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Abstract

A SAXS method for the quantitative assessment of the morphology of polymer layered silicate nanocomposites is proposed. Fitting the

SAXS patterns, the number of clay layers, the periodicity of the layers in the tactoids, the thickness of the regions interposed between the clay

platelets and their distributions can be measured. A good agreement with TEM data was obtained, avoiding the inconsistencies with

microscopical observations often reported in the literature.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The dispersion of the organo-clay filler in polymer

layered silicate nanocomposites (PLSN’s) plays a key role

in determining the property enhancement that makes these

materials attractive to both industry and academia.

Traditionally, the characterization of the structure and

morphology of PLSN’s is carried out by wide-angle X-ray

diffraction (WAXD) and by transmission electron

microscopy (TEM). TEM allows an evaluation by direct

visualization of the morphology of PLSN’s, but a great care

must be exercised in the selection of representative images.

WAXD is the most frequently used technique, due to its

simplicity and wide availability. The shape, position and

intensity of the basal peaks may yield quantitative

information on intercalated clay structures. A number of

experimental parameters, particle size, defect density, strain

effects and mixed layering affect WAXD data, though,

leading to possible inconsistencies with microscopical

observations [1–5]. Moreover, the disappearance of the

clay basal peaks from the WAXD pattern cannot be

considered a sufficient sign that exfoliation has occurred,
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unless the angular range is explored beyond the low angle

limit of WAXD. Small-angle X-ray scattering (SAXS) is

less frequently employed as a characterization technique

[6–10], often just on a qualitative basis. X-ray diffraction

methods, differently from TEM, sample the whole bulk of

the sample, thus potentially giving a more generalized

picture of its morphology. Being able to exploit this

peculiarity at its full extent would offer a valuable tool for

a thorough characterization of polymer-based nanocompo-

site materials. The purpose of this work was that of

proposing a method of analysis of the SAXS data of PLSN’s

that could overcome the inconsistencies with microscopy

and give information on the morphology of the filler in the

composite.
2. Experimental
2.1. Samples and sample characterization

Two polypropylene/cloisite 15A nanocomposites were

prepared [11] by melt mixing in a single screw extruder

Moplen HP500J (Basell Polyolefins) and Abriflo 65 (Abril

Industrial Waxes) as a processing aid agent. The clay was

added before polymer melting (sample A) in the main port

of the extruder, or after polymer melting (sample B) in a

second feeding port following the main one, in order to
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obtain a different degree of intercalation between matrix and

filler. TEM analyses were performed by a TECNAI 10 FEI.

Samples were stained by RuO4 and cryomicrotomed in

100 nm thick sections. Image analysis was performed with

IM500 software (Leica) and approximately 200 data were

collected for each sample. The results were reported in form

of histograms and, by fitting with a Gaussian function, the

mean and the corresponding standard deviation were

calculated. SAXS spectra of both samples were acquired

by a MBraun system, using Cu Ka radiation from a Philips

PW 1830 X-ray generator. The data were collected by a

position sensitive detector, in the scattering angular range

0.1–5.08 2q and they were successively corrected for blank

scattering, desmeared and Lorentz-corrected. WAXD

patterns were recorded by a Philips X’Pert PRO diffract-

ometer equipped with a graphite monochromator on the

diffracted beam (Cu Ka radiation) in the angular range 1.5–

408 2q.

2.2. SAXS data treatment

A fitting method of SAXS patterns was developed on the

basis of a theoretical model [12–15] in which the PLSN

structure is represented by high density clay layers

alternated by low density matter, either polymer or

compatibilizing agent. The lateral width of the clay stacks

was assumed to be much larger than its thickness [1,3,4,16],

so a one-dimensional variation was considered for electron

density.

The effects on the SAXS patterns of second-kind

distortions was considered on the basis of the Vonk’s

formula [17]:

gðxÞZg0ðxÞexp
K2x

d

� �
(1)

where g(x) and g0(x) are the one-dimensional correlation

functions for the distorted and ideal model, respectively, x is

the distance perpendicular to the lamellar surface and d is

the distortion length [17]: The value of d increases with

decreasing bending of the layers. According to the Wiener–

Khintchine theorem [18], the one dimensional SAXS

intensity function [I(s), where sZ2 sin q/l, 2q is the

diffraction angle and l is the radiation wavelength, i.e. in

this work Cu Ka] is given as the Fourier cosine transform of

the g(x) function:
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where Fc[ ] and the asterisk denote the Fourier cosine and

the convolution, respectively, so

IðsÞZ I0ðsÞ �
2=d
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where I0(s) is the one dimensional SAXS intensity for the

ideal lamellar structure [13]:

I0ðsÞZ IIðsÞC IIIðsÞ (4)

where:
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In these equations, FY and FZ represent the Fourier

transforms of the distribution functions of the clay layers (Y)

and of the low-density regions interposed between the clay

platelets (Z), rY and rZ are the electron densities of the clay

and low-density regions, respectively, N is the number of

layers and X the average long period. The thickness Y of the

alumino–silicatic layers was fixed in 1.0 nm [19].
3. Results and discussion

Fig. 1 shows the TEM general view of the samples

considered in this paper to validate the method of SAXS

data analysis. As may be seen, sample B displays larger

tactoids, due to the shorter residence time of the clay in the

extruder, which was not long enough to allow for a sufficient

homogenization of the filler.

Clay sheets, and consequently tactoids, are three

dimensional and usually randomly oriented in the bulk of

the material. The samples taken to be analyzed by TEM

came from random locations inside the specimens, thus

giving a general picture of its morphology.

A problem that may arise with TEM micrographs is that

when the layers in the tactoids are not in the edge-on

position, the contrast between adjacent layers is altered and

thus they cannot be properly distinguished [9].

In Fig. 1, the coexistence of well defined layered stacks

and dark regions can be seen, confirming that the tactoids

are indeed randomly oriented in the space. This is a quite

important observation, because the isotropicity of the spatial

distribution of the scattering elements is required for a

meaningful SAXS analysis. Fig. 2 shows some examples of

the high magnification TEM micrographs used for the

quantification of the samples’ morphology. The single

layers composing the tactoids can be clearly distinguished

and so it was possible to evaluate the mean number (NTEM)

and periodicity (XTEM) of the individual clay platelets in the

tactoids. Only tactoids with layers in the edge-on position

were considered for quantification. The periodicity was



Fig. 2. High magnification TEM micrographs of samples A (a) and (b) and

B (c) and (d).

Fig. 1. TEM micrographs of sample A (top) and B (bottom).

Fig. 3. Experimental histograms (C) and Gaussian fitting (B) of the

periodicity of clay layers distributions determined by TEM for samples A

(top) and B (bottom).
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intended as the distance between the centers of two adjacent

clay layers and was measured by image analysis software

previously calibrated on the internal scale of the TEM

micrograph. The whole range of data acquired, from 1.5 to

8.5 nm was divided into 14 intervals 0.5 nm wide and a

histogram of the relative frequency of the measurements

falling into each class was plotted (Fig. 3). The diagrams of

Fig. 3 were fit with two Gaussian functions, in order to

obtain the mean and standard deviation of each of the

populations of clay layers (Table 1). A bimodal distribution

was in fact observed in both samples. The first population

was that of tactoids that proved immiscible with the polymer

and retained the spacing of clay layers typical of pristine

Cloisite 15A (3.2 nm). The second population was formed

by intercalated stacks of clay layers. The intercalated clay

layers appear to be more numerous and more separated in

sample A (Figs. 2 and 3), suggesting that a more significant

interaction of the polymer with the clay occurred as a

consequence of the increased homogenization time.

Samples A and B produced very similar SAXS patterns
Fig. 4. Best fits between experimental and calculated SAXS patterns

(�: Experimental, solid line: Calculated). For sample A the calculated

signals relative to the immiscible and intercalated populations of clay layers

are also shown by dotted lines.



Table 1

Average number of clay layers (N), periodicity of the layers (X) and thickness of low density region (Z), and relative standard deviations of X (sX/X) and of Z

(sZ/Z) for the two populations of tactoids in samples A and B

Sample Tactoid

population

NTEM XTEM (nm) (sX/X)TEM NSAXS ZSAXS (nm) XSAXS (nm) (sZ/Z)SAXS (sX/X)SAXS

A Immiscible 11 4 0.23 11 2 3 0.38 0.28

A Intercalated 11 6 0.15 10 4 5 0.40 0.33

B Immiscible 10 3 0.26 10 2 3 0.39 0.34

B Intercalated 10 5 0.20 13 4 5 0.25 0.20

Subscript TEM denotes data evaluated by the analysis of TEM micrographs, subscript SAXS indicates those assessed by fitting of the SAXS patterns.
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with two maxima, approximately at 0.018 and 0.032 ÅK1

(Fig. 4). Coexistence of different dispersion morphologies

has been reported in the literature [8]. The SAXS patterns

were fitted by the method proposed and the morphological

data obtained are shown in Table 1. As can be seen, a good

agreement with TEM was observed. It is especially

interesting to note that usually inconsistencies are found

between TEM and X-ray diffraction concerning the number

of platelets in the stacks. This is due to the fact that the

particles seen in micrographs can consist of face–face

aggregation of crystallites, as reported by Vaia [7] and by

other authors as well [1,3,20]. Our model could reproduce

the real number of clay layers in tactoids because it

considered possible second-kind distortions [15,17]. As may

be seen in Fig. 5, in fact, when face-to-face aggregation

occurs, slight differences in the stacking directions may

appear. In this case, WAXD detects each tactoid as a

separate crystallite, while if a distortion parameter were

introduced in the SAXS analysis, aggregated tactoids are

considered as a single stack.

If ideal and undistorted lamellar structures were

postulated [11,13], the fitting of SAXS patterns yielded 5

platelets for each tactoid of sample B and 4 and 5 layers,

respectively, for the immiscible and intercalated tactoids of

sample A. This result was also confirmed by WAXD. The

crystallite size (L001) of unintercalated tactoids was

estimated by the Scherrer equation [16]: Dividing L001 by
Fig. 5. Scheme of two clay tactoids aggregated face-to-face. Arrows

indicate the stacking direction.
the periodicity d001 of the clay basal peak, the number of

layers (NWAXD) constituting the unintercalated stacks could

be assessed. The NWAXD obtained with this method were

four for sample A and five for sample B, in good accord with

those calculated by the SAXS analysis with undistorted

layers, but in disagreement with TEM and SAXS data

yielded by fitting on the basis of the distorted layer model.

These results supported the hypothesis that clay stacks,

either intercalated or not, that were observed by TEM in our

PP/montmorillonite composites, were composed of crystal-

lites aggregated face-to-face.
4. Conclusion

A SAXS fitting method for the quantitative assessment of

the morphology of clay in polymer layered silicate

nanocomposites was proposed. Data were in good agree-

ment with TEM, thus the inconsistencies with microscopical

observations often reported in the literature, due to

flocculation or face-to-face aggregation of the clay layers,

were avoided. This calls for consideration of an accurate and

quantitative SAXS analysis to complement and enrich the

traditional morphological investigation of nanocomposites

made by TEM and WAXD.
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