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Preparation of SSNTD films by free radical polymerization
21

: We have already 

developed and standardized the casting of PADC films of size 25 cm x 15 cm. Also 

stepwise procedure from mould designing to mould filling have been discussed in 

Chapter 4. Triallyl phosphate was homopolymerized and copolymerized using 

initiators like benzoyl peroxide, isopropylperoxy dicarbonate (IPP) and plasticizer 

dioctyl phthalate. TAP monomer was first degassed and filtered through 0.45 

membrane. It was then mixed homogenously with initiator 3.3 wt. % of isopropyl 

peroxy dicarbonate (IPP) and 0.1 wt. % of dioctyl phthalate plasticizer. The prepared 

monomer mixture was filled into the mould and the polymerization was carried out 

by using 12 hour constant rate polymerization profiles developed for TAP and its 

copolymer with ADC by placing the mould into the polymerization assembly. 

Further analysis and preliminary dosimetric studies were carried out on the prepared 

polymeric materials. The percent polymerization of PTAP and poly (TAP-co-ADC) 

films was determined by Wij’s method of unsaturation analysis
22

.  

2.2.2 Instrumentation and Techniques used for the preparation of polymeric 

detectors and their preliminary evaluation as track detectors: 

In this section, various instruments and techniques used for preparing the thin films 

of polymeric detectors are described. Experimental methods used for study of 

polymerization kinetics and optimization of etching conditions are also mentioned. It 

may be noted that these were also used in case of all the polymeric detectors 

mentioned in the remaining chapters of this thesis. 

2.2.2.1 General protocol for preparation of polymeric track detectors 

Aiming at designing newer polymeric materials for solid state nuclear track 

detection, we followed a protocol for systematic testing of novel polymeric detectors 
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that was earlier proposed by us
23

. This included different stages viz., 1) initial studies 

for designing monomer/polymer, 2) developing constant rate polymerization profile 

by studying kinetics of polymerization, 3) optimization of initiator concentration, 4) 

optimization of etching condition, and finally 5) sensitivity at optimized initiator and 

etching conditions. 

The monomers having two or more allylic linkage (CH2=CH-CH2-) undergo process 

of free radical polymerization and  if the monomer functionality is more than two 

then a 3-D cross linked network can be obtained. Also, as compared to vinyl end 

group, allylic end group is easier to introduce into the monomer for its 

polymerization. Further, it is known from the literature that the insertion or addition 

of hetero atoms (N, O, S, and P) containing functional groups into the monomers can 

enhance its sensitivity towards radiation or charged particles.  So if some functional 

moieties having hetero atoms are introduced between two allyl end groups then the 

polymer can become more radiation sensitive. Already, we have reported synthesis 

of monomers containing functional moieties like –ONO2, -O-CO-O-, -N-CO-O-, O-

SO-O-, -O-SO2-  or a monomer with more than one type of functional group
24

. Then, 

to improve crosslinking density in a 3D polymeric network, branched monomers 

were used that can efficiently crosslinked
25

. Here, we have prepared some monomers 

containing phosphate, phosphamide linkage having two or more allylic groups as 

mentioned earlier which can form 3D polymeric network. These monomers were 

initially tested for free radical polymerization. Its copolymerization with different 

monomers viz. ADC, NADAC, PETAC, NAAAC were also carried out and the 

effect on radiation sensitivity was studied.  

 Based on our earlier experience, a protocol that is useful for track detector 

worker who want to synthesize and design a newer monomers/ polymers for track 
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detection is put forward. The brief description of the protocol is as given below and 

is followed for all the monomers and polymers prepared.  

Step 1: Monomer synthesis and Initial studies of monomer /polymer:          

a. Designing, syntheses and spectral characterization of the monomers: Based on the 

factors like radiation sensitive group effect, monomer functionality, extent of cross 

link and chain linking the two functionalities, the monomers were designed. The 

syntheses of the monomers were carried out by using different chemical processes. 

And all the monomers were characterized by Fourier Transform Infrared 

spectroscopy, 
1
HNMR, 

13
C NMR spectroscopy and Mass spectrometry. 

b. Stability of monomer using TG/DTA techniques: A thermal study of the monomer 

offers a succinct plan about the polymerization conditions that can be used for 

polymerization of the monomer under study. The TG/DTA technique provides the 

maximum temperature above which monomer decomposes. This gives a brief idea of 

maximum temperature that can be used for polymerization. This is essentially done 

if the newly synthesized monomer is found to have some problems when heated 

during its polymerization. 

c. Casting of a test polymer sample and its characterization: A test polymer is 

initially prepared to test the fittingness of the designed monomer for track detection. 

A homopolymer as well as a copolymer of the monomer under consideration with 

ADC are prepared by means of an appropriate heating profile. The polymeric films 

are than characterized with respect to the properties like color of the film, softness, 

% unsaturation left , average thickness and spectral properties. 

d. Exposure to radiation source and etching in 6N NaOH at 70 °C: The polymer 

films so prepared is cut into small pieces of 1×1cm
2
 and exposed to 

239
Pu source for 
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alpha particles and to 
252

Cf source for fission fragments to study the track revelation 

properties of the polymer. The exposed and control films are then etched in 6N 

NaOH at 70 °C or related etching condition to reveal tracks. The etching condition is 

altered or varied if the polymer degrades or becomes opaque under above etching 

condition. The concentration of the etchant also varied if the problem persists 

e. Bulk etch rate (Vb) determination: As mentioned in the Chapter-1, the bulk etch 

rate of the film is a very important part as it provides the rate at which the surface of 

the test polymer is removed. The track etch rate Vt should always be greater than the 

bulk etch rate of the polymer, that is the ratio of bulk etch rate to track etch rate 

should be less than 1 which is given as Vb/Vt<1. During the etching process, the test 

polymer surface is removed layer by layer thereby reducing the film thickness. 

Step 2: Kinetic study of polymerization: 

Allylic polymerization suffers from certain disadvantages and this affects the 

quality of the polymeric detector. In order to overcome such problems Dial et al 

suggested a kinetic model for the Allyl Diglycol Carbonate (ADC) which is a 

tetrafunctional monomer. Applicability of the same to the newly synthesized allylic 

monomer is tested and a polymerization profile which can result in smooth 

polymerization of the monomer is calculated. 

Step 3:  Optimization of initiator concentration: 

The quantity of initiator used during polymerization process determines the 

cross linking character in the polymer matrix. And the sensitivity of the detector in 

turn depends on the cross linking property of the polymer film. The density of 

crosslink’s increases rapidly with increase in concentration of the initiator up to the 

maximum and then decreases with further increase in initiator concentration. Hence, 
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optimum initiator concentration is determined by studying the alpha sensitivity of 

polymer samples prepared using different initiator concentrations. The initiator 

concentration where the alpha sensitivity achieves a maximum value is the optimum 

initiator concentration for the polymeric detector material. 

Step 4: Optimization of etching conditions: 

By using different etching conditions the posts etch surface clarity of a film can be 

changed. For finding the optimum etching condition, first a 10” x 10” polymer film 

at optimized initiator concentration is prepared and around 10-15 pieces of films 

(size 1” x 1”) are exposed to fission and alpha source. The exposed films are 

chemically etched in constant normality and varied temperature. Films are also 

etched changing the normality at constant temperature. Bulk etch rate after every 

etching time interval is noted along with the track appearance time. The optimum 

etching condition is one at tracks are developed within reasonable time and the 

surface of the film after etching remains clear with a moderate Vb. 

Step 5: Determination of alpha sensitivity at optimized etching conditions: 

At the selected optimum etching conditions, alpha sensitivity of the detector 

prepared using the optimized initiator concentration is determined. 

Step 6: Other specific studies of the polymeric detector could then be carried out. 

However, this might require access to specific experimental facilities. 

 

2.2.2.2 Study of allylic polymerization kinetics: 

During free radical polymerization process, many steps like initiation, propagation, 

termination, decomposition of initiator etc occurs at faster rate. These processes are 

highly exothermic and there is increase in polymerization rate. Due to which there is 
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defect in the polymer matrix. Thus the polymeric films obtained for different batches 

show different properties. It is also known that during PADC polymerization there is 

14% of shrinkage in the volume; which leads to the cracking of films. 

 So during polymerization, it becomes necessary to control the heat evolved 

and to carry out polymerization at low temperature over longer period of time. In 

order to overcome such problems faced during allylic polymerization to cast thin 

polymer films, Dial et. al. studied the kinetics of polymerization of ADC monomer 

using IPP initiator. The data obtained from kinetics study was utilised to derive a 

kinetic model. Heating temperature time profiles can be constructed by using the 

derived kinetic models. This heating profile endorse constant rate of initiator 

decomposition and constant heat evolution due to allylic polymerization.  Dial et. al. 

had suggested use of constant rate polymerization profile based on the following set 

of kinetic equation below (Equation 2.1- 2.6). Dial et. al. had performed the kinetics 

of ADC monomer with IPP initiator (3.3 %) at three different set of temperature viz. 

40, 50 and 60 °C to derived constant rate polymerization profile
26

. Mandrekar et. 

al.
24(a)

 have successfully used these equations for kinetics of ADC polymerization 

using BP initiator at 60, 70 and 80 °C. Also he proved the suitability of the method 

to various monomers at a set of temperature.  
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Where, K4 is rate of polymerization, K1 is the slope, K3 is the rate of reaction, 

Z1 and Z3 are Arrehenius constants, E1 and E3 are corresponding energies of 

activations, M0 and C0 are initial concentrations of monomer and initiator 

respectively, R is gas constant. Temperature T at a given time t is calculated using 

this equation. These equations have also been employed to determine heating 

profiles for hexafunctional monomer
 
and it may be interesting to study the rate of 

polymerization for monomers containing different functionalities and their effect on 

radiation sensitivity. 

We have already extended this method successfully to many other allylic 

monomers and devised constant rate polymerization profiles for such monomers to 

cast thin (0.5 to 0.7 mm) detector films
25

. Constant rate polymerization results in a 

smooth evolution of heat and gives a polymer with more uniform bulk properties. 

We thought of extending this idea for newly prepared phosphate monomers and 

obtaining a constant rate polymerization profile for them. This methodology was 

extended by us to develop constant rate polymerization profile for hexafunctional 

allylic monomer containing phosphate functionalities i.e. for TAP monomer. Also 

for a mixture of ADC and TAP constant rate polymerization profile was developed. 

Kinetic study involves examination of change in the initiator and monomer 
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concentrations at different time intervals. At a particular constant temperature by 

using iodometric analysis, the initiator concentration was established and the 

unsaturation analysis was carried out by Wij’s method. Detailed procedure for 

unsaturation analysis and IPP estimation is given in Chapter 4. 

Starting with known concentrations of monomer and initiator, we determined 

change in their concentrations as a function of time. Residual monomer 

concentration was determined using ICl (Wij method) and peroxide concentration 

was determined by iodometric titration. A series of test tubes containing mixture of 

monomer and IPP initiator (3.3% by weight) were taken, and flushed with nitrogen 

gas and tightly sealed. Three such separate sets were placed in the water bath and 

after certain period of time each test tube was analyzed for its peroxide concentration 

and residual monomer concentration by iodometric titration. This way, the residual 

monomer concentration and peroxide concentration were determined as a function of 

time at 35, 45 and 55
o
C. By using both initiators IPP and BP kinetics of 

polymerization was studied for TAP and poly (TAP-co-ADC). 

 

2.2.2.3 Preparation of polymeric detectors: 

The techniques and instrumental requirements involved during the synthesis of the 

polymeric detectors are given below. 

1. Vacuum pump: A high vacuum pump (Hindvac, India) was utilized to 

generate vacuum of the order of 0.1-0.2 mbar required to distill and purify high 

boiling monomers and also during the experiments related to the determination of 

alpha particle sensitivity of the polymers. 
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2. Mold design: The details of assembling the mold and mold design are shown 

in Chapter 4. For analysis of newly designed monomer/ polymers, we prepared 

smaller moulds of 4” X 4” size.  

3. Polymerization assembly for free radical polymerization: To carry out 

free radical polymerization, initially purified monomer is filtered through 0.45μ 

Ultipor N66 Nylon 6, 6 membrane (make PALL Life Sciences) to remove any 

suspended particles. It was further degassed by bubbling nitrogen gas for period of 

30 minutes. After that appropriate amount of initiator and plasticizer are added to the 

monomer containing flask and the contents are homogenized by swirling. This 

polymerization mixture is then carefully injected into the previously assembled mold 

through the opening in the Teflon gasket. Care is taken not to trap any air bubbles 

which hinder the polymerization process. The mold is then sealed by using Teflon 

stopper and binder in such a way that there is no leakage. The mold is placed into 

heating assembly. It consists of polymerization bath attached to programmable 

Julabo temperature controller. The polymerization bath is coated with insulating 

foam so as to reduce loss of heat. The bath temperature was controlled by external 

using programmable Julabo water circulator (Julabo, F-25 HP, Germany) with a 

temperature control accuracy of ± 0.01 °C. The mold is kept horizontally into the 

polymerization bath (figure 2.26) and over the mold; sufficient weight is placed as 

shown in figure 2.26. The polymerization is carried out by using 12 or 24 hour 

constant rate polymerization temperature-time profile generated for desired 

monomer (in range of 45-95
o
C). After completion of the heating, the mold in 

polymerization vessel is cooled naturally for period of 12-14 hours. The 

polymerization could also be carried out using a polymer press designed for the 
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purpose. In this case, the Julabo water circulator was connected to the platens of the 

press for heating the molds. This arrangement is discussed in Chapter 4.  

 

Figure 2.26: Cast polymerization assembly. 

 

3. Thickness measurements: The thickness of the films prepared is measured 

by using elcometer 456 F Model S DFT electronic gauge (make Great Britain) 

(figure 2.27), over the entire surface of the films, randomly at 100 different points, 

for a film of size 10 cm x 10 cm. The instrument is also used to measure change in 

thickness of detector films while etching studies are performed. 
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Figure 2.27: Elcometer 456F thickness gauze 

 

2.2.2.4 Preliminary evaluation of polymeric detectors 

The techniques and instrumental requirements involved for the preliminary 

evaluation of the polymeric detectors are given below. 

1. Optical microscope: The particle tracks were counted after chemical etching 

using a trinocular optical microscope. The microscope (Axiostar, Carl Zeiss, 

Germany) had optical magnifications of 5x, 10x, 40x and 100x. To capture 

photographs of charged particles, the optical microscope is fitted with Tucsen 
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camera and by using IS software one can take still images of the tracks. One can also 

measure diameter of nuclear tracks by using this software. 

 

 

Figure 2.28: Zeiss Optical microscope 

 

2. Exposure assembly: By using the exposure assembly as shown below in 

figure 1.14, one can expose the polymer samples of size 1x 1cm
2
 to desired source. 

The films are placed on the stage and the height can be adjusted by using the screw 

nuts.  For lower energy particles, the exposure is performed at required distance from 

the source. The exposure assembly is as shown in the figure 2.29 below.  
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Figure 2.29: Polymeric film exposure assembly. 

 

3. Etching of the film: The films exposed to radiation source are etched in 

glass etching bath as shown in figure 2.30. The bath is provided with a thermometer, 

hot water jacket, stainless steel stage and a magnetic stirrer. The apparatus is filled 

with etchant and heated by external circulation of hot water through the jacket. The 

polymer samples are placed in stainless steel cage. Once the etching temperature is 

attained the cage is placed into the etchant.  
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Figure 2.30: Glass assembly for chemical etching of polymeric detector. 

 

4. Determination of bulk etch rate: The bulk etch rate is the important 

parameter which is analyzed during the process of chemical etching. The bulk etch 

rate of the polymer can be determined by following methods 

i. Weight loss method: In weight loss method the weight of the test polymeric 

film before and after the chemical etching of the film is determined. It is also 

referred to as gravimetric method which has some limitation due to lack of exact 

mass measurement. The bulk etch rate is estimated by using formula 

Vb = (M2 – M1) Ti / 2 M1 t      (1) 
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Where, initial mass of polymeric film is given by M1 and M2 is the final mass after 

‘t’ time interval. Initial thickness of polymeric film is given by Ti. 

ii.  Fission fragment track diameter method: This is most oftenly used method 

for determination of bulk etch rate. In this method, the change in fission fragment 

diameter in the polymeric detector previously exposed to 
252

Cf source upon etching 

is measured after certain time intervals. It is determined with the help of an optical 

microscope, camera and IS capture software. Further, the bulk etch rate of the 

polymeric detector is calculated by using the formula given below. 

Vb = Df / 2 t        (2) 

Where, Df is the diameter of fission fragment track measured at time t.  

iii.  Change in thickness method: In this method, the thickness of the polymeric 

film is measured using thickness gauze over the entire area before and after chemical 

etching process. This method can be utilized only for detectors with uniform 

thickness. But, this method fails due to error caused by swelling of the polymer after 

chemical etching. So this method is not used at a large extent. 

5. Counting of particle tracks under optical microscope: The previously 

exposed film upon chemical etching are washed using distilled water 3-4 times and 

dried. The dry films are placed on the glass slide and kept on the microscope stage. 

The film is viewed through eye piece of optical microscope to observe nuclear tracks 

formed over the film by focusing and defocusing under the specified magnification 

(40x, 10x and 5x) and the numbers of tracks per view are counted. In a film of 1x1 

cm
2
 size, 100- 120 views were counted with the help of X-Y stage. The area under 

the observed view was determined for the given magnification and the track density 

(tracks /cm
2
) was calculated using formula given below.  
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ὝὶὥὧὯ ὨὩὲίὭὸώ 
Ὕέὸὥὰ ὲόάὦὩὶ έὪ ὸὶὥὧὯί ὧέόὲὸὩὨ

Ὕέὸὥὰ ὲόάὦὩὶ έὪ ὺὭὩύί ὃὶὩὥ έὪ ὸὬὩ ὺὭὩύ
 

 

6. Sensitivity study: To carry out sensitivity study of the polymers that can 

detect alphas as well as fission fragments, first these films are exposed to 
252

Cf 

source at certain distance (3 cm or 5 cm) under high vacuum for 8-10 hours. After 

exposure these films are etched and change in track diameter is measured after 

specific etching time interval. In a typical setup, the polymeric films are attached on 

aluminium support and are exposed to 
252

Cf source in a vacuum desiccator as shown 

in figure 2.31. The distance of 5 cm is kept between the source and the polymer. The 

films were exposed for 10 hrs under 0.5 mbar vacuum from high vacuum pump. 

Further by noting the diameters of alpha and fission tracks under optical microscope, 

alpha sensitivity is determined by using equation given below.  

ὃὰὴὬὥ ὛὩὲίὭὸὭὺὭὸώ Ὓ  
ρ $ $ϳ

ρ $ $ϳ
 

Where Diameter of alpha track is given by D and diameter of fission fragment track 

is given by Df. 
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Figure 2.31: Exposure of polymeric film detector to 
252

Cf source under vacuum for 

alpha sensitivity study. 
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As mentioned earlier, the bulk etch rate can be determined from weight change of 

the film before and after etching process by using equation 1. Also bulk etch rate Vb 

of the films can be determined from fission diameter by using equation 2. 

ὄόὰὯ ὩὸὧὬ ὶὥὸὩ ὠ  
ὓ ὓ Ὕ

ςὓὸ  ------1 

ὄόὰὯ ὩὸὧὬ ὶὥὸὩ ὠ  
Ὀ
ςὸ            ------2 

Where Mf, is the final weight of the polymeric film after etching for time t. 

Mi and Ti is the initial weight and thickness of the polymeric film respectively. 

 

2.3 Designing and synthesizing phosphorus containing monomers/polymers 

for SSNTD applications:  

As mentioned previously, the literature survey indicates that the presence of 

radiation sensitive groups in the monomer increases the alpha sensitivity of a 

detector.  In the commercially available CR-39 detector, the sensitivity is due to the 

presence of carbonate functionality and ether linkage. Our group have already 

prepared many polymeric detectors
18-20

 consisting of various functional groups and 

hetero atoms and proved that the sensitivity of the detectors increases. Earlier reports 

indicated that there is no literature available using phosphorus containing polymer 

for nuclear track detection studies. Hence, we decided to prepare and analyze 

monomers/polymers with phosphate, phosphoramide functionalities. Particularly, we 

have prepared triallyl phosphate TAP (1), 2,2-dimethylpropan-1,3-diyl 

diallylphosphoramidate (DMPDDP) (2) and Pentaerythrityl bis 

(diallylphosphoramidate) (PEBDP) (3) monomers. The monomer (1) consists of one 

phosphate group attached to 3 allylic groups. The presence of three allyl groups 

should help in cross linking 3D polymeric network and phosphate linkage should 
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impart the radiation sensitivity property. Similarly in monomers (2) and (3) there are 

two and four allyl groups respectively that should form a hard polymer and also have 

phosphamide linkage that should impart the radiation sensitivity. These TAP was 

prepared by condensation of phosphorus oxychloride and allyl alcohol in presence of 

base at low temperature. DMPDDP and PEBDP were prepared by reacting diallyl 

amine with DPPC and SPDPC respectively at lower temperature. DPPC and SPDPC 

in turn, were prepared by refluxing neopentyl glycol and pentaerythritol respectively 

with phosphorus oxychloride. Further the prepared monomers were tested for their 

stability with initiators at elevated temperature. 

It has been observed that vacuum distillation of the monomers gives pure and 

good quality polymeric films. Stability of the monomers to high temperature defines 

the type of conditions to be used for purification. These monomers have high boiling 

points and could not be purified by normal distillation. They sometimes get self 

polymerized or decompose upon heating even when subjected to vacuum distillation. 

So, techniques like flash chromatography or normal silica-gel column 

chromatography could be utilized for their purification. As no problems other than 

polymerization were observed, thermal studies using DSC or TG-DTA techniques 

were not carried out. Here, we have also considered the stability of other monomers 

that will be further used for copolymerization process. Table 2.1 depicts the stability 

purification techniques utilized for the prepared monomers. 

 

Table 2.1: Stability of the monomers and their purification techniques 

Monomer Stability Purification technique 

TAP Not stable under normal 

distillation  

Vacuum distillation at 100 °C and 0.5 

mbar pressure 

DMPDDP Not stable under normal Column chromatography using 30% 
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distillation Ethyl acetate in petroleum ether 

PEBDP Solid compound, 

melting point 142 
o
C 

Column chromatography using 3:7 

mixture of Ethyl acetate-n-Hexanes  

ADC Not stable at normal 

distillation condition 

0.1-0.2mbar at 150-160 °C 

PETAC Polymerizes during 

vacuum distillation 

Column chromatography using 8:2 

mixture of n-Hexanes-ethyl acetate 

NADAC Polymerizes during 

vacuum distillation 

Silica gel column chromatography using 

3:7 ethyl acetate and n-hexane  

NAAAC Polymerizes during 

vacuum distillation 

Column chromatography 30% ethyl 

acetate in petroleum ether 

 

2.3.1 Cast polymerization of monomers to obtain test polymers: 

The polymerization of monomers prepared is normally carried out using initiators 

like benzoyl peroxide (BP) or isopropyl peroxydicarbonate (IPP). BP is 

commercially available and used after recrystalization using ethanol and chloroform 

solvent mixture. Polymers prepared using BP requires higher curing temperature 

during polymerization. Polymers prepared using BP is less sensitive and decrease in 

sensitivity is due to loss of particle energy to ring vibration of benzene rings. 

Therefore, IPP is preferred for polymerization while casting detector films. It has 

lower decomposition temperature that allows initiation of the polymerization at 

lower temperature. Monomers having phosphate moieties are stable and can be 

polymerized using both IPP and BP initiators. The monomers containing 

phosphoramide groups are found to react on heating with IPP as well as BP initiators 

at higher temperature. The monomers form dark brown liquid upon heating with the 

initiators for longer period of time. The mixture of ADC and PEBDP with initiator 

decomposes to give brownish black coloured liquid upon heating at higher 

temperature. Table 2.2 gives the observations regarding gelation of the monomers. 
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Table 2.2: Stability studies for monomers in presence of initiators. 

Monomer 

(w/w) 

% IPP 

initiator 

Temperature 

o
C 

Observation 

TAP 4 50 
Gelation in 2 hours, colourless 

hard polymer in 8 hours 

DMPDDP 4 55 No gel formation up to 8 hours 

TAP:ADC (1:1) 4 55 
Yellow gel in 4 hours, light 

brown polymer in 12 hours 

DMPDDP:ADC (1:1) 4 60 
No gel formation even after 12 

hours, dark brown liquid 

PEBDP:ADC (1:1) 4 60 
No gel formation even after 12 

hours, dark brown liquid 

 

From above Table it is clear that out of the three monomers prepared, only TAP can 

be cast polymerized. Rest two having phosphoramide linkage could not be 

polymerized using IPP/BP.  

Cast polymerization of the monomers to prepare test polymers was done 

using suitable amount of initiator, following 12 hours constant rate polymerization 

profile developed for ADC
26

. The test polymerization is carried out so as to know 

whether it is suitable for track detection or not. It is also copolymerized with ADC, 

PETAC, NADAC and NAAAC monomers. The curing condition and amount of 

initiator used for test polymers is given in Table 2.3. 

 

Table 2.3: Curing conditions used for polymerization of different test polymers. 

Monomer 

(w/w) 

Initiator used 

(wt. %) 

Heating profile (Temperature range) 

TAP IPP (3.3) ADC polymerization profile (45-95 °C) 

TAP:ADC(1:1) IPP (3.3) ADC polymerization profile (45-95 °C) 
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TAP:PETAC (1:1) IPP (4.0) ADC polymerization profile (45-95 °C) 

TAP:NADAC(1:1) IPP (4.0) ADC polymerization profile (45-95 °C) 

TAP:NAAAC (1:1) IPP (4.0) ADC polymerization profile (45-95 °C) 

 

All the polymeric films prepared were hard enough and transparent. Other physical 

properties of the test polymers are recorded in Table 2.4 below. 

 

2.3.2 Initial Track detection and sensitivity studies of test polymers: 

The test polymeric films were cut into pieces of size 1 cm x 1 cm and were exposed 

to 
239

Pu alpha source and to a 
252

Cf source for fission fragments. All the exposed 

films were etched in 7N NaOH at 70 
o
C. Copolymers of TAP with ADC, PETAC 

and NADAC showed charged particle tracks. However, hardly any tracks are shown 

by the homopolymer PTAP. The bond energy data indicates that the P-O bond is 

stronger than C-O or N-O bonds but the P=O bond is relatively weaker than C=O. 

Also it is known that the thermal and hydrolytic stability of P=O is more as 

compared to P=S and P=Se bonds
27

. Oxygen is more electronegative than 

phosphorus and the stability of P=O bond may be expected to depend upon the other 

substituents attached to phosphorus atom. In case of triallyl phosphate, due to 

presence of three electronegative oxygen atoms attached to the phosphorus, the P=O 

bond is expected to be shorter which results in its increased bond strength. Although, 

the bond energy of P=O bond is lesser than that of C=O bond, P=O bond in 

homopolymer PTAP may be expected to be strong enough to resist the alkaline 

hydrolysis during chemical etching which is well supported by its lower bulk etch 

rates (about 0.008 µ/hr) compared to that of PADC (0.016 µ/hr).  It is also possible 

that lone pairs on oxygen of the phosphate group are held relatively strongly, so that 

ejection of these electrons (i.e. delta rays which cleave surrounding bonds thereby 
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forming tracks) is probably not sufficient resulting into formation of very less 

number of tracks when compared with PADC which has a carbonate link. We have 

noted that PTAP exposed to 
239

Pu alpha particles at a distance of three centimetres 

from source hardly shows any alpha tracks when compared with PADC detector. 

Poly (TAP-co-NAAAC) after etching for 60 minutes became hazy white. This may 

be due to the presence of NH linkages in the polymer matrix. Even if the charged 

particle produces tracks in such cases, they will be deep inside the polymer. 

However, very slow etching rates will not permit development/observation of such 

tracks and the etching time required in such cases will be very high and practically 

not acceptable. 

 

Table 2.4: Physical and track detection properties of the polymers 

 

The post etch surface of the polymeric films and track revelation time in 6N 

NaOH at 70 
o
C was also determined and given below in Table 2.5. Initially, from the 

results obtained it is clear that, monomers containing phosphate-carbonate linkages 

reveal tracks after 2 hours of chemical etching. However, copolymers with higher 

concentration of triallyl phosphate cracked upon etching for longer period of time. 

Homopolymer PTAP also cracked soon after etching for 1 hour due to which tracks 

Polymer composition 

(w/w) 

Avg. 

Thickness 

(m) 

Color and hardness 

before etching 

Type of tracks 

revealed after 

chemical etching 

TAP 580±10 Colorless hard film No tracks seen 

TAP:ADC(1:1) 600±10 Colorless hard film Alpha and fission 

TAP:PETAC (1:1) 578±10 Hard pale yellow film Alpha and fission 

TAP:NADAC(1:1) 615±10 Light brown hard film Alpha and fission 

TAP:NAAAC (1:1) 622±10 Hard brownish film hazy white film 
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could not be observed in it.  Copolymers of TAP with PETAC as well as NADAC 

can develop tracks in 2 to3 hours and post etched surface was clear. Alpha sensitivity 

of copolymers poly (TAP-co-PETAC; 1:1 w/w) and poly (TAP-co-NADAC; 1:1 

w/w) was found out to be low as compared to that with poly (TAP-co-ADC; 1:1 

w/w). This may be due to higher cross linking network occurring in copolymers of 

monomers having hexafunctionality and octafunctionality. Due to which it becomes 

hard and strong enough. Poly (TAP-co-NAAAC) became opaque white upon 

etching. 

 

Table 2.5: Track recording properties and post etched surface study of different test 

polymers of TAP. 

Sr. 

No. 

Composition of 

polymer 

(w/w) 

*Time for track 

revelation in minutes 

in 6N NaOH at 70 °C 
Alpha 

sensitivity 

Post etched surface 

of polymers 
Alpha 

track 

Fission 

fragment 

1 TAP homopolymer - - - Cracks developed 

2 TAP-ADC (2:8) 140 120 1.25 Clear 

3 TAP-ADC (3:7) 120 100 1.61 Clear 

3 TAP-ADC (4:6) 120 100 1.40 Clear 

4 TAP-ADC (1:1) 140 120 1.59 Clear 

5 TAP-PETAC (1:1) 180 100 1.31 Clear 

6 TAP-NADAC (1:1) 160 90 1.33 Clear 

7 TAP-NAAAC (1:1) Tracks could not be seen Hazy white 

8 PADC 120 90 1.28 Clear 

9 CR-39 120 90 1.22 Clear 

*Exposure: 
239

Pu at 2 mm for 2 minute and 
252

Cf at 2mm for 2 h; Etching condition: 6N NaOH at 70 

o
C  

 From the initial study regarding alpha sensitivity, it may be noted that some 

of the copolymers have higher sensitivity than that of the commercially available 
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CR-39 polymer. The sensitivity of the polymeric detectors can be enhanced by 

optimizing polymerization and etching conditions. The ratio of monomer mixture or 

monomer concentration also needs to be optimized first. The initiator concentration 

should be optimized to enhance the sensitivity property of polymers. First and 

foremost, the polymerization condition is optimized by performing the kinetics study 

of the polymerization. 

 

2.3.3 Polymerization Kinetics of TAP monomer using IPP initiator: 

 Different amount of % IPP initiator (w/w) was mixed with TAP monomer 

and the mixture was flushed with dry nitrogen gas. The mixture was taken in test 

tubes and the time required for gel formation was noted at the specified temperature. 

The results are given in the Table 2.6 below. The gel formation for a hexafunctional 

monomer occurs at approximately 75% unsaturation. It was decided to study the 

kinetics of polymerization at 35, 45 and 55 °C. 

Table 2.6: Time required for the gelation of TAP using different %IPP concentration 

at different temperature. 

IPP concentration 

(% by  weight) 

Temperature 

o
C 

Time (h) Remark 

 

0.5 

40 10 Mobile gel 

50 9 Immobile gel 

60 2 Immobile gel 

 

1.5 

40 10 Immobile gel 

50 3 Immobile gel 

60 1 Immobile gel 

 

3.0 

35 8 Mobile gel 

40 5 Immobile gel 

45 4 Immobile gel 

50 1.5 Immobile gel 
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55 1 Immobile gel 

60 1 Immobile gel 

 Further, TAP monomer was mixed with 3.0% IPP initiator and was taken in a 

set of test tubes. The mixture was flushed with nitrogen and test tubes sealed with 

rubber stopper. The test tubes were placed in a constant temperature thermostat and 

were heated at a constant temperature. A test tube was removed after particular time 

interval and analyzed for its percentage unsaturation and initiator concentration with 

respect to time. The results of such analysis at three different temperatures are 

reported. The data for the temperature sets 35, 45, and 55 
o
C are given below in 

Table 2.7, 2.8, and 2.9 respectively. 

Table 2.7: Peroxide and unsaturation contents for different time interval at 35 
o
C 

Sr. No. 
Time (h) Unsaturation (%) Peroxide (%) 

1 0 100.00 3.13 

2 1 97.83 3.06 

3 2 94.95 3.04 

4 3 91.39 2.87 

5 4 87.47 2.84 

6 5 85.63 2.82 

7 6 84.37 2.73 

8 7 83.45 2.77 

9 8 80.05 2.68 

10 9 79.76 2.66 

 

Table 2.8: Peroxide and unsaturation contents for different time interval at 45 
o
C 

Sr. No. Time (h) Unsaturation (%) Peroxide (%) 

1 0 100.00 3.10 

2 0.5 98.08 3.02 
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3 1 95.12 2.95 

4 1.5 92.69 2.88 

5 2 89.70 2.87 

6 2.5 86.08 2.80 

7 3 83.29 2.70 

8 3.5 82.17 2.62 

9 4 80.72 2.66 

10 4.5 78.34 2.54 

 

Table 2.9: Peroxide and unsaturation contents for different time interval at 55 
o
C 

Sr. No. Time (h) Unsaturation (%) Peroxide (%) 

1 0.00 100.00 3.14 

2 0.10 97.14 2.97 

3 0.20 94.21 2.82 

4 0.30 91.81 2.86 

5 0.40 89.04 2.74 

6 0.50 87.93 2.75 

7 0.60 85.87 2.69 

8 0.70 84.22 2.68 

9 0.80 82.85 2.67 

10 0.90 80.41 2.51 

  

 The graphical representation of the results obtained in kinetic study is shown 

below in figure 2.32  
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Figure 2.32: Graphical representation of the amount of initiator and unsaturation at 

35, 45 and 55 °C in %monomer conversion for TAP. 

The slopes obtained for three lines were  

At  35 
o
C, K1= 43.12 

45
 o
C, K1= 41.17 

55
 o
C, K1= 34.80 

The values obtained are in decreasing order and are above the limiting values 

for the slope. These values were then used to obtain the kinetic constants E
1
, Z

1
, E

3
, 

and Z
3
. The values are given below in Table 2.10. 

 

Table 2.10: Values obtained for the constants given in the Dials equation. 

Sr. No. Constant Value 

1 R 1.986 

2 E1 -2135 

3 E3 22459 

4 Z1 0.133 E+1 

5 Z3 1.43 E+14 
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 By using a FORTRAN program, Dial’s equations were solved and a 

temperature time polymerization profile was calculated
26

. The profile obtained from 

the program was for 12 hours. 12 and 24 hour constant rate polymerization profile 

using IPP initiator is shown in figure 2.33. 

 

Figure 2.33: Constant rate polymerization profile for TAP and poly (TAP-co-ADC; 

3:7 w/w) using 3.3% IPP. 

To check the effectiveness of generated polymerization profile; the 

correlation study was also performed and found to be in good agreement with 

calculated polymerization profile for homopolymer. In correlation study, to see the 

efficacy of both 12 and 24 hour polymerization profile 12/ 24 test tubes were filled 

with monomer mixture and heated in programmable Julabo water bath. The constant 

rate polymerization profile developed for homopolymer PTAP was fed into the 

Julabo software and heating was started as per the profile. A test tube was removed 

after every hour and unsaturation analysis was carried out. The results obtained are 

given in the figure 2.34 below.  
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Figure 2.34: Verification of 24 hour polymerization profile for PTAP and 12 hour 

polymerization profile for Poly (TAP-co-ADC). 

 

Figure 2.35: Verification of 12 hour polymerization profile for PTAP. 

The correlation coefficient for 24 hour PTAP constant rate polymerization 

profile was found out to be 0.9980 but it may note that for the first 12 hours, the 

linear correlation coefficient was 0.9998. When correlation studies were carried out 

for 12 hour constant rate polymerization profile for PTAP (Figure 2.35), linear 
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correlation coefficient was 0.9931. As polymerization proceeds, more and more 

three dimensionally cross-linked polymer is formed which is increasingly insoluble 

in the solvent used for Wij method. This might result in lesser estimation of non-

polymerized C=C bonds which might remain trapped in the rigid polymer structure. 

 

2.3.4 Polymerization Kinetics of TAP:ADC (3:7 w/w) copolymer using IPP 

initiator: 

 The copolymer of ADC with TAP was found have higher alpha sensitivity 

than CR-39 detector. So the kinetics of polymerization using IPP initiator of the 

monomer mixture was carried out. In a TAP:ADC (3:7 w/w) monomer mixture 3.3% 

IPP initiator (w/w) was added and the mixture was flushed with dry nitrogen gas. 

The mixture was taken in test tubes and the time required for gel formation was 

noted at the specified temperature. The results are given in the Table 2.11 below. It 

was decided to study the kinetics of polymerization at 35, 45 and 55 °C. Time 

required for gel formation is given below. 

Table 2.11: Time for gelation of 3:7 w/w TAP:ADC monomer mixture at specified 

temperatures. 

Temperature Time for gelation in hours observation 

35 11 mobile gel 

45 3.45 immobile gel formed 

55 1 immobile gel formed 

 

At a temperature of 35, 45 and 55 
o
C, the mixture of TAP:ADC (3:7 w/w) and 3.3% 

IPP mixture was heated. All test tubes were analyzed for initiator concentration as 

well as for unsaturation content. The results obtained at three different set of 

temperatures are given in Tables 2.12, 2.13 and 2.14 below  
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Table 2.12: Peroxide and unsaturation contents for different time interval at 35 
o
C 

Sr. No. Time (h) Unsaturation (%) Peroxide (%) 

1 0 100 3.31 

2 1 96.79 3.23 

3 2 92.73 3.1 

4 3 89.53 3.07 

5 4 86.39 3.01 

6 5 81.19 2.95 

7 6 77.53 2.91 

8 7 75.38 2.86 

9 8 73.18 2.72 

10 9 70.29 2.63 

11 10 68.39 2.42 

 

Table 2.13: Peroxide and unsaturation contents for different time interval at 45 
o
C 

Sr. No. Time (h) Unsaturation (%) Peroxide (%) 

1 0 100.00 3.35 

2 0.33 90.10 3.11 

3 0.67 85.53 3.03 

4 1 81.53 2.91 

5 1.34 79.24 2.78 

6 1.68 75.49 2.65 

7 2.02 68.74 2.54 

8 2.35 66.62 2.48 

9 2.69 64.29 2.40 

10 3.03 61.48 2.33 

11 3.36 59.08 2.22 

 

Table 2.14: Peroxide and unsaturation contents for different time interval at 55 
o
C 

Sr. No. Time (h) 
Unsaturation 

(%) 
Peroxide (%) 
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1 0.00 100.00 3.34 

2 0.10 87.56 2.89 

3 0.20 81.35 2.64 

4 0.30 72.37 2.28 

5 0.40 65.16 2.14 

6 0.50 61.88 2.06 

7 0.60 54.57 1.89 

8 0.70 50.74 1.82 

9 0.80 46.52 1.72 

10 0.90 45.52 1.66 

11 1.00 45.35 1.57 

 

The gelation of the monomer mixture occurs at 65% residual unsaturation. 

The results obtained are represented in graphical manner in figure 2.36 below. 

 

Figure2.36: Decomposition of IPP initiator in (TAP+ADC) monomer at 35, 45 and 

55 °C.  

The slopes (K1) obtained for above figure 2.36 are given below: 

K1 = 39.71 at 35 °C 

= 36.04 at 45 °C 

= 32.92 at 55 °C 
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The values obtained are in decreasing order and are above the limiting values 

for the slope. These values were then used to obtain the kinetic constants E
1
, Z

1
, E

3
, 

and Z
3
. The values are given below in Table 2.15. 

 

Table 2.15: Values obtained for the constants given in the Dials equation. 

Sr. No. Constant Value 

1 R 1.986 

2 E1 -1877.31 cal 

3 Z1 1.83 

4 E3 33238.31 cal 

5 Z3 1.16 x 10
22

 

 

By solving Dial’s equations, a heating profile was calculated.  The heating 

profile for copolymerization was calculated for 11 hours and the curve was smoothly 

extrapolated to obtain a 12 hour heating profile for TAP-ADC monomer mixture 

using IPP initiator as shown in figure 2.33. Also 24 hour heating profile for same 

mixture was generated. Both 12 and 24 hour constant rate polymerization profile for 

poly (TAP-co-ADC) are shown in figure 2.33. 

The constant rate polymerization profile for poly (TAP-co-ADC) was also 

verified for its effectiveness. It is graphically represented in figure 2.34. The constant 

rate polymerization profile for poly (TAP-co-ADC), is supported well by the linear 

correlation coefficient (R
2
) of 0.9989. This clearly indicates that the polymerization 

profile generated by us for copolymer is in good agreement with the kinetic model as 

proposed by Dial and co-workers and can be used for cast polymerization process.  

 

2.3.5 Polymerization Kinetics of TAP:ADC (3:7 w/w) copolymer using BP 

initiator: 
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Kinetic study of TAP-ADC mixture using benzoyl peroxide (BP) initiator at 

55, 65 and 75 
o
C was also carried out in similar fashion to generate 12 hour constant 

rate polymerization profile shown in figure 2.23. The time required for gel formation 

using 3.3% BP at different specified temperature was determined. The results are 

given in Table 2.16.  

Table 2.16: Time for gelation of 3:7 w/w TAP: ADC monomer mixture at specified 

temperatures using BP. 

Temperature 
o
C Time for gelation in hours observation 

55 8 immobile gel 

65 3 immobile gel formed 

75 1.5 immobile gel formed 

 

Further, the kinetics was studied at 55, 65 and 75 
o
C temperature. The above 

monomer mixture was heated in a set of test tubes at particular temperature. All test 

tubes were analyzed for initiator concentration as well as for unsaturation content. 

The results obtained at three set of temperatures are given in Table 2.17, 2.18 and 

2.19.  

Table 2.17: Peroxide and unsaturation contents for different time interval at 55 
o
C 

Sr. No. Time (h) Unsaturation (%) Peroxide (%) 

1 0 100.00 3.30 

2 1 96.43 3.22 

3 2 91.23 3.11 

4 3 85.22 2.96 

5 4 79.01 2.83 

6 5 74.21 2.68 

7 6 70.43 2.61 

8 7 68.54 2.56 

9 8 65.87 2.51 
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Table 2.18: Peroxide and unsaturation contents for different time interval at 65 
o
C 

Sr. No. Time (h) Unsaturation (%) Peroxide (%) 

1 0 100.00 3.35 

2 0.37 97.64 3.32 

3 0.73 94.33 3.28 

4 1.10 91.05 3.19 

5 1.47 85.71 3.01 

6 1.83 82.50 2.96 

7 2.20 81.34 2.86 

8 2.57 80.73 2.81 

9 2.93 75.72 2.60 

 

Table 2.19: Peroxide and unsaturation contents for different time interval at 75 
o
C 

Sr. No. Time (h) Unsaturation (%) Peroxide (%) 

1 0.00 100.00 3.33 

2 0.25 92.35 3.25 

3 0.5 89.11 3.17 

4 0.75 83.21 2.94 

5 1 78.34 2.72 

6 1.25 72.42 2.64 

7 1.5 70.02 2.55 

8 1.75 69.21 2.48 

9 2 65.61 2.22 

 

The gelation of the monomer mixture occurs at 79% residual unsaturation. 

The results obtained are represented in graphical manner in figure 2.37 below. 
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Figure 2.37: Decomposition of BP initiator in (TAP+ADC) monomer at 55, 65 and 

75 °C. 

The slopes (K1) obtained for above figure 2.37 are given below: 

K1 = 42.40 at 55 °C 

= 31.78 at 65 °C 

= 30.39 at 75 °C 

The values obtained are in declining order and are above the limiting values 

for the slope. These values were then utilized to obtain the kinetic constants E
1
, Z

1
, 

E
3
, and Z

3
. The values are given below in Table 2.20. 

 

Table 2.20: Values obtained for the constants given in the Dials equation for TAP-

ADC. 

Sr. No. Constant Value 

1 R 1.986 

2 E1 
-3796 cal 

3 Z1 
1.19 x 10

-1
 

4 E3 
17489 cal 
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5 Z3 
1.37 x 10

10
 

 

The constants E1, E3, Z1 and Z3 involved in Dial equation are given in Table 

2.20 above.  Dial in his work has already pointed out that the roots of kinetic 

equation become imaginary at the end of profile and hence it is sometimes not 

possible to calculate the values of polymerization temperature. This was also 

observed by us in this case. Hence, polymerization was continued at constant 

temperature of 100 °C after eight hours to complete twelve hour heating profile as 

seen from figure 2.38. The constant rate polymerization profile for poly (TAP-co-

ADC) using BP initiator was also verified for its effectiveness. It is graphically 

represented in figure 2.39. It is supported well by the linear correlation coefficient 

(R
2
) of 0.9897. This clearly indicates that the polymerization profile generated by us 

for copolymer using BP initiator is in good agreement with the kinetic model as 

proposed by Dial and co-workers and can be used for cast polymerization process. 

Although, we have studied the kinetics of TAP-ADC co-polymerization 

using BP, we recommend the use of IPP for polymerization as it leads to good 

quality detector films. Also the background tracks like features are lesser in case of 

films prepared by using IPP as compared to that by using BP. 
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Figure 2.38: Constant rate polymerization profile for poly (TAP-co-ADC; 3:7 w/w) 

using 3.3% Benzoyl peroxide initiator 

 

 

Figure 2.39: Verification of 12 hour polymerization profile for Poly (TAP-co-ADC) 

profile using 3.3% BP initiator. 

Further, by using constant rate polymerization profile developed for both 

homopolymer and copolymer of TAP and ADC, optimization of monomer / catalyst 

concentration and etching condition was carried out.  
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2.3.6 Optimization of monomer concentration (TAP-ADC ratio): 

The monomer prepared is first homopolymerized to find out its track detection 

properties. The various copolymers of ADC with TAP were prepared and their track 

detection properties were studied. TAP-ADC constant rate polymerization profile 

derived using 3.3% IPP was utilized for preparation of copolymers i.e. 1:9, 2:8, 3:7, 

4:6 and 1:1 w/w monomer ratio. The polymers having higher ADC concentration 

(i.e. 6:4- 9:1 w/w ratio of TAP-ADC) were also prepared. The polymers were tested 

for the amount of unsaturation left after complete polymerization. Table 2.21 gives 

the physical properties of the various polymers prepared from TAP and ADC. All 

the copolymers prepared were light brown in color and could detect alpha and 

fission tracks. 

Table 2.21: Physical properties of TAP homopolymer and copolymers with ADC 

 

Further, each of the films were cut into small piece of 1 x 1 cm
2
 sizes and 

exposed to fission fragments from 
252

Cf source and alpha particles from 
239

Pu source 

Sr. 

No. 

Polymer 

composition 

TAP:ADC (w/w) 

Thickness 

of 

Film  (m) 

Residual 

Unsaturation 

(%) 

% Polymerization 

1 1:9 523.5 11.75 88.25 

2 2:8 522.9 6.90 93.10 

3 3:7 461.6 7.77 92.23 

4 4:6 516.1 14.2 85.80 

5 1:1 579.3 14.3 85.70 

6 6:4 482.9 18.09 81.91 

7 7:3 550.5 11.15 88.85 

8 8:2 617.4 7.99 92.01 

9 9:1 511.8 5.16 94.84 

10 PTAP 580.9 4.7 95.30 

11 PADC 450 5.02 94.98 
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in close 0.2 cm distance. These films were etched in 7N NaOH at 70 
o
C and 

compared with PADC/CR-39 detectors exposed under identical conditions. 

Homopolymer could not reveal any tracks even after etching for 180 minutes using 

identical etching condition. The time required for track revelation is given in Table 

2.22 below. 

Table 2.22: Time required to reveal alpha and fission fragment tracks in TAP-ADC 

polymers. 

Sr.no 

Composition of 

polymer  

TAP:ADC (w/w) 

Alpha track 

development time 

(min) 

Fission fragment track 

development time (min) 

1 TAP - - 

2 1:9 140 120 

3 2:8 140 120 

4 3:7 120 100 

5 4:6 120 100 

6 1:1 140 120 

7 6:4 140 120 

8 7:3 150 120 

9 8:2 150 120 

10 9:1 150 120 

11 PADC 120 60 

12 CR-39 120 60 

  

From the track revelation studies it can be seen that the time required to 

reveal alpha tracks is more in polymers with higher concentration of TAP and for 3:7 

(w/w) ratio of TAP: ADC, it is almost same as that of CR-39. Fission tracks in poly 

(TAP-co-ADC; 3:7 w/w) film were also revealed comparatively faster as compared 

to all other copolymers.  
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 The sensitivity of the films were measured based on variation of alpha and 

fission track diameters and is given in Table 2.23. 

 

Table 2.23: Sensitivity values and the post etch rate of different copolymers. 

Sr. 

No. 

Composition of polymer 

(w/w) 
Alpha sensitivity Remark 

1 TAP - Cracks developed 

2 TAP-ADC (1:9) 1.3 Hard, clear 

3 TAP-ADC (2:8) 1.25 Hard, transparent 

4 TAP-ADC (3:7) 1.68 Clear 

5 TAP-ADC (4:6) 1.4 Clear 

6 TAP-ADC (1:1) 1.59 Hard, light brown 

7 TAP-ADC (6:4) 1.28 Clear 

8 TAP-ADC (7:3) 1.25 brittle, few cracks developed 

9 TAP-ADC (8:2) 1.21 Hard and brittle film 

10 TAP-ADC (9:1) 1.12 brittle, few cracks developed 

14 PADC 1.28 Clear 

15 CR-39 1.22 Clear 

   From the data obtained it is clear that the alpha sensitivity of TAP-ADC 

copolymers with ratio 3:7, 4:6 and 1:1 is more as compared to commercially 

available CR-39 detectors. The sensitivity decreased with increase in concentration 

of TAP in the copolymers. Homopolymer PTAP could not reveal any tracks. 

 

2.3.7 Optimization of initiator concentration:  

Type of initiator and initiator concentration plays a very important role in casting 

polymeric films. The bulk property varies with type and concentration of initiator 

used. For nuclear track detection polymers preparation it becomes crucial to choose 

a initiator and its concentration as it directly affects the sensitivity and track 
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detection properties of detectors prepared. So to determine the optimum initiator 

concentration in a particular track detector, a series of polymer films with varying 

initiator concentration and optimized monomer concentration (ADC: TAP; 3:7 w/w) 

are prepared and subjected to alpha sensitivity analysis.  

Alpha sensitivity becomes maximum for particular concentration of initiator 

which is considered as optimum initiator concentration. Alpha sensitivity of the 

polymers prepared was determined by track diameter method.  

 

Optimization of initiator concentration for TAP: ADC 3:7 w/w copolymer: The 

optimization of monomer concentration studies revealed that the TAP: ADC; 3:7 

w/w copolymer has a maximum sensitivity in the series of copolymers prepared of 

TAP and ADC. The cast polymerization of the monomer mixture (TAP:ADC; 3:7 

w/w) with IPP initiator concentration of 2, 3, 3.3, 4, 5 and 6% w/w was carried out 

using 0.1% DOP plasticizer in all films. The physical properties of all the polymers 

prepared are given in Table 2.24.  

 

Table 2.24: Physical properties of TAP: ADC 3:7w/w copolymers prepared using 

different IPP initiator concentration. 

  Sr. No. IPP concentration 

wt. % 

Thickness 

() 

Hardness 

1 2 550 hard polymer 

2 3 545 hard 

3 3.3 483 hard 

4 4 601 hard 

5 5 560 Hard/brittle 

6 6 554 Hard/brittle 
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 The polymers prepared using 2-6% initiator concentrations are hard and are 

appropriate as track detectors. The polymers with 5 and 6% initiator are hard and 

brittle. Alpha sensitivity measurement studies were performed on all the copolymers. 

 

Figure 2.40: Variation of alpha track diameter in Poly (TAP-co-ADC) copolymers 

prepared using different initiator concentration 

 

Figure 2.41: Variation of fission track diameter in Poly (TAP-co-ADC) copolymers 

prepared using different initiator concentration 
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The variation of alpha and fission track diameters in the polymers is depicted 

in the figures 2.40 and figure 2.41 respectively. It is clearly seen from the figures 

that there is linear increase in alpha as well as fission track diameter with etching 

time indicating uniformity in polymer structure. Post etched surface of all the films 

were clear till 5 hours of etching under 7N NaOH at 70 
o
C temperature. Detector 

films did not become soft throughout the etching process. The alpha sensitivity of 

the polymer films was found out by using the track diameters. The variation of alpha 

sensitivity in different polymers prepared using different initiator is shown in figure 

2.42. Also the variation in bulk etch rates in these polymers is summarized in figure 

2.43. It can be seen from figure 2.42, for the films prepared from 2, 5 and 6% IPP 

concentration bulk etch rate is almost constant and very low. Bulk etch rate of 

polymer with 4% IPP concentration is bit higher and that of polymer film prepared 

with 3.3% IPP concentration it is higher than all other.  

 

Figure 2.42: Variation of alpha sensitivity of poly (TAP-co-ADC, 3:7w/w) films 

with different initiator concentration. 
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Figure 2.43: Bulk etch rate study of 3:7 Poly (TAP-co-ADC; 3:7 w/w) films with 

different IPP initiator concentration 

 For polymers prepared using different initiator concentration, there was large 

variation in alpha sensitivity. The films prepared using 2, 4, 5 and 6% IPP 

concentration were having similar alpha sensitivities and was approximately between 

1.5–1.7. The film with 3.3 % IPP initiator had a maximum sensitivity of 2.20 and 

was the most sensitive amongst the copolymers prepared. The polymer with 3% 

initiator concentration had a maximum sensitivity of 1.99 which was determined 

after 4 hours of etching. The maximum alpha sensitivity obtained for different 

polymers is given below in Table 2.25.   

Table 2.25: Maximum sensitivity observed for different polymers. 

Sr. 

No. 

IPP concentration 

(% by weight) 

Maximum alpha 

sensitivity 

Time (h) to attain 

maximum sensitivity 

1 2 1.5 3 

2 3 1.99 4 

3 3.3 2.20 3 

3 4 1.66 5 
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4 5 1.75 7 

5 6 1.56 5 

 

2.3.8 Optimization of Etching Conditions for TAP:ADC 3:7w/w copolymer:  

Once the initiator concentration is optimized, the films with optimized 

initiator concentration were etched under different etching medium at different 

temperature and its post etch surface was analyzed so as to optimize the etching 

condition. For poly phosphate-carbonate polymeric films lower etchant 

concentration i.e. 4N or 5N NaOH solution could not reveal tracks at faster rate and 

films etched at higher etchant concentration (10 – 12N NaOH solution) cracked 

severely after 2 hours at 70 
o
C, so we considered 6-9N NaOH solution during 

optimization of etching condition. The time required for track development and post 

etch appearance of the surface was observed for TAP:ADC 3:7 w/w copolymer. The 

films were therefore etched at temperatures of 60, 70 and 80 °C. Table 2.26 gives the 

track revelation time under different etching condition for poly (TAP-co-ADC; 3:7 

w/w) film. 

Table 2.26: Time required for track development in the films poly (TAP-co-ADC, 

3:7 w/w) at different temperature and different concentration of etching medium. 

Etchant 

 

Temperature 

(
o
C) 

Time required for track 

revelation in minutes Post etch surface 

 Alpha 

tracks 

Fission 

fragments 

     

 
60 240 120 Clear 

6N NaOH 70 180 100 Clear 

 
80 120 60 Rough  

     

 
60 210 80 Clear 

7N NaOH 70 120 60 Clear 

 
80 120 60 Clear 
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 From the Table above the time required for track revelation was more when 

the film was etched at 6N NaOH at 60 °C. The films when etched in 6N NaOH 

solution at 80 
o
C, time required for revelation of alpha tracks was 120 minutes and 

that for fission fragments was 60 minutes but the post etch surface of the film was 

rough due to higher temperature condition. Time required to reveal alpha tracks and 

fission fragments was more when the films were etched in 7N NaOH solution at 60 

o
C. At etching condition of 7N NaOH and 70 

o
C, polymeric film revealed alpha 

tracks and fission fragments in 120 and 60 minutes respectively. The post etch 

surface after etching it in 7N NaOH at 70 
o
C was clear and tracks could be observed 

clearly. Further, upon increase in the etchant concentration and temperature, the post 

etch surface of the film became rough and even cracks were developed in some 

cases. When etched in 8N and 9N NaOH solution at 70-80 
o
C, post etch surface of 

the film was rough and tracks could not be viewed clearly under optical microscope. 

So we considered 7N NaOH and 70 
o
C temperature as optimum etching condition 

for poly (TAP-co-ADC) polymers.    

Finally 3:7 poly (TAP-co-ADC) film was prepared using optimized initiator 

concentration and the sensitivity of the optimized film was determined at optimized 

etching condition i.e. 7N NaOH at 70 
o
C and compared it with indigenously prepared 

PADC and CR-39 films. 

     

 
60 150 60 Clear 

8N NaOH 70 120 60 Cracks developed 

 
80 100 60 Cracks developed 

     

 
60 120 60 Rough surface 

9N NaOH 70 110 50 film became brittle 

 
80 120 50 cracks seen 
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2.3.9 Sensitivity Studies under Optimized Conditions:  

Poly (TAP-co-ADC; 3:7 w/w) film prepared using optimized conditions was 

exposed to 
252

Cf source under 2 mm of Hg pressure at height of 5 cm from the 

source and for a period of 8 hours. These exposed films were then etched under 

optimized etching condition as a function of time and sensitivity at optimized 

condition was determined as reported below in Table 2.27. Also time required for 

track revelation in all developed polymers was observed at optimized condition and 

compared with commercially available CR-39 detector. 

Table 2.27: Time required for alpha and fission tracks when etched under 7N NaOH 

medium at 70 
o
C and their sensitivity at different time interval. 

Polymer 

composition 

TAP:ADC 

(w/w) 

 

Time required to 

observe (minutes) 
Maximum sensitivity 

c
 S after 

alpha 

tracks
a
 

fission 

fragments
b
 

1 

hour 

2 

hour 

3 

hour 

4 

hour 

5 

hour 

1:9 120 60 1.3 1.44 1.7 1.47 1.48 

2:8 120 60 1.25 1.32 1.54 1.83 1.41 

3:7 100 60 1.68 1.81 2.19 1.65 1.41 

4:6 120 60 1.4 1.62 1.68 1.89 1.67 

1:1 120 60 1.59 1.76 1.6 1.64 1.73 

6:4 120 60 1.28 1.49 1.58 1.67 1.17 

7:3 120 60 1.25 1.33 1.36 1.24 1.19 

8:2 120 60 1.21 1.26 1.36 1.2 1.21 

9:1 120 60 1.12 1.21 1.26 1.21 1.18 

PTAP  -  -   -   -  -  - - 

PADC  90 60 1.28 1.31 1.29 1.2 1.19 

CR39 90 60 1.22 1.28 1.3 1.26 1.28 

a
 films exposed to 

239
Pu source at 1mm for 2minutes 

b
 
252

Cf source at 1mm for 2hours 
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c
 films exposed to 

252
Cf source at height of 5cm under 2mm of Hg vacuum for 8 

hours 

 It is clear from the Table 2.27 that for poly (TAP-co-ADC; 3:7 w/w) attains 

maximum alpha sensitivity value. The alpha sensitivity of indigenous PADC and 

CR-39 is low as compared to that of phosphate-carbonate copolymers. The variation 

in alpha track diameter and fission track diameter as a function of etching time is 

shown in figure 2.44 below. 

 

Figure 2.44: Alpha particle and fission fragments growth in poly (TAP-co-ADC; 3:7 

w/w) at optimized initiator concentration and etching condition i.e. 7N NaOH at 70 

o
C. 

  

 Also the alpha sensitivity of the poly (TAP-co-ADC, 3:7 w/w) prepared from 

3.3% BP initiator was determined at optimized etching condition and compared it 

with that of polymer prepared using 3.3% IPP initiator as shown in Table 2.28.  
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Table 2.28: Alpha sensitivity of 3:7 Poly (TAP-co-ADC) film prepared using BP 

and IPP initiators. 

Time hour 

Alpha Sensitivity Alpha Sensitivity 

BP IPP 

1 1.25 1.68 

2 1.32 1.81 

3 1.46 2.19 

4 1.53 1.65 

5 1.42 1.41 

 

2.3.10  Alpha Track Detection Efficiency: 

The optimized poly (TAP-co-ADC; 3:7 w/w) films along with CR-39 and 

indigenously prepared PADC were exposed to alpha particles from 
239

Pu source for 5 

minutes at a height of 3 cm. All these films were then etched in optimized etching 

condition for poly (TAP-co-ADC) polymer film i.e. 7N NaOH at 70 
o
C and tracks 

were counted using optical microscope after every hour of time and alpha track 

detection efficiency of films was then measured. Figure 2.45 depicts the trend of 

number of alpha tracks as a function of time in optimized Poly (TAP-co-ADC) film, 

indigenously prepared PADC film and CR-39.  It is clearly seen from the figure that 

trend of alpha track efficiency for all films are alike. Number of alpha tracks present 

in the copolymer after etching for certain period of time is more as compared to that 

of indigenously prepared PADC as well as CR-39 as reported in Table 2.29. 

 

Table 2.29: Comparison of alpha sensitivity, alpha track detection efficiency of 

newly developed and optimized poly (TAP-co-ADC; 3:7 w/w) with indigenously 

prepared PADC and CR-39 films. 
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Sr. 

No. 
Polymer detector 

Alpha 

sensitivity* 
Alpha tracks  /cm

2
 

1 Poly (TAP-co-ADC; 3:7w/w) 2.19 19005 

2 PADC 1.27 17025 

3 CR-39 1.21 17100 

* exposed to 
252

Cf source at a height of 5 cm in 2 mm of Hg pressure for 8 hours.  

 

 

Figure 2.45: Comparison of alpha track detection efficiency in poly (TAP-co-ADC; 

3:7 w/w) with PADC and CR-39. 

 

2.4  Photomicrographs of optimized poly (TAP-co-ADC, 3:7 w/w) detector 

Photographs of the tracks were recorded by using Tucsen ISH500 Camera 

and track diameters were determined by using its own imaging software i.e. IS 

Capture. Figure 2.46 depicts the fission fragments developed in the poly (TAP-co-

ADC; 3:7w/w) detector when exposed to 
252

Cf source at 1mm for 2 hour and 

subsequent etching for 1h. Alpha tracks can be revealed by the developed detector 

previously exposed to 
239

Pu source at 1 mm for 2 minutes when etched for 2.5 h in 

optimized etching condition as shown in figure 2.47. Figure 2.48 show alpha tracks 
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as well as fission fragments formed in the detector when viewed under optical 

microscope with 40x magnifications. Figure 2.49 and Figure 2.50 shows alpha tracks 

developed in poly(TAP-co-PETAC; 4:6w/w) and poly(TAP-co-NADAC; 3:7w/w) 

respectively. 

 

Figure 2.46: Fission fragments observed in poly (TAP-co-ADC; 3:7) detector when 

etched for 1 hour in 7N NaOH at 70 
o
C (40x magnification) (exposed to 

252
Cf source 

at 1mm for 2 hour)   
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Figure 2.47: Alpha tracks observed in poly (TAP-co-ADC; 3:7 w/w) detector when 

etched for 2.5 hour in 7N NaOH at 70 
o
C (40x magnification) (exposed to 

239
Pu 

source at 1mm for 2 minutes)   

 

Figure 2.48: An alpha and fission tracks observed in Poly (TAP-co-ADC) (3:7 w/w) 

{Exposed to 
252

Cf source at 5cm height in vacuum for 8 hours} after 2 hour of 

etching in 7N NaOH at 70 
o
C (magnification: 40X) 
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Figure 2.49: Alpha tracks observed in poly (TAP-co-PETAC; 4:6 w/w) detector 

when etched for 2 hour in 7N NaOH at 70 
o
C (40x magnification) (exposed to 

239
Pu 

source at 2 mm for 5 minutes) 

 

Figure 2.49: Alpha tracks observed in poly (TAP-co-NADAC; 3:7 w/w) detector 

when etched for 4 hour in 7N NaOH at 70 
o
C (40x magnification) (exposed to 

239
Pu 

source at 1 cm for 10 minutes) 
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2.5 Conclusion 

We have successfully developed novel copolymers to be used as solid state 

nuclear track detectors. A homopolymer of triallyl phosphate (TAP) and a 

series of its copolymer with ADC ( starting from 1:9 to 9:1 wt% ) have been 

prepared out of which copolymers with a ratio of ADC:TAP in 2:8, 3:7, 4:6, 

1:1, and 6:4 (wt%) show better sensitivity in comparison with indigenously 

prepared PADC film and commercially available CR-39. Kinetics of 

polymerization for homopolymer PTAP and copolymer poly (TAP-co-ADC; 

3:7 w/w) have been studied using 3.3% IPP as well as 4% BP initiators to 

generate their constant rate polymerization profile as per Dial’s methodology. 

The polymeric detector with 3:7 w/w ratio of TAP:ADC show maximum 

sensitivity of 2.19 which is higher than that of commercially available CR-39 

detector i.e.1.25. 

Besides increase in sensitivity the detector also show better alpha track 

efficiency as compared to that of CR-39. The detectors can reveal alpha as 

well as fission tracks under 7N NaOH solution at 70 
o
C temperature. PTAP 

homopolymer could not reveal tracks efficiently. PTAP film upon chemical 

etching under alkali metal hydroxides at 70 
o
C temperature produced cracks. 

Copolymers of TAP with NADAC and PETAC were also prepared and 

tested for nuclear track detection. Out of which poly (TAP-co-NADAC; 1:1 

w/w) and poly (TAP-co-PETAC; 1:1 w/w) showed better sensitivity than that 

of CR-39 detectors. 

 

 

 



CHAPTER 2 

 

Diptesh G Naik, Ph. D. Thesis, Goa University Page 166 

 

2.6 References 

1. (a) Clearfield, A. Curr. Opin. Solid State Mater. Sci. 1996, 1, 268–278. (b) 

Clearfield, A. Curr. Opin. Solid State Mater. Sci. 2002, 6, 495–506. (c) 

Clearfield, A. J. Alloys Compd. 2006, 418, 128–138. 

2. (a) Plesu, N.; Ilia, G.; Pascariu, A.; Vlase, G. Synth. Met. 2006, 156, 230–

238. (b) Chougrani, K.; Boutevin, B.; David, G.; Seabrook, S.; Loubat, C. 

J. Polym. Sci., Part A: Polym. Chem. 2008, 46, 7972–7984. 

3. (a) Levchik, S. V.; Weil, E. D. J. Fire Sci., 2006, 24, 345–364. (b) 

Schartel, B. Materials, 2010, 3, 4710–4745. (b) Chang, Y. L.; Wang, Y. 

Z.; Ban, D. M.; Yang, B.; Zhao, G. M. Macromol Mater Eng. 2004, 

289(8), 703–707. 

4. (a) Ogliari, F. A.; da Silva, E. D.; Lima, G. D.; Madruga, F. C.; Henn, S.; 

Bueno, M.; Ceschi, M. A.; Petzhold, C. L.; Piva, E. J. Dent. 2008, 36, 

171–177. (b) Avci, D.; Mathias, L. J. Polym. Bull. 2005, 54, 11–19. (c) 

Yeniad, B.; Albayrak, A. Z.; Olcum, N. C.; Avci, D. J. Polym. Sci., Part 

A: Polym. Chem. 2008, 46, 2290–2299. (d) Moszner, N.; Zeuner, F.; 

Pfeiffer, S.; Schurte, I.; Rheinberger, V.; Drache, M. Macromol. Mater. 

Eng. 2001, 286, 225–231. 

5. (a) Monge, S.; Canniccioni, B.; Graillot, A.; Robin, J. J. 

Biomacromolecules, 2011, 12 (6), 1973–1982. (b) Goda, T.; Ishihara, K. 

Expert Rev. Med. Devices, 2006, 3, 167–174. 

6. (a) Parvole, J.; Jannasch, P. Macromolecules, 2008, 41, 3893–3903. (b) 

Jiang, F.; Kaltbeitzel, A.; Meyer, W. H.; Pu, H.; Wegner, G. 

Macromolecules, 2008, 41, 3081–3085. (c) Bock, T.; Muelhaupt, R.; 

Moehwald, H. Macromol. Rapid Commun. 2006, 27, 2065–2071. 

7. (a) Popa, A.; Davidescu, C. M.; Negrea, P. Ilia, G.; Katsaros, A.; Demadis, 

K. D. Ind. Eng. Chem. Res., 2008, 47, 2010–2017. (b) Graillot, A.; Faur, 

C.; Bouyer, D.; Monge, S.; Robin, J. J. Water Sci. Technol. 2013, 67, 

1181-1187, doi: 10.2166/wst.2012.671. (c) Graillot, A.; Bouyer, D.; 

Monge, S.; Robin, J. J.; Faur, C. J. Hazard. Mater. 2012, doi: 

10.1016/j.jhazmat.2012.10.031. 

8.  (a) Tarascon, M.; Armand, M. Nature 2001, 414, 359–367.  (b)  Bruce, 

P.G.; Scrosati, B.; Tarascon, J. M. Angew. Chem. Int Ed. 2008, 47(16), 



CHAPTER 2 

 

Diptesh G Naik, Ph. D. Thesis, Goa University Page 167 

 

2930–2946. (c) Iliescu, S.; Zubizarreta, L.; Plesu, N.; Macarie, L.; Popa, 

A.; Ilia, G. Chem. Cent. J. 2012, 6, 1–13. 

9. Becker, A. Health Phys. 1966, 12 (6), 769–785. 

10. (a) Price, P. B.; Park, H. S.; Gerbier, G.; Drach, J.; Salamon, M. H. Nucl. 

Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms 

1987, 21 (1), 60–67. (b) Price, P. B.; Cook, L. M.; Markert, A. Nature 

1987, 325 (6100), 137–138. 

11. Shicheng, W.; Barwick, S. W.; Ifft, D.; Price, P. B.; Westphal, A. J.; Day, 

D. E. Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with 

Mater. Atoms 1988, 35 (1), 43–49. 

12. Bonetti, R.; Chiesa, C.; Guglielmetti, A.; Migliorino, C. Int. J. Radiat. 

Appl. Instrumentation. Part D. Nucl. Tracks Radiat. Meas. 1991, 18 (3), 

325–327. 

13. (a) Bonetti, R.; Guglielmetti, A.; Poli, G. Radiat. Meas. 1997, 27 (1), 71–

74. (b) Moody, K. J.; Hulet, E. K.; Wang, S.; Price, P. B.; Barwick, S. W. 

Phys. Rev. C 1987, 36 (6), 2710–2712. 

14. Armarego, W. L. F.; Perrin, D. D. Purification of Laboratory Chemicals; 

Butterworth Heinemann: 1996, 4
th

 edition. 

15. Lynwood, W. N.; Robert, B. S. Allyl type phosphates and their 

preparation. USP 2,394,829, 1946. 

16. (a) Liu, H.; Xiong, Y.; Xu, W.; Zhang, Y.; Pan, S. J. Appl. Polym. Sci. 

2012, 125, 1544–1551. (b) Dekorver, K. A.; Wang, X.; Walton, M. C.; 

Hsung, R. P. Org. Lett. 2012, 14 (4), 1768–1771. (c) Hulst, R.; Robert W. 

J., Z.; Feringa, B. L.; Vries, N. K. de; Hoeve, W. ten; Wynberg, H. 

Tetrahedron Lett. 1993, 34 (8), 1339–1342. (d) Stowell, J.; Liu, W. 

Phospharamide ester flame retardant and resins containing same. US 

2010/0063169 A1, 2010. 

17. (a) Zhao, W.; Li, B.; Xu, M.; Yang, K.; Lin, L. Fire Mater. 2013, 37, 530–

546. (b) Wang, L.; Jiang, J.; Jiang, P. J. Polym. Res. 2010, 17, 891–902. 

(c) Chen, D.; Wang, Y.; Hu, X.; Wang, D.; Qu, M.; Yang, B. Polym. 

Degrad. Stab. 2005, 88, 349–456. (d) Halpern, Y.; Mott, D. M.; 

Nlswander, R. H. Ind. Eng. Chem. Prod. Res. Dev. 1984, 23 (2), 233–238. 



CHAPTER 2 

 

Diptesh G Naik, Ph. D. Thesis, Goa University Page 168 

 

(e) Yu Ju, Z.; Ye, Y.; Yi, R.; Liao, X. C.; Zhao, Y. F. Chinese Chem. Lett. 

2008, 19, 277–278. 

18. Nadkarni, V. S.; Tilve, S. G.; Mascarenhas, A. A. A. Indian Process Patent 

no. 19996627 20, 1999. 

19. Mascarenhas, A. A. A.; Tilve, S. G.; Nadkarni, V. S. Des. Monomers 

Polym. 2005, 8 (2), 177–186. 

20. Mandrekar, V. K.; Chourasiya, G.; Kalsi, P. C.; Tilve, S. G.; Nadkarni, V. 

S. Nucl. Instruments Methods Phys. Res. B. 2010, 268 (5), 537–542. 

21. Mascarenhas, A. A. A.; Mandrekar, V. K.; Kalsi, P. C.; Tilve, S. G.; Nadkarni, 

V. S. Radiat. Meas. 2009, 44(1), 50-56. 

22. Vogel, A. I. Elementary Practical Organic Chemistry Part III; Longmann, 

London: 1958. 

23. Nadkarni, V. S. Indian J. Phys. 2009, 83 (6), 805-811. 

24. (a) Mandrekar, V. K. Novel polymeric materials for nuclear track 

detection. [Ph.D. Thesis]. Goa, India, Goa University; 2010. (b) 

Mascarenhas, A. A. A. Development of plastic materials for nuclear track 

detection. [Ph.D. Thesis]. Goa, India, Goa University; 2007. 

25. Mascarenhas, A. A. A.; Kolekar, R. V.; Kalsi, P. C.; Ramaswami, A.; 

Joshi, V. B.; Tilve, S. G.; Nadkarni, V. S. Radiat. Meas. 2006, 41(1), 23-

30. 

26. Dial, W. R.; Bissinger, W. E.; Dewitt, B. J.; Strain, F. Ind. Eng. Chem. 

1955, 47(12), 2447-2451. 

27. Corbridge D. Phosphorus: Chemistry, Biochemistry and Technology, 

2015; 6
th

 edition, (page 70-90). 


