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Abstract: In this paper, we report the determination of mesomorphic phase (third phase of polymers) using 

Differential Scanning Calorimetry (DSC) and X-Ray Diffraction (XRD). Various authors have confirmed the 

existence of mesomorphic phase in polymers using XRD, solvent absorption and FT-Raman scattering 

techniques. Although, in an earlier work, a broad endothermic peak of polyethylene terephthalate (PET)(below 

Tg) was observed in the DSC thermogram, no attempt has yet been made to estimate the amount of 

mesomorphicphase,for lack of proper theory. In this paper,we report the percentage increase in the 

mesomorphic phase (%M) of both virgin and 2.4MeV proton-irradiated PET microfibres measured by DSC, and 

the results have been compared with XRD technique.  
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I. Introduction 
 Polyethylene terephthalate (PET) is a two-phase material, crystalline and amorphous. In addition to the 

amorphous (disordered) and crystalline (3-dimentionally-ordered) phases, there is a third phase, referred to 

asthemesomorphic phase, consisting of a 2-dimensionally-ordered structure [1]. As reported earlier [2], this 

mesomorphic phase of PET microfibre can be enhanced by proton irradiation. We have chosen this for 

irradiation because of its wide application in various fields such as textiles [3], surgical polymeric textiles [4], 

composites [5], nanocomposites [6], conducting polymers [7], electroactive polymers and so on. Polymers can 

be modified by proton irradiation [8], and the modified polymers possess improved mechanical, electrical, 

thermal, optical and chemical properties. Again, microfibres are manufactured to replace traditional materials in 

applications from super absorbent diapers to artificial organs.  

Thermal analysis covers a range of analytical techniques that provide information about materials and 

thermodynamic properties (exothermic or endothermic) by measuring the changes in their structure and 

properties in response to change in temperature. The heat of reaction or enthalpy of transition is directly related 

to the area under the differential scanning calorimetry (DSC) curve. As the mesomorphic phase is a 2-

dimensionally-ordered structure, the breaking of this ordered structure shows either endothermic or exothermic 

reaction, depending on the polymer type. The mesomorphic phase of PET shows an endothermic transition in 

the DSC thermogram. The appropriate theory related to mesophase structure is described below. 

 

II.      Theory 
2.1 Thermal technique 

 Let us consider endoH  and exoH  as the total heat absorbed during all endothermic and the total heat 

evolved during all exothermic reactions, respectively. Then the total heat absorbed during this process can be 

writtenas 

 totalmesototalmendo HHH ,,         (1) 

where smtotalm wgJHJH  )/()(, (heat of melting of crystalline phase),and 

smesototalmeso wgJHJH  )/()(, (heat of melting of mesomorphic phase), with sw being the weight of the 

PET microfibre sample. In the present observation, total heat evolved ( exoH ) is equal to the total heat evolved 

during crystallization ( totalcH , ) and can be written as 

sctotalc wgJHJH  )/()(,        (2) 
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Hence, the heat given off for melting the solid polymer )(, JHHH mtotalcendo
 . Again, let



mH be 

the heat of melting or fusion,i.e., the amount of heat absorbed by one gram of polymer. According to ATHAS 

DATA BANK [9], the value of 


mH for PET is 139.98 J/g. So the crystalline mass ( cm ) and its fraction ( cf ) 

can be written as 

)(
)/(

)(
*

gm
gJH

JH
c

m

m 


        (3) 

and totalcc mmf /  

Hence, the percentage crystallinity (%C) can be written as 100cf . Again, the total amorphous 

fraction ( ma ff  ) can be written as  

cma fff  1         (4) 

Moreover , the amount of mesomorphic phase can be written as  

)(
)/(

)(

*

,
gm

gJH

JH
m

m

totalmeso
 ,        (5) 

so the fraction mf can be evaluated as totalmm mmf / . Hence, the percentagemesomorphic phase, 

i.e., %M (= 100mf ) of the sample can be calculated. 

 

2.2  X-ray technique 

 X-ray scattering takes place coherently from the three different regions of polymer, namely, crystalline, 

paracrystalline (mesophase) and amorphous [10]. Therefore, the amplitude of X-ray scattered in the direction of 

scattering vector S by the polymer can be written as   

)()()()( SSSS amc AAAA        (6) 

 

 where )(ScA , )Am S( and )(SaA  are the amplitudes of X-rays scattered by the atoms in 

crystalline, mesophase and amorphous regions of the polymers respectively. The intensity of X-rays scattered in 

the direction of S can be written as 

)(A)(AI j

i

i j

j

i
SSS

*
)(   ,      (7) 

wherei and j correspond to atoms in a particular type of the above domains of polymers. 

According to the model proposed [10], the total intensity scattered in a given direction will be the sum 

of the total scattering from crystalline domains, mesophase domains and amorphous domains, respectively, and 

is defined as 

amc
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  (8) 

 

 where the subscripts c, m and arepresent the crystalline-phase, the mesophase and the amorphous-phase 

domains respectively. The second summations, i.e.,
p

,
q

and 
r

 , represent summations over 

amplitudes scattered from the atoms in a given domain - crystalline, mesomorphic and amorphous, respectively.  

Denoting the degree of crystallinity by cx , mesomorphity (degree of paracrystallinity) by mx  and 

amorphityby ax , we have 

 IIx cc / , IIx mm /  and IIx aa /      (9) 

andthe total scattered intensity can be written as𝐼 = 𝑥𝑐𝐼 + 𝑥𝑚 𝐼 + 𝑥𝑎𝐼. 
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III. Experimental 
3.1 Materials 

 PET microfibre used for our investigation was obtained from a commercial polyester plant. The term 

microfibre is identified by the term microdenier and refers to synthetic fibres with a denier (weight in gram of 

9000 meter of yarn) per filament (dpf) of less than one; however, it is often used for any fibre between 0.5 and 

1.5 dpf. The microfibre used for our irradiation study was of draw-twisting-yarn type with a denier value of 

0.93dpf. 

 

3.2 Proton irradiation 

 A proton beam of 2.4MeV energy was obtained from the 3MV tandem-type pelletron accelerator to 

carry out irradiation in air [11]. The PET microfibre was irradiated for two different fluences 1.510
11

p/cm
2 

and 

1.510
12

p/cm
2
 at normal atmospheric pressure and temperature (ranging between18-22 C). The beam was 

initially collimated by a graphite collimator to a beam size of 3 mm diameter and was extracted into air using a 

Kapton
TM

 foil of 8 micron at the exit point of the vacuum (110
-6

 mbar) chamber. The external beam current 

measurement was performed using a rotating vane chopper designed at the Institute of Physics, Bhubaneswar. 

Beam size of the external proton beam can be increased up to 10-15mm diameter circular patch by proper 

adjustment. In the present study, the beam was allowed to travel 3 cm in air inside the irradiation cell (an 

aluminum cylinder of 15mm diameter and 30mm length) rotating with 1Hz frequency for homogeneous 

irradiation, during which the energy gets reduced to about 2.4MeV before interaction with the microfibre. 

Calculation of projectile range in air and the materials was done using the “TRIM” program.  

3.3 Characterization 

A Netzsch STA 409C simultaneous thermal analyzer, which combines simultaneous thermogravimetry 

and Differential Scanning Calorimetry [12] with a temperature range of 0 to 1600 C, was used to measure the 

mass profile and reaction temperatures of the materials. The experiments were performed in a nitrogen 

atmosphere with a flow rate of 80ml/min, operated in the range of 25 C to 325 C at a heating rate of 5 K/min. 

Microfibre sample of 15mg was taken in an Alumina crucible for the testing. NETZSCH-TA windows software 

version 3.5 was used for thermal analysis of virgin (I) and irradiated (II and III) samples. 

The X-ray diffraction patterns were obtained for both non-irradiated (I) and irradiated (II) PET 

microfibre using a PANalytical X-ray Diffractometer (X’Pert-MPD) employing Bragg–Brentano parafocusing 

optics. The X-ray diffraction patterns were recorded with a step size of 0.01 on a 3-55 range with a scanning 

rate of 0.5/min. Line focus CuK-radiation from an X-ray tube (operated at 40 kV and 30 mA) was collimated 

through Soller slit (SS) of 0.04 rad., fixed divergence slit of 0.5 and mask (10 mm) before getting it diffracted 

from the sample. Then, the diffracted beam from the sample was well collimated by passing it through a 

programmable anti-scattering slit of 1(to reduce air scattering), programmable receiving slit of 0.15mm and 

Soller slit of 0.04 rad., before getting it reflected by the curved graphite crystal (002) monochromator of radius 

225mm for high resolution diffraction study. A Xe-gas-filled proportional counter was mounted on the arm of 

the goniometer circle of radius 200mm to receive the diffracted X-ray signal. Experimental control and data 

acquisition were fully automated through a computer. 

 

IV.    Results and discussion 
4.1 Thermal analysis 

The glass transition temperature (Tg ) and melting temperature (Tm) of virgin sample are observed to be 

92.9 C and 254.6 C, respectively. The broad endothermic peak was observed below Tg in the DSC 

thermogram of the virgin sample as shown in fig.1 (a). The Tg was calculated by taking the arithmetic mean of 

the extrapolated ONSET and ENDSET of the glass transition phase in the midpoint of the DSC curve using 

NETZSCH-TA software. No variation has been observed in Tg value in this irradiation range, whereas the Tm 

value slightly increases with proton irradiation. Though the cold crystallization peak was not observed in virgin 

sample (I), it was clearly shown at 190 C in the DSC thermogram of irradiated sample (II) as shown in fig. 

1(b). Again, the change in specific heat Cp value at glass transition (fig. 1(c)) was calculated using the above 

software. The DSC peak area is proportional to the change in enthalpy H, i.e., the total heat consumed 

(endothermic) or released (exothermic) by the sample, and can be written [13] as 

calibKm

A
H  , where A is 

the peak area, calibK  is the calibration factor and m is the mass of the sample. 

The enthalpy of melting Hm for the virgin sample was found to be 33.61 J/g. The Hm value increased  

to 39.02 J/g and 41.07J/g when the microfibre was irradiated with a fluences of 1.510
11

p/cm
2
 and 

1.510
12

p/cm
2
, respectively, which may be attributed to the degradation. The increase in Hm indicates the 
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proton-induced crosslinking after irradiation in air, which gives the material increased thermal stability, due to 

which strong-fibre materials are likely to be formed.  

The broadening of the above-said endothermic peak (below Tg) increases (fig. 1(d)) with proton 

fluences. Although the above broad endothermic peak, was observed by earlier workers [14] in their study of 

PET, no attempt to estimate the amount of mesomorphic phase that exists in the material was done, for the lack 

of proper theory in earlier days.The PET is semi crystalline (partially crystalline) in nature. The crystalline 

percentage of PET materials can be written [12]  as
0

%
m

cm

H

HH
C




 ,  where mH is the measured 

enthalpy of melting of the material., cH is the enthalpy of the cold crystallization observed during the DSC 

run and 
0

mH is the standard enthalpy of the melting of wholly (100% pure) crystalline materials, (
0

mH = 

139.98 J/g, for PET [9] ). 

Again, the crystalline (%C), amorphous (%A) and mesomorphic (%M) phase percentages has been 

calculated for all the samples and are presented in Table 1.  

 

4.2  X-ray analysis 

 Changes in the peak position and intensity were obtained in the X-ray diffraction pattern, as shown in 

fig. 2, of the irradiated PET fibre as compared to the virgin. Again, a low-intensity, broad X-ray diffraction peak 

was observed at low angle (2 = 6) in the case of  the irradiated microfiber, keeping the fibre axis parallel to 

the incident X-ray beam, and was not observable when the fibre was kept perpendicular to the incident X-ray 

beam. This fact indicates the presence of mesomorphic phases. In the case of proton irradiation, it is also 

observed that the d(A) values increase with fluences like neutron [15] because of  the development of 

microstrain due to radiation heating. The crystalline (%C), amorphous (%A) and mesomorphic (%M) phase 

percent of PET microfibre was calculated from the peak area of all samples. 

 Crystallinity of virgin and proton-irradiated samples has been calculated using 
0

%
m

cm

H

HH
C




 , 

and their values are given in the Table 1. In this case, the crystallinity calculated by XRD was found to be less 

as compared to DSC. This is because of the subtraction of mesophase contribution to the crystallinity calculated 

by XRD technique.The percentage of mesomorphic phase measured by above DSC technique was found to be 

less as compared to XRD. This may be due to contribution of some other factors such as macromolecular 

orientation, chain-folding mechanism etc., which cannot be measured by DSC. But the trend report of the results 

has been given in Koptelov and Shlenski [16], where the crystallinity of gamma-irradiated 

polyterafluoroethylene sample, measured by XRD technique, is quite higher than that measured by DSC 

technique.  

 As discussed in the earlier theory of DSC, this may be due to the formation of radiation-induced 

microstrain, or chain-folding factors, which affect crystallinity measured by X-ray diffraction, but not the 

measurement by DSC technique. However, the phase (C+M) value measured by XRD and DSC have matched 

well with trend of Koptelov and Shlenski [16]. 

 

V. Conclusions 
 It is confirmed from the DSC results that the area of the endothermic peak (below Tg) of PET 

microfibre increases with proton fluences. This indicates enhancement in the percentage of mesomorphic phase 

due to 2.4 MeV proton irradiation for both the fluences,i.e., 1.510
11

p/cm
2
 and 1.510

12
p/cm

2
. The percentage 

of mesomorphic phase (%M) has been calculated using the above given formula based on DSC principle. The 

parameter has also been calculated by XRD along with the percentage of crystallinity (%C). The latter is found 

to increase linearly with proton fluences, similar to the DSC results. The increase of Tm is indicative of the 

improvement in the thermal stability of microfibre due to proton irradiation. The present study on mesomorphic 

phase will help to understand the optoelectronic behavior of polymers for sensor applications. 
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Table (1)DSC and XRD data of PET microfibre 

S
am

p
le

 

F
lu

en
ce

 

p
/c

m
2
 DSC XRD Phase%† 

Tg 

(C) 

Tm 

(C) 

Cp 

(J/g. 

K) 

Hm 

(J/g) 

Hc 

(J/g) 

d(A ) 2 

(deg.) 

h k l DSC XRD 

I 0 92.9 

0.2 

254.6 

0.2 

0.14 

0.02 

33.61 - 

 

5.0776 

3.9170 

3.4627 

17.45 

22.68 

25.71 

010 

110 

100 

37.15(c) 

49.73(a) 

13.13(m) 

31.69(c) 

45.54(a) 

22.77(m) 

II 1.51011 92.5 

0.2 

255.8 

0.2 

0.17 

0.02 

39.02 4.456 5.0978 

3.9471 

3.4941 

17.38 

22.51 

25.47 

010 

110 

100 

40.01(c) 

43.18(a) 

16.81(m) 

32.14(c) 

39.76(a) 

28.00(m) 

III 1.51012 92.6 

0.2 

255.7 

0.2 

0.13 

0.02 

41.07 5.086 5.1079 

4.0014 

3.5037 

17.35 

22.20 

25.40 

010 

110 

100 

42.34(c) 

37.06(a) 

20.60(m) 

34.14(c) 

34.25(a) 

31.61(m) 

 
†
The bracketed letters, viz., (c), (a) and (m) are used for crystalline, amorphous and mesomorphic phases, 

respectively.  
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Figure1 DSC () and TG () curve of (a) virgin (I) and (b) irradiated (II) PET microfibre sample. (c) The 

glass transition plot of sample III and (d) endothermic transition due to mesomorphic phase of sample I (), II 

() and III (---). 
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Figure 2 (a) X-ray diffraction pattern of sample I  and(b)X-ray diffraction pattern of sample III 
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Figure 3 (a) Fluence vs. endothermic peak area (change in enthalpy)and (b) fluence vs. percent mesomorphic 

phase (%M). 


