polymer

E LS EVI E R Polymer 40 (1999) 4647—4657

Molecular structure and orientation in processed polymers
2. Application to aromatic polyester fibers
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Abstract

We characterize the orientation distribution function (ODF) of molecular-scale structure in a set of solution- and melt-spun fibers of a
liquid crystalline polyester in order to assess the role of processing in these fibers. The polyester is composed of 40% 1,4-hydroxybenzoic
acid, 30% isophthalic acid, and 30% hydroquinone. Crystallinity is measured by both wide angle X-ray scattering (WAXS) and differential
scanning calorimetry (DSC). A three-component model, consisting of crystalline, oriented non-crystalline, and unoriented non-crystalline
components, is required to describe completely the X-ray scattering properties of the fibers. Monte Carlo simulations are used to define the
ensemble structure on the atomic scale, for which the resulting ODF is determined. Our results indicate that a single ensemble of dimers on a
3 X 3 rhombic lattice can be used to characterize the molecular-level non-crystalline structure in all the fibers considered. Fibers spun from
the nematic melt produce samples with higher degrees of global orientation as well as a higher degree of crystallinity than those spun from
solution. Our results also show that the mechanical bias of the fiber spinning process induces an initial degree of orientation which is then
enhanced and perfected, especially in the directions lateral to the chain, by subsequent arthé8@8yElsevier Science Ltd. All rights
reserved.
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1. Introduction processible alternatives to the solution-processed aramids.
One of these is the terpolyester consisting of 1,4-hydroxy-
Aromatic polyesters, or polyarylates, are of interest benzoic acid (H), isophthalic acid (I), and hydroquinone
owing to their favorable physical properties, particularly (Q), termed HIQx, wherex denotes the mol% of 1,4-hydro-
in high strength, high modulus (HSHM) applications. The xybenzoic acid in the polymer. The constituents are shown
HSHM field for polymers has developed rapidly since the schematically in Fig. 1. As isophthalic acid containgna
commercial introduction of polyaramids such as, Noffiex phenylene moiety, the linear nature of the polyester back-
(poly(m-phenylene isophthalamide)) and Kevlagpoly(p- bone is disrupted. However, the polymer chain backbone
phenylene terephthalamide)). These rod-like moleculesremains fairly rigid, if not rod-like [4]. HIQx has been
align in their fluid phase and form liquid crystals (LC). reported to display a liquid crystalline phase when<0
Aligned chains have a tendency to aggregate into largerx < 80. Additionally, the window of liquid crystallinity is
structures, termed “domains.” When these liquid crystal ~ 50°C for HIQ-x compositions of 30< x < 50 [5,6]. A
domains are all mutually aligned, as is the case in fiber 50°C range has been reported as the minimum temperature
spinning, a marked increase in the material’s tensile modu- window necessary for viability in industrial processing [5].
lus in the direction of alignment is observed. Once these For HIQx fibers, Erdemir et al. proposed an orthorhombic
highly aligned domains are cooled below the melting transi- unit cell witha=5.58 A b=3.92 A andc = 24.32 A(p =
tion and annealed, crystallinity is induced and the material 1.49 g/cn?) [7]. A similar unit cell was reported by Blundell
approaches the theoretical limits of the strengths of the [5]. The HIQx powder unit cell has been shown experimen-
constituent covalent bonds [1-3]. Polyarylates are melt tally to be very similar to that of polytphenylene isophtha-
late) (PPI or HIQ-0) [6,8]. Cao and coworkers observed that
* Corresponding author. Tel.+ 1-617-253-0171; fax:+ 1-617-258- Or.“)./ a mmor.Shlft of axes was required FO obtain '.[he mono-
8224, clinic PPI unit cell from the orthorhombic HIQ-unit cell.
E-mail addressrutledge@mit.edu (G.C. Rutledge) Processing affects a material’'s bulk properties, such as
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Fig. 1. Schematic of the three constituents of HiQ@:,4-hydroxybenzoic acid (HBA), isophthalic acid (I1A), and hydroquinone (HQ).

the tensile strength, through changes induced in the mole-component of these materials often accounts for more
cular-scale morphology and orientation. The orientation in than half of the material by mass in a given sample. In
the non-crystalline component of a number of polymers this study, we use WAXS to measure the molecular-scale
have been studied previously. Bartczak et al. [9] and Galeski orientation and structure in our fiber samples. We look
et al. [10] investigated uniaxially deformed specimens of at both the crystalline and non-crystalline components of
both polyethylene and Nylon-6,6 processed in plane strainthe WAXS pattern. For the non-crystalline component,
deformation using wide angle (WAXS) and small angle a Legendre polynomial series expansion analysis is used
(SAXS) X-ray scattering techniques. They observed a six- to quantify the variation between the members of a set
point pattern in their pole figures, indicating that a hexago- of four HIQ-40 fibers which differ in their processing
nal arrangement of chains characterizes the non-crystallinehistory.

structure for both polymer systems. Mitchell and Windle

have investigated poly(methyl methacrylate), PMMA,

using WAXS [11,12]. They used an expansion in Legendre 2. Experimental

polynomials to separate the orientation and structural contri-

butions to WAXS data in PMMA. They modeled the struc- Solution- and melt-spun HIQ-40 fibers were provided by
tural contributions using a cylindrical distribution function Hoechst—Celanese (Summit, New Jersey). The solution-
based on the conformations of short sections of single spun fibers were spun from a solution of 20% dichloro-
PMMA chains, concentrating on the intrachain scattering methane and 80% trifluoroacetic acid, while the melt-spun
at high scattering vectors. They did not attempt to make fibers were spun from a nematic melt.(, = 333C for
direct correlations concerning chain packing. Other groups HIQ-40) [5]. Bundles of both the melt- and solution-spun
have studied the crystalline and non-crystalline portions of HIQ-40 fibers were subsequently thermally annealed at
WAXS patterns from semi-crystalline powders and fibers 300°C for 68 h at fixed length. This set of HIQ-40 fiber
[13-19]. In each case, the non-crystalline features of the samples allows comparison of the two separate processing
WAXS patterns were characterized using pre-determined variables: the type of spinning process and the effect of heat
peak shapes. For HIQpolymers, the degree of crystallinity  treatment. The samples are coded as HI@#40fvhere f

is rarely reported to be above 30% [5], indicating that the indicates fiber sample geometgyindexes the spin process
non-crystalline component is especially important to the (i.e. solution or melt), andb indexes whether or not the
properties of these materials. samples were annealed (ias-spun otheat-treated).

Biswas and Blackwell investigated the meridional scat-  Optical microscopy was used to measure the outer
tering of X-ray fiber patterns of the liquid crystal random diameter of the fibers to an accuracy &f0.01 wm. Optical
copolymer of 1,4-hydroxybenzoic acid and 2,6-hydroxy- micrographs were taken on instant processing film using a
naphthaloic acid (trade name: Vecthaquite extensively Nikon AFX-Il photomicrographic attachment on a Nikon
[20-23]. They showed that an aperiodic set of scatterers Optiphot-pol polarized light microscope. A Perkin—Elmer
along the chain backbone can still produce a set of sharp-DSC-7, operated at a scanning rate dfd/nin, was used to
featured coherent interference patterns. They demonstratectharacterize the thermodynamic transitions. The scanning
this principle in both experiment and simulation using range tested was 100—4%&0
Vectrd™ as an example. WAXS fiber diagrams of the four fiber samples were

Molecular-scale analyses of these materials is important obtained using a Rigaku RU 200B rotating copper anode
in gaining a fundamental understanding of processing-struc-with #/26 goniometer, a pole figure attachment, and a detec-
ture-property relationships. As the alignment and packing of tor using a proportional intensity photomultiplier. The
chains strongly influence the macroscopic properties, quan-wavelength of the incident CyKX-ray radiation was
tifying these features of the solid-state molecular-scale 1.54 A The 2D fiber patterns were collected in the
structure is crucial. However, the molecular-scale packing azimuthal angleq, over a range of 0—90n steps QA«)
behavior of the non-crystalline phase in many polyarylates of 4—€, depending on the sharpness of crystalline features
is still not very well understood. The non-crystalline inthe fiber. The scattering angle§ Avas measured over the
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Table 1
HIQ-40 fiber optical microscopy and DSC results. The parenthetical values after the fiber diameter indicate the statistical error €stimariest, and
enthalpy values are indicatively of the relative mean, range, and areas of the crystal-to-nematic transition, respectively

hig40fsa hig40fsh hig40fma hig40fmh
Fiber diameteri¢m) 42.6 (£ 0.7) 30.8 (= 0.2) 27.1 (= 0.7) 24.8 (= 0.2)
Te—n (°C) 318 335 318 344
Onset {C) 290 325 306 335
Enthalpy (J/g) 5.01 24.98 9.01 25.98

range of 10—52with steps A20) of 0.1°. The detector was  Legendre polynomial series expansion in terms of €os
held at each 2—«a combination for a minimum of 5s to
ensure a reasonable signal to noise ratio.

(o)

The crystalline diffraction of a given sample was decon- lexa(S @) = n:OAzn(S)Pzn(COSa), 3
voluted using 2D Gaussian peak fitting [17—19]. The objec-
tive function to be minimized was of the following form: ~ where the structure factor coefficient traces(s), are
defined from the orthogonality of the basis functions as:
OBIF=>" > (lopg20, @) — lcac(26, @))?, 1 )
20« Ag(S) = (4n + 1)j lo(S, @)-Py(COSa) sina da.  (4)
where 0
lcaic(26, @) = @20 + ba + € From the series expansion, we obtain a set of scattering
coefficient tracesA,(s). A Monte Carlo simulation was
Npeaks ) ) used to generate the theoretical structure factor traces,
+ > A e N AT eamA) gmin A mallea2)” () AS3%(s), for an ensemble of oligomers packed on a lattice
i=1 as described in Paper | [25]. The determination of the proper

structural parameters was done iteratively. Initial estimates
‘of the 2D lattice parameters consisted of variations of either
a regular hexagonal array or the lateral spacings of the crys-
talline lattice. As previously noted [25], the isotropic struc-
ture factor coefficientAy(s), has two contributing factors,
oriented and unoriented non-crystalline material. By “unor-
Sented,” here we mean no local alignment of chains, i.e.
isotropic. This component contributes only to the isotropic

ne\_/ertheless, for the fairly narrow dlst_rlbut|ons of the crys- coefficient,Ao(s). The isotropic amorphous trace was deter-
talline peaks, the use of Gaussians is generally deemed g, using commercially available software [26] as
reasonable approximation. As shown later, some artifactsdescribed in Paper | [25]

are introduced using Gaussian peak shapes which might : -

have been mitigated by choice of a different crystalline The scaling coefficients,,
peak profile [13]. However, resolution of these artifacts is
not crucial to the analysis presented here. Solely for the
purposes of accurate determination of the crystalline Ian+1 calc

component, up to a total of 4 additional Gaussians were Aen(9) = WDZ”' n (9) ©)
used to approximate the scattering from the non-crystalline . )
regions. Differentiating crystalline and non-crystaline "€ Day's are then used to reconstruct the orientation
peaks is not trivial. Using the Scherrer equation, a FWHM distribution function (ODF)

wog Of 5.0° corresponds to a crystallite thickness-ef16 A © an+ 1
[24], which exceeds the size of structures used in computerD(a) = Z _
simulation to describe the non-crystalline component. We o 4T
therefore assumed that peaks with,; < 5.0° belonged to

the crystalline component. These peaks were subtractedwhere
from the experimental pattern to obtain the contribution m ]
from the non-crystalline component. The non-crystalline 27 | D(osina da = 1. (7
pattern was then corrected for incoherent (Compton) scatter

lcomdS) @nd self-scatterf(s) and normalized as described As the distribution being described becomes more
in the first paper in this series [25], hereafter referred to as narrow, the number of terms (and therefore number of coef-
Paper I. The resulting pattern was then analyzed using aficient traces) increases.

The background for the system was assumed to be linear
Five parameters were fitted for each peathe maximum
amplitude A;; the mean scattering angleg;2the Full Width
at Half Maximum (FWHM) in @, w,;; the mean azimuthal
angle,«;; and the FWHM inx, w,;, for a total of Npears+ 3
degrees of freedom for each sample. In principle, Gaussian
are not necessarily justified in the azimuthal directiorn pf

are determined from the
comparison of theoretical calculations to the experimental

DonPan(cosa), (6)
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Fig. 2. Fiber Patterns for HIQ-40 annealed melt-spun fiber (hig40fmh) (a) raw experimental data trace, (b) crystalline component, (c) noe-crystalli
component, (d) experimental coefficient tracks,(s), from the Legendre polynomial series expansion. Only upnte=210 is included for clarity.

3. Results and discussion literature data. This suggests that either the degree of crystal
perfection is lower in the as-spun samples or the breadth of
3.1. Calorimetry and optical microscopy the distribution of crystallite sizes is higher. Likewise, the

broader melting peak ranges for the as-spun samples
Table 1 summarizes the optical microscopy and differen- compared to the heat-treated fibers suggest similar conclu-
tial scanning calorimetry (DSC) results for the four fiber sions. To our knowledge, there is no reported value for the
samples, listing the fiber diameters and the associatedheat of fusionAH?, for HIQ-x crystallites. Therefore, DSC
error; the melting peak maximum temperatuiig,,; the provided only relative measures of crystallinity in this case.
melting peak onset, which is a reflection of the breadth of Our results indicate that the degree of crystallinity increases
the distribution; and integrated area under the peak or melt-300-500% during annealing, for both solution- and melt-
ing enthalpy,AH;. T._, for the as-spun fiber samples is spun fibers. Erdemir et al. note that as-spun melt fibers of
lower than that reported for the powder (383, while the HIQ-x display a very broad endotherm in the temperature
heat-treated fibers displdy_,’'s comparable to the reported ranges that we observed [6]. From optical microscopy, we
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Fig. 3. Fiber Patterns for HIQ-40 as-spun melt-spun fiber (hig4d0fma) (a) raw experimental data trace, (b) crystalline component, (c) noa-crystallin
component, (d) experimental coefficient trackg,(s), from the Legendre polynomial series expansion. Only upnte=210 is included for clarity.

noted that on the fiber surface, there was discoloration andsubtraction of (b) from (a); and part (d) shows the scattering
flaking consistent with superficial oxidative degradation of coefficient traces obtained by decomposition of (c) in a

the polymer at 30TC. Legendre polynomial series expansion according to Eq. (3).
Table 2 lists the positions of the crystalline peaks deduced
3.2. X-ray scattering by the Gaussian fitting for each of the first three Hi@ber

samples. The fourth sample, hig40fsa, exhibits no crystal-

Figs. 2—4 show the results of the X-ray analysis involving linity. In every case, the observed peaks could be indexed

crystalline deconvolution and series expansion analysesbased on the unit cell proposed by Johnson and coworkers
applied to three of the fiber samples; results for the fourth [27—29]. One can see from Table 2 that very few crystalline

sample in this series are shown in Fig. 2 of Paper | [25]. Part peaks are observed. This is common for these materials,
(a) shows the raw experimental data; part (b) shows the where degrees of crystallinity as measured by WAXS are
crystalline contribution deduced by Gaussian peak fitting; generally reported to be less than 30% [5]. The WAXS
part (c) shows the non-crystalline fraction obtained by results indicate crystallinites between 0 and 28% (c.f
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Fig. 4. Fiber Patterns for HIQ-40 annealed solution-spun fiber (hig40fsh) (a) raw experimental data trace, (b) crystalline component, (cllmm®-cryst
component, (d) experimental coefficient tracksg,(s), from the Legendre polynomial series expansion.

Table 4). The hig40fsh sample displays crystallites with the peaks for the hig40fmh fibers display én,;), of 10.7 and
largest dimensions lateral to the chain, as evidenced bythe meridional peaks have &a,;), of 10.0°. The meridional
sharpening of the (100), (010), and (110) peaks. In contrast,peaks of the hiq4a0fma fibers display &m,;), of 14.4.

the hig40fma fiber pattern displays the sharpest crystalline Comparison of thes€w,;), values indicates two trends:
peaks along the meridian, as evidenced by the sharp (004)(1) the heat-treated samples display a slightly higher degree
(008) and (0012) peaks. Only the higda0fmh fiber pattern of crystalline orientation and (2) the crystalline peaks in the
displays significant 3D crystalline order. These results melt-spun fibers display higher degrees of orientation than
suggest that an extended chain conformation, implied by their solution-spun counterparts.

the meridional peaks, is favored by processing from the As can be noted from Table 3, both WAXS and DSC
nematic melt. In contrast, heat treatment perfects the inter-confirm that heat-treatment causes a marked increase in
molecular packing of the chains. Also from Table 2, we note the amount of crystalline material present, more than the
that the equatorial crystalline peaks for hiq40fsh have an processing change of solution- to melt-spinning. In addition,
average azimuthal FWHMw ), of 47.5. The equatorial the decrease in FWHM for the crystalline peaks in WAXS
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Table 2

4653

HIQ-40 fiber crystalline peak deconvolution results. All values for29;, «;, w,4, andw,; are in degrees. The parenthetical values after each mean value is the

FWHM for that spatial direction

Miller index Reported 2 hiq40fsh &;(w,45) hig40fsha;(w,) Higd0fma Pi(wys)  higd0fmac;(w,) higd0fmh D (wyg)  higdOfmha;(w,)
004 14.5 — — 14.5(0.9) 0.4(15.4) 14.5(1.0) - 0.1(12.9)
100 16.4 16.1(1.2) 89.3(47.3) — — 16.1(1.2) 90.0(9.6)
102 17.8 — — — — 17.6(4.1) 88.7(35.7)
010 21.7 22.7(1.3) 91.8(48.0) — — 21.4(4.6) 90.2(13.6)
006 21.9 — — — — 21.8(1.7) — 0.1(10.6)
104 225 — — — — 21.8(2.2) 47.3(11.7)
110 27.7 27.9(1.8) 92.8(47.3) — — 27.7(1.5) 90.1(9.0)
112 29.4 — — — — 28.5(1.8) 75.9(12.4)
008 29.4 29.4(0.8) — 3.2(28.1) 29.4(0.9) 0.0(12.6) 29.3(0.9) — 0.1(9.5)
116 33.1 — — — — 30.6(4.1) 60.8(17.1)
0010 37.0 — — — — 36.8(1.7) 0.0(8.7)
0012 445 — — 44.6(1.3) 0.0(15.1) 44.1(2.2) - 0.9(27.0)
001D 445 — — — — 44.6(0.9) 0.0(8.2)

suggests that annealing also increases crystal size. The meltvaries, but the similarity between the shapes of coefficient

spun fibers display a higher initial degree of crystallinity as traces implies that the same molecular ensemble for the

well as a higher maximum degree of crystallinity. The theoretical structure factor calculations will apply to each

presence of a melting endotherm in the hig40fsa samples,of the samples.

where no crystallinity is measured by WAXS, is likely due The coefficient traces for the higd0fmh fibers shown in

to the melting of locally ordered regions or small defective Fig. 5 are somewhat noisier than the others. This is because

crystals. Similar conclusions were drawn by Erdemir and of two factors. First, the use of Gaussian peak shapes to

coworkers on HIQx fibers [7]. If the thermal transition in  analyze the crystalline component is only an approximation;

the fiber sample is due to the local alignment of chains, then upon subtraction, misfit in the tails of the Gaussian line-

the resultant diffuse scattering from the material should be shapes leads to shoulders in the non-crystalline scattering.

observable by WAXS. The Legendre polynomial series Second, the high degree of crystallinity in higd0fmh results

expansion analysis is particularly well suited for the purpose in a lower signal to noise ratio in the non-crystalline scatter-

of examining moderately oriented, but diffuse scattering.  ing, as none of the noise is taken up in the crystalline scat-
While the increased crystallinity in the annealed fibers is tering. As a result, the coefficient tracesy,(s), for

not surprising, our results suggest that the amorphous mate-hig40fmh are also noisier.

rial about the crystallites must also be undergoing a certain

amount of structural reorientation. The non-crystalline )

portions of the WAXS fiber patterns show narrower diffuse 3.3. Modeling

scattering features for the annealed samples than for their 1o imilar experimental coefficient traces for the HIQ-

as-spun counterparts. This suggests that a narrower ODFyq finers suggest that a single structural ensemble may
will be necessary to characterize the samples and thelrmole-sufﬁce to describe the molecular-scale structure for all

cular arrangements within these materials. The non-crystal-¢q, \ fiher samples. We used the molecular ensemble derived
line scattering patterns in Figs. 2—4 part(c) and in Fig. 2(a) {5, the hig4ofsa sample and reported in Paper | [25] for this
from Paper | [25] are similar in & number of respects. There jq, gy ctural analysis. Using the same model for the non-

is a broad_ eque}tor?al peak ap2= ~ 2_00' Thi_s S’iffuse crystalline structure permits direct comparison of ODFs
scattered intensity is because of the wide variations of the

lateral interchain distance. Sharp peaks along the meridianTable 3
of the fiber diagram are indicative of extended chain confor- Scaling coefficients for HIQ-40 fibers in the iso-structural ensemble analy-
mations, especially in the melt-spun fibers. sis

Fig. 5 compares the first four experimental coefficient
traces for the HIQ-40 fiber samples. There appear to be
two distinct features: an asymmetric peak on the equator Do 1 1 1 1

hig40fsa hig40fsh hig40fma hig40fmh

nears = 1.45A* ( ~ 20 = 20°) and a second peak on gz 8'833 8'%)2 g'ég g'éé
. g _ S —1 . . 4 . . . .
the meridian neas = 3.1 A"". The equatorial feature is an 0.001 0.004 002 0.04

interchain peak and is due to scattering lateral to the chain D: _

0.001 0.01 0.02
direction. The meridional feature is considered as an intra- Dy, — — 0.002 0.01
chain peak, as it reflects scattering parallel to the fiber axis P12 — — 0.001 0.006
which is associated with the polymer chain axis. The rela- Pu - - - 8-88‘11
16 - - — .

tive contributions of each trace to the series expansion
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Fig. 5. Comparison of the experimental coefficient traéeg(s) (2n = 0, 2, 4, and 6), for the four HIQ-40 fiber samples.

between samples, as the molecular model and ensembléheoretical and observed structure factors; its introduction
parameters influence only peak positions and shape in theserves to give preference to those members of the thermo-
AS3%(s)'s. Thus, the scaling factorf),,, reflect the orienta-  dynamic equilibrium ensemble which are selected for
tion of this particular ensemble of structures. The sum of during processing, as judged by accordance with the experi-
squared deviations between the experimental and calculatednentally observed WAXS scattering. The choicesgfis at
traces (a function of ) measures the accuracy with which least in part a matter of practicality, within reasonable
the model ensemble describes the molecular-scale structurdoounds as described in Paper | [25]; in this work, a value
of the sample. Each structure of the model ensemble of 1.2x 10 % has been used, representing a fairly weak bias.
consists of HIQ-40 dimers on a8 3 lattice with lattice The first four 6 = 0 — 3) simulated coefficient traces,
parametera=4.25 A b= 3.75 A andy = 80°. The center AS3(s) for the ensemble are shown in Fig. 3 of Paper I.
of mass of individual chains were permitted to deviate from ScalingAgﬁ'c(s) for the other fibers to get the best agreement
their lattice sites by as much as = a/2 andAb = b/2. A with the experimental traces (shown in Fig. 5 umte= 3)
Monte Carlo procedure was used to sample structures in theyields values ofD,, up ton = 8 (Table 4). The resulting
ensemble according to the probability ODFs obtained by application of Eq. (6) are shown in Fig.
6Fig. 6 . Even though we have very similar local scale
structures, the relative contributions to the ODF from the
individual coefficient traces varies.

A hard sphere potential was used to comijte? repre- Table 3 contains a breakdown of the percentages of the
sents a weighting function which biases selection in favor of three components used to characterize the fibers: crystalline,
those structures which improve the agreement between theoriented non-crystalline, and unoriented non-crystalline. All

pi o< exp(—BrE — BxD). ®
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three components are well documented in the literature of orientation than their unannealed counterparts. However,
[15,30-34]. While some of the oriented non-crystalline all of the ODFs show a significant proportion of globally
material could be the interfacial material between the crys- unoriented, but locally aligned material. This confirms that
talline and amorphous components, the relative amount oflocal chain alignment can exist in the absence of a signifi-
oriented non-crystalline material (e.g. in hiqgd0fma over cant level of global orientation. More specifically, upon
85% of the chains in the fiber are oriented, while less than heat-treating, HIQ-40 fibers exhibit a loss of oriented non-
10% are in the crystalline component) and the fact that crystalline component, a gain in crystalline component, and
hig40fsa fibers contain oriented non-crystalline, but no crys- little change in unoriented non-crystalline component,
talline material, indicates that the oriented material cannot regardless of whether the fibers were spun from solution
be assigned exclusively to material constrained to reside ator melt. The ratio of crystalline material produced to
the interface between crystalline and amorphous compo-oriented non-crystalline material consumed is near unity,
nents. suggesting that the crystalline component is generated
From Fig. 6, we can see that the melt-spun fibers display aprimarily from the oriented non-crystalline component.
higher degree of orientation than the solution-spun fibers This seems to offer quantitative confirmation for the view
and that the heat-treated specimens display a higher degre¢hat heat-treating serves primarily to crystallize previously

Table 4

Orientational structural parameters for HIQ-40 Fibers. The %XTAL, %ONC, and %UNC are the relative fractions of the crystalline, orientedafiorecryst
and unoriented non-crystalline material in the whole sample, respectively. The parenthetical numbers after the component fractions arartbeserror r
associated with the values

hig40fsa hig40fsh hig40fma hig40fmh
%XTAL 0.0% ( £ 0.0%) 18.2% (= 4.0%) 9.2% (+ 6.5%) 27.6% (= 5.4%)
%ONC 85.6% (+ 10.0%) 66.8% (= 8.2%) 88.0% (+ 9.1%) 64.4% (= 7.2%)

%UNC 14.4% (= 10.0%) 15.0% (+ 8.2%) 2.8% (+ 9.1%) 8.0% (+ 7.2%)




4656 D.C. Oda, G.C. Rutledge / Polymer 40 (1999) 4647—-4657

aligned chains. It is well established in the literature that the non-crystalline components. Thus, the role of mechanical
aligned chains crystallize more rapidly than their unoriented and thermal processing may be summarized as follows. The
counterparts [35—-37]. From the FWHM of the ODF peaks, mechanical bias from the spinning process establishes the
we can see that annealing only causes a slight increase in thénitial orientation of the chains; during annealing, aligned
degree of global orientation of the aligned chain structures. chains in the oriented non-crystalline component of the
The effect is smaller in the solution-spun fibers, which we material are consumed, preferentially over the unoriented
attribute to the fact that the enhancement of alignment non-crystalline component, to support the growth of the
between structures and elimination of molecular-scale crystalline phase. Annealing can perfect partial orientation
defects occurs on a smaller size scale in such materials.of chains, but it does not initiate local alignment of them.
Heat-treatment of the melt-spun fibers produces a larger The comparison of the solution-spun fibers from an isotro-
decrease in the FWHM of their ODF than heat-treatment pic solution and the melt-spun fiber from the nematic melt
of the solution-spun fibers, owing to the fact that the melt- highlight this fact; the hig40fsa fibers show little global
spun fibers are spun from a nematic melt which contains orientation, whereas the hig40fma fibers display measurable
readily oriented domains. The lack of meridional peaks, amounts of global orientation. This degree of orientation is
coupled with the relatively large FWHM of the solution- then built upon by the subsequent annealing step.
spun fibers, suggests that the solution-spinning process We performed molecular simulations which generated a
does not extend the chain conformation, nor does it align structural ensemble. In turn, this ensemble permitted quan-
the polymer chain segments with respect to each other. Thetitative characterization of the molecular structure and
high degree of orientation in the melt-spun fibers is attrib- orientation in these fibers and afforded us insight into the
uted to the presence (and orientation under mechanical biasyelative effects of various processing parameters on the
of nematic domains in the liquid crystalline phase of the molecular-scale structure of the HIQ-40 fiber samples.
melt from which the fibers were spun. Thus, the spinning Based upon the similarity found in th#,(s)’s, we deduced
process must induce the initial global orientation in the that the local-scale structures contained within this set of
material. fibers are very similar. We obtained quantitative measures
of the fractions of the three components in our samples. The
large fraction of oriented non-crystalline component
4. Conclusions suggests that there is a significant portion of locally aligned
material. However, the significant isotropic component,

We conclude that the melt-spun fibers contain a higher Aq(s), of the oriented non-crystalline ODFs suggests that
degree of global structural orientation, as evidenced by the local alignment between chains does not imply global orien-
narrow azimuthal breadth, and a higher degree of chain tation of these regions of locally aligned chains. The isotro-
extension, as evidenced by the narrow breadthy) of pic contribution, Ay(s), to the oriented non-crystalline
the meridional crystalline peaks in the hig40fma and component is distinct from the unoriented non-crystalline
hig40fmh fibers. The effect of the melt spinning is to induce component. The former is locally aligned, but globally unor-
extended chain conformations and orient the structuresiented, while the latter displays neither local chain align-
containing these extended (and aligned) chains, resultingment nor global orientation.
in a higher degree of orientation in fibers produced by that
route. The annealed samples (hig40fsh and hiq40fmh)
display a higher degree of periodicity in directions lateral
to the chains, implying that crystallization is more facile in
these directions. We envision the chain direction to be
somewhat constrained conformationally due to the back-
bone connectivity; in contrast, the directions lateral to the
chain are less constrained by such connectivity.

Our results show that both spinning and heat-treatmen
lead to greater chain alignment and orientation on the mole-
cular-scale. Annealing has the function of eliminating
defects and creating a higher degree of crystalline perfection
in the fiber samples. The increased degree of perfection isReferences
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