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DECONVOLUTION OF X-RAY DIFFRACTION DATA TO ELUCIDATE
PLASTIC DEFORMATION MECHANISMS IN THE UNIAXIAL
EXTENSION OF BULK NYLON 6

A. Galeski
Center of Molecular and Macromolecular Studies,

Polish Academy of Sciences, 90-362 Lodz, Poland

A. S. Argon and R. E. Cohen

Massachusetts Institute of Technology, Cambridge 62139 U.S.A.

ABSTRACT

A least square peak deconvolution procedure was applied to wide angle x-ray diffraction
data on uniaxially drawn nylon 6 so that pole figures could be generated from clearly
separated crystallographic reflections. Beside peak total intensity pole figures a new type
of pole figure, based on peak widths, was proposed and proved to be useful in elucidating
the mechanisms of plastic deformation in the nylon 6 samples. In uniaxial tension a and
~ crystals of nylon 6 become oriented with macromolecular chains parallel to the drawing
direction. In contrast to 7 crystals, a crystals experience a large amount of breakdown
betw=en planes containing hydrogen bonds. Macromolecules which are in the amorphous
phase are mostly aligned along the drawing direction and that fraction of amorphous phase

which is so oriented shows the best close packing.
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1 INTRODUCTION

The development of powerful sources of x-ray radiation and computer aided data col-
lection has greatly increased the possibility of more precise characterization of molecular
orientation and molecular order by x-ray diffraction experiments. In order to describe
the orientation of crystallographic axes of crystallites in a polycrystalline sample a three-
dimensional coordinate system is introduced. For example, to describe the texture of rolled
sheets, coordinate axes have been defined along the machine direction (MD), transverse
direction (TD) and normal direction (ND). The orientation of a unit vector normal to a
given crystallographic plane can then be described by two angles a and 8 where, « is the
angle between machine direction and the normal, and f is the angle between the projection
of that normal on the ND-TD plane and TD direction. Pole figures provide a convenient
way to represent a map of the orientation distribution function of the normals to any
selected crystallographic plane [e.g. 1].

Intensities for pole figure level contours are generally obtained using an X-ray diffrac-
tometer in the following manner. The position of the detector is set at the 2 8 angle
corresponding to a selected (hkl) reflection while the sample assurmes aii possible urien-
tations 0 < a < 90° and 0 < § < 360°. In the case of polymeric materials, the crystals
are so small that all reflections show considerable broadening, overlapping over each other;
a very broad amorphous halo also underlies most of the crystallographic reflections. In
order to deconvolute overlapping peaks, pole figure intensity data must be collected over
the entire range of 20 angles for which crystallographic reflections occur. This extremely
time consuming task is not usually perfcrmed, althongh one recent example has appeared
in the literature [2] for the case of poly(ethylene terephthalate). The use of powerful x-ray
sources and the application of computer aided data collection reduces the duration of the
measurements and the data processing to an acceptable level.

The data obtained after deconvolution of overlappire peaks contain information about

the heights ana widths of peaks. The total peak intensity, the area under each decon-




voluted peak, must _be used for correct pole figuie construction. In addition, we suggest
in the present paper that the construction of another type of pole figure, based on peak
widths, is also useful for gaining and understanding of morphological details in deformed
semicrystalline polymers. A peak width depends upon the size of the crystals in the direc-
tion normal to a given diffraction plane and upon the deformation of crystallographic units
due to frozen stresses. We demonstrate here that the analysis of pairs of pole figures, ccn-
structed from total peak intensities and from peax widths provides valuable information
about the mechanisms of plastic deformation of crystals in semicrystalline polymers.

For this study we have chosen polyamide 6 bulk samples thch we have previously
carefully characterized in terms of their undeformed bulk morphology [3]. These same
materials have been examined also by transmission electron microscopy to obtain a qual-
itative sense of evoiution of morphological change which accompanies plastic deformation

in uniaxial tension [4].
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II MATERIALS AND METHODS

Polyamide 6 (Capron 8200 extracted, Allied Corp.) was the material used in this
work. Size exclusion chromatography experiments using trifluoroethanol as a mobile phase
revealed a weight average molecular weight M,, of 32.6 kg/mole and polydispersity index,
M, /M, of 1.80 for Capron 8200. Plaques of 3 mm thickness were obtained by compression
molding and by injection molding; the cooling cycle was considerably faster for the injection
molding process. The outer layers of the plaques were removed by machining at rocm
temperature, leaving a 1 mm thick core. Surfaces of the specimens were rough ground
with 800 mesh silicon carbide paper and then carefully polished with 0.3 ym alumina
powder, and finally with 0.05 um alumina powder. Polished plates were then dried at
100°C in vacuum for 24 hours and stored at 60% relative humidity for 18 months.

Oar-shaped samples {or tensile testing were cut out from machined cores of plaques, the
gauge length of specimens was 18 mm and the width was 16 mm. The uniaxial extension
of the samples was performed on a Model 1122 Instron Tensile Testing Machine at a rate of
1 mm/min. The drawing was interrupted at an engineering strain of 2.5 and the samples
were allowed to relax under stress for 30 min. The engineering natural draw ratio as
determined from the reduction in cross-section for injection molded sample was 2.22, while
for compression molded sample it was 2.16. |

The gauge sections of each specimen were examined by means of X-ray diffraction.
A typical diffraction pattern for nylon 6 compression molded sample is presented in Fig.
1(a). For nylon 6 samples there are at least 5 overlapping peaks for a, 4 and amorphous
phases listed in Table I (see Gurato et al. [5] for comparison). Because of this type of
overlap, which is relatively common in polymers, we developed a suitable method of peak
deconvoluticn which relies on a minimization procedure for a least squares expression. In
.Lig avpression the peaks weie approxiated Ly Gaussian curves A, -exp;—(25, -28)¢,2¢ ¢
and the background was subtracted. The minimization procedure searches for the direction

of the steepest slope of the above expression and the values A,,8; and o, are changed




accordingly. The-search is performed with a step size of ten percent of the assumed range
of variability for respective A;,6; and u; parameters.

The set of actual values of A,,8; and o; is systematically changed in the direction of the
steepest slope until the minimum is found. At this new point of A,, §; and o; a new direction
of the steepest slope is sought. If this direction is not found, then the step is adjusted to
0.8 of the present value and the procedure is repeated. The overall minimization procedure
ends when the assumed accuracy in steps for A,,8; and o; is reached, yielding the final
fitted values for height, position and width for all diffraction peaks.

The minimization procedure requires a starting point i.e., a set of approximate initial
values for height, position and width of peaks. The initial values should be within physically
reasonable limits and as close as possible to the actual values. It has been established by
comparison of x-ray diffraction curves for deformed and undeformed nylon 6 samples that
the values and limits for peak positions and widths for nylon 6 samples provided in Table
I are reasonable.

The deconvolution procedure is illustrated in Fig. 1 for a compression molded unde-
formed sample. The deconvolution of x-ray diffraction revealed crystallinity levels of about
25% a and 13% ~ forms in compression molded samples and 15% a and 28% ~ forms in
the injection molded samples.

A Rigaku x-ray diffractometer with rotating anode source was employed throughout the
work. The CuK, radiation generated at 40 kV and 150 mA was filtered using electronic
filtering and a thin film Ni filter. A Rigaku pole figure attachment was controlled on-line,
and x-ray diffraction data were collected by means of a MicroVAX computer running under
DMAXB Rigakn-USA Software.

For this study, complete pole figures were obtained for the projection of Euler angles
~f sample orientation: § from 0° to 360° with steps of 5°, and a from the range 0° to 90°
with steps of 5°. X-ray data from the transmission and reflection modes were connected

at the angle a = 40°.




In order to obtain the correct pole figures for the five most intense nylon 6 peaks a
sequence of pole figures was collected at 28 diffraction angle covering the range from 8° to
33° with steps of 1/3°. For each pair of a and  angles the diffraction intensity was taken
from the pole figure collected at the appropriate 26 angle. The diffraction curves were then
corrected for absorption and polarization factors.

The deconvolution procedure described above was applied to these reconstructed diffrac-
tion curves (there were 20 x 72 = 1440 respective pairs of a and 3 Euler’s angles; hence
1440 diffraction curves for each sample). New pole figures based on total intensities were
then constructed for all five peaks including the amorphous peak.

An example of a nondeconvoluted pole figure for uniaxially drawn injection molded
nylon 6 sample is given in Fig. 2. The total x-ray diffraction intensity from the 26
range 10° to 12° (corrected for absorption, polarization and background) was used for the
construction of this pole figure. Normally at this 26 range the (020) reflection for 4 form
of nylon 6 is expected to be dominant. The corresponding pole figure for (020) + form
peak after deconvolution is presented later in this paper in Fig. 6(c). It is seen that this
pole figure shows most of the normals of (020) planes for 4 form to be oriented along the
drawing direction which is a completely different feature from that revealed in Fig. 2(a).
This example illustrates dramatically the value of the deconvolution procedure in showing
what really occurs during deformation of a sample.

It is also possible to construct a set of pole figures from the data for peak widths. The
interpretation of these pole figures is based on the consideration that the plotted value is the
x-ray diffraction peak width of that fraction of crystals which is oriented at Euler’s angles a
and §; the appropriate fraction is taken from the corresponding total intensity pole figure.
It is well established that polycrystalline samples give broad x-ray reflections; the smaller
the number of crystallographic planes in crystallites producing diffraction, the broader is
the x-ray diffraction peak [6]. For example, when a crystalline region is reasonably well

described by a cubic shape, we can define a quantity 6 which relates the peak width and




size of the crystats &= ( K\/t) cos 8, where § is the half-width of the peak, K is a Scherrer
coustant, A is the wavelength of x-ray radiation, and ¢ is the dimension of the cube, i.e.
the size of the crystal {6]. The other sources of widening of x-ray diffraction peaks for
polycrystalline samples are: residual stresses and local defects which cause distortions in
a regular crystal structure [6]. Conusidering the above relations, the peak width can be
treated as a qualitative measure of a mean size of roughly undisturbed crystal structure
in the respective (hkl!) direction. The pole figure of peak width is in fact a map of x-ray

averaged sizes of regions with roughly undisturbed crystal structure.




III RESULTS AND DISCUSSION

Due to the flat shape of samples, the x-ray diffraction intensities for pole figures were
acquired in the configuration with the loading direction vertical, the transverse direction
horizontal and normal direction perpendicular to the plane of a plot. For the purpose of
better illustrating the on-going evolution of orientation and deformation of crystallites, the
pole figures were projected on the plane with normal direction (ND) vertical and transverse
direction (TD) horizontal i.e., the loading direction coming out of the plane of the plot.

Figures 3(a) - 3(e) are the pole figures of deconvoluted total intensity for the uniaxially
drawn compression molded sample; (A = 2.16), in the following order of: the (200) a-nylon
6 reflection, the (002) a peak, the (020) v-peak, the (200) y—peak and the amorphous halo.
Figure 3(a) is the pole figure for the total intensity under the (200) a form diffraction peak
(i.e., the relative fraction of crystals having normals to the (200) plane oriented at angles o
and (3 with respect to the draw direction when the drawing direction is a = 9C°). Figure 4
drawn after Holmes et al. [7], which will be helpful in further discussion, shows the crystal
structure of the a and < forms of nylon 6. Here we note that the normal to the (200)
plane of nylon 6, a and +y crystals is not parallel to the ;{/axis (i.e., < 200 > direction) as
well as the normal to the (002) plane is not parallel to the ¢ axis (i.e. < 002 >> direction).
The x-ray measurements deliver direct data on the orientation of normals to the reflecting
crystallographic planes rather than on the orientation of respective < hkl > directions.
Also, the reflection peak width contains the information about the number of undisturbed
crystallographic unit cells along the normals. However, it can be noticed that the number
of (200) planes in the < 200 > direction (a axis) in the crystal is the same as in the
direction normal to the (200) plane (albeit not at the same spacing). The same applies
to the < ;gg-> direction and normal to (002) plane for nylon 6 a and « crystals. As
seen in the pole figure of Fig. 3(a), a large fraction of crystals is oriented with the (200)

plane parallel to the drawing direction; the (200) normals are perpendicular to the drawing

direction -~ most of them oriented at a angle below 30° - and their # angle is at 90° and




270° fans. A relatively smaller abundance of (200) normals are found at a angles above
30°

Figures 5(a-e) represent the pole figures of peak width for a uniaxially drawn compres-
sion molded (A = 2.16) sample for the same series of peaks. It can be determined from
Fig. 5(a), the pole figure for the (200) a form peak width, that a crystals are only slightly
disrupted in the a axis direction over the whole range of a and § angles except for the
two regions at the transverse direction fans (TD) where the disruption is even less. The
small fraction of a crystallites whose (200) plane normals are oriented around the loading
direction (compare Fig. 3(a)) underwent relatively more extensive disruption; the peak
half-width reaches more than 0.018.

Pole figures for normals to the (002) planes for a form nylon 6 are depicted in Fig.
3(b) for total peak intensity and in Fig. 5(b) for peak width. Most of the a crystals
are preferentially oriented with normal to the (002) and also the ¢ axis perpendicular to
the drawing direction. There is a slight asymmetry in orientation around the drawing
direction, which probably results from the flat oar-shaped geometry of the sainple of 1
mm thickness and 16 mm width. As indicated by the changes in the peak width (Fig.
5(b)) there is a great deal of crystal disruption between (002) planes which contain the
sheets of hydrogen bonds; the peak width is about twice of that before deformation. This
disruption is less pronounced for that small fraction of a crystals (compare Fig. 3(b))
which is oriented with (002) normals around the drawing direction; macromolecular chains
in that fraction of a crystals are oriented around drawing direction as can be deduced from
Fig. 4.

There is no distinct diffraction peak for planes perpendicular to the macromolecular
chains, the b axis, for the a form of nylon 6. The peak for (0 14 0) plane at 26 = 77°
which is reported in literature [e.g. 8] does not appear in our oriented specimens in any
readily recognizable form. However, the preferred orientations of the a and ¢ axes, both

being perpendicular to the drawing direction, indicate that the majority of a-crystallites




is aligned with t_}}e b_ axis along the deformation direction.

The state of orientation of normals to the (200) and (002) planes indicates some dis-
crepancies from pure uniaxial symmetry, also the distributions of peak widths show some
departure from symmetry. Similar discrepancies for peak intensity pole figures for some
other rolled materials were interpreted by Rober et al [2] as tilting of chain axes with
respect to the crystal surface. In our case, it is rather more probable tha. the observed
asymmetry in pole figures in Figs. 3 and 5 {sllows from the initial geometry of the tensile
samples. Here, the presented data suggest that the slip p-ocesses along and across the
macromolecular chains in planes containing hydrogen bonds are active mechanisms which
should result in tilting of the chain axis with respect to the crystal surface. However, such
tilting even if it exists, may not be visible in x-ray diffraction intensity and peak width
pole figures especially in the absence of (On0) peak width pole figures for a crystallites. It
can be nevertheless, concluded that disruption of a crystals mostly between (002} planes
supports the micronecking mechanism of the lamellar unravelling proposed by Peterlin
[9-11].

The fraction of crystals that exists in the 4 form is oriented with the b axis along the
deformation direction as is seen from the (020) po.e figure in Fig. 3(c). The corresponding
pole figure for peak width (Fig. 5(c)) shows only slight change of the crystallites along the
b axis.

The pole figure for normals to the (200) planes of 4 form is presented in Fig. 3(d}.
This pole figure essentially resembles the results obtained for (200) planes of the o form
although one sees much lower total intensity and less defined orientation of (200) planes
in the direction of drawing. Again the asymmetry seen here is a result of the initial flat
shape of the sample. The disruption of v crystals along the normal to the (200) plane
and also the a axis (see Fig. 5d for the corresponding nole figure of peak width) is not

strong and is rather uniform except for the same two regions noted f~r (200) plane of a

crystals, i.e., at the transverse dire.tion fans where the disruption is even lower. (Similar




conclusions apply-for-the {002) pl...es since v crystals have a hexagonal monoclinic unit
cell with axes a = ¢.) Micronedking is not a very intense mechanism for the ~ form at this
stage of deformation as can be concluded from the relatively small change of (200) peak
width in Fig. 5d.

The amorphous halo at 28 in the range 17°C - 23° contains intormation about inter-
molecular relations [see e.g.,12-14]. The interpretation of the amorphous diffraction pattern
is possible if the packing -." neighboring molecules is modelled. For the amorphous phase
of nylon 6 a two-dimensional pseudo-hexagonal close packing is usually assumed [5]. The
amorphous halo is then composed of reflections in the (10C) range. The pole figure for the
totai amorphous | ..o intensity fcr the detormed compression molded sample is presented
in Fig. 3e. It is seen that most of {100) normals are oriented p=.t endicular to the drawing
direction i.e., the macromolecular chain axes are also mostly aligned along drawing direc-
tion as might be expected. The pole figure ot the amorphous halo width shown in Fig.
5e demonstrates that the smallest width i.e. the best packing is for that large fraction of
an,orphous phase which is oriented along drawing direction ((100) normals perpendicular
to the drawing direction).

Quite similar over Il observations can be made with regard to the behavior of a and
v crystals in injection molded nylon 6 samples during uniaxial deformation (Pole figures
in Figs. Ga-e are for peak intensity and those in Figs. 7a-e are for peak width). The
asymmetry resulting from the shape of the oar-like flat and wide tensile specimens is more
pronounced for injection molded samples. It should be noted here that the amount of
higher ‘modulus and higher yield stress v phase is much larger in th2 ‘njection molded
samples {28%) compareu to the compression molded samples (13%). It is the relative ease
of plastic deformation of the more compliant a form (mainly by slip along and across the
sheets of hydroger bonds) which reduces the influence of the tensile specimen geometry

on the course of deformation during drawing in compression molded samples.
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IV CONCLUS]JONS

The x-ray diffraction pattern of uniaxially deformed polyamide 6 shows a large over-
lapping of reflections from all crystalline forms arnd the amorphous phase. There is consid-
erable advantage in deconvoluting these peaks in order to obtain information about each
phase. The deconvolution procedure, based on a least squares scheme, was applied here to
obtain information about orientation of crystalline entities in plasticly deformed nylon 6
samples. Besides the total intensity pole figures, a new type of pole figure based on peak
widths was proposed and proved to be of considerable importance in elucidating the mech-
anisms of plastic deformation of nylon 6 and giving useful information on crystallite size.
Without the deconvolution procedure, pole figures based on as-received WAXS data lead
to erroneous and confusing conclusions regarding crystallographic orientation in deformed
nylon 6.

Plastic deformation of nylon 6 samples in uniaxial tension causes preferred orientation
of (200) direction of a form crystals perpendicular to the orientation direction as the chain
axes orient parallel to the drawing direction. The size of crystals of a form in the direction
perpendicular to (200) plane decreases slightly. The majority of a crystals are oriented
with the (002) direction perpendicular to the deformation direction. Normals for (0n0)
crystallographic planes, parallel to macromolecular chains, of a and ~ crystals are oriented
parallel to the deformation direction.

As a result of plastic deformation there is a large amount of breakdown of a crystals
particularly between (002) planes. It can be concluded that the most intense mechanism
of deformation of a crystals of nylon 6 is slip along crystallographic planes containing
hydrogen bonds (compare Fig. 4) and in the chain direction. Destruction of v crystals
of nylon 6 along e and ¢ axes during plastic deformation occurs without any preference
except for the influence of the initial shape of tensile specimens

In compression molded samples, where the a form of crystals dominate, the orientation

12




and deformation.of the crystalline components are governed by the behavior of a crystals;
the orientation and deformation of 7 crystals is affected by the deformation of a crystals,
indirectly.

In injection molded samples, where the content of v crystals is relatively large, the
orientation and deformation of the crystalline components during uniaxial drawing are
governed more by the behavior of v crystals; the orientation and deformation of « crystals
is then affected by the deformation of ~ crystals. The influence of the shape of tensile
specimens on the course of deformation of injection molded samples is more pronounced
due to a larger concentration of more rigid « form compared to compression molded nylon
6.

The amorphous phase becomes oriented mostly along the drawing direction and this

fraction of the amorphous phase shows the best close packing.
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FIGURE DESCRIPTION

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Deconvolution of x-ray diffraction curve for nylon 6 compression molded sam-
ple: x-ray diffraction curve; fitting to the experimental curve; deconvoluted

peaks are drawn.

Pole figure of non-deconvoluted x-ray diffraction intensity integrated over
the range 10° < 28 < 12° jor the uniaxially drawn injection molded ny-
lon 6 sample. Corrections for absorption, polarization and background are

incorporated.

Deconvoluted pole figures for total intensity under the peak for uniaxially
drawn compression molded sample: (a) (200) plane of a form; (b) (002)
plane of a form; (c) (020) plane of v form; (d) (200) plane of v form; (e)
amorphous peak.

(a) Crystallographic unit cells for a and « forms of nylon 6 according to
Holmes, Bunn and Smith [7]; (b) Reference unit cell for both types of mon-
oclinic nylon 6

Deconvoluted pole figure for peak width for uniaxially drawn compression
molded sample: (a) (200) plane of a form; (b) (002) plane of a form; (c)
(020) plane of ~ form; (d) (200) plane of v form; (e) amorphous peak.
Deconvoluted pole figure for total intensity under the peak for uniaxially
drawn injection molded sample: (a) (200) plane of a form; (b) (002) plane of
a form; (¢) (020) plane of « form; (d) (200) plane of v form; (e) amorphous
peak.

Figure 7 Deconvoluted pole figure for peak width for uniaxially drawn injec-
tion molded sample: (a) (200) plane of a form; (b) (002) plane of a form;

(c) (020) plane of v form; (d) {200) plane of v form; (e) amorphous peak.
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Table 1

Initial Values (Radians) for Peak Width and Position

[ Injection (200) (002) (020} (200) 1
Molded Amorphous a form a form ~ form ~ form
Width 0.054 + 0.017 0.014 + 0.007 0.012 £ 0.007 0.019 £+ 0.007 0.020+ 0.007
Position 0.380 + 0.0035 | 0.349 + 0.0035 | 0.397 £+ 0.0035 | 0.186 + 0.0035 | 0.373+ 0.0035
Compression (200) (002) (020) (200)
Molded Amorphous a form a form ~ form ~ form
Width 0.058 £+ 0.017 0.014 £ 0.007 0.014 £+ 0.007 0.019 £ 0.007 0.014% 0.007
Position 0.378 + 0.0035 | 0.353 + 0.0035 | 0.398 + 0.0035 | 0.190 £+ 0.0035 | 0.374% 0.0035
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Figure 2

Pole figure of non-deconvoluted x-ray diffraction intensity integrated over
the range 10° < 20 < 12° for the uniaxially drawn injection molded ny-
lon 6 sample. Corrections for absorption, polarization and background are
incorporated.
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Figure 4 (a) Crystallographic unit cells for a and ~ forms of nylon 6 according to
Holmes, Bunn and Smith [7]; (b) Reference unit cell for both types of mon-
oclinic nylon 6
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