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Abstract

The orientation and crystal size of a series of melt-spun high acrylonitrile AME@hd solution-spun commercial acrylic fibers are
investigated by optical and X-ray diffraction analysis. The effect of different processing steps is examined. The image intensity of a
birefringent fiber under cross polarizers is fitted accurately, assuming that the birefringence across the entire fiber cross-section is uniform.
The molecular orientational order parameter of the fiber, as measured by X-ray diffraction, correlates linearly with its birefringence. The
orientation of the melt-spun fibers is as good or better than that of commercial solution-spun fibers, and it increases dramatically in the melt-
spun fibers when they are post drawn or spun from higher molecular weight resins. Orientation is affected only slightly by annealing
processes, which in turn increase the crystal size in the {000 Elsevier Science Ltd. All rights reserved.
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1. Introduction property evaluation could provide valuable insights into
both the molecular and morphological organization.
Acrylonitrile polymerizes by a free radical mechanism The majority of textile fibers have a morphology that can
and the resulting polymer (PAN) is mostly atactic [1]. be described by the classical two-phase model [5—7]. In this
However, some degree of order is present in the polymer model, discrete crystalline domains of the order of several
due to the large magnitude of the dipole moment of the hundred angstroms {fare mixed with amorphous domains
nitrile groups. This leads to strong intrachain and interchain of similar or smaller size. A high degree of crystallinity and
interactions through secondary bonding. Upon heating, thehigh orientation of the crystalline molecular segments
adjacent nitrile groups on the polymer chains cyclize to impart high tensile strength and modulus to the fibers. The
form six-membered rings, and PAN undergoes a degrada-amorphous phase gives rise to toughness and dyeability. In
tion reaction prior to melting at 320—330D [2,3]. Only contrast to the crystalline fraction, a low degree of orienta-
rarely is the homopolymer used for fiber spinning, and tion of the amorphous phase is preferred, in order to mini-
virtually all commercial acrylic fibers are spun from acrylo- mize shrinkage caused by stress relaxation upon heating the
nitrile polymers containing 1-15 wt.% comonomer [4]. The material above its glass transition temperature.
spinning processes most commonly used for acrylic fibers  Whether polyacrylonitrile can be described by the classi-
involve highly polar solvents, such &N-dimethylforma- cal model is debatable. In the ordered phase, irregularly
mide (DMF), dimethylacetamide (DMAc) and dimethyl- twisted, yet extended atactic polymer chains are packed
sulfoxide (DMSO). Melt processable, high acrylonitrile hexagonally [8,10]. Owing to the strong interchain inter-
copolymers are currently under development by BP actions noted above, this hexagonal columnar phase
Amoco Chemicals. For the first time, fibers melt-spun behaves as a solid, and it is often referred to as a (two-
from these copolymers were available for study and their dimensional, 2D) crystal. However, the nature and even
the existence of the amorphous phase is a subject of contro-
versy. As-polymerized and solvent cast materials exhibit an
" Comesoonding auth amorphous phase [11-13], but highly oriented fibers do not
Ef’nzraeilszgzré"si:é’rzegpo.eru.e du (S.D. Hudson). [8,14]. Apparently, the existence of the amorphous phase
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300 function of spinning conditions and comparisons with

commercial fibers spun from solution are made.
250

2. Experimental procedure
200 Experimental melt-spun high acrylonitrile copolymer
fibers (AMLON®) were supplied by BP Amoco Chemicals
Inc. These copolymers contained a large fraction of acrylo-
nitrile. The fiber denier was measured from the weight and
length of the fiber. For most of the samples, the weight-
average molecular weight, as measured by gel permeation
chromatography (GPC), was approximately 50,000 g ol
a few samples having a molecular weight of approximately
90,000 g mol* were also tested. The thermal transitions of
the fibers were measured by DSC, and they indicate a glass
+ 4 + transition at approximately 88 with a broad melting
0 0.2 0.4 0.6 0.8 1 temperature range centered at approximately’@29he
Transmittance dynamics of these materials were investigated by rheologi-
cal analysis, using a Rheometrics RMS 800 mechanical
spectrometer. To facilitate this analysis, a copolymer having
a slightly higher fraction of comonomer, and therefore a
lower melting range (i.e. centered atl30°C), was used.

In the typical industrial practice of spinning flexible The linear viscoelastic moduli were measured as a function
polymers from the melt state, as-spun fibers are found to of frequency and temperature. Based upon the plateau
have low crystallinity and orientation. Fibers with higher modulus, the molecular weight between entanglements is
orientation can be obtained by the use of an in-line isother- approximately 5000. Through the time—temperature super-
mal bath technique [16—18]. Higher levels of orientation are position analysis of measurements taken at lower tempera-
also achieved as a result of post-drawing processes. In mosture, the longest relaxation time in the melt at Z20s
cases, the drawn fibers are subsequently subjected to anneabkpproximately 0.01 s for a polymer having a molecular
ing by heating and cooling under tension [16—18]. These weight of ~50,000. The temperature of the melt during
processes are done continuously as the fiber is passed oveliber spinning was controlled to withi:2°C. A range of
heated rollers [19]. spinning conditions were examined, and the melt tempera-

Since the molecular orientation in polymer fibers is criti- ture was adjusted to temperatures ranging from 220 to
cal for their performance, several methods to measure orien-250°C.
tation have been applied and correlated with one another. Optical measurements were carried out using an Olympus
Optical birefringence, nuclear magnetic resonance, electronBX-60 microscope equipped with polarizing optics.
spin resonance, infrared dichroism, polarized Raman spec-Compensation was performed with a tilting compensator
troscopy and various (mainly X-ray) scattering techniques (Olympus U-CBE) at a wavelength of 546 nm. An interfer-
are among the most popular methods used to characterizeence filter with a narrow transmission at the above
different aspects of molecular order. Several of these mentioned wavelength in conjunction with a quartz halogen
measurements are related directly to the Hermans orientalight source was employed. Fiber diameter measurements
tion function, which is an order parameter based on a secondwere performed on stored images obtained with a progres-
moment of the molecular orientation distribution function sive scan CCD camera with 640480 resolution (Costar
[20]. Therefore, the results from different techniques may be CV-M10BX) in conjunction with a GrafteR imaging
compared with each other [17,21]. Each of these techniquessystem. Line profiles were obtained from the video image,
has inherent advantages and disadvantages. For examplend the calibration factor of micron/pixel was determined
birefringence is relatively convenient for determining from the measurement of a certified stage micrometer.
orientation in polymers [22,23]. On the other hand, X-ray = The video intensity level recorded by the CCD camera
scattering analysis of oriented polymers provides an effec- was calibrated as follows. Clean glass microscope slides
tive means to determine molecular packing, as well as were sputter coated with AlRd (60/40) for various times
orientation. ranging from 0 to 8 min, in order to generate films of differ-

The main objective of this investigation is to determine ent optical densities. The optical density was measured
the molecular orientation of new melt-spun, high acryloni- using an XRite 310 densitometer, conforming to ANSI
trile polymer fibers using optical and X-ray diffraction standard PH 2.19. After lightly scoring the slides to remove
methods. In addition, the orientation is examined as a a narrow line of the metal coating, the slides were also
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Fig. 1. Calibration of the CCD video signal. The video level is plotted
versus light transmissiofl, = 1/, as measured by densitometry.
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examined with the Olympus microscope, using ax4pol polyacrylonitrile, indexl equals 0, and may be omitted.
objective with the numerical aperture equal to 0.7. The Therefore, the planes may be identified using only indices
condenser numerical aperture was also 0.7. The intensityh andk. The use of these two indices only is common for
of the light was kept constant for each slide and was columnar hexagonal phases and is adopted in this report.)
adjusted so that the video reading on the bare glass slide Through analysis of the shape and intensity of the
was 255. Stored images were analyzed using a Labviewprimary (10) reflection by an Optronics P-1000 digital
line-profile program. The video level through each of the micro densitometer, the molecular orientation and coher-
metal films was then recorded. The response of the CCDence length of each fiber could be determined. The coher-
camera was determined to be linear (Fig. 1). ence length I{) was determined from the analysis of an
To determine the birefringence of a fiber, it was necessary equatorial scan using the Scherrer equation:
to know both the fiber diameter and the retardation. Of
these, the retardation measurement was the most straightfor—L = 0.9M(B cos), @

ward. Concerning diameter measurement, it can be demon-whereB is the full width (as a function of scattering angle
strated that if the object contrast is generated by light 26) at half maximum of the (10) reflection. This coherence
absorption alone, through a thin uniform coating on the |ength is often called the crystal size, because small crystal
fiber, then in the image profile of the object, ideally a square size is a major contribution to peak broadening, e.g. Ref.
wave, the size information is contained in the period of the [26]. However, lattice distortions and defects within crystals
fundamental frequency of the Fourier components that glso contribute to peak broadening, e.g. Ref. [26]. In any
compose the image profile [24]. This fundamental period case L is a measure of packing perfection. The molecular
lies very close to the diameter measured at the mean inten-orientation was calculated from the distribution of intensity

sity level. In the study cited [24], vertical shadowed metal as function of azimuthal angle i.e. at a fixed distance from
film replicas were made of the test particles under study to the center of pattern [27]:

ensure that only light absorption was responsible for

contrast. Alternatively, uniformly birefringent fibers may 3 1 [lsin BI(§CO§ B— E) dB
be sized through the application of Eq. (3), as described inS= Z(cos B) — = = 2 2 )
the next section. 2 2 [llsinB| dB

In the current study, single fibers were mounted flat on a
microscope slide by adhesive tape at the ends. A portion of
the fiber was covered with a glass slide, while a thin slip of
mica was slid underneath the uncovered section. The slide
was then placed in a sputter coater (BioRad) and the fiber

coated with about 600 Af Au/Pd(60/40). By removing the oy isotropic fraction of the material, which produces genu-

mica slip after coating, an absorbing fiber segment could beq jntensity at the same diffraction angle that is independent

compared to an uncoated segment (the glass coveredy »,imyth. Otherwise, ignoring this intensity would lead to
portion), and the effect of the refractive index of the mount- an overestimation of

ing media observed. Since the coated fiber section could be | trared dichroism was also used to probe the molecular

considered as an object whose contrast is only due to light 5 ientation of the fibers. Absorbence spectra were recorded
absorption, diameter measured on the coated sections Wag; the same position in the fiber using a linearly polarized IR
assumed to be the correct diameter if sized by the C”te”aradiation, with the electric field vector parallel|§ and

outlined earlier. , perpendicular (L) to the fiber axis. Background spectra
X-ray diffraction patterns were obtained from bundles of \ ore recorded under identical conditions. The molecular

parallel fibers on a Philips system using Ni-filtered QUK qientational order paramete8, was determined from the
radiation. The fiber specimens were mounted perpendicular yi-proic ratio, D, of the nitrile stretching vibration at

to the X-ray beam. Diffraction patterns of fibers were 55,4 cm, using integrated band intensities between

recorded with a flat film camera at room temperature. The 5570 and 2220 ciit. The calculation was performed
specimen to film distance was calibrated from the (111) using the following equations:

reflection of Cak powder applied to a fiber specimen. The

wheref is the azimuthal angle between the axis of a mole-
cular segment and of the fiber ahid the scattering intensity

of the (10) reflection at that angle. From the meridional
scan, appropriate background corrections were made (see
Fig. 3). These corrections were necessary to account for

instrumental beam broadening is less tharf,0s? that a D— A (3a)
coherence length of at least 4000&an be measured (see A

Eq. (1)). Most fibers exhibited only two peaks: the primary

(1010) reflection at~5.3 A and the weaker, higher order Do = 2 cof (3b)

(1120) reflection at~3.05f% both on the equator. (Note:

By convention, four Miller indiceshkil) are used for iden- 3

tification of planes in hexagonal crystals [25]. The indéx ~ S= §<0052 6) —
sometimes omitted, because it is equatit + k), by defi-

nition [25]. For 2D structures, such as those formed by whereA; andA, are the respective absorbencasis the

1 (D-1)Dy+2)

2" D+20, -1 (30
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300 light at the fiber surface is negligible. Agreement between
—Video level the video gray level and the predicted intensity is excellent
(e.g. fiberb, Fig. 2), confirming within experimental error,
the assumption of uniform birefringence. Because the inten-
sity increases abruptly at the outer edge of the fiber, the
diameter of the fiber can also be obtained directly from
the image under crossed polars. The diameter measured in
this way agrees within experimental errar@.3 pwm) with
the diameter measured from the bright field examination of
metal-coated fibers, which give simple amplitude modu-
lated images as discussed above. The coated fiber diameter
measurement is unchanged by the addition of mounting
fluid. However, without mounting fluid, the diameter
obtained from the uncoated fiber under crossed polars is
approximately 10% larger than that obtained with mounting
fluid.

After having measured the fiber diameter and the retarda-
X (um) tion through the central diameter (i.e= 0) of the fiber

(which represents its maximum retardation), the birefrin-
gence of the fiber may be calculated (Eq. (5)). The results
for numerous fibers analyzed in this way are presented in
Fig. 5.

X-ray diffraction of these copolymer fibers exhibits two
transition moment angle, artdis the angle of the molecular  equatorial reflections (e.g. fibér Fig. 3) and there are no
segment relative to the fiber axis [28]. sharp non-equatorial peaks, bearing strong resemblance to

External surface morphology was examined by SEM. the XRD of homo-polyacrylonitrile. The primary reflection
After mounting the fibers onto a double-sticky carbon (10) has a-spacing of approximately 5.3,And the weaker
tape, the fibers were sputter coated wit®0 A gold. To (11) reflection is at approximately 3.05 Although, there
examine the fibers in cross-section, uncoated fibers wereare slight variations in the lattice parameter as a function of
embedded inside a capillary filled with epoxy. After curing comonomer ratio and drawing condition, the ratio of the
the epoxy, the capillary was fractured, and the fracture spacing of the two peaks remaig® : 1 within an experi-
surface was coated as just described. The specimens werenental accuracy, indicating hexagonal packing [8,9]. The
examined at 25 keV in a secondary electron imaging mode. diameter of the chain iszﬁ)d(lo) =6.1A. The lack of a
meridional reflection indicates the lack of regularity along
the chain, as expected from the 2D nature of the “crystal-
line” phase. Our results indicate that oriented copolymer
) ) _ L i fibers do not exhibit a significant amount of an amorphous
The image intensity of a birefringent fiber can be calcu- phase [8,14].
lated. Here, we assume uniform birefringence across a 1,4 important morphological features can be determined
uniaxially oriented fiber with a circular cross-section. . the sharpness of the reflections. First, scanning the
W'hen the prlnupal axes of a blrefrmgen't matena] are peak along the equatorial (Fig. 3b), the width of the peak
o_nented 45W'_th respect to the crosseq pqlarlze_rs, the inten- measures the coherence length [26]. The coherence length
sity of transmitted light, wavelength, is given simply by: depends strongly on the comonomer composition and more

— 1 sir? 7R weakly on thermal annealing (which was accomplished
I=losi (T) @ during fiber production by passing the fibers over heated
rolls) and/or the degree of fiber orientation. Values of the
coherence length range from 40f@x poorly oriented mate-
rial containing 25% comonomer, to 145fér a more highly
oriented fiber containing only 15% comonomer. The effect
of fiber orientation is illustrated by the comparison of two
fibers, designatedandb, of identical composition and spun

. ) a2 w2 under identical conditions, except that fitewas also post
R=Ant, =2V = © drawn with an extension ratio of 2.5. The coherence length
wherer is the fiber radius. Because the fiber is embedded in of the more highly oriented fibéris 90 A while that of the
a non-swelling, near index-matching fluid ([2%p = more weakly oriented fibem is 70 A
1510, Cargille series A was chosen), refraction of the = Second, azimuthal scans of the intensity of the (10)

250 —it, Eq. 4

Fig. 2. Measured and predicted intensity profile across an AME@iber
(designated) under cross polars.

3. Results and discussion

whereR is the retardation, which, for a fiber oriented®46
the polarizer, is the product of the birefringente and the
path lengtht through the fiber. The latter is a function of
distancex from the central axis of the fiber on a plane
perpendicular to the optical axis of the microscope:
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Fig. 3. (a) X-ray fiber diffraction pattern recorded from filmeiThe horizontal and circular dashed lines represent equatorial and azimuthal scans, respectively.
(b) Equatorial scan of the diffraction pattern from fileeiThe dot illustrates the background intensity for the (10) peak. (c) Azimuthal scan of the diffraction
pattern obtained from fibex The horizontal line represents the background intensity, which was determined from the equatorial scan and is subtracted before
the application of Eq. (1). Because of the relatively poor orientation of this fiber in comparison td fither intensity of the (10) reflection is above the

background level at all azimuthal angles.
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Fig. 4. Birefringence and X-ray order parameter of several fibers. Data
points representing fibers and b are labeled. Filled and open squares
represent melt-spun AMLOR and solution-spun commercial fibers,
respectively.

Fig. 5. Birefringence versus fiber diameter. Data points representing fibers
a, b, d, e andf are labeled; refer to text for details. The filled symbols
represent AMLON melt-spun fibers that were processed at similar condi-
tions, with the exception that the filled squares represent those fibers that
were post-drawn 1.5 times. Open squares represent commercial solution-
reflection (Fig. 3c) were used to measure the degree ofspun fibers.x symbols represent various other AMLGNibers. Data

molecular orientation in the fiber, through the application pointsa andb are represented by triangles. The curve represents constant
of Eq. (2). A linear relationship between the orientational retardation.
order parameter from XRD and the birefringence was
observed (Fig. 4). Extrapolating the line to the unit order (69°), even better agreement is achieved. The close agree-
parameter, the maximum birefringence of these copolymersment between XRD, IR dichroism and birefringence likely
can be estimated to bé&n,,,, = 0.007, which is weak in stems from the lack of a significant amount of isotropic
comparison to poly(ethylene terephthalate), for example. A phase.
relatively small value is to be expected, because the highly The birefringence of many different fibers was measured
polarizable CN groups are oriented nearly perpendicular to to compare the effect of different spinning conditions. In
the backbone direction, so that the side groups and the back-general, we find an inverse correlation between the fiber
bone nearly compensate one another. For polyacrylonitrile diameter and the birefringence (Fig. 5). That is, those
fibers having very little comonomer (approximately 1 wt.% processes that produce fine denier fibers also generally
[29]), the birefringence of highly aligned fibers is small and produce a high orientation. However, this represents only
negative, i.eAn = —0.004 [29,30]. With larger fraction of  a general trend, and significant differences in retardation
comonomer, the birefringence of aligned fibers is positive, were measured for different fibers: measurements ranged
but An,,,, remains small. Therefore, the slope of the linear between 25 and 113 nm. Commercial solution-spun fibers
relationship between birefringence and orientational order fall along the same general trend, exhibiting intermediate
parameter (Fig. 4) depends on composition. The orienta- properties, e.qg. fibat. In some cases, the draw ratio of these
tional order parameter (measured by XRD) and the birefrin- fibers is very high. Points labeledhndf, represent commer-
gence of a commercial solution spun fibel) vas also cial fibers analyzed by Rizzo et al. [33] which were drawn
investigated. The poind lies near the linear relationship  two and 14 times, respectively. Their relatively ldm may
established for the melt-spun AMLONfibers, suggesting  indicate that either the fibers have poorer orientation or they
its similar composition. are relatively richer in acrylonitrile, thus having a smaller
The IR measurement of the order parameter is in quali- An,a Unfortunately, the uncertainty remains, because
tative agreement with the X-ray analysis. The dichroic ratio neither the composition nor an independent measure of
of the nitrile stretching band (2244 ¢rf) was measured for  order parameter was reported in that study.
different fibers, one weakly and the other highly oriented  As illustrated in Fig. 5, post-drawn fibers have among the
(fibersa andb, respectively). Assuming the angle between highest orientation. Indeed, cold drawing or post-drawing
the transition moment and the polymer chain direction to be has the most dramatic effect on molecular orientation [15].
70° [15,31,32], one calculates the order parameter of theseFilled circles in Fig. 5 represent as-spun fibers that were
fibers to be 0.14 and 0.48, respectively. These values agreespun under the same conditions as the filled squares, the
closely with those obtained through XRD analysis: 0.15 and latter representing fibers that were post-drawn. Significant
0.52, respectively. Assuming a slightly smaller angle effects of post-drawing are observed even for small draw
between the transition moment and the polymer chain ratio, i.e.A = 1.5. It should be also noted that the effect of
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orientational order parameter (X-ray) was 0.16 and 0.4
for the moderate and high molecular weight materials,
respectively.

Heat setting or annealing (the process of passing the fiber
over heated rolls after post-drawing) does not increase
molecular orientation. Instead, it increases “crystal” size.
For a variety of fibers that were spun under different condi-
tions, heat setting at approximately 280produced a 30—
40% increase in crystal size.

AMLON® melt-spun fibers differ from solution spun
fibers in terms of their surface morphology. While commer-
cial solution-spun fibers have rough grooves and an irregu-
lar shape [34], the melt-spun fibers are relatively smooth and
cylindrical (Fig. 6). The cross-section of the fiber can be
adjusted easily by die design (Fig. 6¢).

4. Conclusions

The image intensity profile measured from an aligned
fiber under cross-polars has been fitted accurately. The bire-
fringence of many melt-spun AMLORand other commer-
cial solution-spun fibers is measured. The birefringence
correlates well with the orientational order parameter
measured by XRD. The orientation of the AMLGNibers
is as good or better than that of commercial solution-spun
fibers. Post-drawing has a dramatic effect on molecular
orientation. Heat setting increases crystal size without
sacrificing orientation. Higher molecular weight increases
orientation.

Fig. 6. SEM of: (a) commercial solution-spun fiber; (b) AMLGNnelt- Acknowledgements
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