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X-ray methods are potent and versatile tools for the structural characterization of mat- 
ter. For our studies on semicrystalline plastics and on parts produced therefrom, we have 
developed special X-ray scattering techniques which are capable to deliver a wealth of 
structural information without the necessity to use very expensive equipment or labori- 
ous preparations of specimens. Some of the techniques utilizing linear position-sensitive 
detectors have been applied in the structural characterization of fibers as well. The wide- 
angle techniques are described and their applications to selected examples, cellulose fibers 
and cross-sections of moldings from graphite-filled polypropylene, are illustrated. 

Keywords: Cellulose; fibers; graphite-filled polypropylene; moldings; wide-angle X-ray 
scattering (WAXS); site-resolved X-ray studies; morphology; orientation 

INTRODUCTION 

X-ray scattering methods (small-angle and wide-angle X-ray scattering 
or diffraction) are very potent and versatile tools for the structural 
characterization of matter and their applications in studies of fibers 
and plastics are countless. 

Over the last decade, we have performed numerous X-ray inves- 
tigations on semicrystalline plastics and on parts produced there- 
from [l-101 in order to explore the polymer morphology and to 
elucidate the influence of several factors (molecular characteristics, 
processing conditions, fillers) especially on the multilayered structures 
which form during processing. For this purpose, we have developed 
special techniques, e.g., of site-resolved wide-angle X-ray scattering 
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536 P. ZIPPER 

(WAXS), which advantageously utilize linear so called position- 
sensitive detectors (PSD) in order to reduce the measuring time. Some 
of the techniques have been applied to the structural characterization 
of fibers as well [l 1 - 191. 

METHODS 

Methods for Investigations of Plastics 

Parts which have been produced from semicrystalline thermoplastics 
such as polypropylene (PP), for example by injection molding, typi- 
cally possess a multilayered architecture consisting of several layers 
running approximately parallel to the surface of the parts. These lay- 
ers may differ in the extent of crystallinity and in the type, size, and 
orientation of the crystallites and of the supramolecular structures 
built therefrom. For example, PP may crystallize in various modifi- 
cations (a, @, 7, mesomorphic PP); usually a-PP is the predominant 
form, but several forms may co-exist in the same part. 

In order to obtain information about the structural characteristics 
of the various layers in a part, it is necessary to investigate each of 
the layers separately. In principle, this can be done by mechanical slic- 
ing of the parts prior to the X-ray measurements which are then 
performed on single slices or on packets of several slices. We chose, 
however, the alternative way of “site-resolved X-ray scattering”. In 
our approach, a cross-section of the part is scanned with a fine X-ray 
beam that is aligned parallel to the surface of the part (we call this the 
“parallel transmission geometry”). The advantage of our approach is 
that we can study the various layers in situ, without any mechanical 
deformations which are likely to occur on mechanical slicing. 

Crucial factors in our approach are the collimation of the primary 
beam and the registration of scattered radiation. The finer the pri- 
mary beam is collimated the higher is, of course, the feasible spatial 
resolution of scanning, while the intensity of the beam (and thus also 
of scattering) is the lower. In order to achieve a high spatial resolu- 
tion and a high intensity at the same time, we use a Kratky collima- 
tion system. This produces a beam having a line-shaped cross-section 
of about 60 pm x 2 mm at the position of the sample. If the line 
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X-RAY SCATTERING METHODS 531 

is oriented parallel to the surface of the part under investigation, a 
spatial resolution of about 30 pm along the surface normal becomes 
feasible. Scanning the cross-section of a 3 mm thick plate thus implies 
the measurement of X-ray scattering at about 100 equidistant points 
in the cross-section. This is facilitated by using a computer-controlled 
step scanning device for a precise positioning of the sample relative to 
the X-ray beam (minimum step 5 pm). For the registration of scatter- 
ed radiation we use a position-sensitive detector which allows, with 
our wide-angle setup, the simultaneous registration of an about 20” 
broad section of the scattering curve. The entire equipment is installed 
on a conventional stationary-anode X-ray generator. Cross-sections 
used for the site-resolved measurements typically are small rectangular 
blocks of 2 to 10 mm in length, 2 to 3 mm in the direction of X-ray 
transmission, and about 0.3 to 3mm in the direction normal to the 
parts’ surface. With such samples, the measuring time for each scat- 
tering curve typically is about 400 s. We are hopeful that the intended 
installation of an additional optical device (Goebel mirror) will 
bring about a considerable reduction of measuring time. 

The output of a site-resolved WAXS experiment is a 2D intensity 
diagram, showing scattering curves (intensity vs. scattering angle) in 
dependence on the depth (i.e., the distance of the measuring position 
from the “reference surface”). Typically the intensities of the reflec- 
tions in this diagram are not constant but show more or less pro- 
nounced variations over the cross-section (cf. Fig. 1). A quantitative 
analysis of the intensity distributions of the reflections finally yields 
depth profiles of several parameters informing i.a. about the crystallite 
modifications being present and about the type and degree of crystal- 
lite orientation (cf. Fig. 2). However, before such informations can be 
deduced from the intensity diagrams it is necessary to separate the con- 
tributions of the non-crystalline (“amorphous”) phase from those of 
the crystallites. This step, which is performed in different ways, e.g., by 
fitting polynomials to the minima in the scattering curves, is usually 
followed by a modelling of the crystallite scattering curves by means 
of pseudo-Voigt functions in order to resolve overlapping peaks. 

In site-resolved WAXS measurements using the parallel trans- 
mission geometry, only those lattice planes can contribute to the 
measured intensity which are inclined to the surface of the parts by 
a few degrees. This fact is the basis for the following strategy. 
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538 P. ZIPPER 

Measurements on cross-sections with the primary beam perpendicular 
to the flow direction yield basic information about the extent of orien- 
tation. Additional details can be obtained from two further measure- 
ments, with the primary beam parallel and anti-parallel to the flow 
direction, respectively (cf. Fig. 3). 

X-ray experiments were also performed using the classical 
“symmetrical reflection” and “normal transmission” geometries. 
Both kinds of experiments yield integrated information. With the sym- 
metrical reflection geometry of a diffractometer, the information refers 
to lattice planes being exactly parallel to the surface and comprises 
all those planes between the surface and a depth of about 0.5 mm. The 
normal transmission experiment, performed with the X-ray beam trans- 
mitting the specimen perpendicular to the part’s surface, registers 
the scattering from lattice planes which are inclined to the surface 
normal by a few degrees and averages over the entire thickness of the 
part. 

The latter experiment was performed with a two-circle goniometer 
that uses a pinhole-collimated point-shaped primary beam and is also 
equipped with a linear PSD. Computer-controlled stepwise rotation 
of the sample around the primary beam results in a 2D intensity dia- 
gram showing scattering curves in dependence on the azimuth angle. 
Such azimuthal intensity distributions can be analyzed to yield infor- 
mation about the preferential orientation of lattice planes relative to 
the flow direction, in terms of mean square cosines or Hermans’ crys- 
talline orientation factor derived therefrom. This analysis usually 
requires a separation of crystalline and non-crystalline contributions, 
which is performed for each curve in a similar way as described 
above. 

The two-circle goniometer was also applied to perform site-resolved 
measurements of the azimuthal intensity distribution on cross-sections 
of parts, using the parallel transmission geometry. The spatial resolu- 
tion in these experiments is only about 300 pm, due to the size of the 
diameter of the beam. Systematic investigations of this kind over en- 
tire cross-sections are rather time-consuming and were performed 
only with few selected samples. The intended installation of a pin-hole 
camera on a high-power generator with rotating anode and the use 
of a 2D detector shall reduce the measuring times for such experiments 
greatly. 
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X-RAY SCATTERING METHODS 539 

Methods for Investigation of Fibers 

Besides the classical measurements of equatorial and meridional scat- 
tering by means of a diffractometer, we also performed measurements 
of azimuthal intensity distributions using the two-circle goniometer 
with the linear PSD. If the range of scattering angles to be explored 
exceeded the range accessible with one setting of the PSD, measure- 
ments were performed in two subsequent cycles, with the PSD alter- 
nately placed at two different ’scattering angles which were chosen 
such that the scattering curves obtained from the two measurements 
overlapped and could be merged into one curve. 

The 2D intensity distributions which were obtained in this way (cf. 
Fig. 5 )  were evaluated either in terms of mean square sines or co- 
sines and orientation factors in order to characterize the degree of fi- 
ber orientation, or they were integrated and converted to randomized 
scattering curves and finally evaluated in terms of crystallinity. For 
studies of orientation, the separation between non-crystalline and 
crystalline contributions to the total intensity usually was performed 
in a similar way as described above, by fitting polynomials to selected 
minima of each scattering curve (cf. Fig. 6) .  

In the case of cellulose fibers, the azimuthal distributions of the total 
intensity and of the background, at the scattering angles correspond- 
ing to the reflections (101) and ( l O l ) ,  were first subtracted and the re- 
sulting curves were then approximated by pseudo-Voigt and/or 
Gauss functions (“method A”). For the (101) reflection this approxima- 
tion was essential in order to get rid of disturbing contributions from 
the (021) reflection (Fig. 8). In an alternative approach (“method B”) 
the azimuthal distributions of total intensity and background were 
first approximated by pseudo-Voigt and/or Gauss functions (Fig. 7) 
and the background-correction was performed afterwards, again 
omitting the contributions of the (021) reflection (“method B”). 

SAMPLES AND APPARATUS 

The following samples were investigated: 

0 Rectangular plates, injection molded from PP (grade Daplen PT55 1 
from PCD Polymer) filled with up to 40% (w/w) graphite (grades 
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540 P. ZIPPER 

AM9060 and SBL2 from Grafitbergbau Kaisersberg; for short- 
ness designated as A and s) [20]. Cross-sections were taken from the 
plates at distances of 15, 60 and 105mm from the gate. 

0 Fibers of regenerated cellulose (from Lenzing AG). 

The following apparatus were used: 

0 Diffractometer Siemens D 500 with Huber texture attachment, Ni 
filtered Cu radiation, 40 kV, 30 mA. 

0 Two-circle goniometer Anton Paar with linear detector Braun PSD 
50 M, Ni filtered Cu radiation, 50 kV, 45 mA. 

0 Kratky collimation system (Anton Paar) with 40 pm entrance-slit, 
home-made sample positioning attachment and vacuum tube, linear 
detector Braun PSD 50 M, Ni filtered Cu radiation, 50 kV, 45 mA. 

RESULTS AND DISCUSSION 

Investigations of PP Parts 

The 2D intensity diagrams of a plate molded from unfilled PP (Fig. 
la) show only little variation of the intensities of the main reflec- 
tions of a-PP with the depth, at ail distances from the gate. These dia- 
grams are typical of low-oriented PP. On the contrary, the 2D 
diagrams of all plates molded from graphite-filled PP show a quite 

FIGURE 1 2D intensity diagrams, derived from site-resolved WAXS studies in par- 
allel transmission geometry on cross-sections from plates injection molded from (a) 
unfilled and (b) graphite-filled (10% graphite S )  PP. The cross-sections were taken 
15mm from the gate; the direction of transmission was perpendicular to the flow 
direction. Indices are given for selected reflections of a- and p-PP, and graphite (C). 
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X-RAY SCATTERING METHODS 54 1 

different behavior (cf. Fig. lb), namely a greatly enhanced intensity of 
the PP (040) reflection, increasing with the graphite concentration, and 
considerable variations of the intensities of all PP reflections with the 
depth. The variations are most pronounced with the (040) reflection. 
The intensity of the (002) reflection of graphite expectedly increases 
with the graphite concentration and shows similar variations over the 
cross-sections as the PP (040) reflection. 2D diagrams referring to 
different distances from the gate or different graphite grades exhibit 
only moderate differences. 

Quantitative analyses of the 2D diagrams in terms of the orienta- 
tion parameters A, l~ and C (cf. [4,7]) led to depth profiles like those 
shown in Figure 2. The parameter C expresses the relative contribu- 
tion of the (040) reflection to the sum of intensities of the reflec- 
tions (110), (130) and (040). Its magnitude increases from a level of 
about 0.4, found for the unfilled PP, up to values > 0.9 for samples 
of graphite-filled PP. On the other hand, the parameter Allo,  which 
usually measures the degree of (fiber) orientation of PP and often 
reaches its maximum value of 1 in the surface layers of moldings 
(e.g. [6 ,7]) ,  decreases in the core region well below its initial level of 
about 0.5. 

1.0 , 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

Depth [mm] 

FIGURE 2 Depth profiles of orientation parameters Allo (dashed lines) and C (solid 
lines), derived from the 2D diagrams shown in Figure 1. The thin lines refer to unfilled, 
the thick ones to graphite-filled PP. Values of C = 1 indicate a high degree of orientation 
of a-PP crystallites with the (040) planes parallel to the part’s surface. 
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542 P. ZIPPER 

The behavior of both parameters suggests that in the graphite-filled 
PP samples the crystallites are highly oriented in a special manner, 
with the (040) planes parallel to the surface. This conclusion is strong- 
ly supported by additional investigations using the two-circle gonio- 
meter both in normal and parallel transmission geometry and the 
diffractometer (data not shown). Those measurements also confirmed 
the assumption that the graphite particles are oriented preferentially 
with their (002) planes parallel to the surface. Systematic variations in 
the inclination may be deduced from Figure 3. 

In order to illustrate the role of graphite for the extent of orienta- 
tion of PP, the values of the parameter C and of the intensity of the 
graphite reflection were averaged over each cross-section and plotted 
versus the graphite concentration (Fig. 4). The figure shows that a 
strong increase of the mean parameter C already occurs at graphite 
concentrations of 1 % or lower. Graphite concentrations higher than 
10% do not cause an essential further enhancement of the mean val- 
ue of C, but may even result in a slight decrease of the mean value. 
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FIGURE 3 Depth profiles of the intensity of graphite (002) reflection, obtained by site- 
resolved WAXS measurements on cross-sections, using different directions of trans- 
mission: perpendicular (solid line), parallel (dashed), and antiparallel (dot-dashed line) 
to the flow direction. Crossings between the two latter curves indicate changes in the 
preferential inclination of graphite planes relative to the flow direction. 
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FIGURE 4 The dependence of the mean intensity of graphite reflection (solid and dot- 
dashed lines) and of the mean orientation parameter C (dashed and dotted lines) on the 
weight fraction of graphite. Open symbols refer to graphite S ,  closed ones to graphite A. 
The mean values were obtained by averaging the depth profiles of parameters (pertaining 
to 15 mm from gate, perpendicular to flow direction) over the cross-section. 

According to our findings, oriented graphite particles act as nu- 
cleators for PP and transfer their mode of orientation to the nascent 
PP crystallites, causing them to grow perpendicular to the graphite 
(002) planes. This leads to the observed parallelism of the PP (040) 
planes with the graphite (002) planes and with the surface of the 
plates [21]. 

Investigations of Cellulose Fibers 

A bundle of parallelized cellulose fibers was investigated in the two- 
circle goniometer in normal transmission geometry, using counting 
times of 1200 s for each scattering curve. The fiber bundle was rotated 
around the primary beam by 180", in steps of 2.5" and 5", respectively. 
The resulting 2D azimuthal distribution of total intensity is shown in 
Figure 5. In order to arrive at the azimuthal intensity distributions of 
the reflections (101) and (101) of cellulose 11, we followed the proce- 
dures outlined in the section Methods. The determination of the back- 
ground due to non-crystalline cellulose is illustrated in Figure 6, for 
the equatorial and one meridional scattering curve. The intensities of 
the total scattering curves and of the background curves at the 
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544 P. ZIPPER 

15 

Azimuth 

0 

30 

Azimuthangle [deg) 180 Scattering angle [deg] 

FIGURE 5 2D azimuthal intensity distribution of cellulose fibers, derived from meas- 
urements by means of a two-circle goniometer equipped with linear PSD. The plot shows 
the scattering curves which were obtained at  different azimuth angles a. 

10 15 20 25 30 

Scattering angle [deg] 

FIGURE 6 Separation of the background (dashed lines) due to non-crystalline phase 
and incoherent scattering from the equatorial (E) and meridional (M) total scattering 
curves of cellulose fibers. 

scattering angles of 12.29" and 20.02" were used to construct profiles 
of azimuthal distributions of the reflections (101) and (101) and of the 
corresponding background. These are shown in Figure 7 as raw data 
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FIGURE 7 Azimuthal distributions of total intensity (circles) and background 
(squares) for the (101) reflection (left) and the (101) and (021) reflections (right) of 
celiulose fibers. The solid and dashed lines show the aDuroximations bv Dseudo-Voigt 
functions. The (021) reflections were modelled 

1 6 ,  I 

" 0  O 2 1  ... A' 

Gaukians (curves not s'hown). 

10 

" "  
0 30 60 90 120 150 180 o 30 M, 90 120 150 180 

Azimuth anpls 1-1 Azimuth anple [deg] 

FIGURE 8 Azimuthal intensity distributions of the (101) reflection (left) and the (101) 
reflection (right) of cellulose fibers. The circles show the raw distributions obtained 
according to method A, the solid lines are the corresponding approximations by pseudo- 
Voigt functions. Almost identical distributions are obtained by means of method B 
(dashed lines, hardly visible). 

(the curves represented by circles and squares). The profile of the 
(101) reflection also contains contributions from the reflection (021). 

Subtraction of the raw data in Figure 7 yielded the background- 
corrected azimuthal distributions of the reflections (101) and (101) 
shown as raw data (circles) in Figure 8. In order to eliminate the 
disturbing contributions from the (021) reflection, the raw data in 
Figure 8 were approximated, using a pseudo-Voigt function for the 
(101) peak and Gaussians for the (021) peaks. Only the data of the 
(101) peak were then used in the further evaluation. For compatibility 
reasons, the raw data of the (101) reflection were also approximated 
by a pseudo-Voigt function. The approximated distributions resulting 
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546 P. ZIPPER 

from this evaluation procedure (designated as “method A”) are shown 
in Figure 8 as solid lines. 

In the alternative evaluation procedure called “method B”, the raw 
data in Figure 7 were first approximated to yield the curves drawn as 
solid and dashed lines and then subtracted. The resulting intensity 
distributions of the (101) and (101) reflections are presented in Figure 
8 as dashed lines. They are nearly identical with the profiles obtained 
by method A. 

Based on the approximated background-corrected profiles (Fig. 8) 
the mean square cosines (cos2@~ol) and (cos2@l~l) were calculated. 
These are identical with the mean square sines (sin2a0) and (sin2a3) 
used by Hermans [22] and were evaluated in terms of the mean square 
sine (sin’o) and the crystalline orientation function fc accordingly. 
The results are summarized in Table I. 

As follows from the tabulated values, both evaluation schemes 
yielded nearly identical results for this sample showing a high degree 
of orientation. Investigations were also performed on additional 13 
samples of different perfection of orientation and evaluated in the 
same way as the sample presented here. The comparison of the results 
obtained for those samples from the two evaluation schemes (data not 
presented) showed a good agreement in most of the cases. Consider- 
ing the values forf,, 6 samples gave standard deviations < 1%, for 
further 4 samples the standard deviation was < 2%. A pronounced 
discrepancy (standard deviation 14%) was, however, encountered with 
one sample of low degree of orientation. 

In our studies the background due to the non-crystalline phase was 
explicitly taken into account. By applying the background correc- 
tion we followed suggestions made by Kratky [23]. Calculation of the 
orientation factor from the total intensities, omitting the background 
correction but taking into account the correction for the contribu- 
tions from the (02 1) reflection, would have led to considerably lower 

TABLE I 
sample 

Mean square sines and crystalline orientation function of the cellulose 

Evaluation (sin’m,) (sin’cq) (sin’p) f c  

method A 0.034 0.066 0.100 0.850 
method B 0.033 0.064 0.097 0.855 
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X-RAY SCATTERING METHODS 547 

values for fc. For the sample presented here, a value of about 0.57 
resulted in this way. On the other hand, an evaluation of the azimuthal 
distribution of the background in terms of an orientation function led 
for this sample to a value of about 0.37. 

CONCLUSION 

The examples presented above convincingly demonstrate the capabil- 
ities of our X-ray approaches for studies on plastics and fibers. 
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