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Abstract

Relationships among mechanical properties, degree of molecular orientation and molding conditions are investigated in injection molded

plaques fabricated from a 4,4 0-dihydroxy-a-methylstilbene (DHaMS)-based thermotropic liquid crystalline copolyester. Wide-angle X-ray

scattering (WAXS) patterns reveal bimodal orientation states at most locations in the plaques. One population aligns roughly along the

anticipated flow direction while a separate population is generated as a result of transverse stretching associated with diverging streamlines

during mold filling. Micro-tensile bars are cut from the plaques both parallel and perpendicular to the filling direction to assess anisotropy in

properties. Enhanced molecular orientation and properties ‘in-shear’ are observed for thinner plaques fabricated at relatively low mold

temperatures and melt temperatures slightly above the nominal melting point of the polymer. Injection fill speed is not found to have a

significant effect on anisotropy in tensile strength/stiffness. Mechanical properties such as tensile modulus and fracture stress are found to

obey a ‘universal’ correlation with X-ray measurements of molecular orientation projected onto the axis of the testing specimens. These

results suggest that even in the presence of complex, spatially heterogeneous orientation states, simple average measures of orientation can

provide a robust means of anticipating macroscopic properties.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermotropic liquid crystalline polymers (TLCPs) are

high performance engineering materials known for their

outstanding strength, light weight and high stiffness. TLCPs

have inherently low melt viscosities that arise from the

spontaneous ordering of rigid rod-like molecules, an

attribute that allows for easy processability in operations

such as fiber spinning, injection molding and extrusion [1].

Moreover, the excellent specific properties in TLCP fibers

are known to depend critically on the overall degree of

molecular orientation [2]. Any rational design of TLCP

processing thus requires understanding of how processing

flow fields influence the net molecular orientation state.
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While sound fundamental understanding of flow-orientation

relationships exists in ‘model’ flexible main-chain TLCPs

[3–11], there are still fundamental open questions in the case

of commercial TLCPs (particularly aromatic copolyesters),

which bear much greater industrial significance.

Injection molding of TLCPs has received much attention

over the last decade, particularly in the fabrication of

complex parts where the attainment of strong physical

properties in one dimension is a key requirement (e.g. high

performance electrical connectors) [12]. The development

of high anisotropy during TLCP processing is a critical

processing issue known to have significant effects on the

physical properties of injection molded parts. Although the

concurrence of high tensile properties and highly uni-

directional anisotropy is of great benefit in fiber spinning

[2], severe anisotropy can be detrimental in injection

molded parts, where multidimensional strength and stability

are often desired. The rigid nature of the aromatic

mesogenic segments in TLCP molecules typically leads to

high orientational biases that favor the direction of flow
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during processing [12–15]. Upon crystallization, such high

molecular orientation leads to favorable properties in the

direction of flow, but reduced strength in the transverse

direction.

Dreher and coworkers [16] have previously characterized

relatively narrow injection molded TLCP tensile bars made

from Celanese Vectraw copolyester in order to correlate

development of chain orientation to mechanical properties.

Their study, in which molecular orientation induced during

molding was aligned parallel to the specimen axis, showed

that tensile modulus increases linearly with the Herman’s

orientation parameter. Molding of parts with a broad aspect

ratio, however, involves greater flow complexity and,

consequently, more convoluted orientational states. Due to

the lack of fundamentally reliable computational models

needed to describe the effect of complex flow kinematics on

TLCP orientation, researchers have relied heavily on ex situ

characterization methods to investigate molecular orien-

tation in moldings [17–22]. These studies show that

depending upon thickness, a layered ‘skin-core’ mor-

phology frequently results, where shear flow is observed

to dominate near the surface while transverse stretching

asserts itself near the mid-plane [23–25]. Previous ex situ

WAXS studies of molecular orientation on 4,4 0-dihydroxy-

a-methylstilbene (DHaMS)-based copolyester injection

molded plaques also reveal the emergence of complex

orientation behavior arising from the competition of

inhomogeneous mixed shear and extension [26], generally

manifested as bimodal cross-ply orientation states. Shear

typically asserts increasing influence with decreasing

sample thickness. Similar bimodal character has also been

identified in steady isothermal channel flows of DHaMS as

well as other commercial TLCPs [27,28], suggesting that

the kinematic concepts elucidated by the more idealized

extrusion flows also underlie orientation development in the

more complex transient non-isothermal case of injection

molding.

The combination of complex flow kinematics and

thermal histories during injection molding of TLCPs can

lead to very complicated distributions of molecular

orientation in finished products. Indeed, much of the

available literature demonstrates how the distribution of

orientation and properties in injection molded TLCPs is

extremely sensitive to processing parameters used during

molding [29–39]. The potential for highly anisotropic

mechanical properties in LCPs motivates better elucidation

of how molding geometry and conditions impact the

orientation state, and thus the spatial distribution of

mechanical properties. This study reports characterization

of properties and orientation in molded DHaMS copolyester

plaques, subject to systematic variation of thicknesses and

processing conditions. Past observations that mechanical

properties obey a universal relationship with orientation in

the case of uniformly drawn TLCP fibers [2,40] beg the

question whether such ‘universality’ may also be found in

the more complex processing case of injection molding,
where more complicated orientation states are found [21,

26]. In this study, we address this fundamental question

through mechanical testing of tensile specimens cut from

plaques both parallel and perpendicular to the filling

direction in order to assess the anisotropy in properties.

Using a suitably defined metric of orientation, our results

indeed confirm a strong correlation between mechanical

strength or stiffness and X-ray scattering measurements of

molecular orientation.
2. Experimental

2.1. Material

The nematic TLCP used in these studies is an aromatic

copolyester containing 4,4 0-dihydroxy-a-methylstilbene

(DHaMS) as the mesogen and a terephthalate/isophtha-

late/2,6-naphthalenedicarboxylate molar ratio of 65/10/25;

details are available elsewhere [26,41]. This TLCP displays

a broad DSC melting endotherm ranging from 235 to

310 8C, with a nominal melting temperature of approxi-

mately 280 8C. The onset of degradation occurs at

temperatures above 405 8C.

2.2. Injection molded plaques

Injection molded DHaMS plaque samples with dimen-

sions of 76.2 by 76.2 mm were fabricated using a Boy 30T2

injection molding machine with injection speed, mold and

melt temperature control. A variable thickness insert mold

with polished faces and a ‘coat hanger’ gating was used to

generate plaques thicknesses of 3.2, 1.6, and 0.8 mm. ‘Fast’

fill times of 1 s were typically utilized with some additional

molding performed at a ‘slow’ 5 s. Plaques were fabricated

at mold temperatures of 45 and 90 8C while four barrel

temperature settings of 250, 275, 300, and 325 8C were

used. These corresponded to melt temperatures of 245, 270,

290, and 315 8C, respectively, as determined by using a

thermocouple inserted into the melt.

Representative injection molded plaques with a ‘coat-

hanger’ gating are illustrated in Fig. 1(a) and (b). WAXS

patterns were collected along seven different line scans

across the entire plaque in order to characterize molecular

orientation. Three profiles were measured along the filling

direction, one along the centerline of the plaque and two off-

axes from the centerline spaced symmetrically 20 mm apart.

The remaining four profiles were measured laterally at four

axial locations spaced symmetrically 16 mm apart. The

spacing and location of each line scan were selected to allow

correlation of orientation profiles to mechanical measure-

ments of tensile bar specimens cut parallel and transverse to

the mold filling direction. X-ray scattering images were

collected at 3-mm increments using a motorized x–y

translation stage. WAXS experiments were conducted at

DND-CAT (Sector 5BM-D) of the Advanced Photon



Fig. 1. Schematic representation of injection molded DHaMS plaques

illustrating the micro-tensile bar specimen geometry cut: (a) Parallel and (b)

perpendicular to the primary injection direction. Dashed lines (– – –) illustrate

locations where WAXS measurements were made. (c) Representative X-ray

scattering pattern collected at a position off axis to the centerline of a 3.2 mm

thick plaque sample made using fast fill, with melt and mold temperatures of

245 and 90 8C, respectively. The azimuthal angle, b, is measured away

from the vertical filling direction. The white dashed circles define the

angular q-range of intensity used for computing azimuthal scans.
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Source at Argonne National Laboratory, using a photon

energy of 20 keV (0.62 Å). Guard slits were used to define a

square incident X-ray beam with at 1 mm2 cross-section.

X-ray scattering patterns with 512!512 pixel resolution

were collected using a MarCCD detector with 30 s exposure

times.

Similar to previous findings by Rendon and co-workers

[26], WAXS patterns frequently show the presence of two

sets of nematic crystalline reflections indicating a bimodal

distribution of orientation where mixed shear and extension
during mold filling lead to populations of orientation

parallel and perpendicular to the local filling direction.

This is illustrated in a 2D scattering pattern collected along

an off-centerline region of a 3.2 mm thick plaque (Fig. 1(c)).

This pattern clearly shows diffraction peaks concentrated

along both the equator and meridian, which translate to

orientational contributions due to shear flow and transverse

extension, respectively. It is presumed that this bimodal

‘cross-ply’ orientation originates from shear flow dom-

inance near the ‘skin’ surface layer, while transverse

extensional flow dominates near the ‘core’ mid-plane region

[26]. (In applying the widely used ‘skin-core’ terminology,

we argue that the population of orientation parallel to the

flow direction (as revealed by X-ray scattering) is not solely

a superficial surface effect, but rather that ‘skin’ layers are

regions of non-negligible finite thickness near the mold

surface in which strong shear gradients dominate, leading to

average orientation along the filling direction [26]).

2.3. Mechanical characterization

Tensile measurements were carried out on micro-tensile

bars machined from the plaques in directions both parallel

and perpendicular to the nominal flow direction using a

computer programmed end mill. The milling machine was

programmed to cut three identical tensile samples parallel

to, or four samples perpendicular to, the principal filling

direction, as per Fig. 1. The micro-tensile bars were tested at

a deformation rate of 1.27 mm/min using an Instron Model

1125 test frame with MTS ReNewq Upgrade Package

equipped with an MTS Model 632.29E30 Option 012

extensometer. The standard ASTM D-638 ‘Standard Test

Method for Tensile Properties of Plastics’ [42] was used as a

guide, but tensile testing procedures were adapted to the

specimen dimensions used for this study. An average of five

replicates was reported as the final value.

2.4. X-ray data analysis

In the case of uniformly drawn TLCP fibers, where one

expects a uniaxial distribution of molecular orientation

about the fiber axis, X-ray data are usually analyzed to

extract an ‘order parameter’ [26–28]. However, the implicit

assumption of uniaxial symmetry in such analyses is

untenable in the case of injection molded plaques given

the complexity of the orientation states revealed in X-ray

scattering patterns (Fig. 1(c)). Instead, we adopt an analysis

scheme that directly characterizes anisotropy in the 2D

X-ray scattering pattern through the extraction of azimuthal

intensity scans over a narrow range of q-space and

subsequently computing the second moment tensor of the

intensity distribution [26–28]. Analysis of X-ray patterns

was performed using the software package Fit2D [43].

Fig. 1(c) depicts the range of azimuthal intensity used for all

plaque samples. Background intensity sources (e.g. air,

detector, etc.) contributing to an isotropic background in the
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scattering patterns are removed through careful selection of

a baseline intensity value, which is subtracted from all

azimuthal scans for individual plaque samples. For each

plaque thickness, this baseline value is generally taken to be

the lowest intensity observed in the azimuthal scan that

displays the highest degree of molecular orientation.

The degree of molecular alignment in a scattering pattern

can be characterized by representing each point in the

azimuthal scan by the unit vector u, such that u1Zcosb and

u2Zsinb, where b is the azimuthal angle, measured away

from the filling direction (Fig. 1(c)). A weighted average of

the second moment tensor of u provides a measure of the

average orientation in the scattering pattern:

huui Z
hu1u1i hu1u2i

hu1u2i hu2u2i

" #

Z
hcos2bi hsin b cos bi

hsin b cos bi hsin2bi

" #
(1)

In this expression, h.i represents an average weighted by

the azimuthal intensity distribution I(b). For example, the

22-component is given by:

hsin2bi Z

Ð2p

0

sin2bIðbÞdb

Ð2p

0

IðbÞdb

(2)

The difference in the principal eigenvalues of huui yields an

anisotropy factor (AF) expressed as:

AF Z l1Kl2 Z
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hu1u1iKhu2u2i
� �2

C4hu1u2i
2

q
(3)

By this definition, perfect orientation (in any direction)

leads to AFZ1, while an isotropic sample yields AFZ0.

The eigenvectors of huui indicate the average direction of

molecular orientation. Noting that rodlike molecules scatter

normal to their axes (a characteristic which is preserved

upon crystallization for the reflections studied here), the

average orientation direction is characterized by the

eigenvector associated with the smaller of the two principal

values.

At certain locations on the plaque, we adopt more

specialized definitions of anisotropy factor. Given the

symmetry of the molding flow, patterns collected along

the centerline should align along the 1- and 2-axes, such that

the off-diagonal element hu1u2iZ0. Under these conditions,

we define a ‘centerline’ anisotropy factor according to:

AFcenterline Z hu2u2iKhu1u1i Z hsin2biKhcos2bi (4)

This convention results in values of the anisotropy factor

that approach C1 for perfect orientation along the flow

direction, while K1 corresponds to perfect orientation

transverse to the flow direction. It must be borne to mind

that this anisotropy factor, as is the case for all bulk
measurements of molecular orientation, reflects not just a

local distribution of molecular orientation around the

director, but also a distribution of director orientations in

the sample [44]. In particular, in these plaque samples, these

anisotropy factors represent averages through the whole

sample thickness, including both ‘skin’ and ‘core’ regions

[26,27].

A separate specialized definition of anisotropy was used

to correlate molecular orientation to mechanical data

obtained from experiments on micro-bar tensile specimens

cut parallel and transverse to the nominal flow direction.

Here, the ‘specimen’ anisotropy factor is defined differently

for each of the two tensile measurement directions:

AFspecimen Z
hsin2biKhcos2bi Samplessto filling direction

hcos2biKhsin2bi Samplestto filling direction

(

(5)

These definitions only involve the diagonal elements of

huui, even though the off-diagonal component may be non-

zero away from the centerline. This reflects the expectation

that samples tested along the 1- or 2-axes will yield

properties that reflect the projection of orientation onto

these axes. Eq. (5) is defined so as to yield positive measures

of AFspecimen when the TLCP molecules are highly aligned

along the specimen axis. As shown in Fig. 2, the same

scattering pattern will yield both positive and negative

AFspecimen values depending on the orientation of the

specimen. Because mechanical characterization exper-

iments yielded single values of tensile modulus (E) and

fracture stress (sf) averaged over several individual test

specimens, we also elected to describe anisotropy through a

single value averaged over a 12 mm region centered along

the neck region of each tensile bar specimen. This allows a

single averaged value of the degree of molecular orientation

to be correlated to tensile properties of each individual test

specimen.
3. Results and discussion

3.1. Orientation distributions in injection molded plaques

The 2D distributions of orientation in these square

plaques made from the DHaMS-copolyester are comparable

to preliminary studies of orientation in smaller, rectangular

plaques of this same polymer [26]. While this earlier study

sought to establish connections between orientation states

observed in injection molding and isothermal channel flows,

here we shift emphasis to a much broader parametric study

of process conditions, in addition to our goal of establishing

direct connections between mechanical properties and

complex bimodal orientation states. We begin by surveying

molecular orientation results that provide a basis for

comparison with mechanical characterization results from

tensile specimens.



Fig. 2. Representative X-ray scattering patterns collected at a specific

plaque location showing identical molecular orientation states for two

different micro-tensile bar specimen orientations. (a) Specimen cut parallel

to the flow direction displays strong orientation along the filling direction

with an anisotropy factor described by hsin2biKhcos2bi, which yields an

AFspecimen value approaching C1. (b) Specimen cut in the transverse

direction displays weak transverse orientation with an anisotropy factor

described by hcos2biKhsin2bi, which yields an AFspecimen value approach-

ing K1.
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3.1.1. Effect of mold thickness

The role of mold thickness on the 2D development of

orientation in molded plaques was examined through vector

plot constructs (Fig. 3(a)–(c)) that survey the local average

molecular orientation using the second moment tensor

analysis described by Eqs. (1)–(3). The mean orientation

direction is given by the axis of each vector, while the

strength of the anisotropy is proportional to the length of the

vector. An orientation map for the thickest plaque sample

(Fig. 3(a)) shows clear consequences of the underlying
bimodal orientation distribution; here the transverse

population of orientation dominates over shear such that

the average orientation direction is actually perpendicular to

the filling flow over most of the center region of the plaque.

The axial distribution of orientation along the centerline of

this 3.2 mm thick plaque (Fig. 3(d)) confirms these

observations with values of AFcenterline that rapidly decrease

from positive to negative downstream of the gate entry

region of the plaque. Thinner plaques (1.6 and 0.8 mm) on

the other hand exhibit enhanced orientation along the flow

direction (Fig. 3(b)–(c)) with AFcenterline values that remain

positive over most of the plaque length (Fig. 3(d)). In all

cases, anisotropy ultimately becomes strongly negative due

to the presence of a stagnation point at the end of the mold

cavity [26]. The enhancement in anisotropy as a function of

decreasing mold thickness reflects the increasing dominance

of shear-flow kinematics over transverse extension, in

accord with previous findings on similar injection molded

DHaMS plaques [26]. The higher relative importance of

shear in thin plaques is expected to reduce the thickness of

the ‘core’ (transverse orientation) relative to that of the

‘skin’.

3.1.2. Effect of melt temperature

Prior studies on this DHaMS copolyester suggest a

strong dependence of orientation on melt temperature [26].

Comparison of centerline orientation distributions (Fig. 4)

for plaques made at different melt temperatures reveals that

transverse orientation states are more readily achieved at the

lowest (245 8C) and highest (315 8C) melt temperatures. At

melt temperatures slightly above (290 8C) and below

(270 8C) the nominal melting point (mp) of the polymer

however, the data suggest that molecular orientation follows

the mold filling direction much more closely throughout the

length of the plaque. Initially all curves display positive

anisotropy (presumed to originate from the inherent

orientation generated at the injection gate). Further down-

stream the data appear to ‘collapse’ into a very narrow range

of AFcenterline values over the axial region of 32–40 mm near

the middle section of the plaque. Beyond this point, the

anisotropy begins to decrease towards negative values more

rapidly for the case of plaques molded at melt temperatures

of 245, 270, and 315 8C. At 290 8C, the data distinctively

show a positive increasing slope that ultimately changes

direction beyond 62 mm from the gate. Under these

conditions, the data clearly show how molecular orientation

along the flow direction is most easily maintained at

temperatures slightly above the nominal melting point of the

polymer.

3.1.3. Effect of mold temperature

Axial distributions of molecular orientation (Fig. 5)

suggest that the impact of mold temperature on the

centerline anisotropy of a molded plaque is sensitive to

both the thickness as well as melt temperature used during

processing. Comparison of centerline anisotropy at a



Fig. 3. Vector plots describing the 2D distribution of molecular orientation in DHaMS injection molded plaques, using the second moment tensor description of

the anisotropy factor (Eq. (1)) and average orientation direction. The length of the lines reflects the strength of the orientation while the direction is

representative of the orientation angle relative to the flow direction. Plaques were all made at constant fast fill times, melt/mold temperatures of 270 8C/45 8C,

with thicknesses of: (a) 3.2 mm, (b) 1.6 mm, and (c) 0.8 mm. (d) Corresponding centerline anisotropy factor (AFcenterline) as a function of axial position

computed using Eq. (4): (&) 3.2 mm thick, (C) 1.6 mm thick, and (:) 0.8 mm thick.

Fig. 4. Effect of melt temperature on the axial distribution of DHaMS

copolyester molecular orientation in injection molded plaques: (,) 245 8C,

(C) 270 8C, (%) 290 8C, and (6) 315 8C. Plaques were fabricated under

conditions of constant fast fill time, thicknessZ1.6 mm, and mold

temperatureZ45 8C.
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constant melt temperature of 290 8C (closed and open

triangles) shows that the effects of mold temperature on

orientation are increasingly muted as mold thickness

decreases. While the thickest plaque (Fig. 5(a)) promotes

higher AFcenterline values at a mold temperature of 90 8C

relative to 45 8C, the thinnest plaque (Fig. 5(c)) exhibits

almost identical centerline profiles at these two mold

temperatures indicating that at this reduced thickness there

is little dependence of orientation on mold temperature. At

an intermediate thickness of 1.6 mm (Fig. 5(b)), the

influence of mold temperature on orientation is still

observed but is less pronounced relative to the thicker

3.2 mm plaque.

While the effects of mold temperature on centerline

anisotropy are mitigated as plaque thickness is reduced, the

role of melt temperature on orientation is actually far more

dramatic at the higher and lower mold thicknesses. As

anticipated from Fig. 4, Fig. 5(b) shows that melt

temperatures of 245 and 290 8C lead to similar orientation

distributions in the 1.6 mm thick plaques (except near then

end where transverse extension ultimately leads to a flipping

of orientation). Conversely, Fig. 5(a) and (c) shows that



Fig. 5. Effect of mold temperature on the axial distribution of DHaMS

copolyester molecular orientation in injection molded plaques with

thicknesses of: (a) 3.2 mm, (b) 1.6 mm, and (c) 0.8 mm, made at the

following mold/melt temperatures: (C) 45/245 8C, (B) 90 8C/245 8C, (:)

45/290 8C, and (6) 90/290 8C. All plaques were fabricated under

conditions of constant fast fill times.

Fig. 6. Effect of injection speed on the axial distribution of DHaMS

copolyester molecular orientation in injection molded plaques made at the

following thickness/fill speed: (C) 3.2 mm/slow fill, (B) 3.2 mm/fast fill,

(%) 0.8 mm/slow fill, and (>) 0.8 mm/fast fill. All plaques were fabricated

under conditions of constant melt temperatureZ290 8C and mold

temperatureZ90 8C.
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lower melt temperatures lead to a dramatic reduction in the

overall degree of orientation for both thicker and thinner

molds. In the ‘thick’ 3.2 mm plaque (Fig. 5(a)), centerline

anisotropy factor profiles are actually negative over most of

the plaque length, consistent with reports of increased

susceptibility to transverse extension in molding and

channel flows at lower melt temperatures [26]. Interestingly

similar results are found for the thinnest samples (Fig. 5(c)),

although here the centerline anisotropy factor remains
positive, in keeping with previously noted trends towards

higher degrees of orientation along the filling direction with

decreasing sample thickness.
3.1.4. Effect of injection speed

Fig. 6 shows the role of fill speed on the evolution of

centerline orientation for two plaque thicknesses with mold

and melt temperature kept constant. At these molding

conditions, AFcenterline profiles remain positive for all axial

locations; however, the significantly lower anisotropy in the

thicker sample demonstrates again how competition

between shear and transverse extension reduces overall

orientation in thicker samples. Slow fill times (closed

symbols) yield higher AFcenterline values compared to fast fill

times (open symbols). The slower injection speed may

allow for greater solidification at the surface during filling

leading to a thinner ‘effective’ thickness as filling proceeds,

resulting in higher anisotropy.
3.2. Correlation of molecular orientation to mechanical

properties in molded plaques

It is clear that processing conditions can have a

significant impact on the degree of molecular orientation

in injection molded DHaMS plaques. The final mechanical

properties of the molded plaque will depend upon how these

processing parameters and the resulting anisotropy affect

the macroscopic orientation during mold filling. This

anisotropy can be extreme; in DHaMS, tensile properties

can range for tensile moduli from EZ2 to 25 GPa with

corresponding fracture stresses of sfZ20–125 MPa, for the

particular case of 0.8 mm thick plaques processed at melt

and mold temperatures of 290 and 45 8C, respectively [45].

These values, however, represent a fairly extreme set of
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conditions where properties are dominated primarily by the

‘skin’ layer formed under the influence of shear flow.

In order to explore the relationship between tensile

properties and molecular orientation in DHaMS plaques

molded over the entire range of processing conditions and

thicknesses studied here, comprehensive ‘master’ graphs of

tensile modulus and fracture stress as a function of specimen

anisotropy factor (AFspecimen) have been prepared (Fig. 7).

The tensile data are comprised of average measurements of

tensile properties from all ASTM specimens cut from molded

plaques. For a given specimen, the sign of the anisotropy

factor is primarily determined by the direction it was cut:

Samples cut parallel to the fill direction usually show positive

values, and vice-versa. However, samples tested along the

primary flow direction occasionally show negative values of

anisotropy as a result of processing conditions biasing the

orientation towards the transverse direction; this would be

true, for instance, for the plaque presented in Fig. 3(a).

The observed increase in tensile modulus with increas-

ingly positive anisotropy (Fig. 7(a)) is similar to data for

melt drawn HBA/HNA random copolyester TLCP filaments

by Garg and Kenig [40]. The corresponding values for peak
Fig. 7. Comprehensive cross-plots of (a) tensile modulus and (b) fracture

stress as a function of specimen anisotropy factor (AFspecimen) for ASTM

specimens cut parallel and perpendicular to the principal flow direction of

DHaMS plaques made over the entire range of processing conditions

studied.
stress at fracture versus AFspecimen are also shown

(Fig. 7(b)), and with some scatter, demonstrate a similar

strong connection to orientation over the wide range of

sample thickness and process conditions studied. The

weaker dependence of fracture stress as a function of

AFspecimen relative to modulus presumably arises from the

fact that stress at break is much more greatly influenced by

defects and defect population than is modulus.

Because melt temperature and mold thickness are known

to have a significant effect on the degree of molecular

orientation, and thus on mechanical properties, we have

isolated these two processing variables in cross plots of

tensile properties versus anisotropy factor (Fig. 8). The

higher melt temperature data (closed symbols) are con-

centrated at the extremes of the positive and negative

AFspecimen axis range, while the lower melt temperatures are

associated with less extreme anisotropy values. The data

show that strong molecular orientation resulting from

processing at the higher melt temperature of 290 8C leads

to large values of moduli (ER9 GPa) measured in that

direction. At this same melt temperature all tensile
Fig. 8. Cross-plots of (a) tensile modulus and (b) fracture stress as a

function of specimen anisotropy factor (AFspecimen) isolating the effects of

melt temperature and plaque thickness. Arrows on symbols indicate

direction in which tensile measurements were performed. Data are

presented for plaques molded under conditions of constant fast fill times

and mold temperatureZ90 8C.
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specimens cut perpendicular to the nominal flow direction

are characterized by weak properties with moduli values

falling below 5 GPa over the range of AFspecimen%K0.25.

These observations are also reflected in a fracture stress-AF

cross plot provided in Fig. 8(b).

The role of mold thickness can be discerned by closer

inspection of the data in Fig. 8. Within both populations of

data (245 and 290 8C melt temperature), the thin samples

(triangles) tend toward more extreme (positive or negative)

values of AFspecimen, reflecting the general observation that

thinner samples lead to greater degrees of orientation.

Previous investigators have also observed significant

increases in mechanical anisotropy along the mean

molecular orientation direction associated with decreasing

plaque thickness [13,21]. It is clear that any probe of

macroscopic properties in either plaque direction (Fig. 2)

will be directly sensitive to changes in the relative thickness

of the ‘skin-core’ layers; as discussed earlier, sample

thickness provides the most direct control over the

competition between shear and extension which leads to

the characteristic bimodal states. For the thick samples

fabricated at the lower melt temperature (open circles), the

average orientation state is nearly isotropic. In fact, this is

one test condition in which transverse-cut samples exhibit

positive AFspecimen, while one parallel-cut specimen

exhibits negative AFspecimen.

As discussed earlier, Garg and Kenig [40] demonstrated

that tensile modulus increases sharply over increasing values

of the Herman’s orientation parameter for HBA/HNA

random copolyester TLCP fibers subjected to varying melt

drawing ratios. The elongational deformation during

drawing led to simple uniaxial orientation states in those

oriented fibers. Even for the complex, bimodal orientation

fields generated by the complex flow kinematics in injection

molding, these data demonstrate that a similar correlation

exists provided that a suitable measure of orientation is

defined. Even when the average orientation direction in the

sample is not coincident with the testing axis, we find that a

projection of molecular orientation onto the testing axis (Eq.

(5)) provides a simple metric that reliably correlates with

mechanical properties. This in turn suggests that the

properties of spatially heterogeneous moldings may be

reliably anticipated once (or if) the factors that govern

development of orientation during processing are elucidated.

Although Fig. 7 clearly shows a strong correlation of

properties to orientation, the data nonetheless show a

notable amount of scatter that is presumed to arise from: (i)

Some inherent scatter in tensile measurements and/or (ii) a

consequence of bimodal orientation states in molded

plaques. While the data spread is small at opposite ends of

the AFspecimen axis in both moduli and fracture stress

(Fig. 7), the distribution becomes much wider at intermedi-

ate values of anisotropy. It is precisely in this regime where

bimodal skin and core orientation states cancel to yield low

overall anisotropy. Since the underlying relationship

between anisotropy and modulus is highly non-linear,
differences in the distribution of orientation with depth

through the sample (i.e. skin vs. core) might lead to more

widely varying net mechanical properties even when the

average anisotropy is similar. Similar trends have been

previously reported by Zulle and co-workers, which show

rapidly increasing tensile properties (with some noticeable

scatter) as a function of percent skin of individual layers of

Vectraw copolyester moldings [35].

3.3. Effect of molding parameters on plaque mechanical

anisotropy

Results in Figs. 7 and 8 demonstrate that the LCP

molecular orientation state is inarguably the essential

intermediate link between changes in processing conditions

and the ultimately obtained mechanical properties. How-

ever, detailed process modeling of orientation development

in commercial TLCPs is still a challenging proposition,

while detailed characterization of orientation distribution in

moldings is too laborious for routine process development

studies. In this section, we revert to a coarser view of how

process conditions affect the anisotropic mechanical proper-

ties of the molded plaques (informed, to be sure, by the

molecular orientation results from prior sections). For this

purpose, we adopt a more macroscopic viewpoint in which

mechanical data from perpendicular and parallel test

specimens from a given sample are averaged to yield an

overall picture of anisotropy for each plaque as a whole.

3.3.1. Effect of mold thickness, melt temperature and mold

temperature

Averaged measurements of tensile modulus made parallel

(Es) or perpendicular (Et) to the principal injection

direction are seen to depend critically on process variables

(Fig. 9(a)–(c)). As anticipated from earlier results, thin

plaques lead to the highest anisotropy in mechanical

properties, as well as the highest moduli in samples cut

parallel to the filling direction (Fig. 9(c)). At each melt

temperature, anisotropy in mechanical properties and the

modulus parallel to the filling direction decrease with

increasing sample thickness. The greater relative importance

of transverse extension with increasing sample thickness

leads to a larger fraction of material in the transverse

orientation state, reducing the overall degree of molecular

alignment along the filling direction (Figs. 3 and 5). Earlier

data have shown that the combination of lower melt

temperatures and thick moldings lead to a flipping in average

orientation direction (characterized by negative centerline

anisotropy factors in Figs. 3(d) and 5(a)); a similar inversion

is found for the thick moldings at the lowest melt temperature

(Fig. 9(a)), where a higher modulus is observed in specimens

cut perpendicular to the filling direction.

These data further clarify how melt temperature during

processing has a strong effect on the resulting mechanical

properties. The lowest (245 8C) and highest (315 8C) melt

temperatures are generally associated with reduced ‘in-



Fig. 9. Plot of tensile modulus as a function of melt temperature for

injection molded plaques of varying thickness: (a) 3.2 mm, (b) 1.6 mm, and

(c) 0.8 mm. Each data point represents an averaged measure of tensile

modulus for ASTM specimens cut either parallel (three specimen average)

or perpendicular (four specimen average) to the principal flow direction.

Data are presented for samples cut parallel to the flow direction (closed

symbols) at mold temperatures of 45 8C (C) and 90 8C (:) and

perpendicular to the flow direction (open symbols) at mold temperatures

of 45 8C (B) and 90 8C (6). All plaques were fabricated under conditions

of constant fast fill times.
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shear’ properties and lower mechanical anisotropy. The

former is consistent with the increased susceptibility

towards transverse stretching found at low melt temperature

in previous channel flow and molding studies [26], further

amplified here in Figs. 4 and 5. The reduction in anisotropy

and Es at the highest melt temperature resembles previous
reports in injection molded polycarbonate/LCP in situ

composites containing thermotropic Vectra A950 [46] as

well as in other high molecular weight copolyesters

containing p-hydroxybenzoic acid (PHB) [13]. At any

given thickness, the highest strength is generally found for

melt temperatures (270 or 290 8C) close to the nominal

melting temperature (280 8C) of this DHaMS copolyester.

Prior studies on HNA/HBA injection molded copolyester

TLCPs also found that optimal tensile properties along

the principal flow direction are achieved only at melt

temperatures close to the nominal mp of the polymer

[36,46]. At very high melt temperatures there is a

significant decrease in viscosity which drastically reduces

viscous shear stresses generated during mold filling, thus,

inducing more relaxation of orientation. Moreover, the

susceptibility for polymer degradation at these high

temperatures can also contribute to the decrease in

mechanical strength. Reduced ‘in-shear’ mechanical

strength resulting from lower operating melt temperatures

has been previously associated to either the presence of

residual crystallites in the melt [47] or the onset of flow-

induced crystallization [48].

The influence of mold temperature on Es and Et in

molded plaques appears to be more subtle relative to the

effects of thickness and melt temperature (Fig. 9). In all

cases where direct comparisons are possible (circles vs.

triangles), mold temperature has a weaker effect than the

other variable under consideration. At a melt temperature of

290 8C, the two thinner samples show improved ‘in-shear’

tensile properties at the lower mold temperature. This

observation is supported by much of the available literature

which suggests that increasing mold temperatures lead to a

reduction in ‘skin’ thickness in molded TLCP plaques [35–

37]. Morphological and mechanical studies by Zulle et al.

[35] and Suokas et al. [37] on commercial Vectraw

copolyester moldings attribute reductions in mechanical

strength to variations in relative proportions of the different

layers within the cross-sections of molded plaques. Near the

nematic melt temperature range, intermediate ‘sub-skin’

layers aligned ‘in-shear’ are generated at the expense of the

transversely oriented center ‘core’. Related to this is the

simple fact that the LCP remains in the melt for a longer

time at higher mold temperatures, proving increased

opportunity for flow-induced orientation to relax prior to

melt solidification. The situation reverses at the largest

sample thickness where higher mold temperatures lead to

improved tensile properties along the filling direction

(Fig. 9(a)). It is interesting to note that Fig. 5(a) similarly

showed the strongest effect of mold temperature on

orientation profiles for the thickest sample, and that the

higher mold temperature led to higher overall molecular

orientation in this particular case.

3.3.2. Effect of injection speed

Tables 1 and 2 summarize the effect of fill speed on the

mechanical anisotropy and fracture stress ratio computed



Table 2

Effect of injection speed on the mechanical anisotropy and fracture stress

ratio for injection molded DHaMS plaques fabricated at a thicknessZ
3.2 mm and mold temperatureZ90 8C, for two different melt temperatures

Melt temperatureZ245 8C Melt temperatureZ290 8C

Injection

speed

Mechanical

ancisotropy

(Es/Et)

Fracture

stress ratio

(ss/st)

Mechanical

anisotropy

(Es/Et)

Fracture

stress ratio

(ss/st)

1 s fill 0.72 1.26 2.63 2.07

5 s fill 1.01 1.43 2.84 2.24

Uncertainty

(G)

0.16 0.20 0.36 0.38
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for plaques of varying thickness and melt temperature,

respectively. Mechanical anisotropy is defined here as the

ratio of tensile moduli measured parallel (Es) and

perpendicular (Et) to the flow averaged over test specimens

measured in each of the two directions; similarly, fracture

stress ratio is computed to compare fracture properties in

both the flow and transverse directions. While the

anisotropy in properties is higher at the lower thickness

and higher melt temperature (as expected), the data show a

very weak dependence of anisotropy on fill speed. Axial

measurements of centerline molecular orientation (Fig. 6)

showed enhanced molecular orientation along the filling

direction at slower injection rates. While most of the data in

Tables 1 and 2 indeed show some increase in anisotropy at

slower fill speeds, these differences are small, typically

within the range of uncertainty associated with lumping data

from all parallel and perpendicular specimens into a single,

averaged value. It is interesting to note that flow rate was

found to have only a weak effect on molecular orientation

measured in isothermal channel flows of this DHaMS

copolyester [26]; since changes in flow rate affect shear and

extension rates equally, it was postulated that variations in

superficial velocity do not fundamentally change the

competition between shear and extension the way geometric

variables (e.g. sample thickness) do. The lack of a

significant effect of fill speed on properties is broadly

consistent with these arguments.
4. Conclusions

The influence of molding parameters and mold thickness

on the anisotropy, ‘skin-core’ morphology, and mechanical

properties in plaques made from a DHaMS-based copolye-

ster have been studied. Molded plaques frequently exhibit

bimodal orientation states characterized by two populations

of orientation, one roughly aligned with the flow direction

and another generally transverse to the flow. The spatially-

varying competition between inhomogeneous mixed shear

and transverse extension is known to lead to complex

bimodal character based on expectations from prior
Table 1

Effect of injection speed on the mechanical anisotropy and fracture stress

ratio for injection molded DHaMS plaques fabricated at a melt and mold

temperature of 290 and 90 8C, respectively, for two different plaque

thicknesses

Plaque thicknessZ0.8 mm Plaque thicknessZ3.2 mm

Injection

speed

Mechanical

anisotropy

(Es/Et)

Fracture

stress ratio

(ss/st)

Mechanical

anisotropy

(Es/Et)

Fracture

stress ratio

(ss/st)

1 s fill 7.94 4.45 2.63 2.07

5 s fill 7.74 4.54 2.84 2.24

Uncertainty

(G)

0.49 0.57 0.36 0.38
isothermal channel flow studies on DHaMS and other

commercial main-chain TLCPs.

Mechanical testing of micro-tensile bar specimens cut

parallel and perpendicular to the mold filling direction of

molded plaques reveals that tensile modulus and fracture

stress are well correlated with the degree of molecular

orientation, as described by a specimen anisotropy factor

(AFspecimen) computed from 2D WAXS patterns. Overall,

properties are found to follow a ‘universal’ correlation with

anisotropy factor projected onto the axis of the tensile

specimens. While the overall relationship is simple, proper-

ties of specific samples are found to depend critically on

mold thickness and other processing parameters such as

melt and mold temperature. Weak dependence of orien-

tation and properties on fill speed during molding is

observed. In general, mechanical properties and anisotropy

are enhanced at low mold temperatures and at melt

temperatures close to the nominal melting point of the

polymer. Because anisotropy in orientation and properties is

typically aggravated with decreasing mold thickness, there

exists a compromise thickness range (in the environs of

1.6 mm) for which reasonable multi-directional properties

are obtained. Any unfavorable effects of anisotropy are

mitigated (but not eliminated) by off-setting contributions

from transverse extension and shear flow in the mold cavity.

These results demonstrate even in a complex transient non-

isothermal process such as injection molding, it is possible

to anticipate macroscopic properties through simple

descriptions of average orientation. The universality in

properties with orientation observed in this DHaMS-

copolyester should prove useful in identifying optimal

process conditions for the injection molding of larger size

moldings fabricated from TLCPs.
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