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ABSTRACT: The profile of molecular orientation within injection-molded tensile bars of
the liquid crystalline copolyesters Vectra A, Vectra B, and Vectra C, as well as blends
of these polymers, was investigated by means of wide-angle X-ray scattering (WAXS)
using synchrotron radiation (HASYLAB, Hamburg). The local variation of chain orien-
tation was resolved into steps of 100 mm. An even higher resolution was obtained by
using the microfocus camera (focal spot 2 mm) at the European Synchrotron Radiation
Facility (ESRF) in Grenoble. In Vectra A and in the blend of Vectra A and Vectra B,
a smooth variation of the orientation was found being almost zero at the surface and
showing its maximum at a distance of 0.6 mm from the surface. The orientation in
Vectra B was rather fluctuating. The average chain orientation in the blend samples
processed under the same conditions was higher than in samples of the pure liquid
crystalline copolyesters. The mechanical properties of the different layers within the
injection moldings were determined by cutting the samples into slices and measuring
the stress–strain curves. For specimens of comparable orientation, it turned out that
the blend samples had the largest values of Young’s modulus and tensile strength. The
synergism of orientation and mechanical strength was also found for different blend
compositions, as well as in blends of Vectra B and Vectra C. Annealing the injection
moldings above the melting point resulted in a rapid relaxation of the orientation,
whereas the chain alignment persisted at lower temperatures. q 1998 John Wiley & Sons,
Inc. J Appl Polym Sci 67: 531–545, 1998

INTRODUCTION posed of 27% HNA and 73% HBA2 and Vectra B
(composed of 60% HNA, 20% TA and 20% AP3

(Fig. 1) are of particular interest. Vectra C con-Copolyesters of 6-hydroxy-2-naphthoic acid (HNA)
sists of the same monomers as Vectra A but exhib-and 4-hydroxybenzoic acid (HBA), as well as co-
its an increased melting point of about 3207C andpoly(ester amide)s of 6-hydroxy-2-naphthoic acid,
a reduced melt viscosity.terephthalic acid (TA), and 4-aminophenol (AP),

Generally, the mechanical properties of poly-are promising, high-performance polymers known
mers are strongly influenced by the molecular or-under the brand name of Vectra.1 Vectra A (com-
der and orientation. This is valid for liquid crys-
talline polymers (LCP), in particular, as their

Dedicated to our friend and teacher Hans Gerhard Zach- rigid, rod-like chains can easily be oriented during
mann, who died on April 28, 1996. extrusion. The morphology of Vectra A has beenCorrespondence to: N. Moszner.

extensively examined by different authors.4–9 ThisJournal of Applied Polymer Science, Vol. 67, 531–545 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/030531-15 liquid crystalline copolyester crystallizes in a pseudo-
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532 DREHER ET AL.

The present article describes the chain orienta-
tion in injection-molded tensile bars of Vectra A,
Vectra B, Vectra C, and of blends of the liquid
crystalline copolyesters. The chain orientation of
blend samples A/B and C/B is compared with the
results for samples of the pure polymers. By using
a particular geometry of the samples cut out of
the injection moldings, we obtain the local distri-
bution of the orientation with a resolution of 100
mm and less. Finally, the relation between the
chain orientation and Young’s modulus is deter-
mined in order to find the reason for the unexpect-
edly good mechanical properties of those blends.Figure 1 Monomer units and molar ratios of Vectra

A950 and Vectra B950. The results of solid-state nuclear magnetic reso-
nance (NMR) investigations of the phase behav-
ior of Vectra polymers will be presented in a forth-
coming article.27hexagonal structure10 and melts at about 3007C,

thus being transformed into the liquid crystalline
state. Just below the melting point, recrystalliza-
tion effects occur upon annealing.11–13 The investi- EXPERIMENTAL
gation of the chain orientation in injection-molded
tensile bars of Vectra A has shown14–16 that the Vectra A, Vectra B, and Vectra C were purchased
chains are preferentially oriented parallel to the from Hoechst Celanese Co., Chatham, NJ. These
extrusion direction. Nevertheless, the orientation polymers have an average molecular weight of
strongly varies at different locations within the about 20000 g mol. Blends of Vectra B with Vectra
sample: close to the surface, the orientation is A and Vectra C, respectively, were obtained by
comparatively large; while it becomes much lower coextrusion at 3007C using a twin-screw extruder.
in the center of the sample. Blends A/B (1 : 3), A/B (3 : 2), and C/B (1 : 3)

Vectra polymers have often been used to re- were investigated in particular. The numbers in
inforce conventional thermoplastics, such as parentheses represent the weight ratio of the two
PET,17,18 PA,19 PP20,21 or ABS.22 Coextrusion of components. Dumbbell-shaped samples with the
these polymers with Vectra produces self-rein- dimensions shown in Figure 2(a) were prepared
forced composites with improved mechanical by injection molding of the melt. The barrel tem-
properties. Nonetheless, the improved properties perature of the extruder was 290 { 27C with a
are often different from those predicted by the residence time of the polymer melt in the mold of
traditional ‘‘Rule of Mixture’’ because the mutual 20 s. The mold temperature was kept at 80 { 27C.
adhesion of the immiscible polymers is often very The hydraulic injection pressure varied between
poor. The ‘‘Rule of Mixture’’ predicts the numeri-
cal values of properties, such as tensile and flex-
ural strength, as well as tensile and flexural mod-
uli, of a blend regarding the weighted average
of the numerical values of the properties of the
components.23

Contrary to these thermoplastic polymer blend
systems, only very little is known about blends of
two liquid crystalline polymers. The phase behav-
ior of such blends is still being discussed.24,25 For

Figure 2 Schematic representation of (a) the dumb-injection-molded blends of Vectra A and Vectra B
bell-shaped samples according to ASTM tensile barswith various compositions, Kiss26 has found that Type II: length, 15 cm; thickness, 4 mm; width in the

the mechanical properties surpass those of each center, 1 cm. Schematic representation of (b) the sheets,
of the polymeric components of the blend if they cut out of the middle part of the sample, designated by
are separately injection-molded. The reason for sheet I to V. Schematic representation of (c) the sheet
these synergetic effects of melt-blending on the diagonally cut under an angle of 57 with respect to the

xz-plane out of the middle part of the sample.mechanical properties is not yet fully understood.
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CHAIN ORIENTATION IN MELT-EXTRUDED SAMPLES 533

Table I Young’s Modulus E and Tensile2 and 11 MPa. If not stated otherwise, a pressure
Strength sT of the Injection Molded Vectraof 11 MPa was used.
Tensile BarsIn order to determine the local variation of the

orientation and of the Young’s modulus, the sam-
E sTples were cut into five slices numbered I to V, as

Sample (GPa) (MPa)indicated in Figure 2(b). The thickness of each
slice was approximately 400 mm. Furthermore, a Vectra A950 6.6 150
thin sheet (thickness 300 mm) was cut out of the Vectra B950 12 111
sample with an angle of approx. 57 [Fig. 2(c)] in Vectra C950 8.3 155
order to obtain a better local resolution in the Vectra A/B (1 : 3) 23.5 188

Vectra A/B (3 : 2) 16 230WAXS measurements. As this specimen was not
Vectra C/B (1 : 3) 22 226cut perpendicular to the sample surface, the dif-

ferent positions on the sheet are related to differ-
ent distances from the surface of the tensile bar.
Therefore, these diagonal cuts enabled us to re- perpendicular to the chain axis. In case of a nor-

mal incidence beam geometry and a fixed positioncord a quasicontinuous profile of molecular orien-
tation by scanning the sheets with the X-ray of the sample, »cos2f… has to be multiplied by

cos2q with 2q being the scattering angle in orderbeam. The resolution of this profile was limited
only by the beam diameter and the thickness of to take the fact into account that the azimuthal

angle f on the film is not identical with the anglethe sheet.
The WAXS measurements were performed by between the scattering net plane and the fiber

axis (see Appendix). This procedure was appliedmeans of a D500 Siemens q /2q-goniometer and
using synchrotron radiation on the polymer beam in the present work.

The Young’s modulus E and the tensileline at HASYLAB (DESY, Hamburg). The mea-
surements with a microfocus of 2 mm were carried strength sT were determined from stress–strain

curves measured by means of an INSTRON test-out at the European Synchrotron Radiation Facil-
ity (ESRF) in Grenoble. For all synchrotron ex- ing machine. The overall stress–strain curves

were obtained by using the original dumbbell-periments, a two-dimensional Gabriel detector
was used with the incident beam always perpen- shaped samples. In order to gain further insight

on the local variation of the mechanical proper-dicular to the sample surface. In the measure-
ments using the q /2q-goniometer, a normal ties, stress–strain measurements were carried

out by using thin sheets (400 mm) cut out of thecounter was used. The incident angle of the beam
varied with the scattering angle according to the sample parallel to the surface, according to Figure

2(b). The length of each sheet was 3 cm.q /2q-geometry.
For the evaluation of the molecular orientation Dynamic mechanical analysis (DMA) was per-

formed to characterize the temperature depen-the azimuthal intensity distribution I (f ) of the
110 crystal reflection at 2q Å 19.77 ( if Cu-Ka radi- dence of the mechanical properties. The thin

sheets cut out parallel to the surface [Fig. 2(b)]ation is used) was analyzed. The Hermans orien-
tation function f of the chains can be calculated were examined with the DMA 983 from TA In-

struments at a constant heating rate of 27C perby using the following equations:
min. The glass transition temperatures of the var-
ious Vectra samples were determined from thef Å 1 0 3 »cos2f… (1)
maxima of the mechanical loss factor tan d at the

with a-relaxation.

»cos2f… Å
*

907

07

I (f )sin f cos2f df

*
907

07

I (f )sin f df
(2) RESULTS

The values of the Young’s modulus E and fracture
stress sT obtained from for the original dumbbell-
shaped samples are given in Table I. It is obviousThis equation was derived by Lovell and Mitch-

ell28 for the evaluation of reflections, which have that the blends of Vectra B with both Vectra A
and Vectra C show higher values than do the puretheir maximum on the equator and thus represent

the orientation distribution of a vector that lies components. These results correspond to mea-
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534 DREHER ET AL.

Figure 3 Storage modulus G *, loss modulus G9, and loss factor tan d as a function
of temperature for (a) Vectra A, (b) Vectra B, (c) the blend A/B (1 : 3), and (d) the
blend A/B (3 : 2).

surements of Kiss26 and confirm the above-men- ture of 1087C and Vectra B of 1527C. A single
maximum in tan d is found for each blend, whichtioned synergetic effect of melt-blending Vectra

polymers on their mechanical properties. indicates that the blends are not phase-separated
on a macroscopic scale. The glass transition is atThe storage modulus G *, the loss modulus G 9,

and the loss factor tan d for the two components 1467C for blend A/B (1 : 3) and at 1357C for blend
A/B (3 : 2).and for the two blends of different compositions

are shown in Figure 3. According to the maximum Young’s modulus E was determined from
stress–strain curves of the samples of the blendin tan d, Vectra A has a glass transition tempera-
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CHAIN ORIENTATION IN MELT-EXTRUDED SAMPLES 535

A/B (1 : 3) as a function of the pressure of injec-
tion molding. The results show (Fig. 4) that E
increases with pressure. The largest value ob-
tained was 23.5 GPa. In comparison, the values
obtained at the same pressure for Vectra A and
Vectra B are 6.6 and 12 GPa, respectively. These
results clearly confirm the influence of the pro-
cessing parameters on the properties of the injec-
tion-molded parts. This is a fact one should al-
ways keep in mind when comparing samples. The
difference in the mechanical properties is presum-
ably caused by different degrees of molecular or-
der and orientation within the samples. Hence,
the following figures present the results of various
scattering experiments to prove this assumption. Figure 5 Powder WAXS diagrams of Vectra A950, of

The WAXS intensity as a function of the scat- Vectra B950, and of the blend A/B (1 : 3).
tering angle 2q of Vectra A, Vectra B, and the
blend A/B (1 : 3) is shown in Figure 5. In order
to exclude the effect of chain orientation, a powder that a strong reflection appears at the meridian

at about 2q Å 387. This is probably due to theof each material, obtained by milling the extruded
samples, was used for this measurement. Very orientation of the chains. There is no reflection at

the equator. However, the 110 reflection is muchsimilar diagrams are obtained, which indicates
that the molecular order is the same in all three stronger at the equator than it is at the meridian.

The relative intensities of the reflections demon-materials.
The scattering patterns of Vectra A were ob- strate that the orientation in the blend is higher

than it is in the components.tained from sheet I (closest to the surface) and
from sheet III (in the middle of the sample) (Fig. For the determination of the Hermans orienta-

tion function f by means of eqs. (1) and (2), the6). It can be clearly recognized that the chains
are highly oriented in sheet I, while the degree of contribution of air scattering, and of Compton

scattering was subtracted. f is the azimuthalorientation is much smaller in sheet III. Further-
more, the scattered intensity as a function of the angle, being zero at the meridian and 907 at the

equator. After this subtraction, the question ofscattering angle at the equator (perpendicular to
the extrusion direction) and at the meridian (par- further background subtraction arises. As an ex-

ample, Figure 8 shows the azimuthal intensityallel to the extrusion direction) of sheet I of Vectra
A, Vectra B, and blend A/B (1 : 3) (Fig. 7) shows distribution for Vectra A sheet I. Some authors29

assume that there exists no contribution of the
crystal reflection at an angle Df Å 907 away from
the maximum. For that reason, they subtract a
background, as indicated by the dashed line in
Figure 8 (method a ) . This procedure is justified
in case of high orientation and only if the orienta-
tion of the crystals is investigated. In our case, as
shown in Figure 7, the 110 reflection does not
completely disappear at the meridian (f Å 0).
Therefore, a more appropriate procedure to deter-
mine the background would be the one proposed
by Blundell et al.16 The scattered intensity I is
plotted as a function of the scattering angle 2q
for different azimuthal angles f (Fig. 9), and a
straight line is drawn between the intensities at
2q Å 107 and 2q Å 357. From this line, the back-
ground of the 110 reflection at 2q Å 19.77 is deter-Figure 4 Young modulus E of the dumbbell-shaped
mined. This procedure is named as method b. Assamples of the blend A/B (1 : 3) as a function of the

hydraulic pressure p during injection molding. a third possibility, the intensity distribution as
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536 DREHER ET AL.

Figure 6 WAXS pattern of Vectra A950 obtained from sheet I (surface of the sample)
and from sheet III (center of sample).

given in Figure 8 without any background sub- the surface. Close to the surface, the orientation
decreases again. For Vectra B, the orientationtraction (method g ) was used. This meant that

the orientation of noncrystalline chains was also seems to change more randomly.
Even more information can be obtained if theincluded into the evaluation to some approxima-

tion. resolution is further enhanced by increasing the
density of the points from which the scattering isThe Hermans orientation function f of Vectra

A measured for the sheets I, II, and III was ob- measured (Fig. 14). For the samples of Vectra
A and blend A/B, a smooth curve was obtainedtained by applying all three different methods of

background correction (Fig. 10). f is plotted as a matching the orientation distributions found be-
fore. As a new result, however, it was found thatfunction of the distance d from the surface. Be-

cause of the finite thickness of the sheets (400 the orientation at the surface of the sample is
almost zero. In contrast, Vectra B shows a trulymm), only an average value of the corresponding

region is obtained. As expected, the larger the sub- random fluctuation of f . This random fluctuation
has been confirmed by the microfocus (2 mm) mea-tracted background, the higher the f values. The

crosses in Figure 10 represent the results ob- surements (Fig. 15). In addition, these measure-
ments revealed that not only the Hermans orien-tained by Zülle et al.15 with Vectra A sheets and

background subtraction according to method a. tation function f fluctuates, but also that the di-
rection of main orientation varied by an angle b ofFairly good correspondence was obtained.

Figures 11 and 12 depict the Hermans orienta- {407, as shown in Figure 15. The highest b-values
occur in the center of the sample where the orien-tion function for the three sheets of Vectra B and

blend A/B (1 : 3) in comparison with Vectra A. In tation is lowest. Obviously, the fluctuation in the
orientation directions leads to a reduced net orien-agreement with the results represented in Figure

7, the highest orientation is found in the blend. tation. Figures 16 and 17 show the results of the
microfocus measurements for Vectra A and blendMoreover, it is obvious that all samples show a

drop-off in orientation from the skin to the core. A/B. For both samples, the smooth orientation
distribution (Fig. 14) is confirmed. Moreover,In order to obtain the local distribution of the

molecular orientation with a higher resolution, these samples only showed slight fluctuations in
the orientation direction (b Å {127 ) .WAXS measurements were performed on the di-

agonal cuts (Fig. 13). As was the case for the In addition to blend A/B (1 : 3), blend A/B
(3 : 2) has been investigated. The orientation dis-sheets, the material in the center of the sample

(d Å 2 mm) was almost unoriented. For Vectra A tribution obtained by WAXS measurements on
the diagonal cuts shows a smooth orientation pro-and blend A/B, an increase of orientation was

found at a distance between 0.4 and 1.4 mm from file which has its maximum of about f Å 0.5 at
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CHAIN ORIENTATION IN MELT-EXTRUDED SAMPLES 537

Figure 7 Scattered intensity as a function of the scattering angle 2q on the equator
and on the meridian of sheet I (surface sheet) of Vectra A, of Vectra B, and of the
blend A/B (1 : 3).

about d Å 1 mm below the surface (Fig. 18). To- tation of the Vectra-A-rich blend slightly de-
creases and levels off, whereas the orientation ofwards the center, both samples evidence a drop-

off in orientation. Towards the surface, the orien- the Vectra-B-rich blend continues to decline.
An orientation distribution, which was some-

what different from the ones discussed above, was
found in samples of Vectra C and of blend C/B
(1 : 3) (Fig. 19). A minimum in the degree of
orientation is reached at about d Å 1.2 mm rather
than in the middle of the sample (d Å 2 mm). As
for the blends containing Vectra A, the orientation
of blend C/B (1 : 3) was higher than that of the
pure components.

In order to relate the chain orientation to the
Young’s modulus, stress–strain curves of the dif-
ferent sheets cut parallel to the surface according
to Figure 2(b) were measured. The Young’s modu-
lus E as a function of the Hermans orientation
function f for the different materials confirms
that higher orientation results in higher E valuesFigure 8 Azimuthal intensity distribution of the 110

reflection at 2q Å 19.77 obtained from sheet I of Vectra A. (Fig. 20). Samples of Vectra B have higher moduli
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538 DREHER ET AL.

Figure 11 Hermans orientation function f of Vectra
Figure 9 WAXS intensity as a function of the scatter- B as a function of the distance d from the surface. The
ing angle 2q for different azimuthal angles f obtained values have to be considered to be average values of
from Vectra B. The straight line between 2q Å 107 and sheet I, II, and III: (l ) complete background subtrac-
2q Å 357 illustrates the background subtracted in tion (method a ) ; (n ) background subtraction according
method b. to Figure 9 (method b ) ; (j ) without background sub-

traction (method g ) .

than samples of Vectra A with the same orienta-
from blending two Vectra polymers has to betion. This complies with the specifications of
taken into consideration too.Hoechst–Celanese.14 Young’s moduli of blend

In this context, it is also interesting to knowsamples A/B (1 : 3), however, are significantly
how fast a relaxation of the molecular orientationhigher than those of the samples of the individual
takes place at elevated temperatures. This wascomponents having the same degree of molecular
examined by annealing thin sheets of the injectionorientation. These results suggest that the higher
molding samples for different periods of time andorientation of the blend samples is not the only
determining the retained degree of orientation byreason for their superior mechanical properties.
WAXS measurements. Figure 21 depicts the azi-Rather, the inherent chemical structure obtained
muthal intensity distribution of the 110 reflection

Figure 10 Hermans orientation function f of Vectra
A as a function of the distance d from the surface. The Figure 12 Hermans orientation function f of the

blend A/B (1 : 3) as a function of the distance d fromvalues have to be considered to be average values of
sheet I, II, and III: (l ) complete background subtrac- the surface. The values have to be considered to be

average values of sheet I, II, and III: (l ) complete back-tion (method a ) ; (n ) background subtraction according
to figure 9 (method b ) ; (j ) without background sub- ground subtraction (method a ) ; (n ) background sub-

traction according to Figure 9 (method b ) ; (j ) withouttraction (method g ) . The crosses represent the results
obtained by Guiterrez et al.8 background subtraction (method g ) .

8E07 4705/ 8E07$$4705 11-03-97 09:10:34 polaa W: Poly Applied



CHAIN ORIENTATION IN MELT-EXTRUDED SAMPLES 539

Figure 13 Hermans orientation function f as a func-
Figure 15 Hermans orientation function f and devia-tion of the distance d from the surface obtained from a
tion b of the direction of main orientation from thediagonally cut sheet [see Figure 1(c)] of Vectra A950,
injection direction as a function of the distance d fromVectra B950, and the blend A/B (1 : 3), respectively.
the surface obtained from a diagonally cut sheet [seeThe distance of points corresponds to 350 mm in depth.
Figure 1(c)] of Vectra B by means of a microfocus beam.

obtained from samples of the blend A/B (1 : 3)
DISCUSSIONafter annealing for different periods of time at

250 and 3107C, respectively. Annealing at 2507C,
Orientation Distribution in Vectra A and Vectra Bwhich is below the melting point, obviously only

leads to a very slow decrease in orientation; The maximum of orientation found in Vectra A at
whereas annealing at 3107C, which is within the a distance of about 0.8 mm from the surface is
range of melting, results in a relaxation within a a well-known effect already found by means of
few minutes. Annealing at temperatures above various techniques.16,30–34 By means of WAXS
3207C leads to an immediate relaxation. The de- measurements of thin sheets similar to the ones
crease in orientation can be fitted by an exponen- in Figure 2(b), Plummer et al.14 found values for
tial curve as the one shown in Figure 22. The the Hermans orientation function that resemble
relaxation times at 250 and at 3107C are 249 and our results. Their birefrigence and microscopical
15 min, respectively. measurements propose a five-layered structure,

Figure 16 Hermans orientation function f and devia-Figure 14 Hermans orientation function f as a func-
tion of the distance d from the surface obtained from a tion b of the direction of main orientation from the

injection direction as a function of the instance d fromdiagonally cut sheet [see Figure 1(c)] of Vectra A950,
Vectra B950, and of the blend A/B (1 : 3), respectively. the surface obtained from a diagonally cut sheet [see

Figure 1(c)] of Vectra A by means of a microfocus beam.The distance of points corresponds to 100 mm in depth.
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540 DREHER ET AL.

Figure 19 Hermans orientation function f as a func-
Figure 17 Hermans orientation function f and devia- tion of the distance d from the surface obtained from a
tion b of the direction of main orientation from the diagonally cut sheet [see Figure 1(c)] of Vectra C and
injection direction as a function of the distance d from of the blend C/B (1 : 3), respectively.
the surface obtained from a diagonally cut sheet [see
Figure 1(c)] of the blend Vectra A/B (1 : 3) by means
of a microfocus beam. that, only within samples of Vectra B, large fluc-

tuations of the degree and direction of molecular
orientation occur (Fig. 15). Therefore, the reasonwith the outer skin layer being most oriented. In
given by Plummer et al. for the apparent drop-offtheir opinions, the apparent disagreement with
in orientation at the surface is not valid for thetheir X-ray data arises from differences in sample
samples of Vectra A and blend A/B.thickness, as mechanical measurements on sheets

What is the reason for this discrepancy? Theof 100 mm thickness reveal large fluctuations of
highly oriented sheet found by Plummer et al.14

the Young’s modulus within the upper layers.
might have had a thickness much smaller thanThe highly resolved orientation distribution of
40 mm so that it is not of considerable significancethe Vectra A and Vectra B samples examined in
for our measurements. The sample thickness (300the present study also show a maximum of orien-
mm) and the finite beam size (õ500 mm) of thetation at about 1 mm below the surface. However,
X-ray apparatus at DESY result in a decrease ofthese results clearly prove the existence of a less-
the spatial resolution of the orientation profile.oriented surface layer within the samples. More-
For the diagonally cut samples shown in Figureover, the microfocus WAXS measurements show

Figure 18 Hermans orientation function f as a func- Figure 20 Young’s modulus E as a function of the
Hermans orientation function f obtained from thetion of the distance d from a diagonally cut sheet [see

Figure 1(c)] of the blends A/B (1 : 3) and A/B (3 : 2), sheets cut parallel to the surface [Figure 2(b)] of vari-
ous Vectra samples.respectively.
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CHAIN ORIENTATION IN MELT-EXTRUDED SAMPLES 541

melt, the injection pressure, and the distance from
the inlet.35 Figure 4 clearly demonstrates the de-
pendence of the Young modulus on the pressure
of injection. Recently, Sawhney et al.22 showed
very impressively the influence of processing con-
ditions on the microstructure and mechanical
properties of polyblends of Vectra A with an alloy
of polyamide 6 and ABS. For that reason, only
qualitative conclusions can be drawn by compar-
ing orientation distributions of different injection-
molded samples. This fact has to be kept in mind
when discussing the results of different studies.

The fluctuation of the degree of orientation in
samples of Vectra B is of particular interest. The
very pronounced layer-like structure with large
fluctuations in the degree and direction of orienta-
tion, especially in the center, is in sharp contrast
to the smooth orientation profile of Vectra A and
blend A/B. As all samples were prepared under
the same conditions, the differences are attrib-
uted to inherent properties of the polymers, in
particular to their rheological properties. It is a
known fact that the orientation distribution
within injection moldings is very sensitive to the
flow history of the melt.14

Vectra A and Vectra B show no significant dif-
ferences in their melt viscosities.36 Nevertheless,

Figure 21 Azimuthal intensity distribution obtained a negative pressure coefficient (dlnh /dp ) was ob-from sheets of the blend A/B (1 : 3) at a scattering
served for Vectra B; whereas Vectra A shows theangle of 2u Å 19.77 after annealing for different times
opposite behavior. By using different die diame-at 250 and 3107C, respectively.
ters, Izu et al.36 found that the molecular align-
ment upon shear is more pronounced for Vectra
B than for Vectra A. Hence, Vectra B appears to be2(c) , we determined the average orientation of an

about 40 mm thick layer, implying that thinner more sensitive to domain tumbling upon shearing.
layers cannot be detected separately. As the thick-
ness of the outer skin layer has been estimated
by Plummer et al. to be approximately 40–50 mm,
it is possible that the samples investigated in this
study also contain a highly oriented, albeit thin,
layer at the surface. In extrusion-molded samples
of Vectra A, a highly oriented surface layer thin-
ner than 20 mm was found by means of attenuated
total reflection (ATR) infrared spectroscopy.32

Further examinations by means of the microfocus
camera will enable us to either confirm or reject
the existence of a highly oriented, thin surface
layer.

When discussing these differences, the fact
that the processing parameters exert a profound
influence on the microstructure of samples ob-
tained from injection molding should also be men-
tioned. For instance, the thickness of the layer Figure 22 Hermans orientation function f obtained
adhering to the mold wall during injection de- from the curves in Figure 19 as a function of the anneal-

ing time.pends on the temperature of the mold and the
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This may cause the orientation fluctuations and Orientation Distribution in Blend A/B (1 : 3)
the formation of disclinations.37 Moreover, the vis- According to previous investigations, Vectra A
cosity of Vectra B has a positive temperature de- and Vectra B are thermodynamically immiscible.
pendence at elevated temperatures in the melt.38 By long annealing at 3207C, however, a single
This peculiarity was not found for Vectra A. This phase system is formed as it was proved by
effect, too, may be responsible for a different flow T1r(1H) measurements, polarization transfer nu-
behavior of the two polymers leading to the differ- clear magnetic resonance (NMR) investigations
ent orientation profiles. on blends in which one component was deuter-

Studying the morphology of extruded and injec- ated27 and by the finding of a single glass transi-
tion-molded samples of Vectra B, DéNève et al.37 tion (Fig. 3). Furthermore, NMR measurements

of a solution of 13C-labeled blends showed thatfound three different textures, which they related
transesterifications took place during the anneal-to the applied shear strain and shear rate during
ing procedure. The single phase formation is en-processing. Near the surface, an ordered texture
hanced by shearing during annealing. Viscositywith a high degree of molecular alignment resulting
measurements of a solution have shown that nofrom strong shear forces was observed. Reduced
significant change of the molecular weight duringshear forces further inside the sample result in a
blending and extrusion has occurred in spite ofwormlike texture with a high density of disclin-
the transesterifications. As Vectra A and B wereations, while the center is characterized by a
blended by kneading and coextrusion, which in-thread texture. These three textures correspond
volved annealing and simultaneous shearing, weto the results of the microfocus X-ray measure-
conclude that blend A/B (1 : 3) forms a one-phasements presented in Figure 15. The deviation of
system, which consists of molecules being copoly-the direction of molecular alignment with respect
mers of Vectra A and Vectra B.to the direction of injection heavily fluctuates in

While the degree of orientation shows localthe center of the sample, where the degree of ori-
fluctuations in Vectra B (Fig. 14 and 15), theentation is comparatively low. According to the
change of the degree of orientation with increas-morphologies described above, the fluctuations
ing distance from the surface is rather smooth incan be attributed to a texture with a high disclina-
blend A/B (1 : 3). The degree of orientation istion density and low degree of orientation, which
almost zero at the surface; passes a maximum atcan be called a wormlike texture. The high discli-
a distance of 0.8 mm; and decreases again, ap-nation density is confirmed by the fact that the
proaching isotropy in the middle of the sampledifference in orientation determined with a con-
(Fig. 14). As the Vectra A homopolymer alsoventional focus (Fig. 14) and a microfocus (Fig.
shows a smooth local variation of the degree of15) is particularly large in these layers. The mo-
orientation (Fig. 14), the smoothness of the blendlecular orientation in the submicron range is obvi-
is probably the result of Vectra A sequences inously much higher than the macroscopic orienta-
the copolymer.tion due to the presence of many defects in the

The average value of the Hermans orientationdirector field.
function in blend A/B (1 : 3) is higher than theThe question arises as to how much the differ- corresponding values of Vectra A and Vectra B

ent glass transition temperatures are responsible processed under the same conditions. Rheological
for the different orientation profiles. Since Vectra measurements show that the melt viscosity of the
A (TG Å 1007C) has a lower glass transition tem- blend is somewhere between that of Vectra A and
perature than Vectra B (TG Å 1507C), the Vectra Vectra B. Therefore, the increase in orientation
A samples will remain above TG longer than Vec- cannot be attributed to a change of viscosity. We
tra B samples during processing. Thus, there is believe that the increase is due to the smoother
more time to relax and to overcome orientation change in orientation caused by the presence of
fluctuations by the annihilation of disclinations Vectra A units. These units seem to hinder the
in Vectra A. However, the relaxation of molecular tumbling of the segments during flow, as dis-
orientation can be neglected at temperatures be- cussed above.
low the melting point, as illustrated by the results

Orientation Distribution in Vectra C and inin Figure 22. For this reason, the different glass
Blend C/Btransition temperatures will probably not influ-

ence the orientation profiles of the Vectra poly- The orientation profiles of Vectra C and blend
C/B (1 : 3) have their minima at about 1.2 mmmers.
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from the surface. Further inside the sample, the By cutting particular samples out of the tensile
bars, the orientation profile perpendicular to theorientation increases again up to f values compa-

rable to the ones of the upper layers. This second injection direction could be resolved.
In samples of Vectra A, a maximum in orienta-maximum may result from melt flow during the

pressure stage35 of the injection molding process. tion was found at about 1 mm below the surface.
The core of the samples is much less oriented,As the melt viscosity of Vectra C is rather low

compared to that of Vectra A,39 the flow behavior approaching isotropy. Towards the surface, a drop
in orientation was observed, in contrast to previ-of these polymers during injection molding is sup-

posed to be different, resulting in the different ous samples.
The molecular orientation in samples of Vectraorientation profiles obtained.

B is partly higher compared to that of Vectra A.
The orientation profile, however, comprises strong

Young’s Modulus fluctuations. Microfocus X-ray investigations re-
vealed that the degree of orientation, as well asThe Young’s moduli E of Vectra B, measured at

the same value of the Hermans orientation func- the direction, are fluctuating, especially in the
core region of the sample. These results are intion, are larger than the ones of Vectra A (Fig.

20). The Young’s moduli of blend A/B (1 : 3) are agreement with morphological studies,37 reveal-
ing a wormlike texture with a high density of dis-even larger than those of Vectra B. While the dif-

ference between Vectra A and Vectra B may sim- clinations in the interior of injection-molded parts
of Vectra B. The orientation profiles of Vectra Aply be a consequence of the different chemical

structures, the increase observed after blending and Vectra B can be related to the different flow
behavior of the two polymers resulting from theirand transesterifying the two components requires

further explanation. It is possible that differences different chemical compositions.
In parts of blend A/B, a smooth orientation pro-in the local variations of the Hermans orientation

function f between the materials may be responsi- file was found, similar to the one of Vectra A. The
degree of orientation, however, is significantlyble for this result. While Vectra A shows a smooth

variation of f and comparatively small values of higher in the blend material than in Vectra A
and Vectra B. The more pronounced molecularE , Vectra B shows larger values of E which are,

however, accompanied by local fluctuations of f alignment in the blend does not emerge from vis-
cosity effects during blending but rather resultsand E . These local fluctuations may prevent the

Young’s modulus E from reaching high values. If from transreactions between the copolyester mol-
ecules of both blend components. The exchangethis is true, this negative influence is removed by

combining Vectra A and Vectra B, thus eliminat- reactions lead to the formation of a single phase
blend consisting of copolymer molecules, whiching local variations of the orientation. Thus, in

blend A/B (1 : 3), Vectra B contributes the high comprise segments of Vectra A and Vectra B. The
high degree of orientation without any strongintrinsic values of E and Vectra A is responsible

for the necessary smoothness of the orientation fluctuations of the orientation direction results in
the high values of the Young’s modulus and theprofile.

It is interesting to note that the increase of tensile strength. Hence, the deviations from the
‘‘Rule of Mixture’’ are related to chemical and mor-molecular orientation by blending is also found in

blends A/B (3 : 2) and C/B (1 : 3), as can be seen phological changes during the blending process.
in Figures 18 and 19.

APPENDIX
CONCLUSIONS

Let us consider a crystallographic net plane P
with the normal n inclined by an angle g withIn injection-molded tensile bars of Vectra poly-

mers, it was found that the Young’s modulus and respect to the symmetry axis S of a sample show-
ing axial symmetry (fiber symmetry). Because ofthe tensile strength are markedly high in blend

material. This is valid for blends of Vectra A and the axial symmetry, all normals at this angle g
will intersect the sphere with the radius 1 in Fig-B, as well as for blends of Vectra C and Vectra B.

In order to understand these results, the molecu- ure A.1 on a circle N with uniform density. How-
ever, according to Bragg’s law, only those planeslar orientation within the injection-molded parts

was examined by means of X-ray measurements. the normals of which will intersect the sphere on
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the circle R corresponding to half the Bragg angle
will reflect the X-ray beam. Thus, in order to ob-
tain scattering from these planes, the circles R
and N have to intersect. This will be the case if

g ú q (A.1)

In Figure A.1, this condition is fulfilled. Q is one
of the intersections. The angle f indicated in Fig-
ure A.1 is the azimuthal angle (with respect to
the meridian) under which the corresponding
scattering point appears on a planar film F behind
the sample. This angle, however, is not identical
with the angle g describing the direction of the
normal, the squared cosine of which has to be
averaged in order to calculate the Hermans orien-

Figure A.2tation function. In case of a q /2q-goniometer g
and f would be identical.

In order to find a relation between f and g, we
planes is detected. Because of h (g ) sin g dglook at the projection represented in Figure A.2.
Å I (f )sin f df, one then obtains by means of eqs.From this figure, it follows that cos g Å a/1 and
(A.2) and (A.3),cos f Å a/r. Figure 1 shows that r Å cos q. Thus,

»cos2g… Å cos2q »cos2f… (A.4)
cos f Å cos g

cos q
(A.2)
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