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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 Physics.@DOI: 10.1063/1.1447317#
of
in
a
is
x
ic
e
th
tio
e

e
b
C
. I

r
ca
tu
s
he
at
d

ra
o
i

th

ha

s
g it
ent
cal

into
e
-
on
the
des
, as
ties
se

ted

ex-
ns
an-
e

en-
ure
the

ys-

t
ma
The standard method to study the thermal properties
system undergoing phase transitions is differential scann
calorimetry~DSC! performed by submitting the sample to
temperature ramp. The result of a DSC measurement
thermogram whose peaks~minima! represent the heat flu
absorbed~released! from the system during an endotherm
~exothermic! phase transition. However, the heat flux d
tected in a DSC experiment is just an indirect effect of
phase transition occurring in the sample and no informa
can be attained on what kind of structural rearrangem
took place. A structure-sensitive technique would provid
deeper inspection in the transition phenomena if it could
used to get, as the final result, information similar to DS
Indeed, the method we propose has these characteristics
based on the energy dispersive variant1 ~referred to as
EDXD! of the conventional~angular dispersive! x-ray dif-
fraction technique.

It consists of collecting a diffraction pattern by measu
ing the energy spectrum of a polychromatic x-ray beam s
tered by the sample. When phase transitions have to be s
ied, EDXD has some advantages over the angular disper
x-ray diffraction technique, which are connected to t
higher energy of the photons contained in the polychrom
primary beam. The advantages are an x-ray absorption
crease, an expansion of the accessibleq interval in the recip-
rocal space, and the immobility of the experimental appa
tus during data collection. Furthermore, the comparis
among the diffraction patterns, which are collected exactly
the same conditions, is very reliable. On the other hand,
main drawback of EDXD, i.e., the decrease ofq resolution,
is not serious in the case of a system like polymers t
produce rather broad diffraction peaks.

a!Author to whom all correspondence should be addressed; electronic
valerio@ism.rm.cnr.it
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The EDXD-based method for phase transitions2 was ap-
plied to investigate the thermal behavior of a poly@ethylene–
succinate# ~PES! sample. A collection of diffraction pattern
was acquired during the PES sample heating, by irradiatin
by a sequence of x-ray ‘‘flashes.’’ The patterns repres
snapshots of the evolving system taken in the recipro
space. Directly from them, a transition coordinatex(t), de-
fined as the fraction of the system mass that has turned
the final phase at timet, can be calculated according to th
theory described elsewhere,3 no data processing or correc
tions for spurious effects being required. In the transiti
coordinate is concentrated all the information about
sample structural evolution. The use of this method provi
an alternative way to investigate the phase transitions
easy as DSC, since it completely bypasses the difficul
usually connected with x-ray diffraction studies. In the ca
where the EDXD-polymer transition method~PT! is used,
the equivalent of the DSC thermogram curve is represen
by the derivative of the transition coordinate.4

The connection between the two methods can be
plained in terms of the relation between the two definitio
of entropy, i.e., in thermodynamics and in statistical mech
ics. A peak~minimum! of a DSC thermogram represents th
flux of enthalpy absorbed~released! in a phase transition and
corresponds to a proportional change of thermodynamic
tropy since, during a first order transition, the temperat
remains unchanged. On the other hand, according to
ensemble-invariant definition of entropyS in statistical
mechanics,5

SN52
kB

N! E ...E f N
~N! lg@h3Nf N

~N!#dr1dp1 ...drNdpN ,

wheref is the phase-space density of probability for the s
tem particles. During a transition the part off representing
the ~temperature-dependent! moment distribution does no
il:
© 2002 American Institute of Physics
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change for the same reason as before, and the entrop
crease is related to the modification of the system config
tion only. Therefore, by using the expansion of entropy
series of the correlation function integrals,6

S5S~1!1S~2!1 (
k.2

S~k!.

The first order term~ideal gas contribution!

S~1!5NkBF3

2
2 lg~rNL3!G , with L5

h

A2pkBT

is unchanged as well, while the variation of the second or
term

S~2!5
1

2
kBr2E ...E g~2!~r1 ,r2!lg g~2!~r1 ,r2!dr1dr2

depends on the pair correlation functiong(2) only. Since the
latter gives the overwhelming contribution to the total e
tropy change6 for insulating materials like ordinary poly
mers, a probe that is sensitive toS(2) variation is suitable to
accurately measure the total entropy change. This probe
be represented by x rays, whose normalized diffracted in
sity contains exactly the Fourier transform of the pair cor
lation function.

However, this equivalence does not imply that there
no difference between DSC and EDXD-PT from the expe
mental point of view. This can be explained by an elem
tary example, supposing that the speed of a moving obje
to be measured. Two methods are possible for doing this,
to record the value of a quantity directly connected to
speed~for instance, the rotation angle of a tachometer ha!
or the positions of the object as a function of time and, th
to calculate its derivative. In principle, the same value of
speed should be provided by both methods, but the er
will generally be different. In particular, in limit conditions
one method can become much more reliable than the oth
the speed to be measured is very low, the quantity conne
to the speed will remain almost unchanged with respect to
static value~the hand of the tachometer will almost n
move!, so that a precise determination of the speed is d
cult. Instead, in this condition, the positions of the object c
be accurately measured, as well as the value of the sp
obtained from deriving it. The same difference applies wh
the phase change of a system is measured at very low s
ning rates. The DSC signal is proportional to a heat fl
namely to a derivative, while diffractograms depict the ‘‘i
stantaneous’’ arrangement of the system components, lik
the case of the positions.

The consequence is that, each time the DSC heating
is lowered, the heat is released slowly and the difference
temperature between the sample and the reference in
calorimeter becomes small making the thermogram no
Instead, by using the EDXD-PT technique at low heat
rates, the diffractograms can be collected for longer tim
improving the statistics and, consequently, decreasing the
ror on the transition coordinate derivative. Therefore DSC
recommendable when fast and approximate estimates o
temperature are required; the EDXD-PT, when a slow a
precise determination is needed, that is to say, in quasi-
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thermal transformations when the thermodynamic equi
rium conditions are approached. From this point of view,
EDXD-PT is an alternative to the precision calorimetric me
surements~sometimes improperly substituted by DSC! be-
cause of the expense and difficulties associated with the7

The correctness of this discussion was checked by
plying the two methods to the PES reference sample. PE
particularly suitable for this purpose, since it belongs to
class of semicrystalline polymers that exhibit the pheno
enon of multiple melting upon heating.8 In this way, the abil-
ity of the EDXD-PT in reproducing the intensity and th
position of the various peaks as they appear in the D
thermogram can be suitably tested.

Sequences of diffraction patterns were collected at
heating ratesa@°C/min#50.03, 0.1, and 1. In Fig. 1, the
sequence corresponding to 0.03 °C/min is shown, where
~unprocessed! diffracted intensity is represented as a functi
of the scattering parameterq ~normalized momentum trans
fer! and of the heating time. In this case, the acquisition ti
is 33 min for each spectrum. For the other sequences,
collection time was progressively decreased to leave the t
number of patterns unchanged: 10 and 1~min! for 0.1 and 1
~°C/min!, respectively. Therefore plots analogous to that
Fig. 1 were obtained for the other heating rates, the diff
ence being the increased statistical noise of the patterns

In Fig. 1 it can be seen that the main change in
polymer structure upon melting is concentrated in the 1
1.6 ~Å21! range, where the two main crystal reflections
nally merge into the broad 1.3 Å21 peak ~while a minor
change is visible also around 2.5 Å21!. However, the method
takes into account any variation of diffraction patterns and
able to reveal even small changes not easily detectable
comparing the patterns taken at various temperatures.
peaks in the 0.4–0.8~Å21! range are the fluorescence line
of the W anode x-ray tube and do not depend on the sam
structure~therefore not included in data processing!.

In Fig. 2, the transition coordinates are plotted as a fu
tion of temperature. By definition, their value is 0 when t
sample is in the initial semicrystalline state and 1, when
melting is concluded. Decreasing the heating rate, thex(T)

FIG. 1. Sequence of the EDXD spectra. Data refer to the experiment ca
out at the heating rate of 0.03 °C/min.
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profiles tend to collapse on an asymptotic curve that rep
sents the quasistatic melting process in reversible therm
namic conditions. The derivatives ofx(T) ~connected with
time derivatives through the heating rates! are drawn in Fig.
3 and compared with the corresponding DSC thermogra
except for 0.03 °C/min because this rate is below the se
tivity of standard calorimeters. As expected theoretically,
trend of the statistical noise in the two kinds of curves
opposite, showing the antagonist behavior of the two te
niques.

From dx(T)/dT plots, a progressive disappearing of t
endothermic peak with increasinga can be noted at abou
88 °C. In fact, such effect seems to be already suggeste
the DSC thermogram at 0.1 °C/min, but the critical worki
conditions for a DSC make this observation uncertain. In
literature,9 the intensity of this peak was related to the me
ing of a lamellar structure formed under suitable crystalli
tion conditions. The present finding may suggest that
appearance of this peak is not a consequence of the cry
lization conditions only but, rather, the result of the co
bined effects of crystallization and of the heating proced
to which the sample is submitted during the measuremen
so, in order to minimize the perturbation on the system,
necessity of investigating samples with these characteris
at heating rates lower than those generally used in D

FIG. 2. Thex(t) curves plotted as a function of temperature at the vari
heating rates.
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scans becomes evident. From this respect the EDXD
technique appears as a promising candidate to perform
accuracy phase transition studies.

The authors are grateful to D. De Fazio and to M. Br
latti for helping in the solution of technical problems co
nected to this study.
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FIG. 3. Comparison between DSC thermograms~lines! and dx(T)/dT
curves (lines1symbols) as a function of temperature at each heating ra




