to obtain an error lower that 10%.

Figure 3. TEM of HDPE-HA composites synthesized at 
different stirring velocity

The effect of temperature (10 -75 °C) was evaluated at 
1000 rpm because under this stirring velocity the best 
+$�QDQRFU\VWDOV� GLVSHUVLRQ�ZDV� DFKLHYHG��1R� VLJQL¿FDQW�
differences on the catalytic activity were obtained at 10 and 
25 °C (entry 8-9). However, when the synthesis was carried 
out at 75 °C, an increase of approximately 20 % on HDPE 
production was obtained. This increasing reaction rate with 
temperature is caused by the increased molecular collisions 

IUHTXHQF\��DV�D�FRQVHTXHQFH�ROH¿Q�PROHFXOHV�WUDYHOV�IDVWHU�
and react more often with the active site, which is stable 
under these polymerization conditions. Similar results have 
been reported in the synthesis on high density polyethylene-
carbon nanotube composites (Bonduel et al., 2007; Kao, 
2006; Quijada et al., 1998; Kaminsky et al., 2006). 

HA nanocrystals dispersion was studied by TEM images 
�¿JXUH�����&RPSRVLWHV�V\QWKHWL]HG�DW����DQG�����&�GLG�QRW�
SUHVHQW�VLJQL¿FDQW�GLIIHUHQFHV�LQ�$$�VL]HV�����������QP�DQG�
100 ± 10nm, respectively). However, at 10 °C it was found a 
better dispersion being possible to differentiate each single 
HA nanocrystal. Meanwhile, small agglomerates were 
observed at 25 °C. When the temperature was raised to 75 
°C there was an increase in the formation agglomerates. 
This could be a consequence of the higher amount of 
SRO\PHU�IRUPHG�LPSHGLQJ�D�JRRG�GLVSHUVLRQ�RI�WKH�¿OOHU��,Q�
the TEM image it was observed how the HA nanocrystals 
are embedded into the polymeric matrix. 

Figure 4. TEM of HDPE-HA composites synthesized at 
different temperatures

In order to produce higher amount of HDPE and maintain 
WKH� SRO\PHU�¿OOHU� UDWLR�� +'3(�+$� FRPSRVLWHV� ZHUH�
synthetized at 2000 rpm and 10 °C (table 1, entry 11). 
Combining high stirring velocities and low temperatures 
HDPE production was increased on a 60% with respect to 
entry 5 and 8 (table 1). A synergistic effect of these two 
reactions parameters seems to be present, resulting in the 
EHVW� ¿OOHU� GLVSHUVLRQ� WKURXJKRXW� WKHVH� VWXGLHV�� ZLWK� +$�
nanocrystals interconnected in a network without formation 
RI�DJJORPHUDWHV��¿JXUH�����7KHUHIRUH�LW�FDQ�EH�FRQFOXGH�WKDW�



215

in situ ethylene polymerization is an alternative synthesis 
method for the synthesis of HDPE-HA composites, and 
the different parameters studied showed that it is possible 
to obtain optimum conditions able to accomplish a good 
dispersion, compared to the other synthesis methodologies 
previously reported (Albano et al., 2006c; Wang et al., 
1998; Roeder et al., 2003;  Zhang et al., 2003). 

Figure 5. TEM image of HDPE-HA composites 
synthesized at optimized conditions

HDPE and HDPE-HA composites were characterized by 
FTIR, composites spectra were very similar, for this reason 
only the spectrum of HDPE-HA composite synthetized 
DW������USP�DQG����&�LV�SUHVHQWHG��¿JXUH�����7KH�+'3(�
spectrum  shows the signal associated to the vibrational 
deformation mode of methylene CH groups (CH2)n in the 
polymer at 720 cm-1, this vibration is characteristic for 
polymers with more than 4 carbon atoms in the polymer 
chain. Also, the bands associated to vibrational deformation 
C-H bond at 1465 cm-1 (Bandrup et al., 1999), were 
observed. The HDPE-HA composite spectrum presents 
the bands of the two main components of the composites, 
when HDPE-HA spectrum is compared to the HA spectrum 
VLJQL¿FDQFH� GLVSODFHPHQW� RI� WKH� VLJQDOV� DVVRFLDWHG� WR�
¿OOHU� IXQFWLRQDO� JURXSV�ZHUH� REVHUYHG�� WKLV� EHKDYLRU�ZDV�
observed in all the synthetized composites.

Figure 6. FTIR of HDPE, HA, and HDPE-HA composites

Additionally, the thermal behavior of HDPE-HA composites 
was studied by TGA. It was found that HA incorporation 
LQWR�WKH�SRO\PHULF�PDWUL[�GLG�QRW�KDYH�D�VLJQL¿FDQW�HIIHFW�
on polyethylene thermal properties, such as crystallization 
temperature, melting temperature, or crystalline percentage 
(table 2) (Albano et al., 2006a, 2006b; Minkova et al., 
�������+RZHYHU��LQ�VRPH�FDVHV�WKHUH�DUH�VRPH�VLJQL¿FDQW�
changes in this thermal properties, it has been reported 
that this kind of behavior could be attributed to a change 
in polymer molecular weight, that can be due to the 
differences synthesis conditions (Cossee et al., 1964; Chien 
et al., 1993)

Also, a slightly change (0.2-3.7) % of the initial 
decomposition temperatures of HDPE-HA compounds with 
UHVSHFW�WR�WKH�SRO\PHUL]DWLRQ�RI�HWK\OHQH�ZLWKRXW�¿OOHU�ZDV�
observed. The activation energy (Ea) of the polymer and 
each composite was calculated using E2 Function model 
(table 2), the results obtained presented an increased on this 
parameter when HA was added into the polymeric matrix, 
this could indicate that although HA does not change the 
thermal properties produced an improvement on the thermal 
stability of the composites, slowing down the degradation 
SURFHVVHV�RI� WKH�+'3(��%LNLDULV��������&KULVVD¿VD�et al., 
2011; Hermán et al., 2013). 

As it is known, polymers degradation is a very complex 
phenomenon, consequently, the degradation process 
are represented by a set of functions and not for a single 
function. Although the E2 Function model allowed obtaining 
Ea value using the heating rate, the proper kinetic model 
PXVW�EH�FKRVHQ�HPSOR\LQJ�D�PRGHO�¿WWLQJ�PHWKRG��7KH�EHVW�
UHDFWLRQ�PHFKDQLVP�ZLOO� EH� WKDW�ZKLFK� EHVW� ¿WV� HTXDWLRQ�
(Eq. 2). In this article, fourteen mechanisms functions were 
evaluated(Budrugeac et al., 2001; Mamleev et al., 2000). 
7KH� EHVW� ¿W� REWDLQHG� IRU� DOO� VDPSOHV� ZDV� WKH� QWK� RUGHU�
reaction mechanism with n = 1. The models with the second 
DQG� WKLUG� EHVW� ¿WV� ZHUH� QXFOHDWLRQ� DQG� QXFOHXV� JURZWK�
with n = 1/2 and 1/3, respectively. In general, the thermal 
degradation of polymeric composites is a heterogeneous 
process ruled by more than one mechanism. Therefore, 
thermal degradation of HDPE-HA composites evaluated 
in the present work, can be describe as a physicochemical 
phenomenon that involves chemical degradation reaction 
RI�¿UVW�RUGHU��DFFRPSDQLHG�E\�IRUPDWLRQ�RI�WKH�JDV�SKDVH�
inside the melt polymer and by nucleation and nucleus 
growth kinetics of degraded species in a heterogeneous 
medium (Budrugeac et al., 2001; Hermán et al., 2013; 
Mamleev et al., 2000).
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Table 2. Thermal properties of HDPE-HA composites

Entry
Tc (±1) 

[°C]
Tm (±1) 

[°C]
Ȥ�>�@ Tid (±1) 

[°C]
Ea [KJ/

mol]

3 109 135 59 460 350
4 108 135 51 461 416
5 108 135 53 457 430
6 108 134 54 447 448
7 109 135 59 450 450
8 109 136 50 443 460
9 108 135 53 458 466
10 113 133 69 458 456
11 108 136 61 457 460

Entry 1 and 2 are not in the table because in these syntheses 
conditions polyethylene was not obtained.

CONCLUSIONS

In situ ethylene polymerization is an alternative synthesis 
method for the synthesis of HDPE-HA composites, 
combining high stirring velocities (2000 rpm) and low 
temperatures (10 °C) was possible to reach good dispersion 
of HA nanocrystals interconnected in a network without the 
presence of agglomerates.

$�SRVVLEOH�LQWHUDFWLRQ�EHWZHHQ�WKH�¿OOHU�DQG�WKH�SRO\PHU�LV�
SURSRVHG�GXH�WR�D�VLJQL¿FDQW�GLVSODFHPHQW�RI�+$�IXQFWLRQDO�
groups observed in FTIR spectra. Thermal properties of 
+'3(�+$�GLG�QRW�FKDQJH�VLJQL¿FDQWO\�FRPSDUHG�WR�+'3(�
alone. Activation energy increased with HA incorporation, 
indicating that HA improves the thermal stability of the 
composites. Thermal degradation of HDPE-HA composites 
LQYROYHG� FKHPLFDO� GHJUDGDWLRQ� UHDFWLRQ� RI� ¿UVW� RUGHU��
accompanied by formation of the gas phase inside the melt 
polymer.  

The use of in situ ethylene polymerization for synthetized 
these composites can be interesting to improve mechanical 
properties for biomedical applications; these properties are 
under current investigations.

ABREVATIONS
 
CA: Catalytic activity
Cp2ZrCl2: Bis-(cyclopentadienyl) zirconium dichloride
HA: Hydroxyapatite  
HDPE: High density polyethylene
FTIR: Fourier transforms infrared spectroscopy
MAO: Metylaluminoxane
TC: Crystallization temperature
TEM: Transmission electron microscopy

Tid: Initial decomposition temperature 
Tm: Melting temperature
XRD: X-ray diffraction
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