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A NONZOTHERMAL TEC&IQUE USING’TKEFMAL O~hCAL 
ANALYSIS TO FOLLOW TKE KlNETxcSOFPOL~R ~- 
CRY~ALLIZA-IION AND SOLID VATE PHASE TRANSFORMATION 
AND TEE DETERMINATION OF THE LE’NGti OF T&E CRYSTALLINE 
SEGMENT* 

A3sriwc-r 
. . 

A non-isothermal tekmiqne was developed to study the kitetics of solid 
transformations using thermal optical ana@sis (TOA). Similar to the methods using 
TGA and TXA we previaudy repmtt an expression.was derived that utiiiqs 
integral and dif5xentia.l curves. TOA involves the measure ment of transmitted light 
intensities of a material examined between cross polars and does not require a weight 
change or an e xtracrable crystalline peak. For quantitative data, it is necgsaq to 

have kstmm~tation in which the photometer optics and temperature state are 
integrated to optimize -the light intensities md to record them quantitatively_ In 
addition, circular polarized light was used to eliminate sample orientation. In order 
to confirm its applicabiity and for comparison, the techniq%e was applied to the 
low density crosslink& polyethylene poIym~r previously studied using TGA and 
TXA_ The entbalpy for the transformation was found-to be 13.2 kcal/equiv_ which 
was in agreement with TXA results_ TOA also showed, however, a and #ran+ 
formation at higher temperatures and low % crystaUinities, with a 67.2 kcaI/equiv_ 

enMPY- 

IKl-RODUCllON- 
-_ 

In previous ummunications, .we have introduced a non-isothermal niethod 
using the thermogravimetric techniquex in which we were able to extract the kinetic 
parameters of drug desolvation and de@dationz*3~10 as well as the enthaIpy of ;- 

-. 
- 



_ sublimation and vaporization ‘_ Also, the thermal X-ray was used to follow phase 
transformation of both single crystal and powders. 

In this paper, we wish to demonstrate the use of thermal optical analysis to 
follcw the kinetics of phase transformation and compare it with the previously 
d.e3xibed technique using thermal X-ray diBractiou. 

I?sIR-rrATIoK mm cALIBRATKos 

Thermal optical auaIysis invclves the measurement of trausmitted fight in- 
tensities of a material examined betu-een cross polars- Figure I shows a block diagram 
of a thermal optical anaIysis system- A high quaiity optical microscope with polarized 
light attachment (or cir&ar polar&d fight), a heating stage controlled by a multi- 
linear temperature programmer, and photometer attached to the eyepiece_ As tLe 
sample is heated, the transmitted &x&r poIarizd light wiIl be measured by the 
photometer as a function of temperature. Both the transmitted Iight and the tempera- 
ture of the sample are rccordcd by a X-Y recorder- 

In order to obtain quantitative data from the thermal optical analyser, it is 
necessary that both the instrumental and specimen-related conditions required for 
quantitative interpretation of the intensity of transmitted polarized light should be 
controIIcd_ Thre instrum entaI requirements dictate that the photometer must be iinear 
in percent eon, of high sensitivity, stable, measure integrated intensity and 
be linearly proportional to the area fdon of the measu&g field_ l%e optical system 
for depolarized Eght intensity measurements must require &I obwe aperture 
slightly grez&er (IW) than the aperture of incident light This zzGnhbs scattering 

losses- Moreover, the hxrgcr the collecting objective aperture, 6 lower the scatfcning 
loss- Crossed circular polarized light eliminates the dependence of transmitted light 
intensity on sample orientation 4 It is also prcfw to the con.ntion$_crosscd 
&c polarr in photo- because the sigua~to-noise Xevei&are optimized. Tbe 
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Fw 2 Thamai optid data for crossiinkcd polycthyh~e (XLPE) pitzsc txansfe with its 
first dcrivativearrvc. 

heating stage, programmer and temperature monitoring system must be accurate 
and controilabIe. Heating and cooling rates must be reproducible- 

On the other hand, specimen requirements dietate that transparent, eolorkss 
and low light scattering samples must be required to reduce or eIimiuat.e factors 
which result in competitive causes for changes in transmittrzd Iight intensity_ Thin 
Chns of uniform thickness and with an area equal to or greater than the measured 
area are optimal. SampIes with fixed geometry which occupy only a fraction of the 
measured field are acceptable alternatives. The intensity of transmitted polarized 
light is proportional to retardation only in the O-275 nm range. SampIes with retarda- 
tions greater than 275 run are mere complex in their intensity-retardation relationship 
and should, when possible, be avoided_ Uniform retardation is optimal for exact 
measurements as integrated intensity m easurements wiil avera$e intensity and retarda- 
tion values- Residual mechanical stresses must be removed by anntzding if crystalline 

bireftingence is to be observed free of other factors, 
The total intensity of polarized Fght transmitted by a thin section of materials 

results from the sum of the intensity due to the crystalline bireftigence of the solid 
plus the intensity due to the stress birefG&ence less the intensity loss due to scatter_ 
In order to obtain quantitative data, circular polarized light was used to ehminate 
the sample orientation parameter, role of light scattering and Ioss of intensity by 
small nuclei and other scattering interf&ces_ In addition, the sampIe was annealed to 
minim& the mechanical stress_ The data output is the reIative intensity as a fimction 
of temperature_ Figure 2 ihustmtes the nature of information determined by TOk 

To correlate the relative intensity on the TUA tracing, it was decided to take a 
sample as a function of tempera&e in order to determine the percent cry&ailinity 
of each sample- The percent crysmhimty was determined by X-ray crystallography 
witi a Philips. X-ray diffkc%meter .and- copper radiation_,The110 and_ux) 
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TABLE 1 

COMFAEISOX OF X-RAY CRYST-illY A?? - 

35 a420 136 323 46 
55 0390 126 323 66 
65 O-360 114 316 
75 0.315 97.6 309 1; 

95 0.145 45-6 314 -3 
Aw 3X7&6 
Avenge dcviatim IS% 

crystahe reffections and amorphous atter were recorded. The reflections were 
resolved into Gaussian pea!ss and converted to intensities- A comparison of X-ray 
crystaEnity to TOA intensity is list& in Table l_ The percent crystallinity was found 
to be directly proportional to the relative intensity with a proportionality constant 
given in eqn- (I)_ 

I = CL (1) 

F&ire 3 shows a plot of percent crystallinity as a function of temperatore 
in relationsh& to the data obtained from TOA after dividing the rekuive intensity 
by the proportionality, C- The density measure ment aiso agrees with both X-ray 
and TOA measurements_ Therefore, the total intensity of transmitted light can lx 
umsidered equal to the intensity due to crysta!line biif-nazs, 



MKIZEMATICAL APPROACH 

In this study, the intensity of the light transmitted by the material was plotted 
& a function of temperature, (TOA)- Tk integral curves were differentiated to give 
the differential thermal optical auaIysis_ Therefore, we have the following data. 

(1) The relative intensity observed at a particular tempera= (pa_ 
(2) The relative intensity changes as a function of temperature (WadT). 
By taking this avaiIabIe data into consi+xation, the phase transformazion 

kinetics of any solid compound or solid po&mzr~ which does not show any weight 
change eaz% be stied_ 

If the phase transformation can be followed by measuring the intensity of 
transmitted light, as a function of temperature, then, the rate of phase disappearance 
canbewriaenas 

‘&GT 
- = - k(p) 

dz 

where k is the spezific rate constant, p-T is the relative intensity of the t *t&xi 
lightthrouphphase,attimezaodtemperatureTK-Amore~versionofthis 
equation for the studies reported in this communiqatio~ can be obtained by converting 
the time derivative of the observed change in phaq to a temperature derivative of the 
observed change in the phase. The results are shown in the equation 

where a is the heating rate given by d&f&_ - 

tit i consider the process to be continuous with the intensity of the trans- 
mitted light traced as a fin&on of kqerature aud its f& derivative being simd- 

faneously traced on the same recorder. Therefore, the traced intensity, IraT, is aLso 
equal to the observed intensity, FL; at time t and temperahire T K Therefore the 
reSult.ixlg equation is given by 

(3) 

For non-isothermal con$ilions, the dependence of the specific rate et 
on tempemture must be cousi$ered- ThenSore, from eq&(3) and the Arrhenius 
exprkion, k = %xp[- AT/q, we may pte 

(4) 

~~TakingtheIogari~.ofeqrt-(4) ; -_ . 
. 
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b 
- fladT = l-Z FL 1 AH* -- 

a 23Q3RT 

A plot of iog [(- @;acUj/Pa versus I/T K xv+ll yield a Iin& function, for 
a singic m of siopc - AHff2.303R and an intercept of log(Z/a)_ 

For the isothermal condition, integration of eqn_ (I) gives 

where Tz” is the initial transmitted light intensity. 
Therefore 

In&J = -kkti-In(cL? 

kcording to eqn_ (3, a plot of In(&) versus time L wiT produce a e3raight 

Iine of slope - k_ 
Equation (5) requires that both the integral curye of the light intensity as a 

function of temperature, and the institaneous first derivative are available- The 
integml curve cou!d be obtained either by a continuous tracing of the light intensity 
transmitted through the phase at a parricukxr heating rate as a function of temperature, 
orbym easuring the relative light intensity transmitted through the phase at a particukxr 
percentage crystallinity at a constant temperature and then plotted to give the integral 
cuTve, The integral cunfe is then differentiated to give its simultaneous derivative_ 
The difkrentiation a&d be done simultaneously, by specific instrum&tation as we 
measure the reIative intensity as a function of temperature, by computer fitting, or by 
a glass rod technique_ Care should be taken in the &se of computer fitting as a 
siight deviation could iead into a sign&ant effect on the calcuI&d differential 
curve- In the case of the construction of the integral ctie, the heating rate, 4 is a 
constant value which does not af%ct *he caicufated CathaIpy, but affkcts the intercept 
of the obtained non,isokhermal plot 

Kinerics of poiper crysrailibHon 

Low density chemically crosslinked polyethyrene (XLPE) was used as model 
componnd to study this system using a thermal optical ana.Iyskr and to compare it 
with the previously descrii quantititive X-ray approach’, 

The thermal optical anaIyser measures the transmitted light continuousiy as 
a faction of temperature, Figure 4 shows a plot of r&&e light intcnsi~ as a function 
of temperature and the first derivative of the produced cume. The &t derivative was . 

obtained by computer fitting the integral data according to nib polynomial regression 
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Fig 4. Thcmd optical dara for crostinked pol~dlYkaIc (XLPE) phase transfonnatiui with its 
f&-st ckrhative curve (data obtained fkom TabIe l)_ 



Fig 6- Ne plot of low density aosslinkai polycthyIax (XLPE) of aysaIhe phase to 
=orphot= phax. 

pro_gam_ From Fig- 4, the relative intensity at point a is (123, and its first derivative 

at point b is given by [d(cajdTJ. This process is repeated across the graph, and the 
value of (C- d(Pa/da/PL) is plotted on semiloga&hmic paper versus 104/T_ 

The resuhing non-isothermal plot of crosshnked, low density, semicrystalline poly- 
thykzne is shown in Fis 5, which gives a straight line with a heat of activation equal 

to 13.2 kcal[cryst equiv. Figure 5 aLso shows that the caIcuIated heats of activation 

from thermai X-ray analysis’ and thermal opticai analysis are equal and the points 
superimposable. This indicates the vahdity of our mathematical approach as well as 

its wide application and the independence of the calculated parameters from the 
method of arm&is_ 

Since the TOA is a continuous tracing and able to trace the intensity of tram+ 
mittcd fight at Iow pcrccntagc crystailinity, which the X-ray method can not provide, 
it could reveal more than one phase trandormation_ Egrue 6 shows a ncn-iso 

therm.aZ plot of the chemicaIly crosslinked polyethylene obtained from the complete 

analysis of the entire trace given in Fi g_2_Figure6showstwopbasesoftransformation, 
each with a characteristic heat of activation, The first stage has a heat of activation 
of 13-2 kcal/cryst, equiv_ and the second phase transformation, which occurs at low 

percentage cqsta&ity, has a heat of activation equal to 67.2 kcai/cryst. equiv- It is 
thought that the second stage is responsible for the breakage of the crossJir&ed bonds. 

This discussion leads to the conchrsion that the instrument build by RefIi& and 

Johnson6 has an _accuracy comparable with that of the X-ray method of &lysis5 
and that the thermal optical analyxr has advantages over the X-ray method in 
detectin, phase at low cqstal&ty_ -. 
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Fig. 7. Bircfiingcnct dnrb in the (001) plane of BatNaNb501~, as a fun&m of tanpaature The 
innerarrvc correspondstoascakapamionofthehcatingnminthevicinityofthetramition. 
Mcasurancnts are paforrr& near 300°C at inkrvals of approximately 0.3 degree. The absohk 
accuIaqondn~isi5 x IO+. 

Del~zion of the length of lhe crysd?ine se-2 
In a previous communication5, a model for measuring the Iength of the 

uystalline segment was established_ The model depends on the crystalline equivalent 
enthalpy, AH (obtained from the kinetic method) and the specific enthalpy, AH, - 

(obtained from adiabatic calorimetry) reIationship in the equation 

Iength of crystalline segment = (AH,iAnz)d 
equiv. wt. 

where d is the distance between each alternate carbon atom in the fuiy extended, 

planar, zigzag cOnformation of the polymer_ 
The application of this model to the calculation of the Ien@ of the crystalline 

segment of XLPE gave a value equal to 65 A which agrees with the previous findings5 

using X-ray difFraction technique. 

The kinetics oftheferroekzstic ~tarsfmation ofbariwn sodium n&btztefrom single 

crysfalr using the femperature depemknce of the bireftigence data 
ToWano and S&neck’ followed the birefringence, An,, in the (001) pIane of 

barium sodium niobate (BSN), as a function of temperature. Measurements of An,, 
were p”formed at f, = 544 run by Senarmont compensation method’ on a Zeiss 
universal-model pokuizing microscope provided with a mica quarter-wave plate. The 

sample was a plate cut from a single crystal and was sandwiched between two siIver 
discs pierced with 1 mm apertures, in dose contact with the h-eating element of a 
&d&d ieitz hot stage_ The temperatur& was probed with a calibrated platinum 
resistor inserted in a copper cyiinder located in the vicinity of the sample, Figure 7 
showk the ksu+ing~ k?ge of birefringence of BSN for both the h@titig and cooling 
system& A large thermal hysteresis is sho& by the fa& f&at beating and:cooling 



crimes are distinct above 215°C. Data from this -mph was magnified and the in- 
stantaneous first derivative of both integral curves (ie. heating and cooJ.ing curves) 
were cakdati using the giass rod difCaclion technique_ The resulting non-isothermal 
plot, plotted according eqn_ (5), is given in Fig- 8. Figure 8 shows that both heating 

and cooling curves are linear but with different heats of tra&ormation_ The heating 
curve &xs heat of transformation for the orthorhombic to tetragonal transformation 
with symmetric change from 4mm --, mm2 equal to 14-5 kcaljmole while thecoo&ng 

CuNe yields heat of transformation (for tetragonal to orthorhombic transformation 
with symmetry &mge from mm2 --+ 4mm) equal to 5.2 kcal/moIe_ 
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l3urgent and Toledano9 stadied the ferroelastic transformation of BSN Erom 
a single crystal mounted in a goneometer parallel to the (001) plane, using a Weissz- 
berg camera, as a function of temperature- The smple was heated by dry nitrogen_ 

gas and the temperature was probed by a copper-constant an thermocunplepositioned 

about 1 mm from the crystal. The ferroelastic transformation of BSN from ortho- 
rhombic to tetragonal involving the symmetry change 4mm + mm2 is given in Fig. 9. 
The data in Fig. 9 was a&ysed by an equation’ hybrid to eqn. (5) and the resulting 
non-isothermal plot from X-ray data (heating process) was found to be parallel to 
that obtained from optical data @eating process)~ with heat of tra&ormation equal 
to 14.5 kcai/mole. This indicates that both X-ray techniques and thermal optical 

technique were comparable. It shouId be noted that a hybrid4 of eqn. (5) was aiso 
used to calculate the enthalpy of sublimation and vaporization from thermogravimetric 
curves and found that the data agrees with KnudsenefEusion technique. This indicates 

that the calculated kinetic data from the above technique is not only comparable using 

different tezhniques but accurate. 

ACKXOWLEDGEMES~ 3 

Supported in part by a grant from Pfizer Inc., Groton, Connecticut and by a 
grant from The University of Connecticut Research Foundation. 

WFERENCES 

1 
2 
3 

4 
5 
6 

RR~AbouShaaSanaadA.P.Simonelli.fliermccliimAc1~26(1978)89. 
RRkAbDU4hZibll andkP.Simoael~~Ar1~26(1978)111. 
RRA.Abou-ShaabanpT.L EZabikld, E M. Bardl J. F. Johnson and A. P. Siclii, 
PO&~. Ekg. Sci., 16 (1976) 544. 
RRkAbOUShZbaIl and A. P. Simon&i, to be submIttaI to 3. I’m. Cizcm 
RRkAbouShaaba, J. A. R&ha and A. P. SimoMli, 7kmwchh. Acza, 26 (1978) 125. 
J. A. R&ha and 3. F. Johnson, 7rh Ku& &s-t &gibnai Muring of Am. C%em. Sot_ Aug. 8-ZZ, 
ZP76, Pap 320. 

7 J. C Tokdano and J. S&m&, Solid Stare Commwz., 16 (l!h) 1101. 
8 R G. krramd, .T. Opt- Sbc. Am., 38 (1948) 35. 
9 J. Burgem and J. C Tokdano, stlid Srmc CbmnuoL, 20 (1976) 281. 

10 R. R. A. Abou-Sbaaban and A. P. SimmHi, to be s&m&d to J. Pm Scf. 


