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Energy-dispersive small-angle x-ray scattering couples the information given by small-angle
experiments and the advantages of energy-dispersive methods, mainly in carrying out time-resolved
experiments. Preliminary small-angle measurements on some semicrystalline polymers using a
laboratory-based energy-dispersive diffractometer and the bremsstrahlung continuum generated
from a commercial tube as x-ray source are presented. The results are in agreement with those
obtained with the classical method. The apparatus utilized could be considered a promising tool to
perform both wide and small-angle scattering or diffraction. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1823586]

Small-angle x-ray scattering(SAXS) is a very helpful
technique for probing the morphology of biological macro-
molecules, synthetic polymers, and other advanced materials.
Semicrystalline polymers are ideal objects to be studied by
SAXS, showing electron density variations whose correla-
tion length is usually well within the range covered by this
technique(typically 1–100 nm). Probably the most impor-
tant result of small-angle scattering in polymer science has
been the recognition that, in a first approximation, the den-
sity distribution within a semicrystalline sample corresponds
to a two-phase structure in which crystalline and amorphous
regions alternate. In polymers having such a regular and or-
dered morphology a SAXS intensity correlation peak is ob-
served at a characteristicqmax value, due to the separation of
crystalline and amorphous domains within the material. The
peak can be associated with the first-order Bragg’s reflection
from the crystalline lamellae and the average value of the
period L (the so-called long-period) can be obtained from
Bragg’s law,

qmax=
2p

L
, s1d

whereq is the modulus of the scattering vector, defined as
s4p sinud /l, u being the scattering angle andl the x-ray
wavelength. According to the simple two-phase model, the
long-spacing represents the distance between the centers of
two adjacent crystalline lamellae andL is thus the sum of the
crystalline and amorphous layer thickness. Usually, for sys-
tems characterized by isotropically distributed lamellar mor-

phology, the multiplication of the intensity function by the
Lorentz factorq2 is applied to the SAXS intensity prior to
the determination of the peak position.

In a classical SAXS experiment, the scattering profile is
measured using a monochromatic x-ray beam as a function
of the scattering angle. In contrast, with an energy-sensitive
detector, one can collect the scattering profile as a function of
the scattered x-ray energy at a fixed angle using a polychro-
matic x-ray source(ED-SAXS). The energyE of the scat-
tered photons is related with the scattering parameterq by

q =
4pE sinu

12.398
, s2d

whereu is the employed scattering angle. The higher energy
of the polychromatic beam photons involves some important
advantages as an x-ray absorption decrease, an expansion of
the accessibleq range in the reciprocal space and a reduction
in the spectrum acquisition time. This, together with the im-
mobility of the experimental apparatus during data collec-
tion, makes energy-dispersive x-ray scattering a powerful
technique in the study of time-dependent phenomena, like
phase-transitions. On the other hand, the main inconvenience
of the energy-dispersive method is a decrease inq resolution
given by

Dq

q
=

DE

E
+

Du

tanu
, s3d

whereDu and DE are the angular resolution of the experi-
mental setup and the energy resolution of the detector, re-
spectively. However, this is not a real drawback when the
diffraction or scattering patterns present broad oscillations,
like in semicrystalline polymers.
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Energy-dispersive small-angle x-ray scattering couples
the information given by small-angle experiments and the
advantages of energy-dispersive methods. ED-SAXS studies
have already been done, especially by using the synchrotron
radiation,1,2 while only initial experiments were performed
on polyethylene by Schultz3 employing a commercial tung-
sten x-ray tube and the Kratky collimator system. However
no further papers on this topic appeared after the Schultz
publication which, in any case, did not show the entire scat-
tering profile of the polyethylene samples analyzed, being
limited to just one diffraction angle.

The energy-dispersive apparatus in use in our laboratory
employs the bremsstrahlung continuum generated from a
commercial tube as x-ray source and is based on a typical
diffractometer design(short sample–detector distance) and a
three-moving-slit collimation setup.4 The capability of such
instrument to perform ED-SAXS measurements was checked
by investigating the morphology of two semicrystalline poly-
mers, Lupolen and PPS, and the results obtained were com-
pared with those obtained from a conventional angle-
dispersive SAXS camera.

Lupolen is a crystalline polyethylene with well-known
density and morphology at room temperature. It is com-
monly used as a standard to calibrate the SAXS intensity
profile of a small-angle Kratky compact camera. In Fig. 1 the
energy-dispersive results for a Lupolen sample are reported
compared to those obtained by means of a conventional
angle-dispersive Kratky camera.

Two scattering angles,u=0.09° and 0.22°, were used to
cover the characteristic small-angleq range. The useful x-ray
energy of the incident beam ranged from 13 to 45 keV. The
portion of the spectra at lower energy was not included in
data processing, containing the fluorescence lines of the
x-ray tube W anode. To obtain the corrected ED-SAXS pro-
file comparable to that measured with the classical SAXS
instrument, the raw energy-dispersive intensity was first cor-
rected for the sample absorption and then normalized for the
incident beam spectrum. The corrected data were then joined
together and were multiplied by the factorq2 to obtain the

entire Lorentz-corrected ED-SAXS spectrum. The solid line
in Fig. 1 is the Lorentz-corrected desmeared SAXS intensity
of the sample, obtained by correction of the Kratky profile
for the slit-length effect. The Vonk method,5 specific for
semicrystalline polymers, was used to perform the desmear-
ing process. As shown in the figure, Lupolen exhibits a
strong correlation peak in the small-angle region, well
pointed out by both the angular and the energetic scan tech-
niques. TheL value of 120 Å, as well as the shape of the
peak, revealed by the energy-dispersive data is in good
agreement with that obtained by using the conventional
angle-dispersive apparatus. On the contrary, a slight differ-
ence can be seen between the two profiles forq.0.1 Å−1, in
the so-called Porod region. This difference could be gener-
ated from the desmearing process of the SAXS data, in
which a careful background computation and subtraction in
the tail region is necessary. The reported ED-SAXS data stop
at q<0.018 Å−1, corresponding to<350 Å. In fact, for
lower q values, the x-ray scattering generated by air and by
the collimation system becomes important. Measurements
under vacuum, as well as reduction and subtraction of the
parasitic scattering coming from the collimation system are
necessary to reach lowerq values.

To test the performance of our energy-dispersive x-ray
spectrometer in time-resolved small-angle analysis, the evo-
lution of the small-angle profile during the isothermal cold-
crystallization of PPS was studied. Poly(p-phenylene sul-
phide) (PPS) is one of the most important and studied
engineering polymers. It exhibits very good thermal stability,
good mechanical properties and, when doped with I2, AsF5,
SO3, or TaF5, it can become conductive. The crystallization
kinetics of PPS from the solid amorphous state at different
temperatures was already studied in our laboratories6 by
means of the wide-angle energy-dispersive x-ray diffraction
and other techniques. Cold-crystallization experiments7 on
melt-quenched PPS were followed using four different dif-
fraction angles(u=0.08°, 0.15°, 0.2°, and 0.25°) at the same
temperaturesTc=104 °Cd for several hours, with an acquisi-
tion time of 300 s for each spectrum. The overall ED-SAXS
profiles were then obtained by joining, after the appropriate
corrections, the different x-ray spectra recorded at the differ-
ent diffraction angles for equivalent acquisition times. The
time-resolved ED-SAXS profiles are reported in Fig. 2 in
double logarithmic scale as a function of the scattering vec-
tor q. For convenience each curve is shifted along the inten-
sity axis.

After 900 s, a very broad hump appears and increases
slightly in intensity with time. The final large peak obtained,
after a crystallization time of 20 400 s, is centered at about
q=0.06 Å−1, corresponding to a long period of about 105 Å.
This can be attributed to a low perfection lamellar packing
that occurred at the low crystallization temperatures. The
value of 101 Å, found for the long period of the same sample
from an angle-dispersive scan, indicates, like in the previous
Lupolen case, the good agreement between our energy-
dispersive data and those obtained with the conventional
Kratky camera. In order to study the crystallization kinetics,
one can follow the evolution in time of the area of the overall
Lorentz-corrected ED-SAXS profiles, the so-called invariant
Q,

FIG. 1. Scattering profile of a standard Lupolen sample.(s) Corrected
ED-SAXS profile measured atu=0.09°. (n) Corrected ED-SAXS profile
measured atu=0.22°.(—) Desmeared SAXS intensity from a conventional
Kratky camera.
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In practice, to obtain precise values forQ, the experimental
intensity must be extrapolated to the origin and to very large
q values. However, integration of the Lorentz-corrected
curves between the experimental limits,q1 andq2, represents
an adequate assessment of the invariant magnitude.

The evolution of the invariant during the isothermal
cold-crystallization of PPS at 104 °C is shown in Fig. 3. The
parameters for the overall crystallization process calculated
by analyzing the evolution ofQ by means of the model pro-
posed by Ravindranath and Jog,8 proved to be in accordance
with those obtained for the same temperature with FTIR,
wide-angle EDXD, and DSC analysis in our previous study.6

In conclusion, despite the lack of other evidence on the
applicability of the ED-SAXS technique after the 30 year old
Schultz paper, we have demonstrated the applicability of
such a technique having found the solution to the nontrivial
corrections problems to be faced when dealing with it, which
will be discussed in a forthcoming wider paper. We have also
shown that ED-SAXS makes it possible to deal with the
structural evolution of polymer science time-dependent phe-
nomena without requiring either the difficulties of access to

synchrotron facilities or those concerning the use of slit-
collimation small angle cameras like the Kratky one. More-
over the perspectives opened by our results of getting reli-
able results with the same laboratory instrument on both the
wide and small angle regions let us foresee that useful modi-
fications of the apparatus setup could be easily done and that
a much larger application of this technique than today could
be achieved.

Work is in progress to apply the energy-dispersive appa-
ratus to studying other polymeric and nonpolymeric systems.
The advantages and limits in performing small-angle mea-
surements with our apparatus, as well as the description of
the geometry of the collimation system, will be discussed in
a detailed forthcoming paper.
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FIG. 2. Time-resolved energy-dispersive small-angle x-ray scattering pro-
files of PPS during the cold-crystallization process atTc=104 °C.

FIG. 3. Time evolution of the ED-SAXS invariant during the isothermal
cold-crystallization of PPS at 104 °C.

4800 Appl. Phys. Lett., Vol. 85, No. 20, 15 November 2004 Portale et al.




