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Energy dispersive x-ray diffractometry as a tool alternative to differential
scanning calorimetry for investigating polymer phase transitions
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Recently, a technique based on energy dispersive x-ray diffraction has been proposed to follow the
polymer phase transitions. However, the potentialities of this method were not clear, as well as the
experimental conditions in which it is more convenient than differential scanning calorimetry,
generally used for the same purpose. In the present letter, the answer to this question is provided. It
is shown that the two methods are complementary, rather than equivalent, the heating rate being the
relevant parameter to establish which is preferable. The demonstration of this statement is given
through the observation of the complex thermal properties of a reference sample studied in both
ways at progressively lower heating rates. The connection between such unusual application of
x-ray diffraction and the differential scanning calorimetry is discussed in terms of the two possible
definitions of entropy. ©2002 American Institute of Physic§DOI: 10.1063/1.1447317

The standard method to study the thermal properties of a The EDXD-based method for phase transitfowsss ap-
system undergoing phase transitions is differential scanninglied to investigate the thermal behavior of a pl@yhylene—
calorimetry(DSC) performed by submitting the sample to a succinatg¢ (PES sample. A collection of diffraction patterns
temperature ramp. The result of a DSC measurement is &as acquired during the PES sample heating, by irradiating it
thermogram whose peakminima) represent the heat flux by a sequence of x-ray “flashes.” The patterns represent
absorbedreleaseyl from the system during an endothermic snapshots of the evolving system taken in the reciprocal
(exothermig¢ phase transition. However, the heat flux de-space. Directly from them, a transition coordina(g), de-
tected in a DSC experiment is just an indirect effect of thefined as the fraction of the system mass that has turned into
phase transition occurring in the sample and no informatiorihe final phase at timg can be calculated according to the
can be attained on what kind of structural rearrangemertheory described elsewhetejo data processing or correc-
took place. A structure-sensitive technique would provide dions for spurious effects being required. In the transition
deeper inspection in the transition phenomena if it could be&oordinate is concentrated all the information about the
used to get, as the final result, information similar to DSC.sample structural evolution. The use of this method provides
Indeed, the method we propose has these characteristics. Itag alternative way to investigate the phase transitions, as
based on the energy dispersive varfanteferred to as easy as DSC, since it completely bypasses the difficulties
EDXD) of the conventionalangular dispersivex-ray dif-  usually connected with x-ray diffraction studies. In the case
fraction technique. where the EDXD-polymer transition methd®T) is used,

It consists of collecting a diffraction pattern by measur-the equivalent of the DSC thermogram curve is represented
ing the energy spectrum of a polychromatic x-ray beam scatdy the derivative of the transition coordindte.
tered by the sample. When phase transitions have to be stud- The connection between the two methods can be ex-
ied, EDXD has some advantages over the angular dispersidained in terms of the relation between the two definitions
x-ray diffraction technique, which are connected to theOf entropy, i.e., in thermodynamics and in statistical mechan-
higher energy of the photons contained in the polychromatidcs. A peak(minimum) of a DSC thermogram represents the
primary beam. The advantages are an x-ray absorption déux of enthalpy absorbetteleasedlin a phase transition and
crease, an expansion of the accessipileterval in the recip- ~ corresponds to a proportional change of thermodynamic en-
rocal space, and the immobility of the experimental apparatropy since, during a first order transition, the temperature
tus during data collection. Furthermore, the comparisof€émains unchanged. On the other hand, according to the
among the diffraction patterns, which are collected exactly ifnhsemble-invariant definition of entrop$ in statistical
the same conditions, is very reliable. On the other hand, thEnechanics,
main drawback of EDXD, i.e., the decreasegofesolution, Ke
is not serious in the case of a system like polymers that SNZ_WJ’ J f0 1g[h3NE NV dr dp; ...drydpy .,
produce rather broad diffraction peaks. ’
wheref is the phase-space density of probability for the sys-
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valerio@ism.rm.cnr.it the (temperature-dependeninoment distribution does not
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change for the same reason as before, and the entropy in-
crease is related to the modification of the system configura-
tion only. Therefore, by using the expansion of entropy in
series of the correlation function integrdls,

initial
semi-crystalline phase
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depends on the pair correlation functigf?) only. Since the FIG. 1. Sequence of the EDXD spectra. Data refer to the experiment carried
. . . . out at the heating rate of 0.03 °C/min.
latter gives the overwhelming contribution to the total en-
tropy chang® for insulating materials like ordinary poly-
mers, a probe that is sensitive $ variation is suitable to thermal transformations when the thermodynamic equilib-
accurately measure the total entropy change. This probe caium conditions are approached. From this point of view, the
be represented by x rays, whose normalized diffracted interEDXD-PT is an alternative to the precision calorimetric mea-
sity contains exactly the Fourier transform of the pair corre-surementgsometimes improperly substituted by DSRe-
lation function. cause of the expense and difficulties associated with them.
However, this equivalence does not imply that there is  The correctness of this discussion was checked by ap-
no difference between DSC and EDXD-PT from the experi-plying the two methods to the PES reference sample. PES is
mental point of view. This can be explained by an elemen-articularly suitable for this purpose, since it belongs to the
tary example, supposing that the speed of a moving object islass of semicrystalline polymers that exhibit the phenom-
to be measured. Two methods are possible for doing this, i.eenon of multiple melting upon heatiffign this way, the abil-
to record the value of a quantity directly connected to theity of the EDXD-PT in reproducing the intensity and the
speed(for instance, the rotation angle of a tachometer handposition of the various peaks as they appear in the DSC
or the positions of the object as a function of time and, thenthermogram can be suitably tested.
to calculate its derivative. In principle, the same value of the  Sequences of diffraction patterns were collected at the
speed should be provided by both methods, but the errorseating ratese[ °C/min]=0.03, 0.1, and 1. In Fig. 1, the
will generally be different. In particular, in limit conditions, sequence corresponding to 0.03 °C/min is shown, where the
one method can become much more reliable than the other. (inprocessedliffracted intensity is represented as a function
the speed to be measured is very low, the quantity connecteaf the scattering parameter(normalized momentum trans-
to the speed will remain almost unchanged with respect to itfer) and of the heating time. In this case, the acquisition time
static value(the hand of the tachometer will almost not is 33 min for each spectrum. For the other sequences, the
move, so that a precise determination of the speed is difficollection time was progressively decreased to leave the total
cult. Instead, in this condition, the positions of the object camumber of patterns unchanged: 10 an@rin) for 0.1 and 1
be accurately measured, as well as the value of the sped®C/min), respectively. Therefore plots analogous to that in
obtained from deriving it. The same difference applies wherfFig. 1 were obtained for the other heating rates, the differ-
the phase change of a system is measured at very low sca@nce being the increased statistical noise of the patterns.
ning rates. The DSC signal is proportional to a heat flux, In Fig. 1 it can be seen that the main change in the
namely to a derivative, while diffractograms depict the “in- polymer structure upon melting is concentrated in the 1.2—
stantaneous” arrangement of the system components, like ih.6 (A~%) range, where the two main crystal reflections fi-
the case of the positions. nally merge into the broad 1.3 A peak (while a minor
The consequence is that, each time the DSC heating rathange is visible also around 2.5 A. However, the method
is lowered, the heat is released slowly and the difference ofakes into account any variation of diffraction patterns and is
temperature between the sample and the reference in tlable to reveal even small changes not easily detectable by
calorimeter becomes small making the thermogram noisycomparing the patterns taken at various temperatures. The
Instead, by using the EDXD-PT technique at low heatingpeaks in the 0.4—0.88 1) range are the fluorescence lines
rates, the diffractograms can be collected for longer timespf the W anode x-ray tube and do not depend on the sample
improving the statistics and, consequently, decreasing the estructure(therefore not included in data processing
ror on the transition coordinate derivative. Therefore DSC is  In Fig. 2, the transition coordinates are plotted as a func-
recommendable when fast and approximate estimates of thismn of temperature. By definition, their value is O when the
temperature are required; the EDXD-PT, when a slow andample is in the initial semicrystalline state and 1, when the
precise determination is needed, that is to say, in quasi-isanelting is concluded. Decreasing the heating rate xi{{i®
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FIG. 2. Thex(t) curves plotted as a function of temperature at the various heating rate: 10 °C/min

heating rates.

profiles tend to collapse on an asymptotic curve that repre-
sents the quasistatic melting process in reversible thermody-
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time derivatives through the heating ragtese drawn in Fig.
3 and compared with the corresponding DSC thermograms, Temperature [°C]

gx_cept for 0.03 C/mm_ because this rate is below Fhe SenS‘:_IG. 3. Comparison between DSC thermograftises) and dx(T)/dT
tivity of standard calorimeters. As expected theoretically, the,yrves (lines symbols) as a function of temperature at each heating rate.
trend of the statistical noise in the two kinds of curves is
opposite, showing the antagonist behavior of the two techscans becomes evident. From this respect the EDXD-PT
niques. technique appears as a promising candidate to perform high

Fromdx(T)/dT plots, a progressive disappearing of the accuracy phase transition studies.
endothermic peak with increasing can be noted at about
88 °C. In fact, such effect seems to be already suggested . T . .
the DSC thermogram at 0.1 °C/min, but the critical workingqgtt' for help_mg in the solution of technical problems con-
conditions for a DSC make this observation uncertain. In theneCteOI to this study.
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