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(ABSTRACT) 

This work is concerned with the processing of pellets of polypropylene (PP) 

containing pregenerated microfibrils of thermotropic liquid crystal polymers (TLCPs), 

referred to as microcomposites. The processing methods used are injection molding, 

sheet extrusion, and extrusion blow molding. The TLCPs used are HX6000 and Vectra 

A950. The microcomposites are produced by drawing strands of PP and TLCPs 

generated by means of a novel mixing technique and pelletizing the strands. The work 

was undertaken in an effort to improve on the properties observed for in situ composites 

in which the TLCP fibrils are generated in elongational flow fields that occur during 

processing. In situ composites usually exhibit highly anisotropic mechanical properties 

and the properties do not reflect the full reinforcing potential of the TLCP fibers. Factors 

considered include the effect of in situ composite strand properties on the properties of 

the injection molded composite, the melt temperature used in injection molding, TLCP 

concentration, and the melt temperature of the TLCP. 

It was found in this work that microcomposites can be processed by means of 

injection molding, sheet extrusion, and extrusion blow molding. It was necessary to 

process the materials at low temperatures to maintain the TLCP fibrils. However, HX6000, 

the higher melting TLCP allowed higher processing temperatures than Vectra A. When 

the TLCP fibrils were maintained, the properties of the TLCP reinforced composites did 

show reduced anisotropy as compared to an in situ composite. The tensile strength of 

the composites produced by all three methods was about equal. The modulus of the 

injection molded composites was slightly higher than that of the composite sheets, but



the composite sheets showed a lower degree of anisotropy. In all three processing 

methods the modulus of the TLCP reinforced composite was a function of the modulus of 

the in situ composite strand used to produce the microcomposite. Therefore, it is 

recommended that to improve the properties of the microcomposites the properties of 

the in situ composite strands should be improved. Furthermore, the mechanical 

properties of the composites increased with increasing TLCP composition. 

To provide a basis of comparison the properties of the extruded sheets and the 

injection molded composites were compared to both the predictions of composite theory 

and the properties of glass reinforced composites. It was found that the modulus of the 

10 wt% composites approached the predictions of composite theory, but at higher TLCP 

loadings the modulus showed negative deviations from the predictions of composite 

theory. This is believed to be the result of a reduction of fiber aspect ratio due to poor 

fiber distribution and fiber breakup. The modulus of the TLCP reinforced composites was 

about the same as the modulus of the glass reinforced composites produced by both 

sheet extrusion and injection molding. The tensile strengths were slightly lower than that 

of the glass reinforced composites. It is expected that as the modulus and strength of 

the reinforcing TLCP fibrils are improved the properties of the TLCP reinforced 

composites should exceed those of glass reinforced composites. It was concluded that 

the processing of microcomposites is a viable means of producing composites based on 

TLCPs and thermoplastics with good mechanical properties and low degrees of 

mechanical anisotropy.
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The following are considered to be the significant contribution of the work presented in 

this dissertation: 

* It was experimentally determined that critical temperatures existed in the 

processing of microcomposites. The critical processing temperature was 

considerably lower than the melting temperature of the TLCP. Above the critical 

temperture for the microcomposite system the TLCP structure was destroyed 

during processing resulting in either poor mechanical properties or in situ 

composite properties. However, when the microcomposites were processed in 

extrusion and injection molding below the critical processing temperature the 

resulting composite showed good mechanical properties and low degrees of 

anisotropy. 

* The author determined that when the fibrillar structure of the microcomposite was 

maintained the modulus of the resulting TLCP reinforced composites was 

dependent on the modulus of the in situ composite strand from which the 

microcomposites are generated. This was seen in injection molding, sheet 

extrusion, and extrusion blow molding. 

- The author designed an extrusion blow molding unit that required minimum 

sample sizes of 300 to 400 grams to produce 4 to 6 bottles.
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1.0 Introduction 

In recent years there has been a great deal of emphasis placed on the development 

and production of high strength, light weight materials. Thermoplastic materials meet the 

light weight requirement and are attractive for some applications, but their mechanical 

properties are not high enough to compete with metals in applications in the automotive 

and aerospace industries. The modulus and strength of these materials are in the range 

of 1-3 GPa and 25-100 MPa, respectively [1]. 

Since thermoplastics do not have the mechanical properties required for high 

strength applications, they are often reinforced with inorganic materials, such as high 

strength and modulus glass and carbon fibers to enhance their properties. By reinforcing 

polypropylene (PP) with 20 wt% glass fiber the strength and modulus increase from 28 

MPa and 1.4 GPa for the neat material to 80 MPa and 3.6 GPa, respectively, for the glass 

reinforced system [3]. When thermoplastics are reinforced with short fibers, they can be 

processed by standard polymer processing operations, such as extrusion and injection 

molding. However, thermoplastics reinforced with short inorganic fibers are limited to 

loadings of 40 wt% and less, since above 40 wt% fiber their viscosity is too high for 

standard polymer processing [2]. 

Although the mechanical properties of thermoplastics can be increased by the 

addition of short inorganic fibers, there are some disadvantages associated with the use 

of these materials. For instance, upon the addition of inorganic fibers, the viscosity of the 

system increases above that of the neat material. This can be seen in Figure 1 for glass 

reinforced high density polyethylene (HDPE). This increase in system viscosity causes 

an increase in the power required to process reinforced thermoplastics. Additionally, the 

increased system viscosity makes filling intricate molds difficult [4,5]. Another problem 

encountered with short fiber reinforced thermoplastics is maintaining critical fiber length. 
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According to the Tsai-Halpin equation which relates composite properties to the 

properties of the neat materials and the reinforcing fiber aspect ratio (length to diameter), 

an aspect ratio of 100 is needed for the reinforcing fiber to achieve properties that follow 

the rule of mixtures [6]. This relationship can be seen graphically in Figure 2. After 

compounding once in a high shear device, like an extruder, the reinforcing fiber length is 

about 1mm. A_ value of 1 mm is still above the critical fiber length necessary for 

reinforcement since the fibers used typically have 7-12 ym diameters [1]. However, 

subsequent melt processing causes additional fiber length reduction [3]. This limits the 

recyclability of fiber reinforced thermoplastics. After a certain number of passes through 

high shear equipment the fiber length drops below the critical length, and maximum 

reinforcement is not possible. 

Other problems are encountered with short fiber reinforced thermoplastics. For 

example, because the reinforcing phase is solid and hard, premature wear of processing 

equipment can occur. This often causes problems long before the equipment needs to 

be replaced because of reduced equipment efficiency and contamination of the product 

by contact with exposed metals. Additionally, materials reinforced with short fibers often 

have poor surface finishes making the parts rough and unattractive [7]. 

Another means of improving the mechanical properties of polymeric materials is 

reinforcement with long fibers. Long fiber reinforced composites can not be processed in 

standard polymer processing equipment like short fiber reinforced materials. For this 

reason, special processing methods have been designed in which higher loadings are 

possible. Long fiber reinforced materials are processed by two methods. The first 

method is called pultrusion. In this process the fibers are pulled through a liquid bath 

containing the matrix material and through a die for shaping and then allowed to harden. 

The second method involves making a "prepreg". Prepregs are uniaxial or woven fiber 

bundles impregnated with the matrix material that are placed in a mold of the desired 

shape for consolidation [1]. 
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Because of the higher loadings possible in long fiber composites, they generally 

exhibit properties that are better than those of short fiber reinforced materials. For 

example, a 60 wt% unidirectional long carbon fiber laminate in an epoxy matrix has a 

tensile modulus of 220 GPa parallel to the fiber direction and a modulus of 7 GPa 

perpendicular to the fiber direction. A 60 wt% unidirectional long glass fiber laminate has 

a tensile modulus of 38 GPa in the fiber direction and a modulus of 10 GPa perpendicular 

to the fiber direction [8]. These properties are significantly higher than those possible in 

short fiber reinforced composites. 

Long fiber reinforced composites are limited in commercial use by the cost of 

processing, matrix materials, and the fibers themselves. Long fiber composites made with 

thermosetting matrices can not be reused if a flaw is set in during the consolidation step 

because the matrix can not be reprocessed, causing wasted material. The thermoplastics 

most often used as matrix materials are priced in the range of $23 to $150/lb. The fibers 

used for reinforcement are also expensive due to precursor and production costs [9]. 

Although the mechanical properties of polymeric materials can be improved by the 

addition of reinforcing fibers, there are limitations to their commercial use. Short fiber 

composites are limited by processing problems while long fiber reinforced composites are 

limited primarily by cost. These limitations provide room for the advent of new high 

performance materials. The purpose of this chapter is to provide a brief discussion of 

materials that may overcome some of these limitations. This includes a brief discussion of 

thermotropic liquid crystalline polymers (TLCPs), and their blending with thermoplastics to 

produce “in situ” composites. The advantages and disadvantages of TLCPs and in situ 

composites will be discussed. 
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1.1 Liquid Crystalline Polymers 

Liquid crystalline polymers (LCPs) are high strength and high stiffness materials 

[10-17]. LCP fiber moduli range from 65-110 GPa [10-12], and studies on the injection 

molding of TLCPs have reported tensile strengths in excess of 200 MPa and tensile 

moduli in excess of 13 GPa [15-17]. In addition to the outstanding mechanical properties 

TLCPs have low coefficients of thermal expansion, high heat distortion temperatures, and 

excellent barrier properties and solvent resistance [9,10]. 

LCPs exhibit a phase between that of an unordered fluid and an ordered solid, 

called a mesophase or mesomorphic phase. LCPs form either a nematic, cholesteric, or 

smectic mesophase. The nematic mesophase shows local order of the polymer 

molecules but no long range system order. The cholesteric mesophase is a special 

nematic mesophase where the local directors (measures of local molecular order) vary in 

space along a helix perpendicular to the plane of the director axes. The smectic 

mesophase shows the most long range order because the molecules arrange into 

oriented layers. There are two types of LCPs: lyotropic (LLCPs) and thermotropic 

(TLCPs). LLCPs exhibit liquid crystallinity at a certain concentration in a specific solvent, 

and most LLCPs will not melt before degradation. TLCPs contain either flexible spacers 

or disubstituted aromatic groups that disrupt the rigid backbone and allow the formation of 

a nematic state in the melt [11]. 

Both LLCPs and TLCPs exhibit high strength and stiffness. LLCPs, however, are 

processed through the use of a solvent, making processes other than fiber spinning 

difficult. On the other hand, TLCPs will melt and can be processed in standard polymer 

processing equipment. For comparison between LLCPs and TLCPs, Vectra A950, a 

wholly aromatic thermotropic copolyester, and Vectra B950, a wholly aromatic 

thermotropic copolyesteramide, can be melt spun into fibers with tensile moduli of 65 and 
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75 GPa, respectively [10] where the solvent spun LLCP Kevlar® fibers have a modulus in 

the range of 62-117 GPa [11]. 

The rheology of TLCPs is different from that of thermoplastics. TLCPs are known to 

be highly shear thinning, often exhibiting shear thinning behavior even at low shear rates 

where thermoplastics are generally in their Newtonian range. Because of this shear 

thinning behavior, TLCPs have low viscosities at the shear rates commonly found in 

processing equipment [18]. Additionally, the rheology of TLCPs has been seen to 

depend on the thermal history of the material. After preheating the nematic state can 

supercool. This supercooled nematic state can remain fluid for several minutes, allowing 

for the possibility of processing below their melting temperature [19,20]. 

In addition to studying TLCP rheology, some authors have studied the mechanical 

properties of TLCPs [15-17]. Among these Ide and Ophir [15] made injection molded 

discs of several different TLCPs. These discs were cut and tested at different angles 

away from the machine direction to examine the anisotropy of the disc. Their results are 

shown in Figure 3. The lower line on the graph corresponds to glass filled polybutylene 

terephthlate. This graph shows the extreme anisotropy of the TLCP. Despite the 

anisotropy, the TLCP still shows properties greater than those of the glass filled system, 

until the test angle is greater than 60° away from the machine direction. Similar problems 

with anisotropy were also seen in other studies [16,17]. 

In order to overcome the problem of anisotropy in TLCPs, some researchers [21- 

23] have tried processing techniques such as film blowing and blow molding to impart 

biaxial properties. Blizard and Baird [21] found that depending on the thermal history of 

the TLCPs biaxial properties could be achieved in thermotropic copolyesters through 

blow molding. In contrast, Blizard [22] determined that biaxial properties could not be 

achieved through standard film blowing. In another study, Farrell and Fellers [23] found 

that biaxial properties could be achieved through film blowing using an annular die with an 
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inner and outer mandrel that rotated in opposite directions. This was attributed to the 

slow relaxation of the orientation of the TLCP developed in the die. 

Despite their outstanding mechanical properties, TLCPs are still limited in 

commercial use for two reasons: the anisotropy discussed above and the cost of the 

materials. The price of a TLCP ranges from $12 to $22/b, while typical thermoplastic 

resins cost anywhere from $1 to $8/lb [9]. The high price of TLCPs are the result of the 

expensive monomers required to make the materials. 

Many researchers have tried to dilute the cost of TLCPs by blending them with 

thermoplastics. One favorable result of polymer blending is that the properties of the 

blend are intermediate to those of the pure components. It was believed that the addition 

of small amounts of TLCP could improve the mechanical properties of thermoplastics, 

resulting in one type of in situ composite. On occasion, the properties of a blend can 

exhibit some synergy, that is the properties of the blend exceed the properties of both 

blend components a result which some combinations of TLCPAhermoplastic pairs show. 

The following section will deal with the advantages of in situ composites. 

1.2 In Situ Composites 

As mentioned above, in situ composites based on TLCPs and thermoplastics were 

invented as a means of taking advantage of the outstanding properties of TLCPs without 

the high cost associated with them. The term in situ composite was coined by Kiss [7] 

because the reinforcing phase is generated during processing. It was thought that 

biending would result in increased mechanical properties of the thermoplastic and 

possibly overcome the problems seen in materials reinforced with inorganic fibers. This 

section will briefly review the advantages of in situ composites. 
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One advantage of using an in situ generated TLCP fibril to reinforce a thermoplastic 

is that the viscosity of the blend is usually lower than the viscosity of the matrix material. 

The addition of small amounts of a TLCP has been patented by Cogswell et al. [24-26] as 

a processing aid. This viscosity reduction is believed to be the result of the elongated 

TLCP domains sliding past each other and causing a lubricating effect. Lowering the 

system viscosity in this way was found to facilitate the filling of complex molds in injection 

molding. Conversely, it has also been reported in some blends that at low shear rates in 

simple shear flows the viscosity of the system can increase [27-30]. 

in processing operations that involve some elongational flow, such as at the 

advancing front in injection molding, the TLCP phase will deform into fibrils and reinforce 

the thermoplastic matrix. When these TLCP fibers are well oriented, the properties of the 

blend are often greater than those of the thermoplastic. In injection molding, it has been 

found that addition of a TLCP improves the tensile and flexural properties of the 

thermoplastic and reduces the elongation at break. This has been confirmed by many 

authors [7,27,28,31,32]. Upon addition of 10 wt% TLCP to polycarbonate (PC), Isayev 

and Modic [27] found that the modulus of the system more than doubles and the yield 

strength increases from 60 to 80 MPa. Similar trends were seen in PP/Vectra B950 

blends with a maleic anhydride modified PP as a compatibilizer. In the compatibilized 

PP/Vectra B blends the tensile modulus increases from 1.4 GPa to 3.2 GPa with the 

addition of 20 wt% Vectra B. The modulus of the PP/Vectra B blend compares well with 

that of the 3.66 GPa found in the 20 wt% glass reinforced PP. The tensile strength, 

however, only increases to 36 MPa with the addition of 20 wt% Vectra B, less than half 

that of glass filled PP [31]. 

In some injection molded systems a positive deviation from the properties 

calculated by the rule of mixtures is possible. Often this positive deviation includes a 

maximum in modulus at some intermediate composition. The composition curve for 

polyetherimide (PE|)/Vectra A900 shown in Figure 4 illustrates this behavior [33]. This 
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polyetherimide/Vectra A 900 composites [33]. 
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synergistic effect has also been seen in other systems: polyetheretherketone 

(PEEK)/Vectra A; PEI/HX1000 (a TLCP based on terephthalic acid, hydroquinone, and 

disubstituted hydroquinones); and polyetherketoneketone (PEKK)/HX1000 [28,33-35]. 

The modulus of some of these systems often compares favorably to the modulus of glass 

reinforced composites at similar loadings. For example, PEI with 30 wt% glass fiber has a 

modulus ranging from 8.9-11 GPa. PEI! with 30 wt% Vectra A950 has a similar modulus in 

the range of 8.1-9.3 GPa, and PEI with 30 wt% HX4000, based on the same monomers as 

HX1000, also has a similar modulus of 9.8 GPa [33,34]. Both systems compare well with 

the properties of the glass reinforced system. 

In addition to preparation by injection molding, these composites have been spun 

into fibers or extruded into strands. Some authors [36,37] have found that the properties 

of the strands and fibers at high draw ratios follow the rule of mixtures for continuous fiber 

reinforcement, despite the fact that continuous fibers are not present. Baird and 

Sukhadia [38] have recently patented a mixing process that uses a separate extruder for 

the TLCP and the matrix. The two melt streams come together at a T' joint and are 

blended in a static mixer. This mixing process, called the dual extruder mixing method, 

allows materials with different processing temperature ranges to be blended by taking 

advantage of the supercooling behavior of the TLCP. This system also produces 

continuous TLCP fibers; extrusion through a capillary can not. Sukhadia [39] produced 

strands using this method of polyethylene terephthlate (PET) with Vectra A950. The 

tensile properties of PET/Vectra A strands made by this method were higher than those 

of PET/Vectra A strands made by single screw extrusion. 

Although not all TLCP/thermoplastic blends exhibit properties as high as inorganic 

fiber reinforced systems, TLCPAhermoplastic blends do have several clear advantages 

over inorganic fiber reinforced systems other than the lowered system viscosity. The first 

is that most TLCPAhermoplastic blends have smooth surface finishes, unlike glass filled 

systems. Because the reinforcing fiber is made during processing, fiber breakup during 
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processing is minimized. This allows for the possibility of numerous recycling steps 

making TLCP/thermoplastic blends more recyclable than glass fiber reinforced 

composites. Finally, TLCP/thermoplastic blends can be formed in operations like 

thermoforming. Glass filled systems often do not have enough melt strength for forming, 

and due to the solid particles in the system, they tear in the corners of the mold. 

Additionally, the properties of the TLCP/thermoplastic blend can often be improved 

through the subsequent stretching in the forming operation [40]. 

in conclusion, thermoplastics have been successfully reinforced with TLCPs, 

creating a type of in situ composite. Some of these in situ composites have properties 

equal to or greater than those predicted by the rule of mixtures, and, frequently, the 

tensile modulus of the in situ composite is equal to that of the glass reinforced 

thermoplastic at similar loadings. These materials also offer several advantages over glass 

reinforced thermoplastics. For example, the system viscosity is lower than that of the 

thermoplastic matrix making processing easier and more economical. Additionally, in situ 

composites frequently have better surface finishes than glass fiber reinforced systems, 

and the potential for recycle is greater for in situ composites than fiber reinforced systems. 

Finally, post processing in operations like thermoforming is possible with in situ 

composites. This is not true of inorganic filled systems. These advantages make in situ 

composites quite attractive as potential advanced materials. However, in situ composites 

are not without their limitations. These limitations will be the subject of the next section. 

1.3 Limitations and Shortcomings of In Situ composites 

The previous section highlighted the advantages of in situ composites over 

materials reinforced with inorganic fibers. The purpose of this section is to review the 

limitations of in situ composites. In Section 1.1 the mechanical anisotropy of TLCPs was 
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discussed. In this section, this problem of mechanical anisotropy as seen in in situ 

composites will be discussed. Additionally, attempts to overcome the anisotropy through 

alternate processing methods will be reviewed. 

Some authors [27,28,31,33-35] have produced injection molded plaques and 

discs to study the anisotropy of in situ composites. One example of these findings is 

shown in Figure 5. In the machine direction the flexural modulus of this PEI/HX4000 

blend shows a positive deviation from the rule of mixtures. The flexural modulus goes 

through a maximum at 10/90 w/w PEI/HX4000 exceeding that of the neat HX4000. 

However, the transverse direction properties decrease slightly with addition of TLCP [34]. 

These results have been confirmed by other authors [27,28,31,33,35]. 

Processing techniques such as film blowing and blow molding were attempted to 

overcome the anisotropy of the TLCPs [21-23]; however, very few similar studies have 

been performed with TLCP/thermoplastic blends. Among these studies Done et al. [41] 

attempted to extrusion blow mold PP with three thermotropic copolyesters. Some 

improvement in tensile properties was seen in the bottles made with 20 wt% of the lowest 

melting temperature TLCP. However, the degree of anisotropy of the in situ composite 

bottles was still greater than that of the neat PP bottles, and the bottle properties did not 

compare to the superior properties of this blend as produced by injection molding. The 

authors believed that the strain was not high enough to orient the TLCP in the transverse 

direction. 

In our laboratory, we have attempted to film blow PP with 60% HBA/PET and Vectra 

A900. Blown films were made with and without a maleic anhydride modified PP 

compatibilizer. In the case of the 60% HBA/PET films, the properties were poor. The 

machine direction mechanical properties of the 20 wt% TLCP films were only slightly 

higher than those of the neat PP. In the transverse direction little property improvement 

was seen with increasing blow up ratio (initial to final bubble diameter). This was believed 

to be because the strains in the blow up direction were too low. The Vectra A900 
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required a third zone extruder temperature of 295°C to completely melt the TLCP. After 

passing the PP/Vectra A blend through the extruder at that temperature, the system 

viscosity was too low to form a parison. Successful film blowing of this blend was not 

possible by extruding it through a fixed annular die from a single screw extruder. 

Other studies attempting to overcome the anisotropy of in situ composites have 

been carried out by compression molding [42]. In these compression molding 

experiments an elongational flow field was created to further orient the sample by 

lubricating the mold surface. In the case of PP/Vectra A950 blends, when deformation 

was constrained to only the transverse direction, minor improvement in transverse 

direction modulus occurred, but no improvement in transverse direction strength 

occurred. Both modulus and strength in the machine direction decreased after 

transverse deformation. In a similar study on the compression molding of PEI/Vectra 

A900 plaques, the transverse direction strength improved with transverse deformation. 

No improvement in transverse direction modulus was seen [42]. 

In summary, during most processing operations, in situ composites exhibit 

mechanical anisotropy. Several authors have studied the anisotropy that occurs in 

injection moiding, but few have attempted to overcome the problem. Polymer processing 

operations that impart biaxial orientation in TLCPs, such as film blowing and blow molding, 

are not effective with in situ composites because the strains are too low to achieve high 

aspect ratio TLCP fibrils in the transverse direction and processing temperature overlap 

problems often prevent parison formation. Some improvements may occur through 

compression molding, but work in this area is not complete. In situ composites will not find 

widespread commercial application until the mechanical anisotropy is reduced, without 

significantly reducing the outstanding machine direction properties. This is the focus of 

this proposed research. The following section details the research objectives of this 

work. 
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1.4 Research Objectives 

As has been discussed in Section 1.2, there are many advantages to using in situ 

composites over fiber reinforced composites. The machine direction modulus of many in 

situ composite systems produced through injection molding can rival those of glass 

reinforced systems, but the transverse mechanical properties are considerably lower. 

This problem of anisotropy in in situ composites must be overcome. Unfortunately, film 

blowing and blow molding which were used to impart biaxial properties in TLCPs are not 

effective with in situ composites because of low strains during the blowing process and 

because the processing temperature of most TLCPs are too high to be compatible with 

many thermoplastics. 

in order to increase the range of commercial applications for in situ cornposites the 

problem of anisotropy must be overcome, without significantly reducing the outstanding 

machine direction properties. In a recent study by Handlos and Baird [43] drawn strands 

of PP/Vectra A950 produced by the dual extrusion mixing method as detailed above 

were compression molded in uniaxial and biaxial layups. The compression molding was 

performed at a temperature lower than that required for the TLCP phase to soften and 

deform. lt was found in these experiments that the properties of the strands were 

retained in the uniaxial layup, and the strand properties were halved in the biaxial layup. 

The strand properties, however, did not follow the rule of mixtures. At 20 wt% Vectra A, 

according to the rule of mixtures, the strand modulus should have been ~12 GPa. 

However, strand properties were less than 4 GPa at 20 wt% Vectra A. This was believed 

to be the result of incomplete drawing of the TLCP phase due to premature solidification. 

To achieve high properties through compression molding and other processing 

techniques using materials containing pregenerated TLCP fibers, the TLCP fibrils in the 

strands must be highly oriented during the drawing step. To do this the heat transfer 

must be controlled to prevent freezing of the TLCP prematurely. Additionally, the draw 
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ratios necessary to achieve properties that follow the rule of mixtures must be 

determined. Because of the nature of the dual extruder mixing method, this process 

allows for more control over these variables, along with the benefit of strands with no skin- 

core morphology and infinite aspect ratio TLCP fibrils. For these reasons, the dual 

extruder mixing system will be used to optimize strand properties. 

Once the properties of the drawn strands have been optimized, these strands can 

be used in compression and injection molding at temperatures high enough to melt the 

PP without affecting the TLCP fibers. However, maintaining the strand properties may be 

difficult due to fiber breakage. It was shown in Figure 2 that the final properties of a fiber 

reinforced material are a strong function of fiber aspect ratio. TLCP fibrils created using 

the dual extruder mixing method have infinite aspect ratios. For this reason the initial 

length of the TLCP fibril can be assumed to be that of the length of the pellet used in 

processing. The effect of change in TLCP fiber aspect ratio on final composite properties 

will be determined in both compression and injection molding. 

Two problems commonly seen in blow molding and film blowing of in situ 

composites make these processes ineffective in producing biaxially oriented composites. 

The first is that TLCPs blended with a low temperature thermoplastic, such as PP, can not 

be extruded from a single extruder to form a parison because of low melt strength. 

Secondly, the strains imparted during the blowing may not be sufficient to elongate TLCP 

droplets into fibers in the transverse direction. By using strands containing a 

pregenerated high strength and modulus TLCP fiber, it may be possible to produce a 

fiber reinforced parison. The final objective of the research proposed here is to 

determine if the use of pregenerated TLCP reinforcement will make it possible to produce 

composite articles through blow molding. In these systems maintaining the aspect ratio of 

the reinforcing fiber is also believed to be crucial. 

In summary, the primary goal of this research is to produce materials with biaxial 

mechanical properties by using PP/TLCP strands containing high strength and modulus 
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pregenerated fibers, or microcomposites, by means of injection molding, sheet extrusion, 

and extrusion blow molding. In the following chapter the development of in situ 

composites and the properties that have been obtained will be reviewed in greater detail. 

The final chapters detail the investigation of the use of microcomposites in the three 

processes mentioned above and recommendations for future work with microcomposite 

systems. 
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2.0 Literature Review 

Preface 

This chapter is focused on the processing and associated properties of in situ 

composites. The advantages and disadvantages of in situ composites are discussed. 

This chapter organized as a manuscript has been accepted for publication in the Journal 

of Macromolecular Science - Reviews in Macromolecular Chemistry and Physics. 
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2.0 Processing and Associated Properties of In Situ 

Composites Based on Thermotropic Liquid 

Crystalline Polymers and Thermoplastics 

2.1. Introduction 

The concept of generating liquid crystalline polymer (LCP) reinforcing fibrils on an in 

situ basis has a number of potentially attractive advantages over the use of the more 

commonly used glass reinforced composites. The potential advantages include a wider 

range of processing options, improved surface appearance, recyclability, and lower 

processing energy requirements. Many of these advantages have been brought out in 

previous reviews such as those written by Dutta et al. [1] and La Mantia et al. [2]. 

However, to successfully compete with glass reinforced thermoplastics, in situ 

composites based on thermoplastics reinforced with thermotropic LCPs (TLCPs) should 

at least exhibit similar properties to injection molded glass reinforced thermoplastics. One 

purpose of this review is to address the advantages and disadvantages of in situ 

composites, and the other is to provide some standards for comparison against more 

commonly used composites. 

In this review a summary of the current state of composites based on TLCPs and 

thermoplastics is presented. In particular an attempt is made to address the following 

questions: 1) what range of properties have been reported for TLCPAhermoplastic in 

situ composites; 2) what are the most effective methods of processing in situ 

composites; 3) how do the properties of in situ composites compare to the theoretical 

limit provided by composite theory; 4) how do the properties of in situ composites 

compare to those of glass reinforced systems; 5) how is the fibrillar morphology 

developed in polymer processing equipment, and what are its effects on the properties of 

the composite; and 6) what are the limitations of these materials, and what attempts have 
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been made to overcome these limitations. In Section 2.2 many of the relevant aspects of 

the in situ composite literature are reviewed. These include the mechanical properties, 

processing techniques, morphology development, and effect of mixing. In Section 2.3 

the comparisons of the properties of in situ composites to those of glass reinforced 

thermoplastics and to the predictions of composite theory are discussed. Because the 

properties of in situ composites are dependent on the properties that can be achieved in 

the TLCP fibrils, Section 2.3 will also be concerned with the processing and mechanical 

properties of TLCPs. Section 2.4 is concerned with identifying the disadvantages of in 

situ composites and proposing some ways to overcome these problems. Since the 

rheological behavior of a system determines how it should be processed, in Section 2.5 

the rheological behavior of TLCP/thermoplastic blends will be discussed. Finally, in 

Section 2.6 the rheology of neat LCPs will be discussed. 

2.2. In Situ Composites - Properties and Morphology 

In recent years blends of thermoplastics with TLCPs have received a great deal of 

academic and industrial attention. These blends have been called self-reinforcing or in 

situ composites because the TLCP phase elongates into fibrils in polymer processing 

operations containing an elongational flow component, such as encountered in the 

advancing front in injection molding. In this section the mechanical properties which have 

been reported for many TLCP/thermoplastic blends as produced by various processing 

techniques and the morphology developed in these blends in these techniques will be 

discussed. In addition the effect of mixing history on final in situ composite properties will 

also be discussed. 
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2.2.1. Properties and Morphology of In Situ Composites 

In this section the properties obtained using different materials and processing 

methods will be presented. The development of the fibrillar morphology in these 

processing techniques will also be discussed. This will help to determine what 

processing techniques will provide the optimum in situ composite properties. 

In situ composites have been produced using a wide variety of materials and several 

different processing methods. The first studies published on in situ composites were by 

Huh et al. [3], Blizard and Baird [4], and Isayev and Modic [5]. At the same time Kiss [6] 

was doing an extensive study on TLCPAhermoplastic blends which was published the 

following year. In Kiss's study a thermotropic copolyester and a copolyesteramide were 

blended with various thermoplastics, including polycarbonate (PC), polybutylene 

terephthalate (PBT), polyarylate (PAR), polyetherimide (PEI), and polyetheretherketone 

(PEEK). Since this work, subsequent studies have been performed with blends of 

polypropylene (PP) [7-14], polyethylene terephthalate (PET) [8,14-17], polystyrene (PS) 

[3,16,18-22], PC [6,14,16,18,23-27], and PE! [25,29-33] and various TLCPs. Many of 

the TLCPs used in these studies and their molar constituents are included in Table 2.1, 

and the machine direction mechanical properties reported in these studies for in situ 

composite systems are summarized in Table 2.2. From the examples shown in Table 2.2 

it can be seen that the addition of a TLCP to a thermoplastic generally results in an 

increase in tensile properties. Additionally, the highest properties appear to be 

generated in fiber spinning and strand extrusion. 

One purpose of this section is to compare processing techniques by which in situ 

composites are produced. As can be seen in the Table 2.2, the predominant processing 

method is injection molding. in some cases the composites are preblended in an 

extruder [7,15,33,34] prior to producing the in situ composite, and in other cases the 

extrusion system is fitted with a static mixer to provide additional mixing [19,20,23,34]. 
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Table 2.1 

TLCPs referred to in this review. 
List of abbreviated names, commercial names, and molar constituents from many of the 

  

  
  

  

Review Commercial 
Name Name Supplier Constituents 

PET/60% HBA Eastman-Kodak PET/HBA 

Vectra A Vectra A900/950 | Hoechst-Celanese HBA/HNA 

Vectra B Vectra B900/850 | Hoechst-Celanese HBA/HNA/AP 

Vectra RD500 Vectra RD500 | Hoechst-Ceianese HBA/HNA/HQ 

SBH -- Eniricerche SA/HBA/BP 

K161 -- Bayer HBA/IA/T A/HO/BP 

-- Granlar Granmont TA/PhHQ/StHQ 

HX1000 -- DuPont based on HQ and TA* 

HX4000 - DuPont based on HQ and TA”         
  

PET = poly(ethylene terephthalate) 
HBA = 4-nydroxybenzoic acid 
HNA = 6-hydroxy-2-naphthoic acid 
TA = terephthalic acid 
SA = sebacic acid 
AP = amino phenol 

HQ = hydroquinone 
IA = isophthalic acid 
BP = 4,4'-dyhydroxybiphenol 
PhHQ = phenyl hydroquinone 
StHQ = styry! hydroquinone 

* other molar constituents are proprietary 

2.0 Literature Review 

2€



.
—
~
—
—
 

p> — 

sueg 
esue! 

- gt 
puens 

p
e
p
n
a
x
g
-
s
 

sueqyy 
u
n
d
s
 

- 
4 

dd 
Peljipow 

eprupAyue 
d
e
e
 

%~OL 
YUM 

pazinquediuoy 
, 

yl6uedjs 
uy 

ebueys 
juedied 

- O
g
%
 

sninpow 
uy 

ebueys 
jueaied 

- 
3
9
%
 

Y
y
b
u
e
n
s
 
e
s
u
e
y
 

-0 

SNINPOW 
INSELA 

- 3 
 
 

 
 

 
 

 
 

 
 

 
 

    Ge 
4 

0/1 
- 

bot 
JBJUB IL) 

%OE 
ce 

J 
cel 

- 
Z 

1
9
H
 

%OE 
oe 

BL 
O
b
p
 

922 
est 

08 
6 

OOOPXH 
%OE 

OF 
Gl 

6
2
2
 

06} 
621 

0
2
8
 

0001 
XH 

%0E 
_ 
&e 

BL 
~ 

OLt 
- 

01 
8 

V 
B
D
A
 

%0E 
tdd 

GSeé 
4 

- 
Obi 

- 
6S 

ABIUB IS) 
%OE 

Se 
4 

- 
192 

- 
66 

V 
BND9A 

%OE 
C2 

Od 
&€ 

cet 
08 

OS 
€ | 

V
N
E
V
V
E
H
S
e
/
S
Z
%
0
1
 

9 
Gi 

o
F
 

cet 
pSh 

S
S
9
 

G 
B
1
8
A
 
%OE 

9
 

al 
18 

Lbl 
tel 

ez 
¥ 
E1D8A 

%OC 
Od 

6} 
d 

- 
o9€ 

- 
C2 

§ 
2
9
8
A
 
%OP 

9} 
j 

€te- 
99 

91 
91 

13d 
V
E
H
%
0
9
 

%01 
9E 

Od 
i? 

0S 
2 BE 

oo 
F 

8 
B
l
e
a
 
%S2 

9E 
Od 

b 
61 

bee 
a
g
e
 

VY 
ENDBA 

%G2 
_
g
t
 

Od 
Oc- 

SI 
G ze 

494] 
13d 

V
A
H
%
O
9
 

%01 
Sd 

St 
S 

PRE 
- 

ttt 
Vv 

21980 
%Oe 

gt 
3 

Sev 
LS 

et 
L
3
d
/
V
@
l
i
%
0
9
 

%01 
6 

Od 
9EI- 

61S) 
£4 

Ile 
O00 

XH 
%02 

6 
Od 

t29 
628 

Z
o
r
 

ere 
V 
BNIIA 

%0C 
8 

Gb 
L
e
 

1 
601 

v8 
o
s
s
 

V 
BND8A 

KOE 
6] 

eS 
6'60€ 

- 
828 

KENIN 
WO?!) 

6| 
sS 

t ove 
- 

6681 
V 

BIDBA 
% 

OE 
Lad 

6] 
oS 

1
8
6
2
 

- 
l9¢@ 

L
3
d
/
V
U
H
 

%09. 
%b2e 

6] 
&S 

2681 
-~ 

Pret 
G 

B498A 
%IC 

6] 
e& 

G
r
a
s
 

- 
ile 

¥ 
B1D6A 

%EC 
8 

agi 
bp6e 

L¢e9 
vb 

b6¢ 
V 

ENDBA 
%OE 

ct 
4d 

p
e
c
 

OIE 
oct 

0
0
S
 

HAS 
%0¢ 

Z 
81 

O
1
8
 

>» S
B
e
 

1e'0S 
BcS 

A 
2
1
8
A
 
%0E 

Z 
Od 

9
6
6
 

9 061° 
SS 

LE 
tO 

8 
EMD8A 

%0F 
el 

Gi 
4
6
S
 

6
0
1
2
 

88 
6b 

9c 
F 

LW 
BIDBA 

%OE 
Cl 

Od 
Obl 

9 Pl] 
Sp 

re 
6
Z
€
 

WV 
B
4
8
A
 
%OE 

eh 
OL 

6
t
e
 

O
2
9
 

61 
bb 

6
S
 EF] 

L
a
d
/
V
E
H
%
0
9
 

%02 
_
t
l
 

Od 
Cdl 

Lott 
12 

0€ 
O62} 

t
a
d
/
V
A
H
%
0
9
 

%02 
dd 

S
V
%
 

W
V
%
 

ed 
ed) 

OV% 
A
V
%
 

ed 
F
d
 

p
e
d
 

oO 
7 

u
e
d
 

o 
q 

s
e
i
 

S
O
L
 

uonisoduwiod 

JPY 
SPUE TS /S16q14 

Sued PApoW 
LONSeTyy 

d
O
V
 

oysejdousieuy 
  

      
 
 

BINJLIO}H] 
OY 

UT 
PEWS 

S
e
S
O
d
W
O
D
 
Ns 

Ul 
AUeW 

JO 
S
e
e
d
o
i
d
 

UONDENIp 
EUulydeYy 

ec 
9
G
)
 

2.0 Literature Review 

27



However, there is one blending technique represented in the table which is unique. This 

is the dual extruder mixing technique patented by Baird and Sukhadia [35]. In this system 

two single screw extruders are used to extrude the TLCP and the matrix phase 

separately. The two extruders are connected to a static mixer where the two component 

streams are blended, as shown in Figure 2.1. The advantages this mixing technique has 

over others are: 

1) Thermoplastic/TLCP pairs whose processing temperature ranges do not 

overlap can be processed using this method by taking advantage of the thermal 

history behavior of the TLCP; 

2) Because this mixing method does not rely on droplet deformation and breakup 

to create the TLCP fibrils, strands containing continuous TLCP fibrils without 

the skin-core morphology found in other processes can be produced at any 

TLCP composition; and 

3) The blends have higher melt strength because of reduced processing 

temperatures which makes drawing the blends easier. 

Sukhadia [9] tested strands produced by this method against those made using a single 

screw extruder. He found that due to the lack of a skin-core morphology the strands 

produced by this method have higher properties than those produced in a single screw 

extruder. 

One additional processing method used to create in situ composites not listed in 

Table 2.2 is sheet/ilm extrusion. The reason for this omission is that the mechanical 

properties of sheetAilm in situ composites are often lower than those of fibers, drawn 

strands and injection molded parts. Two studies on the properties of sheet/ilm were 

performed by Sukhadia [9], Crevecouer [36], and Weiss and coworkers [22,27,28]. 

Sukhadia [9] made films of PP and PET reinforced with Vectra A, Vectra B, and 60% 

HBA/PET using the mixing technique described above. The composite films showed a 

minor improvement in properties over the films extruded of the neat matrix materials. 
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However, the film properties were significantly lower than the properties obtained with 

strands extruded and drawn of the same materials. Crevecouer [36] reinforced films of 

the miscible blend of PS/poly(phenylene-ether) (PPE) with Vectra A and Vectra B. Again, 

the properties of the films were not as good as the properties of composite fibers 

produced using the same materials. For example, at 20 wt% Vectra B and similar draw 

ratios, the films had a tensile modulus of approximately 4 GPa while the fibers had a tensile 

modulus of over 10 GPa. Crevecouer stated that achieving outstanding properties with in 

situ composites seemed limited to fiber spinning because it provides the most effective 

drawing step to orient the TLCP fibrils. This is in agreement with the data on in situ 

composite fibers and films found by Dutta et al. [27]. 

It is clear from Table 2.2 and the examples described above that the properties that 

can be achieved in an in situ composite are dependent on the processing technique. For 

example, drawn strands and fibers are seen to show a greater improvement in tensile 

properties than injection molded parts of the same TLCP composition. In order to 

understand why this occurs, one must look to the way that the morphology is developed 

in each of these processes. 

To begin to understand how morphology is developed in a two phase system, it is 

necessary to look to studies performed specifically on the behavior of a dispersed phase 

in a liquid medium. Many studies of this type have been performed on both Newtonian 

and non-Newtonian droplet/medium systems [37-56]. These studies have shown that 

the deformation and breakup of the droplet is a function of the ratio of the viscosity of the 

dispersed phase to viscosity of the liquid medium (A = ~tq/tm) and the Weber or capillary 

number. The Weber number is the ratio of the viscous stress in the fluid, tending to 

deform the droplet, to the interfacial stress between the phases, tending to prevent 

deformation. These studies have shown that the droplets deform over a greater range of 

viscosity ratios in elongational flow fields than in shear flow fields, as seen in Figure 2.2. 

This is an important result in terms of in situ composites because it provides an idea of 
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what is necessary to create the desired fibrillar reinforcement in TLCP/thermoplastic 

blends. 

Many studies on polymer blend systems [56-66] have shown that a fibrillar 

morphology can develop in the extensional flow found in the converging section of an 

extrusion die, as shown in Figure 2.3. There are four regions described in this schematic 

of the fiber forming process: A - tension and fiber forming; B - flow narrowing; C - 

relaxation zone; and D - flow in the shear field [56,57]. The formation of fibrils in capillary 

dies has also been seen in in situ composite systems [22-25,36,67,68]. In 

TLCP/thermoplastic blends additional elongation and orientation of the TLCP phase 

occurs during drawing. 

In a study by Blizard and Baird [67], the development of morphology in capillary dies 

and in shear fields was studied for Nylon 6,6 and PC blends with 60% HBA/PET. When 

these materials were melt blended in an extruder with an attached capillary die, all blends 

containing more than 10 wt% TLCP composition, using both matrices, exhibited a fibrillar 

morphology. At 10 wt% TLCP, the TLCP phase was dispersed as droplets. The authors 

concluded that at this concentration of TLCP the volume fraction of the minor phase was 

too low to aliow coalescence of the droplets necessary for fibril formation. It should be 

noted that other studies [9,22,23,36] have shown that fibrillation will occur at low TLCP 

concentrations. This is likely to be a result dependent on the individual system and the 

processing history of the biend. At 50 wt% TLCP composition, Blizard and Baird [67] 

found that a network structure began to form, and it was believed phase inversion was 

beginning. In order to study the effect of shear flows on the morphology development in 

these blends, samples were sheared in a cone and plate rheometer. After shearing, the 

samples were quenched to retain the morphology and examined in a scanning electron 

microscope (SEM). It was found that the higher shear rates tended to promote droplet 

breakup rather than fibril generation in both matrix systems. The blends were also 
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Figure 2.3. Schematic of proposed fiber forming mechanism in capillary dies. Section A 
- tension and fiber forming; Section B - flow narrowing; Section C - relaxation 
zone; and Section D - shear field [56]. 
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extruded from a capillary rheometer for examination. The samples produced with the 

smallest aspect ratio die (L/D= 7.82) contained fibrils at shear rates from 45.7 to 457 sec). 

After extrusion through longer dies (L/D > 21.4), fibrils were not present. It was believed 

that the fibrillar structure formed was breaking up in the shear regions of the longer dies. 

The authors found that fibrils would form in elongational flow regardless of the viscosity 

ratio. It was conciuded that in order to generate fibrils extensional flow was necessary. 

This conclusion is supported by the work of others [23-25,68]. 

Blizard et al. [68] attempted to provide a means of predicting the relationship 

between component rheology and processing conditions on subsequent blend 

morphology. They found a skin-core morphology in PC/Vectra A950 fibers with droplets 

in the core and fibrils in the skin. The authors correlated fibril percentage, fibril diameter, 

and resulting physical properties to extrusion temperature and draw ratio. For the 

PC/Vectra A system the percentage of fibrils in the system increased dramatically with 

draw ratio. A second TLCP with a higher melting temperature, a random copolyester of 

terephthalic acid/(1-phenylethyl) hydroquinone/phenylhydroquinone, did not show the 

same improvement in fibril percentage with draw ratio. This was attributed to a mismatch in 

processing temperatures that resulted in solidification of this TLCP before drawing was 

complete. 

Crevecoeur [36] produced fibers using Vectra B950 and Vectra A950 to reinforce 

the miscible blend of PS/PPE (70/30). In fibers of all compositions, he also found a skin- 

core morphology. The fibers reinforced with Vectra A contained more high aspect ratio 

TLCP fibrils than the Vectra B composite fibers. Crevecouer believed this to be the result 

of the lower viscosity of the Vectra A making its deformation easier. However, the thermal 

history behavior of the two TLCPs was not compared. The thermal history response of 

the TLCP could also have produced this effect. In both blend systems the skin-core 

effect in the fibers was reduced with increasing draw ratio. The fibrils formed were found 

to be nearly continuous at compositions ranging from 10-90 wt%. 
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Another means of producing in situ composite strands is the dual extruder mixing 

method mentioned above. This method may be unique in that it is the only method that 

does not rely on droplet deformation and breakup to form TLCP fibrils [9,35,69,70}]. Due 

to the nature of the static mixer used to combine the matrix and TLCP phase, the fibrils are 

formed in the matrix by repeated splitting of the component streams. As a result of this 

method of fibril formation, no skin-core morphology is found in the composite strands 

(see Fig. 2.4). An unoriented core can prevent in situ composites from achieving their 

maximum properties. Additionally, it is also the only method by which continuous TLCP 

fibrils can be created in the composite at any composition of TLCP. 

In the injection molding of in situ composites a skin-core morphology is also found 

[6,23,34,36,71]. In these systems, it has been found that oriented TLCP fibrils exist in 

the skin while droplets or platelets exist in the core. This skin orientation is caused by 

elongational flow near the mold surface in the advancing front (see Fig. 2.5). The 

elongational flow field in the advancing front generates the TLCP fibrils during mold filling. 

After the fiber is formed, it is frozen along the mold wall. The core is less oriented 

because it is only subjected to shear flow [72,73]. This skin-core morphology can be 

seen in Figure 2.6. 

As an example, a recent study was performed to determine the morphology of 

injection molded PET/Vectra A950 blends [71]. Figure 2.7 shows a 3-dimensional 

schematic of the structure found. The top sublayer was found to be about 20 ym in 

thickness. This layer was found to consist of TLCP fibrils approximately 1-2 pm in 

diameter oriented in the direction of flow. The next sublayer away from the wall of the 

mold also contained TLCP fibrils. These fibrils were slightly larger than those found in the 

sublayer closest to the wall of the mold. The oriented TLCP structures in the first two 

sublayers were the result of the fibrils being generated in the elongational flow field in the 

advancing front and frozen along the mold walls. The inner sublayers contained larger 

plate-like TLCP regions with the TLCP platelets arranged in the shape of the parabolic 
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Figure 2.4 Scanning electron micrograph of the cross section of a PP/40 wt% Vectra A 

in situ composite strand produced using the dual extruder mixing system: 
(a) overall view; (b) core region [69]. 
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Figure 2.5 Schematic of the deformation of a particle of fluid in the elongational flow 
field created at the advancing front during mold filling [72]}. 
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Figure 2.6 Scanning electron micrograph of the cross section of a PEI/20 wt% Vectra A 

in situ composite produced by injection molding: (a) skin region; (b) core 
region [74]. 
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Figure 2.7. Three dimensional illustration of the morphology found in an injection 
molded PET/30 wt% Vectra A in situ composite [69]. 
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velocity profile. This multilayer skin-core structure has been qualitatively confirmed by 

other researchers studying the injection molding of in situ composites. However, the size 

and the shape of the dispersed TLCP domains vary from system to system because of 

interfacial surface tension and viscosity ratio differences [6,7,23,29-31,34, 71,74]. 

From this section several important conclusions can be drawn. First, in almost all of 

the in situ composite systems listed here, the tensile properties are improved by the 

addition of a TLCP. Additionally, the highest properties achieved in in situ composites are 

generated in fiber spinning and drawn strand extrusion. By studying the morphology 

development in the processing techniques discussed, these higher properties in fiber 

spinning and strand extrusion are likely to be the result of the drawing step improving 

orientation and minimizing the skin-core morphology. Finally, regardless of the system, 

an elongational flow field is necessary to develop an oriented fibrillar TLCP structure. 

2.2.2. Effect of Mixing on Properties and Structure 

As was briefly discussed in Section 2.2.1, the viscosity ratio and surface tension 

in a two phase system are known to affect the morphology in polymer blends. Because of 

these parameters, the size and shape of the dispersed phase will vary from system to 

system. In addition, it was shown that elongational flow fields are more effective for 

elongating the dispersed phase while shear fields promote droplet breakup. It can be 

shown through composite theory that the aspect ratio (L/D) of the reinforcing fiber has a 

significant effect on the properties. If the diameter of the fibril is reduced, the fibril length 

required for optimum reinforcement is also reduced. In a two phase system such as an in 

situ composite the size of the TLCP phase may be dependent on the mixing history of 

the blend. Therefore, it is the purpose of this section to discuss studies performed on 

the mixing techniques that have been used in in situ composites to control the size and 
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shape of the TLCP phase and the effect of these mixing techniques on the resulting in 

situ composite properties. 

One problem with setting out to review the literature on mixing studies is that 

although many researchers melt blend the materials used for study prior to final composite 

preparation, few have determined what the composite properties would be without this 

melt biending step. Additionally, no study has related the final blend properties to 

properties related to surface phenomenon, e.g. surface tension and viscosity ratio, or the 

stress and strain history of the blend which control the final blend morphology. The three 

most common methods of melt blending prior to composite production are: batch mixers, 

single screw extrusion, and twin screw extrusion [6,7,15,19,20,22,23,31,34]. In some 

cases extruders are fitted with a static mixer between the final extruder zone and the die 

to provide additional distribution of the TLCP phase [19,20,23,34]. In one case a static 

mixer has been fed by two extruders to provide a more unique mixing system 

[9,35,69,70]. The results of these studies will be discussed here. 

In some of the earliest work performed by Kiss [6] on in situ composites, he used all 

three of the blending techniques listed above to melt blend his materials prior to 

preparing the composites by injection molding. In this study many thermoplastics, 

including PEEK, PEI, poly(ether sulfone) (PES), poly(chlorotrifluoroethylene), PAR, PC, 

and PBT, were blended with a copolyester and a copolyesteramide. The three different 

melt blending techniques that were used caused no visible difference in the morphology 

and properties of the final blend. In addition, the properties of the composites produced 

after the melt blending steps showed no improvement over the properties of in situ 

composites that were not melt blended. Therefore, Kiss concluded that no 

compounding step was necessary prior to the production of the injection molded in situ 

composites, and that the mixing that occurs in the injection molder was adequate to 

produce in situ composites. This is an unlikely result especially whan one considers the 

large number of blend systems that were used in this study. It would not be expected that 
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all of these blend systems would show the same mixing history effect using three 

different mixing techniques. 

In a study by Isayev and Modic [23] on PC with LCP-2000 (75HBA/25HNA) an 

extruder was used with and without a static mixer to melt blend the composites prior to 

injection molding. In contrast to the results of Kiss [6], Isayev and Modic found that the 

dispersion of the TLCP was improved in the blends produced using the static mixer, and 

the properties of the composites produced after melt blending with the static mixer were 

also improved. 

Baird and coworkers [30,75] have published two studies on the effect of mixing on 

the partially miscible PEI/HX4000 blend. In the first study, it was determined through 

morphology and DSC studies that melt blending in a twin screw extruder prior to injection 

molding provided a better degree of mixing than melt blending in a single screw extruder. 

This was seen in a more finely dispersed phase as well by a greater shift in the component 

glass transition temperatures (Tg's). In the second study, the mechanical properties of 

the composites after melt blending by the two different methods were examined. It was 

found that despite this improvement in mixing little or no change in the mechanical 

properties occurred. 

A more recent study by O'Donnell and Baird [76] on the effect of mixing on the 

properties of compatibilized and uncompatibilized PP with Vectra A and Vectra B showed 

results similar to Isayev and Modic. The compatibilizer used in this study was a maleic 

anhydride modified PP. In this study the in situ composites were produced with three 

different mixing histories: tumbled and injection molded, injection molded after one pass 

through a single screw extruder, and injection molded after two passes through a single 

screw extruder. In each case the tensile strength of the in situ composite improved with 

the number of blending steps prior to injection molding. The modulus of the 

compatibilized and uncompatibilized PP/Vectra B in situ composites increased slightly 

with the additional mixing. However, the modulus of the PP/Vectra A in situ composites 
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was seen to decrease slightly with additional mixing steps. This modulus decrease in the 

Vectra A systems was not explained in their study. 

One final mixing technique used to prepare in situ composites that will be 

discussed here is the dual extruder mixing technique developed by Baird and Sukhadia 

[35] which was described in Section 2.2.1. A schematic of this system is shown in Figure 

2.1. Because of the nature of the static mixer used in this system, this technique does 

not rely on droplet deformation and breakup to produce the TLCP fibrils. Therefore, no 

skin-core morphology develops in the extruded strands as discussed in Section 2.2.1. In 

a study by Sukhadia et al. [77] the properties of PET/Vectra A strands produced using the 

dual extruder mixing system were compared to those produced by single screw 

extrusion. The results of this mixing study are shown in Table 2.3. A large difference in 

the properties of the in situ composite strands produced by the two methods can be 

seen. The authors have attributed this difference in properties to the skin-core 

morphology found in the strands produced using the single screw extruder. In addition to 

the advantage seen in the properties and morphology of in situ composites produced by 

this method, materials whose processing temperatures do not overlap can be blended by 

this method without causing severe degradation of the matrix material. 

In conclusion, the effect of mixing by conventional methods, such as extrusion, on 

the properties and morphology of in situ composites appears to depend on the materials 

used to produce the blend. The effect of mixing also appears to affect some of the 

mechanical properties differently than others. This is especially evident in the case of the 

PP blends described above. Static mixers can be useful in providing either additional 

distribution of the TLCP phase. It is evident from this brief review that more studies 

dealing directly with the effect of mixing on in situ composite properties are needed. 
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Table 2.3 

Results of the study comparing the properties of strands produced by the dual extruder 

mixing system versus those made in a single screw extruder (PET/30 wt% Vectra A) [9]. 

  

  

  
  

        

Mixing Device Rods Single-Screw Rods 

Draw Young's Draw Young's 
Ratio Modulus Ratio Moduius 

GPa GPa 

2.36 5.45 (0.58) 4.55 3.98 (0.23) 

3.25 6.97 (0.34) 7.10 7.08 (0.82) 

39.0 13.31 (0.37) 13.0 8.05 (0.09) 

43.2 17.21 (0.13) 20.0 8.49 (0.54) 

49.7 18.95 (0.17) 49 13.39 (0.45)   
  

Reported values are an average of at least four tests, and standard 
deviations are given in parethesis. 
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2.3. Potential Properties of In Situ Composites 

It is important at this time to provide a means of evaluating the potential of in situ 

composites. In order to do this the Tsai-Halpin equation will be presented as a means of 

estimating the properties that can be achieved with in situ composites. The Tsai-Halpin 

equation, presented in Section 2.3.1, is used to relate the modulus of a composite to the 

moduli of the matrix and reinforcing phase and the aspect ratio of the reinforcing fiber. For 

this reason, it is necessary to know the modulus of the reinforcing phase. In the case of in 

situ composites, the reinforcing fiber can be one of many TLCPs available commercially. 

Additionally, the modulus of the neat TLCPs is dependent on the processing technique 

used to produce the part. Therefore, Section 2.3.2 is concerned with determining the 

range of TLCP properties available for use in the Tsai-Halpin equation. In Section 2.3.3 a 

comparison is made between the modulus estimated by composite theory and modulus 

values of in situ composites found in the literature. Finally, in Section2.3.3 a comparison 

of in situ composite properties to the more commonly used glass reinforced composites is 

provided. The properties of glass fiber is in the same range as that of TLCP fibers. 

Therefore, this comparison provides a means of determining what could be achieved with 

randomly oriented TLCP/thermoplastic composites containing highly oriented TLCP 

fibers. 

2.3.1. The Tsai-Halpin Equation Used to Estimate Composite 

Modulus 

As was mentioned in the previous section, the differant processing techniques and 

materials used to create in situ composites produce a wide range of properties. To obtain 

an estimate of the modulus that could potentially be achieved with a given blend, the Tsai 

Halpin composite theory is considered. 
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The composite theory cited most often in the in situ composite literature is the Tsai- 

Halpin equation [15,28,36]. This equation was developed to calculate the modulus of 

uniaxially oriented composite materials with fiber reinforcement of uniform aspect ratio. It 

is assumed that stress and strain are continuous along the interface. The equations are 

E. = E(t + ea (2.1) 
1-7V; 

_ EvlEm = 1 (2.2) 
EVEm +t 

_ofL t= ak (2.3) 

where E, is the composite modulus, Em is the modulus of the matrix material, E¢ is the 

modulus of the reinforcing fiber, V;is the volume fraction of the reinforcing fibers, and L/D 

is the fiber aspect ratio. When the aspect ratio of the reinforcing fiber reaches 100, the 

Tsai-Halpin equation reduces to the rule of mixtures, as follows 

Eo = WiEr + VmEm (2.4) 

where Vp, is the volume fraction of the matrix material. This reduction of the Tsai-Halpin 

equation to the rule of mixtures is shown graphically in Figure 2.8, where E,, = 2 and E; = 

75 GPa. 

The purpose of this section was to present the Tsai-Halpin equation. This equation 

will be used in later sections as a means of providing a theoretical limit for in situ composite 

modulus. 
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Figure 2.8 Dependence of composite modulus on reinforcing phase volume fraction at 
various aspect ratios as calculated by the Tsai-Halpin equation using Ep, = 2 

GPa and E; = 75 GPa, aspect ratios: 0 1:<5;0 10:A 25;V 50: 
>> 100 [36]. 
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2.3.2. Properties of Thermotropic Liquid Crystalline Polymers 

In order to obtain the maximum properties possible in in situ composites, it is 

necessary to achieve the maximum properties possible in the TLCP fibrils. The purpose 

of this section is establish the range of properties of TLCPs and to relate orientation of the 

TLCPs to their chain linearity and processing conditions. 

Ide and Ophir [78] studied the effect of shear and elongational flow on the 

orientation and properties of TLCPs. They stated that to impart orientation into the TLCP 

an elongational flow field is necessary. A skin-core morphology of the extrudate resulted 

from the rearrangement of the flow field at the die exit. The skin is more oriented due to 

the acceleration required to bring the material closest to the die wall to the velocity of the 

core while the core material is compressed by deceleration, and, therefore, is less 

oriented. It was stated that most, if not all, of the orientation found in the extrudates was a 

result of elongational flow. 

Kenig [79] related the orientation imparted in LCPs during fiber spinning to drawing 

strain and an orientability parameter, 6, by 

tan P = C;DR® (2.5) 

where P is the instantaneous orientation angle that is made with the stretch direction, C; 

is a constant of integration, and DR is the draw ratio. This relationship was derived for fiber 

spinning using a Newtonian constitutive equation. Kenig noted that despite the high 

orientability of both p-phenylene terephthalamide (PPT) and 2-hydroxy-6-naphthoic acid 

(HNA)-containing polymers (Herman's orientation function close to 0.97) the modulus of 

the materials containing HNA was lower. This was attributed to the difference in molecular 

backbone stiffness. The orientability parameter was determined for each material studied 

by plotting the logarithm of draw ratio versus the logarithm of orientation (as indicated by 
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equation 5). These plots yielded a straight line. Materials with higher values of B achieved 

a higher level of orientation at a given deformation. 

Because TLCP strand properties decrease with increasing strand diameter, Chung 

[80] developed a strand die with a cooled inner mandrel. Ide and Ophir [78] illustrated that 

as a material emerged from a capillary die, the velocity profile became flat. To do this the 

skin region must accelerate, creating high orientation in the skin, and the core must 

decelerate, allowing for relaxation. In larger diameter strands this effect is increased to 

create more unoriented core material in the sample. In the die designed by Chung [80], 

the core material was cooled before it emerged from the die, and, therefore, less core 

relaxation occurred. Improved orientation and mechanical properties were more easily 

achieved with this new die, and strands with properties as high as 62 GPa could be 

produced. If the inner mandrel of this die was not maintained above a certain minimum 

temperature, melt fracture occurred causing poor properties. 

As the properties of in situ composites are highly dependent on the properties of 

the TLCP fibrils, then the upper limit of the in situ composite properties should be 

reflected in the as-spun TLCP fiber properties. To obtain property information about as- 

spun fibers one would look to information about commercially available TLCP fibers, but 

very little data is available. One series of TLCP fibers commercially available is the Vectran 

series made by Hoechst-Celanese with Vectra copolyester/copolyesteramide TLCPs 

[81]. Information about as-spun fibers of other materials, such as the DuPont HX series, 

based on terephthalic acid and hydroquinone is proprietary [82]. The moduli of some as- 

spun TLCP fibers commonly found in the literature are included in Table 2.4. From this 

table, it can be seen that the fibers have moduli ranging from 50 to 100 GPa. 

The orientation and properties of TLCPs have also been studied in injection 

molding. Blundell et al. [83] studied the relationship between chain linearity and 

molecular orientation in the injection molding of TLCPs. The molar composition of HBA in 

the backbone of a TLCP based on HBA, hydroquinone (HQ), and isophthalic acid (1A) was 
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Table 2.4 _ 

Moduli of some as-spun TLCP fibers. 

iber omposition odulus 
GPa 

ectran 3 
ectran copolyesteramide 5 

% 

HBA - p-hydroxybenzoic acid 
HNA - 2-hydroxy-6-naphtoic acid 
PET - polyethylene terephthalate 
BBA- p,p-biphenol bis-acetate 
TA - terephthalic acid 
IA - isophthalic acid 
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changed to alter the molecular stiffness. It was determined that the TLCP containing the 

highest level of HBA, and, therefore, the highest molecular stiffness, had the highest 

orientation and modulus. 

Jackson and Kuhfuss [84] invented and studied the properties of the HBA/PET 

thermotropic copolyesters. In their study they injection molded the HBA/PET 

copolyesters and tested the mechanical properties as a function of the mole fraction of 

HBA in the polymer. The maximum properties were found at 60 mole% HBA with a 

flexural modulus of 12.5 GPa and tensile strength of 232 MPa. The decrease in 

properties at molar levels of HBA greater than 60 mole% was later attributed to HBA 

crystals remaining until the melt temperature was taken over 330°C [85]. In the course of 

this investigation Jackson and Kuhfuss [84] found that the properties of injection molded 

plaques were highly anisotropic (see Figure 2.9). Additionally, the properties of injection 

molded tensile bars were found to be superior to those of injection molded plaques. 

Jackson and Kuhfuss believed this difference in properties was the result of better 

orientation caused by the converging section in the tensile bar mold. The change in 

mechanical properties with mold thickness was also studied (see Figure 2.10). As the 

mold gets thicker, the properties decrease, and the plaque becomes less anisotropic. 

The outstanding machine direction properties had to be sacrificed for isotropic 

mechanical properties. 

Fiber spinning and injection molding impart only unidirectional orientation into the 

TLCPs. Blow molding and film blowing include a blowing step during which orientation 

can be developed in a second direction, the hoop direction. Blizard and Baird [86] 

studied the blow molding of 60% HBA/PET and 73/27 HBA/HNA (Vectra A). Their results 

for 60% HBA/PET are shown in Table 2.5. As can be seen from the table, the tensile 

properties of the bottles were dependent on the die and barrel temperatures. Examining 

the morphology of the bottles made with the 60% HBA/PET TLCP, it was seen that the 

morphology of all the bottles made with a barrel temperature above 250°C was similar. 
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Figure 2.10 Flexural strength versus mold thickness in the machine and transverse 

directions of injection molded plaques of 60% HBA/PET [84]. 
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Table 2.5 

Properties of blow molded 60% HBA/PET bottles at different barrel and die temperatures 

  

  

  

  

          

[86]. 

Axiai Cirectior 

Barrei/Die 
Temperature Et Omax Elongation 

°C MPa MPa %o 

20/196 1750 (134) 38.5 (6.23) 33.0 (4.7) 

220/200 2620 (356) ot g (2 (2.50) 10.2 (4.6) 
260/150 5150 (668) 5 (16.6) 6.6 (3.1) 

260/200 3490 (338) Se 7(23.7) 7.1 (4.2) 
275/190 6130 (1039) 98.2 (37.9) 7.5 (4.2) 
275/200 4000 (907) 73.2 (16.0) 7.8 (1.7) 

Transverse or hoop airection 

220/190 4260 (660) 84.9 (24.4) 7.4 (1.4) 

260/200 1750 (111) 43.7 (2.89) 16.1 (2.0) 

275/190 1390 (283) 29.8 (73.3) 19.4 (11.2)       
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Above this temperature no residual crystallinity should remain. In these cases a highly 

fibrillar morphology oriented in the machine direction was found, which resulted in the 

properties of these bottles being highest in the machine direction. When the barrel and 

die temperatures were set at 220 and 200°C, respectively, for the 60% HBA/PET the 

bottles exhibited biaxial orientation. Upon examining the morphology of these bottles, a 

layered structure was found. The outer layer of the bottle contained fibers oriented in the 

machine direction, while the inner layer of the bottle contained fibers oriented in the hoop 

direction. A four lobe pattern characteristic of biaxial orientation was found in these 

bottles by use of wide angle x-ray scattering (WAXS). The Vectra A bottles produced in 

this study also exhibited bi-directional mechanical properties, but the SEM and WAXS 

analyses did not show signs of biaxial orientation. The best biaxial mechanical properties 

attained in the 60% HBA/PET botties were 2.62 GPa and 54 MPa in the machine direction 

and 1.75 GPa and 43.7 MPa in the transverse direction for tensile modulus and strength, 

respectively. These values are considerably lower than those found for injection molded 

plaques of this material. 

Blizard et al. [87] also examined the film blowing of these copolyesters. It was found 

that increasing the blow up ratio did not tend to decrease the uniaxial nature of the 

materials. tn this study, it was found that the limited range of die temperatures that could 

be achieved during film blowing did not allow for transverse mechanical properties greater 

than 1/4 of the machine direction properties. However, in the case of Vectra A, the films 

had mechanical properties in the machine direction better than those found for this 

material in injection molding. 

Farrell and Fellers [88] also studied the film blowing of TLCPs. A helical flow pattern 

in the die was produced with a counter-rotating annular die. The TLCPs used were 

hydroxypropyl cellulose (HPC) and ethyl! cellulose (EC). In addition, PE and PS were 

used for comparison. It was found that by altering the ratio of tangential shear rate to wall 

shear rate, FR, biaxial properties could be obtained in the HPC and EC. This was not the 
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case for PE and PS. Because thermoplastics relax quickly, any orientation created in the 

die is lost before the materials freeze. The mechanical properties of the HPC and EC 

materials, although biaxial, were no higher than conventional thermoplastics. 

In this section it was illustrated that to achieve orientation in TLCPs an elongational 

strain is necessary. Additionally, the properties that can be achieved are related to the 

chain linearity of the LCP. In order to produce biaxial orientation in a TLCP elongational 

deformation in a second direction is needed. The properties of the biaxially oriented 

materials obtained in blow molding and film blowing are not as high as those found in 

injection molding. This information is important in that it provides some criteria by which 

TLCPs can be chosen to produce in situ composites, and it provides information 

necessary to determine the potential properties of in situ composites. 

2.3.3. Comparison of In Situ Composite Properties to 

Composite Theory and Glass Reinforced Composites 

In the previous sections the Tsai-Halpin equation relating composite modulus to the 

moduli of the matrix and reinforcing phase and the range of moduli available for E¢ with 

TLCPs was presented. This provides all the information necessary to evaluate the 

composite modulus for in situ composites with the Tsai-Halpin equation. Therefore, this 

section contains a comparison of the modulus calculated by composite theory to those 

found in the literature for in situ composites. Additionally, a comparison of properties of 

glass reinforced composites to those of in situ composites is provided. 

The most severe limitation of the application of composite theory to in situ 

composites is that the modulus of the TLCP fibrils in the in situ composite can not be 

determined a priori. Therefore, to apply the composite theory as a theoretical upper limit 
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for the modulus of in situ composites, one must consider the method by which the 

reinforcing fiber is "spun" (26,27,30,31,36]. For example, in in situ composite fibers the 

reinforcing TLCP fibrils are generated in elongational flow under conditions similar to 

those found in fiber spinning. However, the TLCP fibrils can be further oreinted during 

the drawing of the composite blend. Therefore, neat TLCP fibers with a processing 

history similar to the composite fibers may have a similar modulus. In the case of injection 

molded in situ composites, the TLCP fibrils are produced in the elongational flow 

provided by the advancing front during mold filling which may not reach the conditions 

found in fiber spinning. For the purpose of determining the maximum potential of in situ 

composites it is important to compare the modulus of the composite to that calculated 

using the as-spun fiber as Ey Therefore, whenever possible both the injection molded 

TLCP and the properties of the neat TLCP fibers spun for the study and as-spun TLCP 

fiber moduli are used for Ey. Using the as-spun TLCP fiber modulus should provide an 

indication of the properties that could be achieved if the full potential of the TLCP is 

achieved. As a comparison, Table 2.6 contains modulus values found in the literature for 

in situ composite fibers, strands, and injection molded parts along with the modulus 

calculated using the rule of mixtures. in many examples shown in Table 2.6 the modulus 

of the in situ composite compares well to the modulus estimated by the rule of mixtures. 

However, the values for the injection molded samples are considerably lower than 

expected if the spun fiber modulus is used for E¢. 

As mentioned in Section 2.3.1 when the rule of mixtures is used to estimate the 

modulus of composite materials, it is assumed that the composite is reinforced with fibers 

of an uniform aspect ratio of 100 [89]. Therefore, the rule of mixtures may not be directly 

applicable to in situ composites because the method by which TLCP fibrils are generated 

in the in situ composite often does not create uniform aspect ratio fibrils. This is especially 

the case in injection molding where an unoriented core containing droplets or platelets 

exists [6,7,23,30]. However, some injection molded in situ composites listed in Table 2.6 
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Table 2.6 
Comparison of modulus for in situ composites found in the literature against values 

predicted by composite theory. 

  

  

  

  

in Situ Composite Moduius Ref. 
Actual Predicted’ 

GPa Test 
GPa Similar Fiber Part 

PP/30% Vectra A 2.16 4.24 15.8 TB 13 
PP/30% Vectra A** 2.70 4.24 15.8 TB 13 
PP/30% Vectra A 2.94 3.54 15.8 PQ 8 
PP/30% Vectra B 3.67 7.55 18.0 TB 7 
PP/30% Vectra B** 5.28 7.55 18.0 TB 7 
PET/30%Vectra A 5.50 4.12 21.3 PQ 8 
PET/20%Vectra A 3.42 3.68 15.0 PQ 9 
PEl/30%Vectra A 5.81 5.38 21.5 TB 30 
PEI/30% HX1000 8.7 5.58 - TB 30 
PEI/30% HX4000 9.8 9.36 - TB 30 
PET/30%Vectra A 19.0 21.5 21.6 S (50) 9 

PET/20% Vectra A 11.1 11.65 15.0 S (80) 15 
PP/28% Vectra B 4.7 18.7 18.7 S (35) g 
PP/26% Vectra A 13.5 20.0 20.0 S (40) 9 

PEI/30% K161 7 10.5 - F (30) 33 

(PPE/PS)/20% Vectra B 16.5 17 - F (45) 36 
PC/30% Vectra A 9.9 10.6 20.6 F (4.5) 25 
PC/30% Granlar 5.9 11.1 - F (12) 25 
PEI30% Granlar 10.1 11.6 - F (2) 25           

* Similar indicates that the predicted modulus was calculated using the va!ue of c; ior the TLCP processed 

by the same method as the composite. Fiber indicates E; is equal to the as-spun fiber modulus. 

** Compatibilized with10 wt% maleic anhydride PP 
Draw ratios are in parenthesis 
TB - tensile bars 
PQ - plaques 
S- extruded strands 
F - spun fibers 

2.0 Literature Review



show good agreement and even a positive deviation from the properties calculated with 

the rule of mixtures when the value of E¢ is taken to be the TLCP modulus in injection 

molding [29-31,34]. It should be pointed out that although the properties of these 

systems follow the rule of mixtures, the properties of the blends would be higher if the 

composite were uniformly oriented. This can be seen in the value of the composite 

modulus calculated using the as-spun fiber modulus. Other injection molded in situ 

composite systems, such as PP/Vectra B, show a negative deviation from the rule of 

mixtures when the modulus of the injection molded TLCP is used for Ey [7,21]. This is 

probably due poor molecular orientation of the TLCP phase because of insufficient flow 

conditions. 

in the case of spun fibers the percentage of unoriented core material is reduced 

with increasing draw ratio, creating a more uniform distribution of TLCP fibrils making 

composite theory more applicable [25,36]. However, not all of the values of modulus for 

the fibers listed in the Table 2.6 follow the rule of mixtures. The reason most frequently 

provided for this behavior is a mismatch in processing temperatures between the matrix 

and the TLCP [22,25,33,36]. In the case of the PEI/K161 blend [33] shown in Table 2.6 

the difference in processing temperatures between the matrix and the TLCP is about 

70°C. With this blend it was reported that draw ratio had no effect on in situ composite 

fiber properties. This led the authors to conclude that the TLCP fibrils were solidifying 

before drawing was complete. 

The final processing method listed in Table 2.6 is strand extrusion. Drawn strands 

differ from fibers because a larger capillary die is used in their processing. In Table 2.6, 

the PET/Vectra A strands produced by Kyotani et al. [15] and Sukhadia [9] followed the 

rule of mixtures. The modulus estimated using the rule of mixtures for the strands 

produced by Kyotani et al. [15] used a value of 33 GPa for the reinforcing phase modulus. 

This value for the modulus of drawn Vectra A strands was reported by Kyotani et al. 

However, in the case of the PET/Vectra A strands produced by Sukhadia [9], using the 
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dual extruder mixing method, no such value for neat TLCP strands was provided. 

Therefore, the modulus was estimated with the rule of mixture using the as-spun fiber 

properties for Vectra A. The strand modulus reported by Sukhadia and that calculated for 

this review are in reasonable agreement. This indicates that in some cases the as-spun 

fiber properties can be used to calculate a theoretical limit for drawn strands. Another 

study by Kohli et al. [24] which was not included in Table 2.6 because it used an 

experimental TLCP based on HBA, HNA, TA, and HQ also found good agreement 

between composite theory calculations and strand modulus. 

In addition to comparing in situ composites to a theoretical limit, it is important to 

compare in situ composites to fiber reinforced materials currently used in commercial 

applications. One goal in developing in situ composites is to provide a wider range of 

processing options than available for glass reinforced thermoplastics. Therefore, the 

comparison used here is that of the properties of in situ composites to those of injection 

molded glass reinforced composites. Additionally, the modulus of glass fibers is in the 

range of TLCP fibers; therefore, composite theory would suggest a similarity in the moduli 

obtained from both types of composite. To do this the properties of three in situ 

composites (produced by injection molding) commonly cited in the literature will be 

compared to the properties of the glass fiber reinforced composites of the same matrix at 

similar fiber loadings. The three matrix materials chosen for this comparison are PP, PET, 

and PEL. 

A summary of properties of injection molded in situ composites and injection 

molded glass reinforced composites is listed in Table 2.7. Several conclusions can be 

drawn from this table. First, the tensile modulus of the in situ composites is quite similar to 

the tensile modulus of the glass reinforced systems at similar loadings. The in situ 

composite tensile strength and flexural modulus are not as high as those of the glass filled 

composites. Finally, the elongation at break of the in situ composites is generally lower 

than the elongation at break of the glass reinforced composites. 
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In addition to the tensile and flexural properties, the impact properties of injection 

molded in situ composites should be compared to the impact properties of injection 

molded glass reinforced thermoplastics. This comparison is more difficult than that of the 

tensile and flexural properties. First, the impact properties of glass reinforced 

thermoplastics do not follow any general trend [90]. Depending on the matrix material 

used the impact properties of the reinforced system behave differently. Additionally, very 

few studies of in situ composites have included impact properties. This is an area in which 

more research is needed. 

Although not all the mechanical properties of in situ composites are equal to those 

of glass fiber reinforced composites, in situ composites offer several processing 

advantages over glass fiber reinforced materials. One such advantage of adding TLCPs 

to a thermoplastic matrix is that the viscosity of the blend is usually lower than the viscosity 

of the matrix material. in glass fiber reinforced materials the viscosity of the system 

increases above that of the matrix material [6]. The addition of small amounts of a TLCP 

which serve as processing aids has been patented by Cogswell et al. [91-93]. Lowering 

the system viscosity in this way was found to facilitate the filling of complex molds in 

injection molding. There have been some systems reported, however, where at low 

shear rates in simple shear flows the viscosity of the system can increase with the addition 

of TLCP [1,18,22,23,34]. 

TLCPAhermoplastic blends have several other advantages over glass reinforced 

composites in addition to the lowered system viscosity. The first is that most 

TLCPAhermoplastic in situ composites have smooth surface finishes, unlike glass filled 

systems [7,94]. The second is that TLCPAhermoplastic blends are potentially more 

recyclable than glass reinforced composites, because glass fibers break during 

processing. The Tsai-Halpin equation for composite modulus illustrates that if the aspect 

ratio of the reinforcing fiber is less than 100 the modulus begins to drop. Because the 

reinforcing fibers in in situ composites are generated during processing, the problem of 
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fiber breakup should not be encountered. This may allow for the possibility of numerous 

recycling steps [6]. Finally, glass reinforced materials can not be processed by 

techniques such as thermoforming, blow molding, and film blowing. Glass reinforced 

systems often have low melt strength making parison formation difficult [90]. In 

thermoforming due to the solid particles in the system, glass reinforced materials 

frequently tear in the corners of the mold. Additionally, the properties of the 

TLCPAhermoplastic blends can be improved through the subsequent stretching in the 

forming operation [95]. A final advantage of in situ composites over fiber reinforced 

composites is that because both phases in the in situ composite are fluids equipment 

wear is minimized [6]. 

The purpose of this section was two-fold: (1) to compare in situ composite moduli 

to those calculated with composite theory and (2) to compare in situ composite properties 

to those of glass fiber reinforced composites. It has been shown that some systems 

agree with the prediction of composite theory. However, the modulus used in the 

calculations for injection molding and drawn strand extrusion is not that of the spun TLCP 

fibers but that obtained by processing the TLCP under the same conditions as the 

biends. In in situ composite fibers, although the percentage of unoriented core material 

present in the blend can be reduced through drawing, to obtain the maximum properties 

the thermal history behavior of the TLCP should be considered to prevent solidification 

during drawing. Additionally, processing in situ composites by fiber spinning and strand 

extrusion provides better properties at low compositions of TLCP than does injection 

molding. It can be seen that the drawing step involved in fiber spinning and strand 

extrusion is advantageous in achieving the maximum properties possible. Additionally, it 

was shown that the tensile modulus of the injection molded in situ composites used here 

for comparison are similar to what can be achieved with glass fiber reinforcement at similar 

loadings. In situ composites also have several advantages over glass reinforced systems. 

First, the viscosity of systems reinforced with glass fibers increases above that of the neat 
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matrix where the viscosity of a thermoplastic decreases with the addition of TLCP. 

Therefore, glass systems require more energy to process. Another limitation of glass 

reinforced materials is that their recyclability is limited due to fiber breakup during 

processing. This fiber breakup results in a decrease in composite properties. Finally, in 

situ composites may offer a wider range of processing options, including blow molding, 

film blowing, and thermoforming. 
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2.4. Overcoming the Limitations of In Situ Composites 

There are two important limitations to the use of in situ composites. The first 

limitation is mechanical anisotropy, and the second limitation is cost. Because of the high 

cost of TLCPs, a minimum amount of TLCP is desirable for some applications. The 

mechanical anisotropy must be overcome through processing. The purpose of this 

section is to review studies performed on overcoming the mechanical anisotropy of in situ 

composites. 

The anisotropy of injection molded in situ composites has been studied by several 

authors [7,23,29-31,34]. It has been determined that this anisotropy is caused by fibrils 

being generated only in the direction of the elongational flow field developed at the 

advancing front. In a study by Bafna et al. [30] the anisotropy of the blends of HX1000 

and HX4000 with glass reinforced and neat PE! was studied. The flexural modulus of 

PEI/HX4000 blends as a function of composition in both the machine and transverse 

directions is shown in Figure 2.11. The degree of anisotropy is seen to increase with 

increasing TLCP composition. The anisotropic behavior reported by Bafna et al. [30] is in 

agreement with the work of others [7,23,29,31,34]. 

To overcome the anisotropy in neat TLCPs processes such as film blowing and 

blow molding have been used [86-88]. However, very few similar studies have been 

performed with TLCPAhermopiastic blends. Among the tew studies Done et al. [96] 

attempted to extrusion blow mold blends of PP with three thermotropic copolyesters. 

Some improvement in tensile properties was seen in the bottles made with 20 wt% of a 

blend of 60% HBA/PET and 80% HBA/PET. However, the degree of anisotropy of the in 

situ composite bottles was still greater than that of the neat PP bottles, and the bottle 

properties were significantly lower than those of this blend as produced by injection 

molding. The authors believed that the strain was not high enough in the blowing step to 

orient the TLCP in the transverse direction. 
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To reduce the degree of anisotropy in injection molded plaques, a study was 

performed on compression molded PE!/Vectra A900 plaques [29]. In these experiments 

an elongational flow field was produced by lubricated squeezing flow. When the 

deformation of the sample in the mold was constrained in the transverse direction of the 

plaque, the transverse direction strength improved. However, no improvement in 

transverse direction modulus was seen. 

Several authors [9,10,19,28,36,97-99] have studied the compression molding of 

drawn in situ composite strands, fibers and films. It is believed that by using materials 

containing high modulus TLCP fibrillar reinforcement in compression molding the fiber 

properties can be maintained, and the resulting compression molded part will be less 

anisotropic because of layup options during the consolidation step. 

Bassett and Yee [19] attempted to use in situ composite fibers to produce 

compression molded composites. They proposed that these materials have the following 

advantages over current thermoplastic composites: 

* a woven cloth could conform to mold configurations a thermoplastic prepreg 

sheet can not; 

* provided the interfacial energy is favorable, fiber wetting problems are 

inherently removed; 

- the material may be 100% recyclable; 

* with TLCPAhermoplastic composites there is the potential for low processing 

costs. 

Bassett and Yee stated that the largest constraint involved in using in situ composites in 

this way is the inherent loading limit. It is generally found that at loadings in excess of 40 

wt% TLCP a phase inversion occurs, and the TLCP becomes the continuous phase. To 

test their hypothesis fibers were made with PS and 40 wt% Vectra B900. The fibers were 

processed in a single screw extruder with a static mixer attachment. Drawn fibers were 

lined up uniaxially and compression molded. A problem was encountered during drawing 
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in that the Vectra B solidified before drawing could be completed. Also, the fibers were 

found to be brittle under flexural loading. Therefore, the authors concluded there were 

many flaws at the fiber ends. The molded samples were shown to have PS rich regions 

and fibril misalignment caused by movement of the fibers during molding. Due to this 

misalignment, the modulus of the molded specimens fell slightly below that of the fibers. 

The strength of the molded specimens was significantly lower than that of the fibers. This 

was believed to be because larger parts contain more flaws that can cause failure. 

Handlos and Baird [10] performed a similar study using the dual extruder mixing 

method shown in Figure 2.1 to produce in situ composite strands for compression 

molding experiments. The advantage of using this method over the method used by 

Bassett and Yee [19] is that strands made with the dual extruder mixing system have no 

skin-core morphology, contain TLCP fibrils of infinite aspect ratio, and the improved 

control over the heat transfer in the system can be used to eliminate freezing of the TLCP 

during drawing. The materials used in this study were PP, Vectra A950, and a maleic 

anhydride modified PP as a compatibilizer. 30 wt% Vectra A950 strands were layed up in 

both uniaxial and biaxial configurations for compression molding. The uniaxial plaques 

had mechanical properties close to those of the original strand. The biaxial plaques had 

properties that were half of the original strand properties in both directions. The modulus 

of the 20 wt% Vectra A strands leveled off around 4 GPa at low draw ratios. The only 

problem was that the strands did not have the optimum properties, since high draw ratios 

were not achieved. 

Sukhadia [9] used drawn films as laminates in compression molding. The drawn 

films were pressed into 4-ply cross stacked composites (-45/+45). In the PP/Vectra B950 

system, the modulus of the cross stack composite was slightly higher than the modulus of 

the films. This improvement in properties was believed to be the result of the high 

consolidation temperature allowing for further orientation of the Vectra B fibrils. It should 

be noted that the consolidation temperatures used in the studies by Bassett and Yee [19] 
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and Handlos and Baird [10] were only high enough to fuse the thermoplastic matrix. 

Therefore, no further orientation of the TLCP phase was expected. The properties of the 

compression molded composites prepared by Sukhadia did not compare well to 

properties that can be obtained in injection molding because the initial film properties 

were poor. 

Isayev [97] has patented the use of oriented in situ composite films as laminates. In 

a study by Isayev et al. [98] films were extruded through a coat hanger die and drawn. The 

films were then stacked to produce a compression molded composite. The highest 

tensile strength and secant modulus of the +45°/-45° composite made using films of 

50/50 w/w PP/Ultrax KR-4002, an LCP based on HBA, hydroquinone, and terephthaloyl, 

were 60 MPa and 13 GPa, respectively. The properties of these samples are dependent 

on sheet draw ratio and reduction ratio in the consolidation step. Again, biaxial properties 

have been achieved by compression molding oriented in situ composites. One draw 

back of using in situ composite films in compression molding is that a high TLCP 

composition is necessary to produce composite films with high mechanical properties. 

These results were in agreement with those found in similar studies performed by Dutta et 

al. (27,99] and Crevecoeur [36]. 

As can be seen in this section, pre-extruded thermoplastic/TLCP sheets, strands, 

and fibers can be used to produce composite materials with biaxial properties. Clearly, the 

properties of the compression molded composites are dependent on the properties of 

the sheets, strands, and fibers used to make the composite. If the properties of the 

pregenerated materials can be maximized, the properties of the compression molded 

materials can also be maximized. Additionally, conventional processing methods by 

which biaxial properties can be achieved in TLCPs, such as film blowing and biow 

molding, are relatively untested with in situ composites. The use of these methods to 

produce biaxially oriented in situ composites is an area that warrants further investigation. 
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2.5. Rheology of In Situ Composites 

In addition to the properties that can be achieved with these systems it is necessary 

to review the rheology of TLCP/thermoplastic blends. The rheology of any polymeric 

system has an important impact on its processing behavior, and this is especially true in 

the case of blends of TLCPs and their blends. To gain some insight into the rheological 

behavior of these two phase systems, a brief review of the ideal systems used to model 

the viscosity of polymer blends will be included. Also, a brief review of the rheology of 

glass filled systems will be included for the sake of comparison to TLCP reinforced 

systems. 

A number of studias on various combinations of TLCPs and thermoplastics 

[7,11,14,18,22-25,34,36,67,91-93] have shown that when TLCPs are added to a 

thermoplastic matrix the viscosity of the blend system decreases below that of the neat 

thermoplastic, as shown in Figure 2.12. Cogswell et al. [91-93] patented TLCPs as 

processing aids for thermoplastics. In these patents, it was stated that the processing 

temperature range of the thermoplastic should overlap with the temperature range where 

the TLCP forms a nematic state. The viscosity of these blends was found to be lower than 

the thermoplastics alone, and the processing temperatures for these blends could be 

reduced. This lowering of the melt viscosity was found to facilitate the filling of large 

complex molds. 

Not all TLCPAhermoplastic blends have been found to have a viscosity lower than 

the neat thermoplastic over all compositions and shear rates tested [18,22,23,34]. Ina 

blend of PS and an experimental TLCP [22], the blend was shown to have a higher shear 

viscosity than PS at low shear rates. However, at high shear rates the blend viscosity was 

found to be lower than the viscosity of the pure PS. The low shear rate tests were 

performed in a cone and plate apparatus while the high shear rate tests were performed in 

a capillary rheometer. Dutta et al. [22] believed that in the extensional flow field in the 
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contraction into the capillary, the TLCP phase detormed into fibrils which caused a 

lubricating effect. However, in the cone and plate apparatus this deformation does not 

occur leaving the TLCP in the form of undeformed spheres. These spheres would rotate 

and tumble resulting in increased energy dissipation and, therefore, an increase in 

viscosity. Although this explanation would seem to make sense, it is not completely 

satisfactory because other studies have shown that the viscosity of TLCP/Ahermoplastic 

blends is lower than the thermoplastic even when tested in a cone and plate rheometer 

(24,36,67}. 

Similar increases in viscosity at low shear rates were found by Nobile et al. [18] and 

Mehta and Isayev [34]. Nobile et al. [18] found that the viscosity increase occurred at all 

compositions at low shear rates. The transition to the viscosity reduction occurred at 

shear rate of 1s"'. Mehta and Isayev [34] found this increase in viscosity in blends of 

PEEK with Vectra A only at TLCP compositions of 2.5 and 5 wt%. 

An unusual flow curve was found by Yongcheng et al. [12] for blends of PP with a 

semirigid copolymer based on sebacic acid (S), HBA (H), and 4-4'-hydroxybiphenyi (B), 

hereafter referred to as SBH. In these blends at low concentrations of SBH the flow curve 

of the blend is lower than that of the PP and has the same shape as the PP flow curve. 

However, upon increasing the concentration of SBH, the flow curves were seen to 

change shape, as shown in Figure 2.13. The authors of this study compared the shape 

of the flow curves at higher concentrations of TLCP to the three region flow curve 

proposed for LCPs [100]. Although the flow curves for the higher concentration blends 

do have a slightly different shape, it is difficult to see three regions. At best one can say 

that an inflection point occurs at shear rates of approximately 50 s"!. The three region 

flow curve proposed for neat TLCPs will be discussed in greater detail in Section 2.6. 

The viscosity versus composition behavior of other TLCP/thermoplastic blends has 

been studied by many authors [11,14,18,23,34,36,67]. Blizard and Baird [67] studied 

the effect of composition of 60% HBA/PET on the viscosity of blends with Nylon 6,6 and 
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PC. The two systems had very different viscosity versus composition curves. The 

PC/60% HBA/PET blend was seen to exhibit a monotonically decreasing system viscosity 

at 3 shear rates, 10, 100, and 1000 s!. This behavior has also been observed by Kohli et 

al. [24] in PC/TLCP blend systems. The Nylon 6,6/60% HBA/PET blend, however, 

exhibited a dip in the viscosity versus composition curve between 10 and 50 wt% TLCP. 

At 70 wt% TLCP the viscosity of the blend began to come back up to that of the TLCP. 

The existence of a minimum in the viscosity composition curve was also seen in blends of 

an unspecified polyamide with Vectra RD500 (58/42 HBA/HNA) [68]. 

Contrary to a monotonically decreasing system viscosity or a minimum in the flow 

curve, Isayev and Modic [23] found a maximum in the viscosity versus composition curve 

for PC with LCP-2000 (75/25 HBA/HNA). This maximum occurred at 50/50 w/w 

PC/TLCP. The viscosity of this blend was found to exceed that of both pure 

components. SEM studies revealed that this blend contained spherical TLCP domains, 

like those mentioned above. This paper also included mixing studies of these blends. 

The mixing history was found to have no appreciable effect on the flow curves of the 

blends. 

From these few examples cited it appears that the rheological behavior of 

TLCPAhermoplastic blends is complicated. The specific behavior of a blend is likely to 

depend on the materials used to produce the blend. In a recent paper by La Mantia and 

Valenza [2] an attempt was made to ciassify the rheological behavior of 

TLCPAhermoplastic blends according to the viscosity ratio between the two components. 

It was stated that generally the flow curve of the blend either falls between the flow curves 

of the pure components or falls below both the flow curves of the pure components. In 

the former case the viscosity versus composition curves generally show a minimum. In 

this paper La Mantia and Vaienza found through their own studies and a review of the 

literature that when the flow curves fall between the two components, the viscosity of the 

thermoplastic is much greater than that of the TLCP over all shear rates. When the 
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viscosity of the thermoplastic is similar to that of the TLCP over all shear rates, the blend 

viscosity falls below the flow curves of the neat components. Although at first glance this 

seems to be a novel approach, it stands to reason that the viscosity behavior of the 

blends should follow these simple rules. If the viscosity of the blend decreases below 

that of the thermoplastic and the thermoplastic and the TLCP have almost the same 

viscosities, the flow curve of the blend should fali below the flow curves of both neat 

components. A similar argument can be made for the second behavior in that if the TLCP 

has a much lower viscosity than that of the thermoplastic, the flow curves of the blend 

should fall between those of the TLCP and thermoplastic. In addition, this paper offers no 

insight into why some systems show an increase in viscosity at low shear rates or how a 

maximum can occur in a system like that found by Isayev and Modic [23]. 

In order to gain some insight into the viscosity behavior of these blends one can 

look to the viscosity behavior of other polymer blend systems. A logarithmic rule of 

mixtures for polymer blend systems, which is shown below, may be applicable. This 

equation is as follows: 

n 

log n = 5 gilog nj (2.6) 
I 

where 7 is the blend viscosity, 9; is the volume fraction of component i, nj is the viscosity 

of component i, and n is the number of components in the system. In the case of 

immiscible polymer blends several model systems have been constructed. These 

models systems are suspensions of solid particles like spheres or rods in fluids, 

emulsions of Newtonian fluids, and block copolymers [101]. The model systems are used 

in an attempt to establish reasons for blends to deviate from Eq. 6. The three types of 

deviation from Eq. 6 commonly seen are positive deviation, negative deviation, and a 

combination of negative and positive deviation. The use of model systems is not 

particularly useful in predicting the behavior of polymer blends at volume fractions greater 

than 5%. The reason for this failure is that in polymer blends coalescence and droplet 
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breakup affect the rheology of the system. However, one important conclusion that has 

come from looking into model systems is that often in “antagonistic” (highly incompatible) 

polymer biends a negative deviation is likely to occur because of slippage at the interface. 

This may be one reason for the viscosity reduction in some thermoplastic/TLCP blends. 

Very few constitutive equations have been developed for two phase polymer 

systems. One equation that has recently appeared in the literature was developed by Doi 

and Ohta [102]. This is a phenomenological equation that describes the time evolution of 

the area and orientation of the phase interface in a flow field. This equation predicts a 

steady-state viscosity independent of shear rate and a nonzero normal stress difference 

proportional to the magnitude of the shear rate. At this time this two phase constitutive 

equation is relatively untested against the actual rheology of two phase systems. 

Another two phase system of importance to in situ composites is that of fiber filled 

thermoplastics. These systems are important for two reasons: 1) comparison between in 

situ composites and glass reinforced thermoplastics; and 2) the insight they may provide 

into the flow behavior of TLCPAhermoplastic blends below the melting point of the TLCP. 

It has been shown that the system viscosity increases above that of the thermoplastic 

upon the addition of solid particles [90,91,104-105]. In a recent study by Becraft and 

Metzner [91] the rheology of fiber filled systems was studied. The thermoplastics used 

were HDPE, LDPE, and PP. This study was interesting because it used the Doi theory for 

rigid rods in solution to predict the rheology and orientation of the fibers in these systems. 

It is important to note that the Doi theory was derived from molecular theory and is most 

often used to predict the rheological behavior of liquid crystalline polymers (LCPs). In this 

study reasonable agreement was found between the predictions of the Doi theory and 

the experimental results. The Doi theory has not yet been used to predict the behavior of 

TLOPAhermoplastic blends. 

Unfortunately, not many studies have been performed on the rheology of 

TLCPAhermoplastic blends below the melting point of the TLCP. in one study by 
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Lorenzo et al. [106] the melt flow index (a measure of the fluidity of a material) of a styrene- 

butadiene copolymer with 60% HBA/PET was taken both above and below the melting 

point of the TLCP. A maximum in the melt flow index (minimum in viscosity) was found 

above the melting point of the TLCP at a composition of 10 wt% TLCP. This study offers 

little insight into the viscosity behavior of in situ composites at temperatures below that of 

the TLCP. The melt index method provides the viscosity at only one shear rate, and the 

authors did not provide an explanation for the behavior of the system. Studies on the 

theology of TLCP/thermoplastic blends below the melting temperature of the TLCP are 

clearly an area where more work needs to be performed. 

In conclusion, although the rheological behavior of many thermoplastic/TLCP 

blends have been studied and some authors have proposed theories for their rheological 

behavior, the flow behavior of these blends can not be predicted. This would indicate 

that with each new blend produced its rheological behavior must be evaluated. However, 

one general trend can be seen: the viscosity of the blend is generally lower than that of 

the neat thermoplastic at high shear rates. This provides an advantage of in situ 

composites over fiber reinforced systems. 
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2.6 The Role of LCP Rheology in the Generation of In Situ 

Composites 

A review of the rheology of LCPs is presented here because of its importance to 

the development of morphology (viscosity ratios) in TLCPAhermoplastic blends, and 

some studies have cited a similarity between the rheological behavior of 

TLCP/thermoplastic blends and neat TLCPs. It should be noted that this review is not 

intended to be all inclusive of the literature available on LCP rheology but only of the 

literature important to in situ composites. This section will begin with an introduction into 

the shear rheology of TLCPs. Finally, the effect of thermal history on the rheology of 

TLCPs will also be reviewed because of its effect on the processing of TLCPs. 

2.6.1. Steady Shear Rheology 

As was discussed in Section 2.5, the rheology of TLCP/thermoplastic blends is 

complex. In some studies a similarity in viscosity between the blends of TLCPs with 

thermoplastics and the neat TLCP has been reported. Also, the rheology of the blend 

constituents can affect the morphology formed in a blend. Since the rheology of LCPs is 

more complex than that of thermoplastics, it is necessary to review the rheological 

behavior of neat TLCPs. 

There are several rheological properties exhibited by LCPs that are not common to 

flexible chain molecules. Both LCPs and flexible chain polymers show shear thinning 

behavior. However, LCPs begin to shear thin at lower shear rates, and remain shear 

thinning for many orders of magnitude of shear rate. This can be seen in Fig. 2.14 where 

the viscosity versus shear rate is shown for 60 mole% HBA/PET at 275°C. This TLCP was 

observed to be shear thinning for 6 orders of magnitude of shear rate. This data was 
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Figure 2.14 Viscosity versus shear rate for 60% HBA/PET [107]. 
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taken by means of a cone and plate (low shear rates) and capillary rheometers (high shear 

rates) [107]. 

Onogi and Asada [100] proposed that a three region flow curve was common to 

LCP systems (see Fig. 2.15). This figure shows the proposed LCP flow curve with the 

curve generally seen for isotropic polymers. It is important to discuss this proposed flow 

curve to illustrate that the general rheological behavior of LCPs is different from that of a 

thermoplastic. This three region flow curve was believed to be the result of a polydomain 

structure in the bulk state of a LCP. In Fig. 2.16, the three structural models for the bulk 

state corresponding to the regions in their flow curve are shown for a nematic LCP. This 

flow curve is not accepted as the general flow behavior for LCPs by all of those who study 

the rheology of LCPs [107,108]. However, some authors report agreement with this 

three region flow curve [109-111]. In the initial state (region |), the directors are randomly 

oriented due to disclination points at zero shear rate. In each domain, the molecules are 

highly oriented in one direction. When a shear stress is applied, the molecules are forced 

to reorient in the direction of the flow. A yield stress may account for behavior in the 

phase | state. With increasing shear a continuous phase develops (region II) containing 

anisotropic domains. This corresponds to the Newtonian plateau. When the shear 

stresses overcome the effect of the disclination points, an oriented phase develops 

(region II!) and shear thinning begins again [109]. 

Another phenomenon which may affect the morphology of TLCP/Ahermoplastic 

blends unique to LCPs is the presence of a negative first normal stress difference where 

a positive first normal stress difference is generally common to polymeric systems. A 

negative first normal stress difference, given by Nz =1,; - tj, has generally been seen for 

TLCPs at shear rates lower than what would commonly occur in processing equipment 

[112-114]. Furthermore, they have also been observed in transient flows, generally upon 

the reversal of flow direction [108]. However, negative normal stresses are widely 

disputed as a general behavior in LCPs [108,110,112-114]. In any event, they may be 

2.0 Literature Review 

80



  

  

LO
G 

Vi
sc
os
it
y 

  

    
  

LOG Shear Rate 

Figure 2.15 Schematic of the three region flow curve proposed by Onogi and Asada for 
LCPs plotted with the flow curve common to thermoplastics [100]. 
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significant in the development of morphology as it has been proposed by Vanoene [50] 

that the interfacial energy during flow is a function of the normal stress differences 

between the two polymers. Hence, the presence of negative values of Nj could affect 

the level of the capillary number which was shown earlier to be one of the dimensionless 

groups that controls drop deformation. 

2.6.1.1 Shear History Effect 

Some researchers [110,115,116] have reported that after the cessation of flow the 

stresses in a LCP relax quickly, but the molecular orientation can remain for much longer. 

The remaining orientation of the LCP has been seen to affect its rheology, i.e. a shear 

history effect. Because during the processing of LCPs and their blends preshear is 

applied, the rheology of the material may be different from that measured in a rheometer. 

Therefore, a brief review of the effect of shear history on the rheology of LCPs is included 

here. 

In a study by Cogswell [117] to determine the effect of shear history, two lyotropic 

LCPs, which exhibit liquid crystallinity in solution, and one TLCP were allowed to remain 

undisturbed long enough to become paste-like and exhibit a yield stress. These 

materials were then processed in a special apparatus that allowed for a controlled 

preshear. In all three cases the paste-like mixture gave inextensible extrudates. When 

the material was subjected to preshear, the material would reform a low viscosity state. 

From this low viscosity state, the material could be readily drawn into fibers. In the case of 

the presheared TLCP, the extrusion pressure dropped and the melt temperature 

increased due to viscous dissipation. By increasing the shear rate during preshear, these 

effects were amplified. In order to achieve this same viscosity reduction with temperature, 

the system temperature had to be raised 20°C. However, after increasing the system 

temperature to reduce the viscosity neither the temperature rise due to viscous heating 
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nor the drop in extrusion pressure was seen. No mention of whether this shear history 

effect occurred when the samples did not begin in a paste-like state was made. 

Additionally, no mention was made of the thermal behavior of any of the materials tested. 

it is possible that this shear history effect would not be seen at temperatures either above 

or below the melting temperature of the TLCP. 

Wissbrun et al. [111] also examined the effect of shear history on the rheology of 

LCPs. A TLCP was extruded at various temperatures and shear rates. After preshearing 

by extrusion, the melt flow index was measured. It was found that after extrusion at the 

lowest temperature the melt flow index increased by a factor of four indicating an 

reduction in viscosity. Additionally, the appearance of the melt changed after extrusion. 

Prior to preshearing, the melt was dull in appearance and had a paste-like consistency. 

After preshearing, it became shiny and readily pulled into fibers, which is in agreement 

with the results given by Cogswell [117]. 

Wissbrun and Griffin [118] studied the shear history dependence of a thermotropic 

copolyester. In this study the thermotropic copolyester was studied both in its nematic 

and isotropic state. They found that the rheological behavior of the nematic state was 

much more complex than that of the isotropic state. The oscillatory flow behavior of the 

TLCP in its nematic state was found to be dependent on shear history, while in the 

isotropic state it was not. They found that both steady shearing and continued application 

of small amplitude high frequency oscillatory shear could be used to change the rheology 

of the sample in the nematic state. 

In conclusion, there is still much dispute over the general rheological characteristics 

of LCPs. It can be seen, however, that because of the highly shear thinning viscosity that 

at shear rates commonly seen in processing equipment the viscosity of the LCP will be 

quite low. Preshearing may cause a reduction in the LCP viscosity and the viscosity may 

be lower during processing than observed using various rheometers. Therefore, the 

viscosity ratio, which is shown to affect drop deformation, may be significantly different 
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than determined in standard rheological tests. Finally, the possibility of a negative first 

normal stress difference may affect the morphology of the composite. 

2.6.2. Thermal History Dependence 

The thermal history that a LCP is subjected to has been observed to have a 

significant effect on the viscosity of the LCP [111,118-124]. Under some thermal 

conditions the viscosity may increase [110,123,124] while under other conditions 

[110,119-121] the viscosity may remain low at temperatures well below the TLCP melting 

point. This latter behavior (referred to as supercooling) is of utmost importance in the 

design of the mixing system described in Section 2.2., and for this reason a review of the 

effect of thermal history on the viscosity of TLCPs is presented in this section. 

Wissbrun [121] studied the effect of temperature on the viscosity of a 60% 

HBA/PET copolyester. The differential scanning calorimetry (DSC) measurements of this 

polymer showed two melting endotherms. These two endotherms were attributed to the 

block copolymer nature of the 60% HBA/PET material used in their study [125]. Based 

on the DSC data three testing temperatures were chosen: 210, 240, and 280°C. The 

first temperature chosen was near the first endotherm. The second temperature was in 

between the two endotherms, and the third temperature was above the second 

endotherm. At each testing temperature trequency sweeps were run without any 

preheating. At only the highest testing temperature, well above the higher DSC 

endotherm, the melt rheology was like that of an isotropic polymer melt. To test the effect 

of thermal history on 60% HBA/PET, the polymer was heated to 210, 240 or 300°C 

before testing in a capillary rheometer. The samples charged into the rheometer at 240 

and 300°C were allowed to cool to 210°C prior to testing. The results of these 

experiments are shown in Fig. 2.17. It can be seen that upon cooling from 300°C and 
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Figure 2.17 Viscosity of 60% HBA/PET at 210°C after cooling from 300, 240, and 210°C: 
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240°C, the viscosity of the material drops dramatically, with the sample preheated to 

300°C having the lowest viscosity. To determine if this was caused by degradation of the 

material, the inherent viscosity (I.V.) was measured before and after testing. Since no 

change in |.V. was found after testing, the decrease in viscosity was assumed to be 

caused by the thermal history the sample was subjected to rather than degradation. A 

second control was performed by using PS in similar tests. The thermal history 

dependence was not observed [121]. Similar results have been found by other 

researchers [111,123]. 

Done and Baird [119] found that this thermal history effect occurred to different 

degrees in three different thermotropic copolyesters: 60% HBA/PET (Tm = 225°C), 80% 

HBA/PET (Tm = 300°C), and LCP2000 (75/25 HBA/HNA) (Tm = 285°C). The drop in 

viscosity after preheating was most prominent in the 60% HBA/PET and the LCP2000. 

Isothermal time sweeps were performed at the highest testing temperature used for each 

polymer to determine if this viscosity decrease was caused by degradation. For all three 

polymers, the storage modulus G' remained constant in these tests for 20 minutes. 

Again, this led the authors to conclude that the viscosity decrease was not caused by 

degradation. In addition to these tests, the behavior of the materials upon cooling was 

studied (see Fig. 2.18). In each case, as shown in Fig. 2.18, the TLCPs remain fluid 

below their melting temperature. These results indicate that the nematic phase can 

supercool. 

The same authors [120] performed a subsequent study on the solidification 

kinetics of preheated TLCPs and confirmed these conclusions. In this study the 

LCP2000 was replaced with a similar material, Vectra A900 (73/27 HBA/HNA). This work 

was performed to determine the processing criteria for these TLCPs at temperatures 

below their melting points. In these tests, the temperature was raised above the testing 

temperature and then dropped to perform isothermal time sweeps. The results found for 
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the Vectra A900 are shown in Fig. 2.19. After heating to 330°C for 10 minutes, the time 

required for solidification was 2.5 and 4.5 minutes at the test temperatures of 240 and 

250°C, respectively. Similar results were seen for the 60% HBA/PET material after 

heating to 275°C. After heating to 330°C, the time required to solidify the 80% HBA/PET 

system was nearly the same after cooling to 280 and 290°C. A drastic increase in G' was 

found upon cooling to 300°C. This 80% HBA/PET material also exhibited the lowest 

degree of supercooling. 

Lin and Winter [124] studied the effect of temperature and thermal history on the 

rheology of Vectra A900. By use of DSC the transition from the solid to the nematic state 

was found to be 280°C, and the nematic to isotropic transition was found to be above the 

degradation temperature of the material. Rheological tests were performed at 285, 290, 

295, and 300°C in a parallel plate geometry. The materials were annealed at these 

temperatures for twenty minutes and quenched for testing by means of DSC and wide 

angle x-ray scattering (WAXS). During the annealing of these samples, the storage 

modulus, G', and loss modulus, G", increased, and a shift in melting peak to a higher 

temperature was seen in DSC traces on annealed samples. As the annealing 

temperature was increased, the time required for the increase in moduli was also 

increased. The authors also found that this increase in modulus was dependent on 

mechanical and thermal histories. At the lower test temperatures samples that start with 

some orientation exhibit a faster increase in moduli. The increases in moduli were thermo- 

reversible. When the material was heated to 320°C after a solidification cycle, the material 

behaved like a fresh sample. From the DSC and WAXS analyses, this increase in moduli 

was attributed to the formation of high melting crystals. By raising the temperature to 

320°C, the residual crystals were melted and nothing remained to nucleate the 

crystallites. This type of crystallization behavior was also found by Drappel et al. [123] for a 

lower melting TLCP not based on HBA. 
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Cocchini et al. [110] ran similar rheological tests on Vectra A900 using a capillary 

rheometer. They verified the shift in melting temperature found by Lin and Winter after 

annealing at 285°C. However, in contrast to Lin and Winter [124], they determined that 

this behavior could not be explained by crystallization. They claim this is a result of 

additional polymerization of the material. The authors state that Lin and Winter 

overlooked this additional polymerization because in the open system of a rotational 

rheometer, the polymerization residues were removed. The conclusion that additional 

polymerization occurred was based on the result that the dynamic viscosity increased 

after stability tests run at 310°C for 4000 s. 

In conclusion, the thermal history of a TLCP can have a great effect on its rheology. 

It is necessary to point out that TLCPs are not the only material that can supercool. 

However, since many TLCPs do exhibit this behavior, an understanding of this effect is 

necessary for choosing appropriate processing conditions. For instance, the 

supercooling behavior can allow for the possibility of processing these materials below 

their melting point. An understanding of this behavior is also necessary in choosing 

TLCPs for blending with thermoplastics to prevent premature solidification during the 

orienting step. Further polymerization or crystallization upon annealing can also impact 

the processing of these materials and can possibly be used to improve properties by 

annealing after processing. 
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2.7 Summary and Conclusions 

It was shown in this review that many TLCP/Ahermoplastic based in situ composites 

have been studied in recent years. From reviewing the literature a number of conciusions 

can be drawn about in situ composites. First, the fibrillar morphology required to reinforce 

the thermoplastics can be achieved in common polymer processes containing an 

elongational flow field, 6.g. injection molding and fiber spinning. In most of the systems 

studied, the machine direction properties of the in situ composites are improved over that 

of the neat thermoplastic matrix. Additionally, fiber spinning and strand extrusion are 

processes which usually provide the best properties. It is generally agreed that this is 

because the drawing step that occurs in these processes provides better orientation of 

the TLCP fibrils. 

In this review the properties of in situ composites were compared with the 

predictions provided by composite theory and the properties of injection molded short 

glass fiber composites. A comparison was made between the theoretical limits for the 

modulus of in situ composites as predicted by the rule of mixtures and experimental 

results. This comparison revealed that the modulus of many in situ composite systems 

agreed with that estimated by the composite theory, and the modulus of some systems 

even exceeded these predictions. It should be noted that the estimated modulus was 

dependent on the processing technique used to produce the in situ composites. A 

comparison of the properties of in situ composites to the properties of glass reinforced 

thermoplastics revealed that the tensile modulus of the in situ composites was neariy 

equal to that of the glass reinforced composites. The tensile strength, flexural modulus, 

and elongation at break did not compare as favorably. However, the in situ composites 

were observed to have several potentially attractive advantages over the glass reinforced 
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systems including recyclability, a wider range of processing options, and reduced system 

viscosity. 

Despite the advantages in situ composites have over the more commonly used 

glass reinforced thermoplastics, there are still limitations to their commercial use. The two 

most important limitations of in situ composites based on TLCPs and thermoplastics are 

cost and mechanical anisotropy. This mechanical anisotropy occurred in all cases where 

the in situ composite was produced in one processing step. The method cited most 

often in the literature to overcome the mechanical anisotropy is the use of in situ 

composites as prepregs and laminates. Methods such as blow molding which have 

produced biaxially oriented TLCPs are not as successful for in situ composites. This is 

most likely because the strong elongational flow fields and large strains needed to orient 

the TLCP are not present in methods of this type. In order to overcome the second 

limitation, TLCP cost, one must maximize the mechanical properties of the composite 

while minimizing the TLCP concentration. However, with engineering thermoplastics, like 

polyetheretherketone (PEEK), this in not a severe limitation because often the TLCP is 

the cheaper material. 

In addition to reviewing the mechanical properties of in situ composites, a review of 

the rheological behavior of TLCP/Ahermoplastic blends was presented. Despite the 

number of studies that have been performed in this area, very few generalizations about 

the rheological behavior of TLCP/Ahermoplastic blends can be made. However, in most 

studies it is agreed that the viscosity of the blend is generally lower than that of the 

thermoplastic. In contrast, the viscosity versus composition behavior varies from system 

to system. Very few studies on the rheology of TLCP/thermoplastic blends below the 

meiting temperature of the TLCP have been reported. 
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2.8 Recommendations 

Although there have been several studies performed on overcoming the 

anisotropy of in situ composites, the problem has not been solved. The most common 

method used to overcome the mechanical anisotropy cited in the literature is the use of 

“pregenerated” in situ composites as prepregs and laminates. The use of high modulus 

pregenerated in situ composites in other processes has not been investigated. It is 

possible that by processing pregenerated in situ composites by means such as injection 

molding below the melting point of the TLCP, the properties of the fibrils may be 

maintained while taking advantage of the near random fibril orientation that should occur 

in shear flow fields. Furthermore, systems containing pregenerated TLCP fibrils may be 

processable by many other techniques, such as blow molding, film blowing, and profile 

extrusion, which are not possible with glass filled systems. There are many potential 

advantages in the use of LCPs to reinforce thermoplastics, such as rapid processability, 

recyclability, reduced thermal expansion, and paintability, which may allow one to 

overcome the cost of using this form of composite relative to glass filled systems. 

2.9 Acknowledgment 

This work was supported by the Army Research Office, Grant Number DAALO3- 

91-G-0166. Their support is sincerely appreciated. 

2.0 Literature Review 

94



2.10 References 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

D. Dutta, H. Fruitwala, A. Kohli, and R. A. Weiss, Polym. Eng. and Sci., 30(17), 1005 

(1990). 

F. P. La Mantia and A. Valenza, Makromol. Chem., Macromol. Symp., 56,151 

(1992). 

W. Huh, R. A. Weiss, and L. Nicolais, SPE Tech. Pap. (ANTEC 86), 32, 307 (1986). 

K. G. Blizard and D. G. Baird, SPE Tech. Pap. (ANTEC 86), 32, 311 (1986). 

A. |. lsayev and M. J. Modic, SPE Tech. Pap. (ANTEC 86), 32, 573 (1986). 

G. Kiss, Polym. Eng. and Sci., 29(6), 410 (1987). 

A. Datta, H. H. Chen, and D. G. Baird, Polymer, 34(4), 759 (1993). 

J. Seppala, M. Heino, and C. Kapanen, J. Appi. Polym. Sci., 44, 1051 (1992). 

A. M. Sukhadia, Ph. D. Thesis, Virginia Tech, 1991. 

A. A. Handlos and D. G. Baird, SPE Tech. Pap. (ANTEC 93), 39, 1170 (1993). 

F. P. La Mantia, A. Valenza, and P. L. Magagnini, J. Appi. Polym. Sci., 44, 1257 

(1992). 

Y. Yongcheng, F. P. La Mantia, A. Valenza, V. Ditta, U. Pedretti, and A. Roggero, 

Eur. Polym. J., 27(7), 723 (1991). 

H. J. O'Donnell, A. Datta, and D. G. Baird, SPE Tech. Pap. (ANTEC 92), 38, 2248 

(1992). 

N. Chapleau, P. J. Carreau, C. Peleteiro, P.-A. Lavoie, and T. M. Malik, Polym. Eng. 

and Sci., 32(24), 1876 (1992). 

M. Kyotani, A. Kaito, and K. Nakayama, Polymer, 33(22), 4756 (1992). 

P. Zhuang, T. Kyu, and J. L. White, Polym. Eng. and Sci., 28(17), 1095 (1988). 

2.0 Literature Review 

95



17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

E. G. Joseph, G. L. Wilkes, and D. G. Baird, in Polymer Liquid Crystals, ed. A. 

Blumstein, Plenum Press, New York, 1985. 

M. R. Nobile, E. Amendola, L. Nicolais, D. Acierno, and C. Carfagna, Polym. Eng. 

and Sci., 29(4), 244 (1989). 

B. R. Bassett and A. F. Yee, Polym. Composites, 11(1), 10 (1990). 

Q. Lin and A. F. Yee, SPE Tech. Pap. (ANTEC 92), 38, 2244 (1992). 

G. Crevecoeur and G. Groeninckx, Polym. Eng. Sci., 30, 532 (1990). 

R. A. Weiss, W. Huh, and L. Nicolais, Polym. Eng. and Sci., 27(9), 684 (1987). 

A. |. lsayev and M. Modic, Polym. Composites, 8(3), 158 (1987). 

A. Kohli, N. Chung, and R. A. Weiss, Polym. Eng. and Sci., 29(9), 573 (1989). 

K. G. Blizard, C. Federici, O. Federico, and L. L. Chapoy, Polym. Eng. and Sci., 

30(22), 1442 (1990). 

M. H. B. Skovby, J. Kops, and R. A. Weiss, Polym. Eng. and Sci., 31(13), 954 

(1991). 

D. Dutta, R. A. Weiss, and K. Kristal, Polym. Composites, 13(5), 394 (1992). 

D. Dutta, R. A. Weiss, and K. Kristal, Polym. Eng. and Sci., 33(13), 838 (1993). 

J. P. De Souza and D. G. Baird, SPE Tech. Pap. (ANTEC 92), 38, 2236, (1992). 

S. S. Bafna, J. P. De Souza, T. Sun, and D. G. Baird, Polym. Eng. Sci., 33(13), 808 

(1993). 

D. G. Baird, S. S. Bafna, J. P. De Souza, and , T. Sun, Polym. Comp., 14(3), 214 

(1993). 

J. A. Rock, Eur. Pat. 0 278 066 A2, 1988. 

C. Carfagna, E. Amendola, L. Nicolais, D. Acierno, O. Francescangeli, B. Yang, and 

R. Rustichelli, J. Appi. Polym. Sci., 43, 839 (1991). 

A. Mehta and A. |. Isayev, Polym. Eng. and Sci., 31(13), 971 (1991). 

D. G. Baird and A. M. Sukhadia, U.S. Patent, 5,225,488 (1993). 

G. Crevecoeur, Ph. D. Thesis, Katholiede Universiteit Leuven, 1991. 

2.0 Literature Review 

96



37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

G. |. Taylor, Proc. Roy. Soc. London, A 138, 41 (1932). 

G. t. Taylor, Proc. Roy. Soc. London, A 146, 501 (1934). 

B. J. Bentley and L. G. Leal, J. Fluid Mech., 167, 241 (1986). 

L. A. Utracki and Z. H. Shi, Polym Eng. and Sci., 32(24), 1824 (1992). 

R. G. Cox, J. Fluid Mech., 37(3), 601 (1969). 

D. Barthés-Biesel and A. Acrivos, J. Fluid Mech., 61(1), 1 (1973). 

J. D. Buckmaster, J. Fluid Mech., 55(3), 385 (1972). 

J. D. Buckmaster, Trans. ASME E: J. Appl. Mech., 40, 18 (1973). 

A. Acrivos and T. S. Lo, J. Fluid Mech., 86(4), 641 (1978). 

S. Torza, R. G. Cox, and S. G. Mason,J. of Colloid and Interface Sci., 38(2), 395 

(1972). 

H. P. Grace, Chem. Engr. Commun., 14, 225 (1982). 

H. J. Karam and J. C. Bellinger, ind .Eng. Chem. Fundam., 7(4), 576 (1968). 

W. J. Milliken and L. G. Leal, J. of Non-Newt. Fluid Mech., 40, 355 (1991). 

J. Vanoene, J. of Colloid and Interface Sci., 40(3), 448 (1972). 

C. D. Han and K. Funatsu, J. of Aheol., 22(2), 113 (1978). 

H. B. Chin and C. D. Han, J. of Rheol., 23(5), 557 (1979). 

W. J. Milliken and L. G. Leal, J. of Non-Newt. Fluid Mech., 42, 231 (1992). 

R. W. Aumertelt, Ind .Eng. Chem. Fundam., 11(3), 312 (1972). 

M. V. Tsebrenko, G. P. Danilova, and A. YA. Malkin, J. of Non-Newt. Fluid Mech., 

31, 1 (1989). 

M. V. Tsebrenko, A. V. Yudin, T. |. Ablazova, and G. V. Vinogradov, Polymer, 17, 

831 (1976). 

M. V. Tsebrenko, Intern. J. Polymeric Mater., 10, 83 (1983). 

G. V. Vinogradov, N. P. Krasnikova, V. E. Dreval, E. V. Kotova, E. P. Plotnikova, 

and Z. Pelzbauer, Intern. J. Polymeric Mater., 9, 187 (1982). 

C. D. Han, Y. W. Kim, and S. J. Chen, J. of Appi. Polym. Sci., 19, 2831 (1975). 

2.0 Literature Review 

97



60. 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 

81. 

82. 

K. Min, J. L. White, and J. F. Fellers, Polym. Sci. and Eng., 24(17), 1327 (1984). 

N. Alle and J. Lyngaae-Jorgensen, Aheol. Acta., 19, 104 (1980). 

S. L. Sakellarides and A. J. McHugh, Polym. Eng. and Sci., 25(18), 1179 (1985). 

S. L. Sakellarides and A. J. McHugh, Polym. Eng. and Sci., 27(22), 1662 (1987). 

S. Danesi and R. S. Porter, Polymer, 19, 448 (1978). 

M. V. Tsebrenko, N. M. Rezanova, and G. V. Vinogradov, Polym. Eng. and Sci., 

20(15), 1023 (1980). 

T. |. Ablazova, M. V. Tsebrenko, A. B. V. Yudin, G. V. Vinogradov, and B. V. 

Yarlykov, J. Appi. Polym. Sci., 19, 1781 (1975). 

K. G. Blizard and D. G. Baird, Polym. Eng. and Sci., 27(9), 653 (1987). 

A. Siegmann, A. Dagan, and S. Kenig, Polymer, 26, 1325 (1985). 

A. A. Handlos, Ph. D. Thesis, Virginia Tech, 1994. 

E. A. Sabol, M. S. Thesis, Virginia Tech, 1994. 

M. S. Silverstein, A. Hiltner, and E. Baer, J. Appl. Polym. Sci., 43, 157 (1991). 

S. K. Garg and S. Kenig, in High Modulus Polymers, ed. A. E. Zachariades and R. S. 

Porter, Marcel Dekker, New York, 1988. 

Z. Tadmor, J. Appl. Polym. Sci., 18, 1753 (1974). 

J. P. de Souza, Ph. D. Thesis, Virginia Tech, 1994. 

S. S. Bafna, T. Sun, and D. G. Baird, Polymer, 34(4), 708 (1993). 

H. J. O'Donnell, Ph. D. Thesis, Virginia Tech, 1993. 

A. M. Sukhadia, A. Datta, and D. G. Baird, Int. Polym. Process., VI\(3) 218 (1992). 

Y. Ide and Z. Ophir, Polym. Eng. and Sci., 23(5), 261 (1983). 

S. Kenig, Polym. Eng. and Sci., 27(12), 887 (1987). 

T. S. Chung, J. Polym. Sci. Polym. Phys. Ed., 26, 1549 (1988). 

Hoechst-Celanese Product Literature. 

R. Luis, Personal Communication, March 1993. 

2.0 Literature Review 

98



83. 

84. 

85. 

86. 

87. 

88. 

89. 

91. 

92. 

93. 

94. 

95. 

96. 

97. 

98. 

99. 

100. 

101. 

D. J. Blundell, R. A. Chivers, A. D. Curson, J. C. Love, and W. A. MacDonald, 

Polymer, 29, 1459 (1988). 

W. J. Jackson, Jr. and H. F. Kuhfuss, J. Polym. Sei. Polym. Chem. Ed., 14, 2043 

(1976). 

A. E. Zachariades and J. A. Logan, Polym. Eng. and Sci., 23(15), 797 (1983). 

K. G. Blizzard and D. G. Baird, Int. Polym. Process., IV(3) 172 (1989). 

K. G. Blizzard, Ph.D. Thesis, Va. Tech. 1988. 

G. W. Farrell and J. F. Fellers, J. Polym. Eng., 6, 263 (1986). 

J. C. Halpin and J. L. Kardos, Polym. Eng. Sci., 16, 344 (1976). 

A. M. Shibley, in Handbook of Composites, ed. G. Lubin, Von Nostrand Reinhold 

Publishing Co., New York, 1982. 

F. N. Cogswell, B. P. Griffin, and J. B. Rose,U.S. Patent, 4,386, 174 (1983). 

F. N. Cogswell, B. P. Griffin, and J. B. Rose, U.S. Patent, 4,433,083 (1984). 

F. N. Cogswell, B. P. Griffin, and J. B. Rose, U.S. Patent, 4,438,236 (1984). 

M. L. Beecraft and A. B. Metzner, J. Rheol., 36(1), 143 (1992). 

J. P. De Souza, Ph. D. Thesis, Virginia Tech, 1994. 

D. Done, A. Sukhadia, A. Datta, and D. G. Baird, SPE Tech. Pap. (ANTEC 90), 36, 

1857 (1990). 

A. |. Isayev, U.S. Patent, 5,238,638 (1993). 

A. |. lsayev, Y. Holdengreber, R. Vismanathan, and S. Akhtar, SPE Tech. Pap. 

(ANTEC 92), 38, 2654 (199). 

D. Dutta, R. A. Weiss, and D. Kristal, SPE Tech. Pap. (ANTEC 92), 38, 224 (1992). 

S. Onogi and T. Asada, in Rheology Vol. |, ed. G. Astarita, G. Marrucci, and L. 

Nicolais, Plenum Press, New York, 1980. 

L. A. Utracki, Polymer Alloys and Blends: Thermodynamics and Rheology, Hanser 

Publishers, New York, 1989. 

102. M. Doi and T. Ohta, J. Chem. Phys., 95(2), 1242 (1991). 

2.0 Literature Review 

99



103. 

104. 

105. 

106. 

107. 

108. 

109. 

110. 

111. 

112. 

113. 

114. 

115. 

116. 

117. 

118. 

119. 

120. 

121. 

122. 

123. 

124. 

125. 

R. Juran, ed., Encyclopedia of Modern Plastics, McGraw-Hill, New York, 1991. 

Himont Product Literature. 

A. T. Mutel and M. R. Kamal, in Two -Phase Polymer Systems, ed. L. A. Utracki, 

Hanser Publishers, New York, 1991. 

L. Lorenzo, S. K. Ahujia, and H. Chang, SPE Tech. Pap. (ANTEC 87), 448 (1987). 

D. G. Baird, in Polymeric Liquid Crystals, ed. A. Blumstein, Plenum Press, New 

York, 1985. 

K. F. Wissbrun, J. of Rheol., 25(6), 619 (1981). 

T. Asada, H. Yanase, and S. Onogi, in Proc. IX Intl. Congress on Rheology, ed. by 

B. Mena, A.. Garcia-Rejon, and C. Rangel-Nafaite, 2, 109, Mexico, 1984. 

F. Cocchini, M. R. Nobile, and D. Acierno, J. of Aheol., 35(6), 1171, (1991). 

K. F. Wissbrun, G. Kiss, and F. N. Cogswell, Cham. Eng. Comm., 53, 149 (1987). 

G. Kiss and R. S. Porter, J. Polym. Sci. Polym. Symp., 65, 193 (1978). 

G. Kiss and R. S. Porter, J. Polym. Sci. Polym. Phys. Ed., 18, 361 (1980). 

A. D. Gotsis and D. G. Baird, Rheol. Acta, 25, 275 (1986). 

M. R. Mackley, Mol. Cryst. Lig. Cryst., 153, 249 (1987). 

G. G. Viola, D. G. Baird, and G. L. Wilkes, Polym. Eng. and Sci, 25(14), 888 (1985). 

F.N. Cogswell, Brit. Polym. J., 12, 170 (1980). 

K. F. Wissbrun and A. C. Griffin, J. Polym. Sci. Polym. Phys. Ed., 20, 1835 (1982). 

D. Done and D. G. Baird, Polym. Eng. and Sci., 27(11), 816 (1987). 

D. Done and D. G. Baird, Polym. Eng. and Sci., 30(16), 989 (1990). 

K. F. Wissbrun, Brit. Polym. J., 12, 163 (1980). 

S. Drappel, B. W. A. Yeung, P. R. Sundararajan, and A.. Rudin, J. Aheol., 37(1), 89 

(1993). 

Y. G. Lin and H. H. Winter, Macromolecules, 21, 2439 (1988). 

T. Sun and R. S. Porter, Polym. Commun., 31(2), 70 (1990). 

K. ltoyama, J. Polym. Sci. Polym. Phys. Ed., 26, 1845 (1988). 

2.0 Literature Review 

100



126. A. A. Handios, Ph. D. Thesis, Virginia Tech, 1994. 

2.0 Literature Review 

101



3.0 Injection Molding 

Preface 

This chapter is focused on the injection molding of microcomposites. It consists 

of a manuscript which will be submitted to International Polymer Processing tor 

subsequent publication. 
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3.0 Injection Molding Of Microcomposites Based On 

Polypropylene And Thermotropic' Liquid 

Crystalline Polymers 

3.1 Introduction 

In recent years there has been a great deal of emphasis placed on the 

development and production of high strength, light weight materials. Thermoplastic 

materials meet the requirement of light weight and are attractive for some applications, but 

their mechanical properties are not high enough to compete with metals in applications in 

the automotive and aerospace industries. The modulus and strength of thermoplastic 

materials are in the range of 1 to 3 GPa and 25 to 100 MPa, respectively [1]. Hence, most 

thermoplastics must be modified to enhance their properties. 

Since thermoplastics do not have the mechanical properties required for high 

Strength and stiffness applications, they are often reinforced with high strength and 

modulus glass and organic (such as aramid and carbon) fibers to enhance their properties. 

For example, by reinforcing polypropylene (PP) with 20 wt% glass fiber the strength and 

modulus increase from 28 MPa and 1.4 GPa for the neat material to 50 MPa and 3.6 GPa, 

respectively, for the composite system [2]. When thermoplastics are reinforced with short 

fibers, they can be processed by standard polymer processing operations, such as 

extrusion and injection molding. However, thermoplastics reinforced with short fibers are 

limited to loadings of 40 wt% and less, since above 40 wt% fiber their viscosity is too high 

for standard polymer processing operations, and it becomes difficult to disperse and wet 

out the fibers at high fiber concentrations (3). 

Although the mechanical properties of thermoplastics can be increased by the 

addition of short reinforcing fibers, there are some disadvantages associated with the use 

of these materials. For instance, upon the addition of short fibers, the viscosity of the 

system increases about 2 to 5 times that of the neat material. The increased system 
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viscosity makes the filling of intricate molds difficult [3,4]. Another problem encountered 

with short fiber reinforced thermoplastics is maintaining critical fiber length. According to 

the Tsai-Halpin equation which relates composite properties to the properties of the neat 

materials and the reinforcing fiber aspect ratio (length to diameter), an aspect ratio of 100 

is needed for the reintorcing fiber to achieve properties that follow the rule of mixtures (5). 

Repeated melt processing of glass reinforced PP has been reported to cause fiber length 

reduction of 8-15% with each pass through an extruder or injection molder (3,6]. This 

limits the recyciability of fiber reinforced thermoplastics. After a certain number of passes 

through high shear equipment the fiber length drops below the critical length, and 

optimum reinforcement is not possible. 

Other problems are encountered with short fiber reinforced thermoplastics. For 

example, because the reinforcing phase is solid and hard, wear of processing equipment 

can occur more quickly than would be seen with neat thermoplastics. This often causes 

problems long before the equipment would normally need to be replaced because of 

reduced equipment efficiency. Additionally, materials reinforced with short fibers often 

have poor surface finishes making the parts rough and unattractive [2,3]. 

Thermotropic liquid crystalline polymers (TLCPs) are polymeric materials with 

outstanding mechanical properties, as compared to most thermoplastic materials, that do 

not display the problems seen in short glass reinforced composites. TLCPs exhibit high 

strength and stiffness and can easily be melt processed. Their mechanical properties are 

dependent on the means by which they are processed [8-14]. In injection molding, 

TLCPs have been reported to have tensile strengths in the range of 200 to 400 MPa and 

tensile moduli in the range of 13 to 25 GPa [8-11]. TLCP fibers have been shown to have 

tensile moduli in the range of 50 to 100 GPa and tensile strengths ranging from 500 to 

650 MPa [12-14]. In addition, they have low coefficients of thermal expansion, low 

viscosity, high heat distortion temperature, and excellent barrier properties and solvent 

resistance [11,12]. 
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In spite of their outstanding mechanical properties, TLCPs are still limited in 

commercial use for two reasons. The first is that TLCPs show a high degree of mechanical 

anisotropy [8-11]. Because TLCPs are rigid molecules, they are easily oriented in the 

direction of an applied flow field. In injection molding and many extrusion processes the 

TLCP part can have properties in the machine direction from 2 to 10 times greater than 

the properties in the transverse direction [8-11]. Secondly, at present the price of a TLCP 

ranges from 10 to 22 $/lb [12], while most thermoplastic resins and glass filled 

thermoplastics cost anywhere from 1 to 8 $b [1,12]. The high price of TLCPs are the 

result of the expensive monomers required to make the materials and the small quantities 

of TLCPs that are currently produced. 

Many researchers have tried to take advantage of the outstanding properties of 

TLCPs and avoid the high cost associated with them by blending TLCPs with 

thermoplastics. When TLCPs are blended with thermoplastics in a process where an 

elongational flow field occurs, e.g. injection molding and fiber spinning, the TLCP phase 

will deform into molecularly oriented fibers that reinforce the thermoplastic matrix. 

Because the reinforcing fibers are generated during processing, these blends are often 

referred to as in situ composites. 

The addition of a TLCP to a thermoplastic has been shown to improve the 

mechanical properties of the thermoplastic. In injection molding, it has been found that 

the addition of a TLCP improves the tensile and flexural properties of the thermoplastic 

and reduces the elongation at break [2,7,15-18]. Upon addition of 10 wt% TLCP to 

polycarbonate (PC), Ilsayev and Modic [15] found that the modulus of the system more 

than doubles and the yield strength increased from 60 to 80 MPa. Similar increases in 

tensile properties were seen in polypropylene (PP) and Vectra B950, a TLCP based on 2- 

hydroxy-6-naphthoic acid (HNA), terephthalic acid (TA), and 4,4'-hydroxy acetanalide, 

blends containing 10 wt% maleic anhydride grafted PP (MAP) in the PP phase [2, 16]. 

With the addition of 20 wt% Vectra B the tensile modulus increased from 1.4 GPa to 3.2 
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GPa [2]. At 30 wt% Vectra B the modulus of the blend was 4.15 GPa [16]. The modulus 

of the PP/20 wt% Vectra B blend was similar to that of 3.66 GPa found for 20 wt% glass 

reinforced PP. The tensile strength, however, only increased to 36 MPa with the addition 

of 20 wt% Vectra B, as compared to 50 MPa with the addition of 20 wt% glass fiber [2]. 

In addition to preparation by injection molding, in situ composites have been 

formed by fiber spinning and strand extrusion followed by drawing. Some authors [19,20] 

have found that the properties of the strands and fibers at high draw ratios follow the rule 

of mixtures for continuous fiber reinforcement, despite the fact that continuous fibers are 

not present. In general, it has been found that the properties of in situ composite fibers 

and drawn strands are higher than those of injection molded in situ composites at the 

same weight percent reinforcement [19,21,22]. This is a result of the drawing step that 

occurs in fiber spinning and strand extrusion. Studies on droplet deformation and break 

up, which is the mechanism by which the fibrillar morphology is developed, have shown 

that the deformation of a droplet is more difficult in shear flow fields [23,24]. in injection 

molding most of the fibrillar reinforcement of the thermoplastic is in the skin of the part 

because of a combination of high shear and elongational stresses that occur at the 

advancing front. However, the core of the part contains primarily undeformed droplets 

that are a result of low shear stresses occurring in the interior of the mold [7,15,18,25]. A 

skin-core morphology can also be seen when an in situ composite is extruded through a 

capillary die [17,19,21,26-28]. However, in fiber spinning and strand extrusion the 

filament is drawn after it exits the die. This drawing improves the TLCP orientation within 

the fibrils and reduces the percentage of undeformed droplets in the core [21,28]. 

Therefore, the reinforcing properties of the TLCP are better utilized in fibers and strands. 

An unique mixing method that produces high strength and stiffness in situ 

composite strands has recently been patented by Baird and Sukhadia [29]. Their mixing 

process uses separate extruders to plasticate the TLCP and the matrix. The two melt 

streams come together at a 'T' joint and are combined in a static mixer. This mixing 
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process, called the dual extruder mixing method, allows materials with different 

processing temperature ranges to be blended by taking advantage of the supercooling 

behavior of the TLCP. This system also produces in situ composite strands with 

continuous TLCP fibers and no skin-core morphology. When the TLCP and the 

thermopiastic are blended in the same extruder and formed through a capillary die, a skin- 

core morphology is seen in the strand [17,19,21,26-28}. Using the dual extruder 

process, Sukhadia [30] produced strands of polyethylene terephthlate (PET) with Vectra 

A950, a TLCP composed of 73 mole% hydroxybenzoic acid (HBA) and 27 mole% HNA. 

The tensile properties of PET/Vectra A strands made by this method were higher than 

those of PET/Vectra A strands made by single screw extrusion at similar draw ratios. This 

improvement in properties was believed to be the result of a more uniform fibrillar 

morphology in the strands produced with the dual extruder mixing system. 

Although not all TLCP/thermoplastic blends exhibit properties as high as short 

fiber reinforced systems, TLCP/thermoplastic blends do have several clear advantages 

over short fiber reinforced systems. For instance, the addition of small amounts of a TLCP 

to a thermoplastic has been patented by Cogswell et al. [31-33] as a processing aid, i.e. 

the viscosity of the matrix can be reduced. Additionally, most TLCP/Ahermoplastic blends 

have smooth surface finishes, unlike glass filled systems [3,7]. Another advantage is that 

because the reinforcing fiber is made during processing, fiber breakup during processing 

is minimized [7]. This allows for the possibility of numerous recycling steps making 

TLCP/thermoplastic blends more recyclable than glass fiber reinforced composites. 

Finally, TLCPAhermoplastic blends can be formed in operations like thermoforming and 

blow molding [34,35]. Glass filled systems often do not have enough melt strength for 

forming, and they tear at the corners of the mold. Additionally, the properties of the 

TLCPAhermoplastic blend can often be improved through the subsequent stretching in 

the forming operation [34]. 
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The mechanical anisotropy seen in in situ composites is greater than the 

mechanical anisotropy seen in glass reinforced composites [2,15,16,18,19,36.37]. It has 

been determined that this anisotropy is caused by fibrils being generated only in the 

direction of the elongational flow field developed at the advancing front. For example, the 

degree of anisotropy (ratio of machine to transverse direction properties) for glass 

reinforced thermoplastics ranges from about 1.1 to 1.7 due to the more random 

orientation of the reinforcing fibers in one plane [2,3,36]. However, the degree of 

anisotropy in an in situ composite is much higher. For example, in a study by Bafna et al. 

[36], the anisotropy of blends of HX1000 and HX4000, TLCPs based on hydroquinone 

and t-butylhydroquinone and other proprietary monomers, with PE] was evaluated. The 

degree of anisotropy of the in situ composites was seen to increase from about 3 to 4.5 as 

TLCP composition increased from 25 to 75 wt% TLCP. Similar results have been 

reported in other studies [2,15,16,18,19,37]. 

Processing techniques such as film blowing and blow molding have been 

attempted in order to overcome the anisotropy found in TLCPs [38-41]. One similar study 

was performed with TLCP/thermoplastic blends. Done et al. [35] attempted to extrusion 

blow mold blends of PP with three thermotropic copolyesters. Some improvement in 

tensile properties was seen in bottles made with 20 wt% of the lowest melting 

temperature TLCP, a blend of 60 mole% HBA/poly(ethylene terephthlate) (PET) and 80 

mole% HBA/PET. However, the degree of anisotropy of the in situ composite bottles was 

still greater than that of neat PP bottles, and the in situ composite bottle properties were 

lower than the properties of this blend as produced by injection molding. The authors 

believed that the extensional strain was not high enough to orient the TLCP fibrils in the 

transverse direction. 

Several authors [19,30,42-46] have studied the compression molding of drawn in 

situ composite strands, fibers and films as a means of producing composites with 

outstanding mechanical properties and reduced anisotropy. It is has been shown that by 
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using films, strands, and fibers containing high modulus TLCP fibrillar reinforcement in 

compression molding in situ composite properties can be maintained. In addition, the 

resulting compression molded part is less anisotropic because the in situ composites can 

be laid up such that the fibrils are oriented in different directions during the consolidation 

step. This provides a means of producing composites based on thermoplastics and 

TLCPs with more balanced properties. For example, Crevecouer [19] compression 

molded 4 ply stacks of films using a of blend of 60 wt% poly-2,6-dimethyl-1,4-phenylene 

ether (PPE) and 40 wt% polystyrene (PS) as the matrix and 50 wt% Vectra B950 as the 

reinforcing phase in a +45°/-45° lay-up configuration. The machine and transverse 

direction moduli of the films were about 4 GPa and 1.5 GPa, respectively. The laminates 

produced with these films had moduli in both the +45°/-45° directions of about 2.5 GPa. 

Another study by Sabol et al. [47] showed that high strength and stiffness composites 

produced by compression molding in situ composite strands in a random lay-up 

configuration had isotropic mechanical properties. In addition, it was shown that the 

tensile and flexural properties of the composite were dependent on the length of the 

strands used in compression molding. For example, with PP/29 wt% HX1000 composites 

the tensile modulus of plaques made with strands having a draw ratio of 26.8 was seen to 

increase from 2.95 GPa to 4.55 GPa as the strand length increased from 10 to 20 mm. 

In addition to compression molding in situ composite strands and sheets to 

reduce mechanical anisotropy, Baird and coworkers [47-49] have attempted to process 

pelletized in situ composite strands, or microcomposites, in injection molding and 

extrusion at temperatures below the melting temperature of the TLCP. In a study on the 

processing of microcomposites, Saboi et al. [47] attempted to produce TLCP reinforced 

composites by injection molding microcomposites at temperatures below the melting 

temperature of the TLCP. With PP/30 wt% Vectra B, the composites injection molded 

with a third zone barrel temperature of 250°C, about 35°C lower than the melting 

temperature of Vectra B, showed a better balance between the machine and transverse 
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direction properties as compared to an in situ composite. However, this improvement in 

the balance of machine and transverse direction properties was the result of a 35% 

reduction in the machine direction properties rather than an improvement in the 

transverse direction properties. This reduction in machine direction properties was 

believed to be the result of the loss of the fibrillar TLCP structure by breakage and 

agglomeration in the screw of the injection molding unit. 

The study by Sabol et al. [47] leaves a number of questions that still need to be 

answered about the processing and use of microcomposites. First, is it possible to 

process microcomposites by means of injection molding such that the properties and 

structure of the pregenerated TLCP fibers are maintained? Second, if the TLCP fibers 

are maintained through the injection molding process, can a better balance of machine 

and transverse direction properties be achieved without a significant reduction in machine 

direction properties? Third, how do the properties of the microcomposites processed by 

means of injection molding compare to the properties of glass reinforced composites and 

the theoretical predictions of composite theory? Finally, does the addition of MAP 

improve the adhesion between the PP and the TLCP phases in the injection molded 

composites? 

The primary objective of this work is to determine whether the TLCP fibrils 

present in the microcomposites can be maintained during the injection molding process 

and if the injection molded microcomposites exhibit a better balance between the 

machine and transverse direction properties. Furthermore, the effect of in situ composite 

strand properties, from which the microcomposites are generated, on the properties of 

the injection molded composites is evaluated. As a point of reference, the moduli of the 

injection molded composites are compared to the theoretical limits provided by the 

predictions of composite theory. In the same light, the properties of the injection molded 

microcomposites are compared to those of glass fiber reinforced composites. Finally, the 
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effect of maleic anhydride grafted PP (MAP) on the mechanical properties of the injection 

moided microcomposites is determined. 

3.2 Experimental 

The experimental section of this paper is broken up into five parts. In the first 

section the materials used to produce the microcomposites are discussed. The second 

section is concerned with the production of the in situ composite strands. The third 

section describes the injection molding of the microcomposites. Finally, the last three 

sections describe the mechanical testing methods, the scanning electron microscopy, 

and the dynamic mechanical testing. 

3.2.1 Materials 

For this work two polypropylene (PP) matrices were used. They included Profax 

6523 and Profax 6823 produced by Himont. Profax 6523 was chosen because it is an 

injection molding grade polypropylene with a melt flow index of 4 and weight average 

molecular weight of 470,000 with a polydispersity index of 5. Profax 6823 was chosen 

because it is a high melt strength polypropylene with a melt flow index of 0.8 and a weight 

average molecular weight of 600,000 with a polydispersity index of 5 [16]. The 20 wt% 

glass filled PP (PFO72-2) used was purchased from Himont. 

The in situ composite strands were produced with 0, 10, 30, and 50 wt% maleic 

anhydride grafted polypropylene (MAP) in the PP phase. The MAP used in these 

experiments was Polybond 3150 which has a melt flow index of 50 and a maleic anhydride 

concentration of 0.75 wt% and was supplied by the Uniroyal Chemical Company [50,51]. 

Two thermotropic copolyesters were chosen as the reinforcing phase in this 

work. The first TLCP used was Vectra A950 made by Hoechst-Celanese. Vectra A950 is 

a random copolyester of 73 mole% hydroxybenzoic acid (HBA) and 27 mole% 2-hydroxy- 
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6-naphthoic acid (HNA). Vectra A has a melting temperature of 283°C and a 

recommended processing temperature of 295°C [50]. The second LCP used was a 

TLCP supplied by DuPont, designated HX6000. HX6000 is a TLCP based on 

hydroquinone, terephthalic acid, and other hydroquinone derivatives [52]. The melting 

temperature of HX6000 is about 320°C [49], and HX6000 has a recommended 

processing temperature of 340°C [52]. 

3.2.2 Strand Extrusion 

The in situ composite strands were produced at a TLCP concentration of 40 wt% 

using the dual extruder mixing system developed in our laboratory [29,30,53]. A 

schematic of this system is shown elsewhere [53]. Separate single screw extruders (two 

Killion model KL-100 extruders as described above) were used to plasticate the TLCP 

and the PP. The two melt streams were brought together in a phase distribution system 

that injects the TLCP as 12 streams into the PP stream [53]. A more detailed description 

of the phase distribution system is provided elsewhere [53]. The PP and Vectra A melt 

streams were combined in a Kenics static mixer containing eighteen 1.27 cm diameter 

helical static mixer elements. in the case of the PP/HX6000 strands eighteen Kenics 

static mixer elements did not provide sufficient distribution of the HX6000 phase in the 

PP matrix. Therefore, to provide adequate distribution, the PP and HX6000 melt streams 

were combined in a static mixer containing three 1.27 cm diameter Kenics and eight 2.54 

cm diameter Koch static mixer elements. The melt temperature in the metering zone of 

the extruder used to plasticate the TLCP was maintained at 325°C for the Vectra A strands 

and 345°C for the HX6000 strands. The melt temperature in the metering zone of the 

extruder used to plasticate the PP was maintained at 270°C for blending with both TLCPs. 

The pressure in the extruder used to plasticate the TLCP was maintained between 
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17,237 and 24,132 kPa to insure a continuous flow rate to the Zenith 1.725 cc/rev 

metering pump that was used to deliver a known mass flow rate of TLCP to the distribution 

head. The pressure in the extruder used to plasticate the PP was maintained at 

approximately 13,790 kPa. The die used to extrude the strands was a 0.3175 cm capillary 

with an L/D of 1. The strands were quenched in a water bath and taken up in variable 

speed nip rollers. Strands of three draw down ratios (approximately 5, 15, and 25) were 

produced for both TLCP systems. These draw ratios provided strands with diameters 

ranging from 0.0254 to 0.127 cm. 

The TLCP concentration in the in situ composite strands was determined in three 

ways. The first was by monitoring the rate of disappearance of a known mass of material 

from the hoppers of each extruder to determine the PP and TLCP mass flow rate and 

monitoring the total mass flow rate from the system. The second was to use a metering 

pump in conjunction with the extruder used to plasticate the TLCP to provide a known 

mass flow rate of TLCP to the distribution head and better control of the TLCP flow rate 

into the system. The third method used to determine the strand composition was a 

controlled burn off test. A known weight of in situ composite strand was placed in an oven 

at 290°C for 2 hours to allow the PP phase to burn off. The three methods used to 

determine strand composition showed agreement within + 5%. 

3.2.3 Injection Molding 

Injection molding of the microcomposites was carried out in an Arburg Allrounder 

221-55-250 injection molding machine using an end-gated plaque mold with the 

dimensions 75 x 80 x 1.5mm. The mold temperature was about 25°C for all the injection 

molding experiments. The injection molding experiments were performed with the 

pelletized drawn strands, or microcomposites, described above. The 40 wt% TLCP 

microcomposites were diluted to 10, 20, and 30 wt% TLCP by dry blending the 

composite pellets with the appropriate quantity of Profax 6523 containing various levels 
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of MAP prior to injection molding. The Profax 6523 was chosen for dilution because its 

viscosity is lower than that of the Profax 6823. This allowed the injection molding to be 

performed with a lower third zone barrel temperature than would have been required for 

Profax 6823. PP/Vectra A composites were produced with third zone barrel 

temperatures of 190, 200, 250, 270 and 280°C. The PP/HX6000 microcomposites were 

injection molded with third zone barrel temperatures of 200, 250, and 280°C. 

3.2.4 Mechanical Testing 

Mechanical properties were determined in an Instron model 4204 mechanical 

testing apparatus. Plaques were cut into seven strips 1 cm wide and tested in tension 

with a strain gage (Instron model 2630-25). Both machine and transverse direction 

properties were evaluated for the injection molded microcomposites. To test PP/Vectra A 

in situ composite strands an initial gage length of 14 cm was used. Because the strands 

had diameters in the range of 0.0254 - 0.127 cm (due to the various draw ratios), the strain 

gage could not be securely fixed to the strand. Therefore, no strain gage was used in the 

testing of the strands. The PP/HX6000 strands were much more brittle than the 

PP/Vectra A strands and could not be tested as single filaments. Therefore, the 

mechanical properties of the PP/HX6000 strands were tested by first producing an 

uniaxially oriented compression molded plaque with a picture frame mold of dimensions 

7.62 x 7.62 cm. The compression molding was carried out at 180°C. These plaques were 

tested as described above. A crosshead speed of 1.27 mm/min. was used in all tensile 

tests. 

3.2.5 Dynamic Mechanical Testing 

The dynamic mechanical testing was performed on a Rheometrics Mechanical 

Spectrometer (RMS800). Plaques of HX6000 and Vectra A were cut into strips with 

dimensions of 5 x 1 x 0.15 cm for testing. The tests were carried out at a strain of 0.05% 
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and a frequency of 10 rad/s. The tests were stopped when the sample became to soft to 

maintain tension in the sample. 

3.2.6 Scanning Electron and Optical Microscopy 

To determine the size and shape of the TLCP phase in the strands and the 

injection molded composites, samples were examined by electron and optical 

microscopy. For scanning electron microscopy, the composites were fractured 

cryogenically and sputtered with gold for observation in a Cambridge Stereoscan S200 

electron microscope. The optical microscopy was performed on a Zeiss polarized light 

microscope. 

3.3 Results and Discussion 

The results and discussion section of this paper is organized as follows. To 

provide a basis for later discussion of injection molded composite properties, the first 

section is concerned with the properties and morphology of the in situ composite strands 

used to produce the microcomposites. In the next section, the effect of processing 

temperature on the properties and morphology of HX6000 and Vectra A composites is 

discussed. Additionally, this section is concerned with the effect of TLCP composition 

and the modulus of the in situ composite strands on the properties of the injection 

molded composites. Finally, in this section the moduli of the injection molded composites 

are compared to the predictions of composite theory. The third section of this paper is 

concerned with the effect of MAP concentration on the tensile properties of the TLCP 

reinforced composites. Finally, in the last section, a comparison of the properties of the 

HX6000 and Vectra A composites to the properties of glass reinforced PP is made. 
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3.3.1 In Situ Composite Strand Properties 

This section is concerned with the effect of draw ratio on the modulus of the in 

situ composite strands used to produce the microcomposites. In addition, the TLCP fibril 

size and distribution in the in situ composite strand are determined. 

In Table 3.1 the moduli as a function of draw ratio of the PP/40 wt% Vectra A and 

40 wt% HX6000 strands are presented. The modulus of the PP/HX6000 strands starts at 

11.4 GPa at a draw ratio of 4 and is seen to increase to 18.1 GPa at a draw ratio of 25. The 

modulus of the Vectra A strands is lower than that of the HX6000 strands even though 

the draw ratios for the Vectra A strands are slightly higher. The modulus of the Vectra A 

strands increases from 7.13 GPa at a draw ratio of 4.7 to 16.34 GPa at a draw ratio of 30. 

The tensile strength of the in situ composite strands is not reported because most of the 

samples broke at the grips during testing. 

In order to determine if the in situ composite strand properties are reaching the 

optimum level of reinforcement, the modulus of the strands is compared to the 

predictions of composite theory which reduces to the rule of mixtures for fiber aspect 

ratios greater than 100. The rule of mixtures is Ec =o E¢ +¢mEm where Ec, Ex, and Em are 

the composite, fiber, and matrix moduli, respectively, and 9; and om are the volume 

fractions of fiber and matrix, respectively [5]. At draw ratios of 25 and 30 the moduli of the 

neat HX6000 and Vectra A strands are 35 and 40 GPa, respectively [48]. By calculating 

the modulus of the TLCPs necessary to achieve the in situ composite moduli provided in 

Table 3.1 with the rule of mixtures, it was found that the Vectra A would have a modulus of 

about 45 GPa and the HX6000 would have a modulus of about 50 GPa. Therefore, at 

these draw ratios the strands have better moduli than predicted by composite theory 

using the neat TLCP strand moduli. In other words, the modulus of the TLCP in the 

composite strands is higher than what could be generated in the neat TLCPs. 

In addition to knowing the properties of the in situ composite strands, it is 

necessary to determine whether the in situ composite strands contain TLCP fibrils and to 
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Table 3.1 Effect of draw ratio on the tensile modulus of PP(10 wt% MAP)/40 wt% 

Vectra A and PP(10 wt% MAP)/40 wt% HX6000 in situ composite strands. 

PP/40% Vectra A PP/40% HX6000 

Draw Ratio Modulus Draw Ratio Modulus 

GPa GPa 

4.7 7.13 4 11.4 
(0.59) (1.05) (0.34) (1.55) 

20 13.4 13.5 14.6 

(2.99) (1.72) (1.31) (1.69) 
30 16.34 25 18.1 

(2.49) (2.04) (1.93) (1.45)     
standard deviations provided in parentheses. 
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determine an approximate TLCP fibril diameter prior to their use in processing 

microcomposites. In Figure 3.1 scanning electron micrographs of the cross sectional area 

of a PP/40 wt% HX6000 strand are shown. From these micrographs, it can be seen that a 

fibrillar morphology is present throughout the cross section of the strand, i.e. no skin-core 

morphology is present. In addition, the TLCP fibrils have diameters in the range of 1-5 

pm. This range of fibril diameter is also seen in the PP/40 wt% Vectra A strands having a 

draw ratio of 30 (not shown here). This means that to provide optimum reintorcement a 

fiber length of .1 to .56 mm is needed. Although it is not shown in these micrographs, it 

has been shown that fibril diameter is dependent on draw ratio [53]. The range of values 

for the fibril diameter provided here apply only to the microcomposites produced with 

strands having a draw ratio of 25 or 30. 

3.3.2 Injection Molding of Microcomposites 

In this section the properties of injection molded microcomposites containing 10 

wt% MAP in the PP phase are considered. The effect of injection molding barrel 

temperature, TLCP composition, and initial strand draw ratio is investigated. Additionally, 

the moduli of the TLCP reinforced composites are compared to the predictions of 

composite theory to determine if the TLCPs are providing their full reinforcing potential. 

In order to determine at what temperature the microcomposites should be 

processed to provide the best properties and to maintain of the TLCP fibrils, they were 

injection molded into a room temperature mold using several different third zone barrel 

temperatures. In Figure 3.2 the tensile modulus and strength of the PP/30 wt% Vectra A 

composites as a function of injection molding barrel temperature are presented. In this 

figure the properties of the composites made with the PP/Vectra A microcomposites in 

which the strands had a draw ratio of 30 are shown. The low temperature of 190°C was 

used because the composites were not easily processed in the injection molder at 

temperatures lower than 190°C. The best balance of machine and transverse direction 
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Figure 3.1. Scanning electron micrographs of the cross section of a PP(10 wt% 

MAP)/40 wt% HX6000 strand with a draw ratio of 25: (top) overall cross 
section (bottom) core of the strand. 
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Figure 3.2. Tensile modulus and strength as a function of third zone barrel temperature 
for injection molded PP(10 wt% MAP)/30 wt% Vectra A composites made 
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properties is seen in the microcomposites processed at 190°C. The machine direction 

strength and modulus of the composites injection molded at temperatures increasing 

from 250 to 280°C increase from 30.4 to 40 MPa and 2.8 to 3.9 GPa, respectively. The 

transverse direction strength and modulus are essentially the same for all three draw ratios 

at values of about 15 MPa for strength and 1.5 GPa for modulus at a barrel temperatures 

above 250°C. Therefore, an increase in the degree of anisotropy is seen with increasing 

barrel temperature. The tensile properties of the Vectra A composites injection molded 

trom microcomposites at 280°C were similar to the values reported by O'Donnell and Baird 

[50] for PP(10% MAP)/30 wt% Vectra A in situ composites, which were 3.34 GPa, 35.6 

MPa, and 1.51% for modulus, strength, and elongation at yield, respectively. Hence, it 

appears that at the higher barrel temperatures in situ composites are being formed. 

To determine why the mechanical properties were sensitive to barrel 

temperature, the Vectra A composites produced at 190, 250, and 280°C were examined 

by means of scanning electron microscopy. As shown in Fig. 3.3, at 190°C the injection 

molded composites contain Vectra A fibers, while at 250°C the Vectra A phase is present 

in the form of large undeformed agglomerates. At 280°C, the Vectra A phase in the core 

of the composite is similar to that seen in an in situ composite based on PP and Vectra A 

where the Vectra A is showing signs of elongating into fibrils [51]. This would indicate that 

at temperatures above 250°C the Vectra A phase is deforming and the fibrillar morphology 

found in the PP/Vectra A strands is not being maintained. 

Only at a third zone barrel temperature of 190°C did the properties of the injection 

molded composites reflect the properties of the in situ composite strands. In Figure 3.4 

the tensile strength and modulus are plotted against the draw ratio of the in situ 

composite strand, which has been shown to correspond to the modulus of the strand. 

The 20 wt% Vectra A composites produced at a barrel temperature of 200°C show 

reduced anisotropy but no dependence of composite modulus on strand draw ratio [49]. 

For the composites injection molded at 190°C, the machine direction modulus increases 
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Figure 3.3 Scanning electron micrographs of injection molded PP(10 wt% MAP)/30 

wt% Vectra A composites made with strands having an initial draw ratio of 
30: third zone barrel temperature (a) 190°C; (b) 250°C; and (c) 280°C. 
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Figure 3.4 Tensile modulus and strength as a function of initial strand draw ratio for 
PP(10 wit% MAP)/30 wt% Vectra A composites made at a third zone barrel 
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from 2.59 to 3.18 GPa as the initial strand draw ratio increases from 4.7 to 30. The 

transverse direction modulus increases from 2.27 to 2.47 GPa with the same change in 

draw ratio. The tensile strength in the machine and transverse directions also show a 

trend of increasing strength with increasing initial draw ratio. The machine direction 

strength is seen to improve from a value of 36.9 MPa to 43.5 MPa as the strand draw ratio 

increases from 4.7 to 30. The same increase in initial strand draw ratio is seen to cause an 

increase in transverse direction strength from 18.7 to 23.1 MPa. However, according to 

the error bars representing the standard deviations the differences in tensile strength 

with draw ratio are not statistically significant. 

The effect of temperature on the mechanical properties of PP/HX6000 

composites was also studied. The modulus and strength of the HX6000 composites 

decrease with increasing temperature as shown in Fig. 3.5. Ata third zone temperature of 

200°C the modulus is almost 2 times that of the composite produced at 280°C. The 

machine direction tensile strength decreases from about 35 MPa to 25 MPa as the barrel 

temperature increases from 200 to 280°C. Although not shown here, it was found that 

when the microcomposites were processed with a third zone barrel temperature of 280°C 

the morphology of the HX6000 composite was similar to the Vectra A composite at 250°C, 

i.e. the fibrillar structure was destroyed. Because the melting temperature of the HX6000 

is about 40° C higher than that of Vectra A, it is unlikely that in situ composite properties 

will be seen until a barrel temperature of at least 320°C is used. 

in Figure 3.6 the modulus and strength of the PP/30 wt% HX6000 composites 

are shown as a function of strand draw ratio, which corresponds to strand modulus. The 

modulus is seen to increase from 3.20 to 3.98 GPa in the machine direction and 2.46 to 

2.91 GPa in the transverse direction as the draw ratio is increased from 4 to 25. The 

tensile strength also increases from 35.0 to 38.4 MPa in the machine direction and 18.7 

to 19.9 MPa in the transverse direction as the draw ratio increases from 4 to 25. However, 
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strength of PP(10 wt% MAP)/20 wt% HX6000 composites made with 
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according to the error bars the differences seen in tensile strength as strand draw ratio 

increases are not statistically significant. 

Because of the sensitivity of the injection molded composite properties to barrel 

temperature, it would be desirable to have a means of determining a priori what injection 

molding temperatures to use to maintain the fibrillar TLCP structure. For this reason the 

dynamic shear modulus of HX6000 and Vectra A as a function of temperature was 

evaluated. As shown in Fig. 3.7 in the case of Vectra A, the dynamic modulus begins 

dropping at about 220°C, indicating the TLCP is softening. With HX6000 the dynamic 

modulus begins to drop with temperature at about 260°C. Although these softening 

temperatures correspond well to the loss of the TLCP fibrils during the processing of the 

microcomposites, they do not indicate where the microcomposites should be processed 

in order to maintain the TLCP fibrils. 

Next the effect of TLCP composition on injection molded composite properties 

was evaluated. In Figure 3.8 the tensile modulus and strength of the Vectra A 

composites injection molded at a barrel temperature of 190°C from pelletized strands 

having a draw ratio of 30 as a function of TLCP composition are shown. (Note: the 

properties of the TLCP reinforced composites are evaluated as a function of weight 

percent rather than volume fraction because weight is the basis on which polymers are 

sold.) The machine direction modulus is observed to increase with increasing strand draw 

ratio at all three Vectra A compositions in both the machine and transverse direction. As 

seen in Fig. 3.8, the machine direction modulus and strength increase from about 2 GPa 

and 31.8 MPa to 3 GPa and 40 MPa, respectively, as TLCP composition is increased from 

10 to 30 wt%. With in situ composites the transverse direction properties have been 

shown to remain level regardless of the TLCP composition [15,16,18,20,36,37]. 

However, the transverse direction modulus of the PP/Vectra A composites shows an 

increase of 1.7 to 2.4 GPa with increasing composition. The TLCP reinforced composites 

show some anisotropy but the degree of anisotropy is less than that seen in in situ 
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composites [15,16,18,20,36,37]. It should also be pointed out that these materials are 

showing a high elongational at yield in the machine direction as compared to in situ 

composites, which is less than 2%, ranging from 4.5 to 6%. The elongation at yield is 

slightly lower (2 to 4.5%) in the transverse direction, and the elongation at yield for both 

machine and transverse direction decreases with increasing TLCP composition. 

The effect of TLCP composition on the properties of PP/HX6000 composites 

was also determined. In this case injection molding was performed at a third zone barrel 

temperature of 200°C. The same trends in modulus versus initial strand draw ratio were 

seen in these data at all TLCP compositions [49]. As shown in Fig. 3.9, the expected 

trends in tensile properties versus HX6000 composition are also seen. It is important to 

note that the tensile moduli of the PP/HX6000 composites are higher than the tensile 

moduli of the PP/Vectra A composites at all compositions. For example, the modulus of 

the 20 wt% HX6000 composite made with the highest draw ratio is 3.23 GPa while the 20 

wt% Vectra A composite modulus is only 2.31 GPa. From the dynamic mechanical data 

shown in Figure 3.7, it can be seen that even at 190°C the Vectra A is closer to a 

temperature where deformation can occur during injection molding than HX6000 is. It is 

possible that the lower modulus Vectra A is more deformable during injection molding at 

190°C and may also be losing orientation. This may be the cause for the difference in 

tensile properties of the injection molded composites. The tensile strength of the 

PP/HX6000 composites is slightly lower than the PP/Vectra A composites at all TLCP 

compositions (38.4 MPa for the 30 wt% HX6000 composite made with the high draw ratio 

strands versus 43.5 for the corresponding Vectra A composite). The elongation at yield 

of these composites is higher than that of in situ composites, ranging from 4 to 6% in the 

machine direction and 2.5 to 5.5% in the transverse direction. 

In all the figures presented, the standard deviations around the mean values 

calculated for modulus and strength for all the composites tested are also shown. From 

these figures, it can be seen that the error bars representing the standard deviation show 
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Figure 3.9 Tensile modulus and strength as a function of weight percent HX6000 for 
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that the values of modulus and strength are overlapping. For example, the machine 

direction moduli of the PP/30 wt% Vectra A composites at initial strand draw ratios of 4.7 

and 20 were 2.59 and 2.79 GPa with standard deviations of 0.21 and 0.30, respectively. 

Assuming a normal distribution of the data, about 70% of the values fall within + 1 

standard deviation of the mean while 95% of the values averaged fall within + 2 standard 

deviations from the mean. For the two cases mentioned above, the ranges of values 

within one standard deviation were 2.38 and 2.80 GPa (D; = 4.7) and 2.49 and 3.09 GPa 

(D; = 20). The lower range of the modulus for the composites made with strands having a 

draw ratio of 15 falls in the upper range of modulus for the composites made with strands 

having a draw ratio of 4.7. Therefore, these values are not as different as it would seem 

from the mean values alone. However, the authors argue that a legitimate trend is 

occurring between the modulus of the composite and the initial strand draw ratio for the 

following two reasons: 1) this trend is seen in both the machine and transverse direction 

moduli at all compositions in both the Vectra A and HX6000 composites; and 2) in almost 

all cases the mean value of the modulus for the composites made with the strands having 

the lowest draw ratio (about 4) and the composites made with the strands having the 

highest draw ratio (25 and 30) for both Vectra A and HX6000 have ranges of modulus that 

do not overlap within 1 to 2 standard deviations making these values more independent 

of each other. This shows that initial strand modulus affects the TLCP reinforced 

composite modulus. Additionally, there are cases, such as the PP/30 wt% HX6000 

composites, where the ranges of moduli do not overlap within 1 standard deviation. 

However, taking into account the standard deviations of the tensile strength the authors 

can not argue that any dependence of tensile strength on initial strand draw ratio is seen. 

Before comparing the moduli of the TLCP reinforced composites to the 

predictions of composite theory, the tensile properties of these composites are 

compared to those of neat PP. PP has a machine and transverse direction modulus of 

1.12 and 1.00 GPa, respectively. By adding 10 wt% of either TLCP the modulus of the 
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PP is improved. At 10 wt% HX6000 the modulus is nearly doubled in both directions over 

that of PP with all strand draw ratios used. At 10 wt% Vectra A the modulus of the PP is 

improved at all three strand draw ratios, but the modulus of the composite is double that of 

the PP modulus only in the composite made with strands having a draw ratio of 30. The 

tensile strength of PP is 28.6 and 25.6 MPa in the machine and transverse directions, 

respectively. In composites made with both TLCPs, no significant improvement in 

strength occurs until a level of 20 wt% TLCP is reached. At 20 wt% TLCP the strength in 

the machine and transverse directions for composites of both TLCPs is about 35 and 20 

GPa, respectively. This is an improvement of 53 % in the machine direction strength and 

a reduction of 40 % in the transverse direction strength. The elongation at yield of neat 

PP is greater than 10 % in both the machine and transverse directions. For both TLCP 

reinforced composites the elongation at yield ranges from 3.5 to 6.5 % in both directions. 

This decrease in elongation at yield is not as severe as that seen in glass reinforced PP 

and in situ composites based on PP and TLCPs [2,16,50,54]. 

A composite theory for composites containing reinforcing fibers randomly 

oriented in one plane provided a means of calculating a theoretical value for TLCP 

reinforced composite modulus. This theoretical value of the modulus of the composite 

was used to determine whether the TLCP fibers were reaching their full reinforcing 

potential. The equations used to provide the theoretical modulus are: 

random =3E 11 + 2E20 (3.1) 

Ey, = tee, (3.2) 
1-nLV¢ 

Eoo -1+2nMig (3.3) 

1-mTVf 

= Abfiem*" § mM 4 "IL (Eve é) m (3.4) 

TT (EvEm +2) 
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where Erandom is the modulus of the composite containing fibers randomly oriented in 

one plane, E14 and Ego are the moduli of a uniaxial composite along and perpendicular to 

the fiber direction, respectively, V+ is the volume fraction of fiber, and ¢ is the aspect ratio 

of the reinforcing fiber [55]. In Table 3.2 the moduli of the TLCP reinforced composites 

measured along the machine direction are tabulated with the modulus calculated using 

the composite theory. The modulus used for the fiber in the composite theory 

calculations was the one calculated using the rule of mixtures for the in situ composite 

strands, as discussed in a previous section. Additionally, an aspect ratio of 100 was 

assumed for the reinforcing fiber. The volume percent of the matrix and fibers was used 

in the calculations, but for consistency the values are presented in terms of weight 

percent. The best agreement between the calculated value of modulus and the actual 

modulus is seen in the 10 wt% composites of both TLCPs. The moduli of the Vectra A 

composites at 10 wt% are slightly lower than the calculated values (calculated to be in the 

range of 1.53 to 2.21 GPa versus actual values of 1.47 to 2.11 GPa) while the moduli of 

the 10 wt% HX6000 composites are slightly higher with calculated values ranging from 

1.42 to 2.25 GPa and the actual values ranging from 2.06 to 2.45 GPa. As the TLCP 

concentration is increased to 20 and 30 wt% the actual moduli of the composites deviate 

further from the calculated values. It is important to note that in the samples made with 

strands having the middle (15 or 13.5) and high (25 or 30) draw ratios containing 20 and 

30 wt% TLCP the percent difference between the calculated values and the actual moduli 

found is greater for the Vectra A composites than for the HX6000 composites. 

One possible explanation for the negative deviation of the composite properties 

from the predictions of composite theory is that the TLCP fibers did not have an aspect 

ratio of 100. In the composites containing 20 and 30 wt% TLCP the fibers are not well 

distributed. This can be seen for PP/HX6000 composites in Fig. 3.10. This poor fiber 

distribution may be the result of agglomeration of the fibers during processing or 
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Table 3.2 Comparison of the tensile modulus of injection molded PP(10 wt% 
MAP)/Vectra A and PP(10 wt% MAP)/HX6000 composites versus the 
calculated values provided by composite theory. 

Theoretical Vectra A950 HX6000 

Modulus (GPa) Machine Direction Machine Direction 

PP/IVA PP/HX Modulus (GPa) Modulus (GPa) 

10 wt% TLCP 1.53 1.92 1.47 2.06 

LDR (0.066) (0.10) 

10 wt% TLCOP 2.04 2.11 1.97 2.22 

MDR (0.082) (0.11) 

10 wt% TLCP 2.21 2.25 2.11 2.45 

HDR (0.11) (0.25) 

20 wt% TLCOP 2.45 3.13 2.07 2.43 

LDR (0.22) (0.16) 

20 wt% TLCP 3.43 - 3.61 2.29 2.89 

MDR (0.21) (0.073) 

20 wt% TLCP 3.85 4.08 2.31 3.23 

HDR (0.18) (0.26) 

30 wt% TLOP 2.50 3.89 2.59 3.20 

LDR (0.21) (0.21) 

30 wt% TLCOP 4.31 4.56 2.79 3.78 

MDR (0.30) (0.21) 

30 wt% TLOP 4.89 5.20 3.18 3.98 

HDR (0.37) (0.25) 
  

For Vectra A (VA) composites: LDR = 4.7, MOR = 20, and HDR = 30 
For HX6000 (HX) composites: LDR = 4, MDR = 13.5, and HDR = 25 
Standard deviations given in parentheses. 
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Figure 3.10 Scanning electron micrograph of the core of injection molded PP(10 wt% 

MAP)/HX6000 composites made at a barrel temperature of 200°C with 

strands having an initial strand draw ratio of 25: (top) PP(10 wt% MAP)/10 
wt% HX6000; (bottom) PP(10 wt% MAP)/30 wt% HX6000. 
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insufficient mixing. in the micrographs of the 10 wt% HX6000 composite a well dispersed 

fibrillar morphology is seen. However, in the micrographs of the 30 wt% HX6000 

composite an agglomeration of the TLCP fibers in the core of the composite is seen. 

Although not shown here, similar morphologies were seen in the PP/Vectra A 

composites. This poor fiber distribution may be causing a reduction in the effective 

aspect ratio of the fibers causing a negative deviation in composite properties from 

composite theory. Additionally, there was a range of TLCP fiber aspect ratios seen in 

these composites as seen in Fig. 3.11. From this optical micrograph it can be seen that 

some of the Vectra A fibers do not have an aspect ratio of 100. 

Another possible reason for the negative deviation from the predictions of 

composite theory is that the TLCP fibers are losing molecular orientation. However, to 

determine if the TLCP fiber are losing molecular orientation it would be necessary to 

obtain orientation functions for the individual fibers after injection molding. Because this 

was not done for this study, no comment about the molecular orientation of the TLCP 

fibers in the injection molded composites can be made. 

3.3.3 Effect of MAP Concentration 

O'Donnell and Baird [50] have shown that the addition of MAP reduced the 

interfacial tension, improved the work of adhesion between the phases, and improved 

tensile properties of in situ composites containing PP and thermotropic copolyesters. 

Therefore, in an attempt to improve the interfacial adhesion between the fibers and the 

matrix, higher concentrations of MAP were added during the processing of the injection 

molded composite. it was believed that by improving the work of adhesion between the 

PP and the TLCPs the tensile properties of the injection molded microcomposites might 

improve as well. Therefore, in this section the injection molded composite properties as a 

function of MAP concentration are discussed. 
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Figure 3.11 Optical micrograph of PP/20 wt% Vectra A microcomposite made with 

strands having a draw ratio of 30. The view is looking into the thickness of 
the composite (magnification 250 times). 
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The effect of the addition of various amounts of MAP on the modulus and 

strength of the PP/20 wt% Vectra A and PP/20 wt% HX6000 composites is presented in 

Figures 3.12 and 3.13, respectively. The mean value of the modulus of the PP/20 wt% 

Vectra A composite (see Fig. 3.12) in the machine direction is seen to increase from 2.25 

to 2.78 GPa as MAP content increases from 0 to 50 wt%. The mean value of modulus in 

the transverse direction also increases from 2.1 to 2.33 GPa with MAP content increasing 

from 0 to 30 wt% but appears to level off at about 2.3 GPa with further increases in MAP 

concentration. However, the standard deviation bars show that these values are 

essentially the same. The tensile strength of the PP/Vectra A composites (see Fig. 3.12) 

is unchanged with increasing MAP content. The HX6000 composites do not show a 

similar trend of increasing modulus with increasing MAP concentration as shown in Fig. 

3.13. An initial increase in tensile modulus from 2.51 to 3.23 GPa in the machine direction 

and 1.99 to 2.44 GPa in the transverse direction is seen with the addition of 10 wt% MAP, 

but increasing the concentration to 50 wt% MAP causes no statistically significant 

changes in modulus. The tensile strength of the PP/HX6000 composites is unaffected 

by increasing MAP content (see Fig. 3.13). 

No increase was seen in tensile strength with increasing MAP content with either 

TLCP after the initial 10 wt% was added. The tensile strength of a fiber reinforced material 

is a complex function of interfacial adhesion, reinforcing fiber aspect ratio, and the 

properties of the neat materials [55,56]. In order to improve strength with a reinforcing 

fiber a high aspect ratio (>100) and good intertacial adhesion are needed. Since no 

increase in tensile strength was seen even with the addition of 50 wt% MAP to the PP, it 

can be assumed that the adhesion between the TLCP fibers and the matrix was not 

improved enough to provide an increase in tensile strength. It should be pointed out that 

when MAP was used with Vectra B, a copolyesteramide, and PP more significant 

improvements were seen in the mechanical properties of both microcomposites and in 
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Figure 3.12 Effect of weight percent MAP on the tensile modulus and strength of 
injection molded PP/20 wt% Vectra A composites made at a barrel 
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Figure 3.13 Effect of weight percent MAP on the tensile modulus and strength of 
injection molded PP/20 wt% HX6000 composites made at a barrel 

temperature of 200°C with strands having an initial draw ratio of 25: LJ 
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situ composites [47,50]. Therefore, the use of MAP to improve adhesion between the 

fibers and the matrix may be more effective with PP and other TLCPs. 

3.3.4 Comparison to Glass Reinforced Polypropylene 

It was mentioned in the introduction that part of the motivation behind developing 

microcomposites was to produce a composite based on TLCPs and thermoplastics that 

can overcome some of the disadvantages of the more commonly used glass reinforced 

composites. Therefore, the tensile properties of the PP/Vectra A and PP/HX6000 

composites were compared to those of glass reinforced PP. 

The comparison between the mechanical properties of glass reinforced PP and 

the TLCP reinforced PP is shown in Table 3.3. The machine and transverse direction 

moduli of 3.23 and 2.44 GPa, respectively, of the PP/20 wt% HX6000 composites are 

similar to the machine and transverse direction moduli of 3.66 and 2.78 GPa, respectively, 

measured for the 20 wt% glass reinforced PP composites. The PP/Vectra A machine and 

transverse direction composite moduli are considerably lower at 2.31 and 2.18 GPa, 

respectively, than those of both the glass and HX6000 reinforced composites. As 

mentioned before, the Vectra A is closer to its softening temperature during injection 

molding than HX6000, this may be the reason the Vectra A composites have lower 

moduli. It is important to point out that the optimum mechanical properties of the TLCPs 

have not been achieved in the in situ composite strands. By improving the mechanical 

properties of the in situ composite strands and maintaining an aspect ratio of 100 for the 

TLCP fibers, the modulus of the composites of both TLCP systems should improve. 

The tensile strength of the composites is lower than the tensile strength of the 

glass reinforced system. It should be noted, however, that the tensile strength of a glass 

fiber is 2000 MPa [57] while the tensile strength of most TLCP fibers is in the range of 500 

to 650 MPa [12-14]. This four fold difference in fiber strength results in only a 36% 
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Table 3.3 Comparison of the ten 
MAP)/20 wt% Vectra A 
MAP)/20 wt% HX6000 ( 
20 wt% alass reinforced composites. 

sile properties of injection molded PP(10 wt% 

(initial strand draw ratio of 30) and PP(10 wt% 

initial strand draw ratio 25) with injection molded PP/ 

  
Machine Direction Transverse Direction 
  

  

Med. Strngt = Elong. Mod. Strngt Elong. 

GPa MPa % GPa MPa % 

PP/20% 3.66 49.1 <2 2.78 33.2 <2 

Glass 

PP/20% 2.31 37.6 4.53 2.18 21.6 2.44 

Vectra A’ (0.18) (4.61) (0.83) (0.17) (0.73) (0.33) 

PP/20% 3.23 35.8 4.36 2.44 22.5 3.76 

HX6000° (0.26) (1.17) (0.37) (0.27) (0.20) (0.50) 
  

” Dr = 30 for PP/Vectra A composite and D, = 25 for PP/HX6000 composite 
Standard deviations given in parentheses. 
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increase in tensile strength with the glass reinforced composite. The tensile strength of a 

fiber reinforced composite is a function of the interfacial adhesion between the fiber and 

matrix. It is possible that if the adhesion between the PP and the TLCP can be improved 

the tensile strength of the TLCP reinforced composites may also improve. Finally, the 

elongation at yield of both TLCP reinforced composite systems was higher than the 

elongation at yield of the glass reinforced system. 

3.4 Conclusions 

It has been shown for two TLCP systems, (Vectra A and HX6000) that the 

mechanical properties of composites were more balanced in the machine and transverse 

directions than in situ composites. This reduction in anisotropy was only seen when the 

microcomposites were processed at temperatures where the TLCPs did not deform or 

where in effect they behaved like solid fibers. In addition, the moduli of the composites 

were dependent on the modulus of the in situ composite strand. However, the modulus 

of the TLCP reinforced composites was lower than the modulus calculated by the 

composite theory for composites containing randomly oriented fibers in one plane at 

TLCP concentrations greater than 10 wt%. Therefore, the TLCP fibrils were not 

achieving their full reinforcing potential. This is likely to be due to the fibers having a low 

aspect ratio and a reduction of the effective aspect ratio of the reinforcing fibers due to a 

poor distribution of the TLCP fibers. To improve the properties of the composites made 

by injection molding microcomposites it may be necessary to continue to reduce the 

TLCP fiber diameter, thereby, reducing the length necessary to obtain an aspect ratio of 

100. Additionally, studies of the effect of shear and elongational stresses, occurring in 

the screw and during mold filling, in the injection molding process, i.e. by controlling 

screw speed and injection speed, may help to determine if fiber break up can be 

prevented and a better fiber distribution can be achieved. It is also possible that the use 
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of larger processing equipment with bigger clearances in the screw channels may reduce 

the TLCP fiber breakage. 

In some respects the tensile properties of the TLCP reinforced composites were 

similar to the tensile properties of glass reinforced PP. The modulus of the PP/20 wt% 

HX6000 composite (using the composite made with the strands having draw ratio of 25) 

was about the same as the modulus of the 20 wt% glass reinforced composite. The 

PP/20 wt% Vectra A composite modulus was lower than that of both the glass and 

HX6000 reinforced composites. However, if the modulus of the strand is improved and 

the aspect ratio of the TLCP fibers is maintained, higher moduli should be possible in the 

TLCP reinforced composites. The tensile strength of the injection molded 

microcomposites were 10 to 15 MPa lower than that of the glass reinforced PP while the 

elongation at yield was more than two times greater than the elongation at yield of the 

glass reinforced composites. The tensile strength of a glass fiber is about four times that 

of a TLCP fiber. This four fold difference in fiber strength resulted in only a 36% increase 

in tensile strength with the glass reinforced composite. By further improving the 

adhesion between the TLCP fiber and the matrix the tensile strength of the TLCP 

reinforced composites may also be improved. 
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4.0 Sheet Extrusion 

Preface 

This chapter is focused on the extrusion of sheets from microcomposites. It 

consists of a manuscript which will be submitted to Polymer Composite for subsequent 

publication. 
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4.0 Sheet Extrusion Of Microcomposites Based On 

Thermotropic Liquid Crystalline Polymers And 

Polypropylene 

4.1. Introduction 

In recent years there has been a great deal of emphasis placed on the production 

of light weight materials with high mechanical properties. One means of achieving this 

goal is to blend thermotropic liquid crystalline polymers (TLCPs) and thermoplastics [1-8]. 

These blends are often referred to as in situ composites because in elongational flow 

fields that occur in polymer processing operations, e.g. the advancing front in injection 

molding, the TLCP phase will elongate into oriented fibrils that reinforce the 

thermoplastic. 

In situ composites offer several advantages over the more commonly used short 

fiber reinforced thermoplastics. Three commonly used reinforcing fibers are glass, 

carbon, and aramid (Kevlar). First, upon the addition of a TLCP to a thermoplastic, the 

viscosity of the matrix is generally reduced [1-4]. With short fiber reinforced composites, 

the viscosity of the system is increased from 2 to 5 times that of the matrix [1,9,10]. This 

should make in situ composites easier to process than fiber reinforced composites [1]. 

Additionally, fiber reinforced thermoplastics are not readily recycled. With repeated 

processing steps the reinforcing fibers break causing a length reduction of 8-15% with 

each pass through an extruder or an injection molder [9,11]. According to the Tsai-Halpin 

equation, which relates the modulus of fiber reinforced composites to the moduli of the 

neat materials and the aspect ratio (length to diameter) of the reinforcing fiber, the 

modulus of the composite is reduced with reduction of fiber length [12]. In contrast, since 

the reinforcing fibers are generated during processing, the problem of fiber breakup is 

minimized with an in situ composite, making in situ composites potentially more recyclable 
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[1]. Another advantage of in situ composites over short fiber reinforced composites is 

that in situ composites generally have smooth surface finishes while short fiber reinforced 

systems do not [7,9,10]. Finally, in situ composites may offer a wider range of processing 

options over short fiber reinforced composites, including thermoforming and blow 

molding [13,14]. Glass filled systems often do not have enough melt strength for forming 

operations, and they tear at the corners of the mold. Additionally, in forming operations 

the properties of the TLCP/thermoplastic blend can often be improved through the 

subsequent stretching [13]. 

The two most critical limitations to the commercial use of in situ composites are the 

cost of the TLCPs and mechanical anisotropy of the composite part. Since the reinforcing 

fibers are generated in an elongational flow field that occurs during processing, the 

reinforcing fibrils are all oriented in the direction of that flow field. A number of studies 

have documented the severity of the mechanical anisotropy (2,3,7,15-22]. For example, 

Crevecouer [15] studied the mechanical anisotropy of in situ composite sheets. Using a 

blend of 60 wt% poly-2,6-dimethyl-1,4-phenylene ether (PPE) and 40 wt% polystyrene 

(PS) as the matrix with 50 wt% Vectra B950 as the reinforcing phase, Crevecouer found 

that the machine direction modulus of the sheet was more than double that of the 

transverse direction modulus. Other studies on in situ composites have shown similar 

results [2,3,7,16-22]. 

Several researchers have studied the compression molding of drawn in situ 

composite strands, fibers and films [15,20,21,23-28]. It has been found that by using 

materials containing high modulus TLCP fibrillar reinforcement in compression molding 

the fiber properties can be maintained. Additionally, the resulting compression molded 

part is less anisotropic because the sheets or strands can be laid up so that their machine 

directions are placed in more than one direction prior to the consolidation step. In a study 

by Isayev et al. [27] sheets were extruded through a coat hanger die and drawn. The 

sheets were then stacked to produce a compression molded composite. The highest 
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tensile strength and secant modulus of the +45°/-45° composite made using sheets of 

50/50 w/w PP/Ultrax KR-4002, an LCP based on hydroxybenzoic acid (HBA), 

hydroquinone, and terephthaloyl, were 60 MPa and 13 GPa, respectively. The properties 

of these samples were dependent on the draw ratio of the sheet and reduction ratio in the 

consolidation step. Another study by Sabol et al. [24] showed that high strength and 

stiffness composites produced by compression molding in situ composite strands in a 

random lay up configuration had mechanical properties that were independent of the 

testing direction. In addition, it was shown that the tensile and flexural properties of the 

composite were dependent on the length of the strands used in compression molding. 

For example, with PP/29 wt% HX1000 composites the tensile modulus of plaques made 

with strands having a draw ratio of 26.8 was seen to increase from 2.95 GPa to 4.55 GPa 

as the strand length increases from 10 to 20 mm. Several other studies have shown that 

compression molding can be used as a means of producing composites based on TLCPs 

and thermoplastics with high mechanical properties and reduced anisotropy as compared 

to other processing techniques, i.e. injection molding or sheet extrusion [19- 

21,23,25,26,28). 

In addition to the use of drawn in situ composite strands in compression molding, 

recently, Baird and coworkers [24,29] have published studies where they pelletized 

processed high strength and stiffness in situ composite strands, or microcomposites, 

below the melting point of the TLCP in processes other than compression molding. They 

have called these composites microcomposites because the reinforcing fibers are on the 

order of 1 micron in diameter. In a study by Sabol et al. [24], PP/30 wt% Vectra B 

microcomposites were processed by means of injection molding and sheet extrusion at 

temperatures below 250°C, which is about 35°C below the melting point of the TLCP. At 

the temperatures used in their study the properties and morphology of the 

microcomposites were not maintained. However, in another study by Handlos and Baird 

[29], it was shown that microcomposites based on PP and Vectra A950, a random 
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copolyester of 73 mole% HBA and 27 mole% HNA, and HX6000, a TLCP based on 

hydroquinone, TA, and other proprietary monomers, could be processed by means of 

injection molding. When processed at appropriate temperatures, the TLCP fibers were 

maintained and the injection molded composites showed degrees of anisotropy ranging 

from 1.1 to 1.3. In addition, the machine and transverse direction moduli of the injection 

molded composites were found to be a function of the moduli of the in situ composite 

strand used to produced the microcomposites. Furthermore, the machine and transverse 

direction moduli of the PP/20 wt% HX6000 composite were about the same as the those 

of PP/20 wt% glass reinforced composites. 

it has been shown that the processing of microcomposites by means of injection 

molding results in composites with a good balance between the machine and transverse 

direction properties. Despite the success seen with these materials in injection molding, 

there are still some unanswered questions about the processing of microcomposites. For 

instance, can the processing of microcomposites be extended from injection molding to 

extrusion, specifically the extrusion of sheets? How do the properties of the composites 

produced by sheet extrusion compare to the properties of the injection molded 

composites, and do the sheets also show a good balance between the machine and 

transverse direction properties? Are the properties of the TLCP reinforced sheets 

dependent on the properties of the in situ composite strands used to make the 

microcomposites? Finally, how do the properties of the extruded sheets compare to the 

properties of the more commonly used glass reinforced composites and the theoretical 

moduli provided by composite theory? 

This work is concerned with answering the above questions by extending the 

work on microcomposites based on TLCPs and PP to the extrusion of sheets. The 

primary objective of this work is to determine if sheets can be made from microcomposites 

and whether these sheets exhibit reduced mechanical anisotropy and properties similar 

to those seen when the microcomposites are processed by means of injection molding. 
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The second objective of this work is to determine the effect of both TLCP composition 

and in situ composite strand properties from which the microcomposite are generated on 

the mechanical properties and anisotropy of sheets produced using microcomposites. 

Additionally, the properties of the composite sheets will be compared to those of glass 

reinforced sheets and the predictions of composite theory. The composite theory 

provides a means of determining if the TLCP fibers are reaching their full reinforcing 

potential. Comparing the tensile properties of the TLCP reinforced sheets to the 

properties of glass reinforced PP sheets provides a means of determining if the 

properties are reaching values similar to a common standard. 

4.2 Experimental 

The experimental section of this paper is broken up into several parts. The first 

part details the materials chosen to produce the microcomposites. The second section 

describes the production of both the neat TLCP and in situ composite strands. The 

following two sections detail the production of the composite sheets. Finally, in the last 

three sections the mechanical testing, the rheological testing, and the scanning electron 

microscopy are described. 

4.2.1 Materials 

For this work two polypropylene (PP) matrices were used. They included Protax 

6523 and Profax 6823 produced by Himont. Profax 6523 was chosen because it is an 

injection molding grade polypropylene with a melt flow index of 4 and weight average 

molecular weight of 470,000 with a polydispersity index of 5. Profax 6823 was chosen 

because it is a high melt strength polypropylene with a melt flow index of 0.8 and a weight 

average molecular weight of 600,000 with a polydispersity index of 5 [30]. The 20 wt% 

glass filled PP (PFO72-2) used was purchased from Himont. 
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The in situ composite strands were produced with 10 wt% maleic anhydride 

grafted polypropylene (MAP) in the PP phase. The MAP used in these experiments was 

Polybond 3150 which has a melt flow index of 50 and a maleic anhydride concentration of 

0.75 wt% and was supplied by the Uniroyal Chemical Company [31,32]. 

Two thermotropic copolyesters were chosen as the reinforcing phase in this 

work. The first TLCP used was Vectra A950 made by Hoechst-Celanese. Vectra A950 is 

a random copolyester of 73 mole% hydroxybenzoic acid (HBA) and 27 mole% 2-hydroxy- 

6-naphthoic acid (HNA). Vectra A has a melting temperature of 283°C and a 

recommended processing temperature of 295°C [31]. The second LCP used was a TLCP 

supplied by DuPont, designated HX6000. HX6000 is a TLCP based on hydroquinone, 

terephthalic acid, and other proprietary monomers [33]. The melting temperature of 

HX6000 is about 320°C [34]. 

4.2.2 Strand Extrusion 

Neat Vectra A and HX6000 strands were extruded from a single screw extruder 

(Killion model KL-100 with a 2.54 cm barrel and a length to diameter, L/D, ratio of 24) with 

an attached 0.3175 cm capillary die with a L/D of 1. The strands were quenched in a water 

bath and taken up through variable speed nip rollers. The melt temperature in the 

metering zone of the extruder was maintained at 295°C to produce the Vectra A strands 

and 320°C for the HX6000 strands. Testing the neat TLCP strands provided modulus 

values needed for comparisons of the composite strand properties to predictions of 

composite theory. 

The in situ composite strands were produced at a TLCP concentration of 40 wt% 

using the dual extruder mixing system developed in our laboratory [20,35,36]. A 

schematic of this system is shown elsewhere [36]. Separate single screw extruders (two 

Killion model KL-100 extruders as described above) were used to plasticate the TLCP 
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and the PP. The two meit streams were brought together in a phase distribution system 

that injects the TLCP as 12 streams into the PP stream as described in more detail 

elsewhere [36]. The PP and Vectra A melt streams were mixed in a Kenics static mixer 

containing eighteen 1.27 cm diameter helical static mixer elements. In the case of the 

PP/HX6000 strands eighteen Kenics static mixer elements did not provide sufficient 

distribution of the HX6000 phase in the PP matrix. Therefore, to provide adequate 

mixing, the PP and HX6000 melt streams were mixed in a static mixer containing three 

1.27 cm diameter Kenics and eight 2.54 cm diameter Koch static mixer elements. The 

melt temperature in the metering zone of the extruder used to plasticate the TLCP was 

maintained at 325°C for the Vectra A strands and 345°C for the HX6000 strands. The melt 

temperature in the metering zone of the extruder used to plasticate the PP was 

maintained at 270°C for blending with both TLCPs. The pressure in the extruder used to 

plasticate the TLCP was maintained between 17,237 and 24,132 kPa to insure a 

continuous flow rate to the Zenith 1.725 cc/rev metering pump that was used to deliver a 

known mass flow rate of TLCP to the distribution head. The pressure in the extruder 

used to plasticate the PP was maintained at approximately 13,790 kPa. The die used to 

extrude the strands was a 0.3175 cm capillary with an L/D of 1. The strands were 

quenched in a water bath and taken up through variable speed nip rollers. Strands of 

three draw down ratios (approximately 5, 15, and 25) were produced for both TLCP 

systems. These draw ratios provided strands with diameters ranging from 0.0254 to 

0.127 cm. 

The TLCP concentration in the in situ composite strands was determined in three 

ways. The first was by monitoring the rate of disappearance of a known mass of material 

from the hoppers of each extruder to determine the PP and TLCP mass flow rate and 

monitoring the total mass flow rate from the system. The second was to use a metering 

pump in conjunction with the extruder used to plasticate the TLCP to provide a known 

mass flow rate of TLCP to the distribution head and better control of the TLCP flow rate 
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into the system. The third method used to determine the strand composition was a 

controlled burn off test. A known weight of in situ composite strand was placed in an oven 

at 290°C for 2 hours to allow the PP phase to burn off. The three methods used to 

determine strand composition showed agreement within + 5%. 

4.2.3 Composite Sheet Preparation 

The in situ composite strands were produced at 40 wt% TLCP and then diluted to 

concentrations of 10, 20, and 30 wt% TLCP by dry blending a pellet blend of Profax 6523 

and 10 wt% MAP with the microcomposite pellets prior to extrusion. The composite 

sheets were produced using a 2.54 cm diameter single screw extruder (as described 

above) with an attached 10.16 cm wide sheet die with a coat hanger distribution system. 

The melt temperature in the extruder and the die temperature were maintained at 185°C 

and 165°C, respectively, for the production of both the Vectra A and HX6000 composite 

sheets. The screw speed used to extrude the sheets was 10 rpm, and the extrusion 

pressure ranged from 8,274 to 16,547 kPa. As the sheets exited the die, they were 

supported to prevent any drawing of the sheet under their own weight. This provided 

sheets of 10.16 cm wide with thicknesses ranging from 0.089 to 0.20 cm. 

4.2.4 Mechanical Testing 

Tensile properties were determined in an Instron (Model 4204) tensile testing 

apparatus. In order obtain uniform sheets with smooth surfaces for testing, the sheets 

were subjected to heating and mild squeezing in a press prior to sample preparation. 

Since this procedure was performed only to smooth the surface of the sheets, the 

deformations of the sheets during this step was kept to a minimum (Hencky strains 

ranging from -0.064 to -0.11). Pressing and heating were done by heating the sheets to 

180°C between hot plates and pressing between water cooled plates at 275 kPa in a 
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Carver Laboratory Press. The sheets were then cut into seven strips 1 cm wide and about 

6 cm long and tested in tension with a strain gage (Instron model 2630-25). Both machine 

and transverse direction properties were evaluated. To test the neat TLCP and 

PP/Vectra A in situ composite strands an initial gage length of 14 cm was used. Because 

the strands had diameters in the range of 0.0254 to 0.127 cm, the strain gage could not 

be securely fixed to the strand. Therefore, no strain gage was used in the testing of the 

strands. The PP/HX6000 strands were much more brittle than the PP/Vectra A strands 

and could not be tested as single filaments. Therefore, the mechanical properties of the 

PP/HX6000 strands were tested by first producing an uniaxially oriented compression 

molded plaque with a picture frame mold of dimensions 7.62 x 7.62 cm. The thickness of 

the compression molded plaque was about 0.15 cm. Compression molding was carried 

out at 180°C. These plaques were tested as described above. A crosshead speed of 

1.27 mm/min. was used in all tensile tests. 

4.2.5 Rheological Tests 

The dynamic viscosity as a function of decreasing ternperature (referred to as 

cooling curves) was obtained using a Rheometrics Mechanical Spectrometer (RMS800) at 

a strain of 5% and a frequency of 10 rad/s. The measurements were made using a parallel 

plate geometry of diameter 2.54 cm with a gap of about 1.5 mm at the starting 

temperature. The tests were run from two starting temperatures for both TLCPs, 295°C 

and 325°C for Vectra A and 320°C and 340°C for HX6000. Once the samples had 

equilibrated at these temperatures the tests were started. These temperatures were 

chosen to correspond to the extrusion temperatures used to produce the neat TLCP and 

in situ composite strands. A cooling rate of 3°C/min. was used for both materials. The test 

was stopped when the torque reached 500 g-cm to prevent damage to the transducer. 
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4.2.6 Electron Microscopy 

The fibril size and distribution in the composites were examined by scanning 

electron microscopy. The composites were fractured cryogenically and sputtered with 

gold for observation in a Cambridge Stereoscan S200 electron microscope. 

4.3 Results and Discussion 

The results and discussion section of this paper is divided into four parts. In the 

first section the mechanical properties of the neat TLCP strands and the in situ composite 

strands are discussed. The second section is concerned with the effect of TLCP 

concentration and initial strand properties on the mechanical properties of the composite 

sheets. In the third section the properties of the TLCP reinforced sheets are compared to 

the properties of glass reinforced PP sheets. Finally, in the last section the moduli of the 

sheets produced from the microcomposites are compared to the predictions of 

composite theory. Comparing the properties of the sheets to the prediction of composite 

theory provides a means of determining if the TLCP fibers are reaching their full 

reinforcing potential. By comparing the properties of the sheets made from 

microcomposites to the properties of glass reinforced PP, it can be determined if the 

properties are reaching the level of a common standard. 

4.3.1 In Situ Composite Strand Properties 

The purpose of this section is to investigate the properties of the in situ 

composite strands used to produce the microcomposites. This section begins with a 

discussion of the neat TLCP strand properties to provide a basis for comparisons to the 

predictions of composite theory. The properties of the in situ composite strands as a 

function of draw ratio are evaluated. Additionally, the properties of the in situ composite 
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strands are compared to the predictions of composite theory. Finally, a brief discussion of 

the fibril size and distribution in the in situ composite strands is provided. 

In order to compare the modulus of the in situ composite strands to the 

predictions of composite theory, it is necessary to know the modulus of the neat Vectra A 

and HX6000 strands. Therefore, the moduli of the Vectra A and HX6000 strands as a 

function of draw ratio (D;), which is the ratio of the velocity at take-up to the average 

velocity at the die exit, are shown in Fig. 4.1. Both the HX6000 and Vectra A strands 

show a linear increase in modulus as a function of draw ratio. The modulus of the Vectra A 

strands is seen to increase from about 10 GPa at a draw ratio of 5 to about 55 GPa at a 

draw ratio of 58. The modulus of the HX6000 strands increases from about 15 GPa at a 

draw ratio of 13 to about 43 GPa at a draw ratio of about 38. HX6000 strands were not 

produced at higher draw ratios because the filament broke too easily. At the draw ratios 

achieved in these experiments neither TLCP reaches a point where the modulus appears 

to level off. Fibers of Vectra A have been reported to have a modulus of 65 GPa [8]. This 

value for the modulus of Vectra A is not achieved at the draw ratios shown here. Because 

the modulus does not level off for either TLCP and Vectra A never reaches a value of 65 

GPa, it can be assumed that the optimum properties of the two TLCPs have not been 

reached at the draw ratios generated here. 

In Table 4.1 the modulus as a function of draw ratio for the PP/40 wt% Vectra A 

and PP/40 wt% HX6000 strands are shown. The modulus of the PP/HX6000 strands 

starts at 11.4 GPa at a draw ratio of 4 and is seen to increase to a 18.1 GPa at a draw ratio of 

25. The modulus of the Vectra A strands is slightly lower than that of the HX6000 strands 

at higher draw ratios. The modulus of the Vectra A strands increases trom 7.13 GPa at a 

draw ratio of 4.7 to 16.34 GPa at a draw ratio of 30. 

In order to determine if the in situ composite strand properties were reaching the 

optimum level of reinforcement, the modulus of the strands was compared to the 

predictions of composite theory which reduces to the rule of mixtures for fiber aspect 
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Figure 4.1 Tensile modulus versus draw down ratio for neat Vectra A and HX6000 
strands: 4 Hx6000; O Vectra A. 
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Table 4.1 

PP/40% Vectra A 

Effect of draw ratio on the tensile modulus of PP(10 wt% MAP)/40 wt% 
Vectra A and PP(10 wt% MAP)/40 wt% HX6000 in situ composite strands. 

PP/40% HX6000 
  

  

  

Draw Ratio Modulus Draw Ratio Modulus 

GPa GPa 

4.7 7.13 4 11.4 

(0.59) (1.05) (0.34) (1.55) 

20 13.4 13.5 14.6 

(2.99) (1.72) (1.31) (1.69) 

30 16.34 25 18.1 

(2.49) (2.04) (1.93) (1.45) 
  

Standard deviations provided in parentheses. 
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ratios greater than 100. The rule of mixtures is Ec =o¢ E¢+¢mEm where Ec, Ef, and Em are 

the composite, fiber, and matrix moduli, respectively, and 9 and ¢m are the volume 

fractions of fiber and matrix, respectively [12]. At draw ratios of 25 and 30 the moduli of 

the neat HX6000 and Vectra A strands are 35 and 40 GPa, respectively (see Fig. 4.1). By 

calculating the modulus of the TLCPs necessary to achieve the in situ composite moduli 

provided in Table 4.1 with the rule of mixtures, it was found that the Vectra A would have a 

modulus of about 45 GPa and the HX6000 would have a modulus of about 50 GPa. 

Therefore, at these draw ratios the strands have better moduli than predicted by 

composite theory using the neat TLCP strand moduli provided in Fig. 4.1. In other words, 

the modulus of the TLCP in the composite strands is higher than what could be 

generated in the neat TLCPs. 

The neat TLCP strands tested for this work were produced with extrusion 

temperatures considerably lower than those used in the extruder used to plasticate the 

TLCP in the dual extrusion process. The neat Vectra A strands were extruded with a 

maximum temperature of 295°C, and the neat HX6000 strands were extruded with a 

maximum temperature of 320°C. In the dual extrusion strand process, the Vectra A was 

heated to a maximum temperature of 325°C, and the HX6000 was heated to a maximum 

temperature of 340°C. The temperature of the strands exiting the die, as measured by 

placing a thermocouple in the melt stream during extrusion, was the same for the neat 

TLCP strands and the composite strands, 280°C for the Vectra A strands and 305°C for 

the HX6000 strands. These temperatures at the die exit were used in strand extrusion 

because they provided the melt strength necessary for drawing with both the neat TLCP 

strands and the composite strands. 

in order to provide a qualitative indication of why the strand moduli were better 

than predicted by composite theory, cooling curves for HX6000 and Vectra A were 

obtained. The starting temperatures used to obtain the cooling curves were 295 and 

325°C for Vectra A and 320°C and 340°C for HX6000. These temperatures were chosen 
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because they corresponded to the extrusion temperatures used during strand 

processing. The cooling curves for Vectra A and HX6000 are provided in Figures 4.2 and 

4.3, respectively. From the cooling curves shown in Figs. 4.2 and 4.3, it can be seen that 

the change in viscosity with temperature upon cooling depends on the starting 

temperature of the test. Both TLCPs show an extended supercooling range after being 

heated to the higher temperatures. For Vectra A the viscosity increases sharply with 

temperature after heating to 295°C while after heating to 325°C the viscosity remains 

nearly constant with temperature until the temperature drops to approximately 255°C 

where the viscosity begins to increase rapidly. In the case of HX6000 after heating to 

320°C the complex viscosity remains constant until the temperature reaches about 305°C 

where the viscosity begins to increase sharply with temperature. After heating to 340°C, 

the viscosity of HX6000 remains constant with temperature until about 290°C and then 

increases sharply. Therefore, it is believed that the reason the properties of the 

composite strands are better than the properties predicted by composite theory is 

reduced orientation in the neat TLCP strands caused by “premature” solidification. (It 

should be noted that orientation functions for the TLCPs were not obtained, but it has 

been shown that the modulus of a TLCP is sensitive to small changes in the orientation 

function of the material [37,38].) In the extrusion of both TLCPs the material was at a 

temperature where the complex viscosity increased rapidly with decreasing temperature 

as the strand exited the die. It is speculated that this allows little opportunity for the 

imparting of molecular orientation during drawing of the neat TLCPs, because the 

viscosity increases too rapidly. However, because the dual extrusion process allows 

higher TLCP melt temperatures during extrusion, the cooling behavior of the TLCP is 

changed which allows more opportunity during drawing to impart molecular orientation in 

the TLCP, resulting in higher strand properties. 

In addition to knowing the properties of the in situ composite strands, it was 

necessary to determine whether the in situ composite strands contain TLCP fibrils and to 
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determine an approximate TLCP fibril diameter prior to their use in producing 

microcomposites. In Figure 4.4, scanning electron micrographs of the cross sectional 

area of a PP/40 wt% HX6000 strand are shown. From these micrographs, it can be seen 

that a fibrillar structure is present throughout the cross section of the strand, i.e. no skin- 

core variations are seen. In addition, the TLCP fibrils have diameters in the range of 1-5 

pm. Although not shown here, this range of fibril diameter was also seen in the PP/40 

wt% Vectra A strands having a draw ratio of 30. This means that to provide optimum 

reinforcement a fiber length of .1 to .55 mm is needed. Although it is not shown in these 

micrographs, it has been shown that fibril diameter is dependent on draw ratio [36]. The 

range of values for fibril diameter provided here apply only to the microcomposites 

produced with strands having a draw ratio of 25 or 30. 

4.3.2 Extrusion of Sheets from Microcomposites 

This section is concerned with the tensile properties of the sheets made by 

extruding the microcomposites. This includes an investigation of the effect of TLCP 

composition and initial strand properties on the machine and transverse direction 

properties of the TLCP reinforced composites. Additionally, a comparison of the sheet 

properties to those of composites produced by injection molding microcomposites is 

provided. 

In Figures 4.5 and 4.6, the modulus of PP/Vectra A and PP/HX6000 sheets as a 

function of TLCP composition is shown. The values of modulus in Figures 4.5 and 4.6 

are for the composites produced using the pelletized PP/Vectra A and PP/HX6000 

strands with the highest draw ratio (25 tor PP/HX6000 composites and 30 for PP/Vectra A 

composites). For both the PP/Vectra A and PP/HX6000 composites, the modulus of the 

sheets is observed to increase from 1.01 GPa to 2.76 GPa in the machine direction and 

0.99 GPa to 3.4 GPa in the transverse direction for the Vectra A composites (Fig. 4.5) and 

from 1.01 GPa to 2.99 GPa in the machine direction and 0.99 GPa and 2.71 GPa in the 
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Figure 4.4 Scanning electron micrographs of the cross section of a PP(10 wt% 

MAP)/40 wt% HX6000 strand with a draw ratio of 25 (fractured along the 
transverse direction): (top) overall cross section (bottom) core of the 
strand. 
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Figure 4.5 Tensile modulus as a function of weight percent Vectra A for PP(10 wt% 
MAP)/Vectra A composite sheets made with strands having a draw ratio of 

30: XO machine direction; O transverse direction. 
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transverse direction for the HX6000 composites (Fig. 4.6) as the TLCP composition 

increases from 0 to 30 wt%. It should be noted that in the case of the PP/Vectra A sheets 

the modulus in the transverse direction is higher than the modulus in the machine 

direction at 10, 20, and 30 wt% Vectra A. The difference in modulus between the 

machine and transverse directions is greater for the 20 and 30 wt% Vectra A composites 

(0.84 GPa at 20 % and 0.64 GPa at 30%) than for the 10 wt% Vectra A composite. The 

PP/HX6000 composite moduli are much more balanced in the machine and transverse 

direction at all HX6000 compositions. The largest difference between the machine and 

transverse direction moduli occurs at 30 wt% HX6000 where the machine direction 

modulus is 2.99 GPa and the transverse direction modulus is 2.71 GPa. Additionally, the 

standard deviations of the modulus of the PP/HX6000 composites are considerably lower 

than those of the PP/Vectra A composites at all compositions. Similar trends in modulus 

versus TLCP composition were seen for all the sheets generated from the 

microcomposite pellets at all three initial strand draw ratios [34]. 

The tensile strength for the PP/Vectra A and PP/HX6000 sheets as a function of 

TLCP composition is shown in Figures 4.7 and 4.8, respectively. In the case of the 

PP/Vectra A sheets (Fig. 4.7), the transverse direction strength is greater than the 

machine direction strength. There is no increasing trend in tensile strength with 

increasing Vectra A composition. The tensile strength ranges from 26 to 29 MPa in the 

machine direction and 28 to 33 MPa in the transverse direction with Vectra A composition 

increasing from 10 to 30 wt%. Additionally, the range in tensile strength provided by the 

error bars representing the standard deviation shows no statistical difference at the three 

TLCP compositions. The machine direction tensile strength of the PP/HX6000 sheets 

(see Fig. 4.8) increases from 29.1 to 35.6 MPa as the HX6000 concentration increases 

from 10 to 30 wt%. The transverse direction strength drops below that of neat 

polypropylene at 20 and 30 wt% HX6000 (about 24 MPa as compared to 26 MPa for PP). 

As in the case of the PP/Vectra A sheets, the standard deviations of the PP/HX6000 
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Figure 4.7. Tensile strength as a function of weight percent Vectra A for PP(10 wt% 

MAP)/Vectra A composite sheets made with strands having a draw ratio of 

30: CO machine direction: © transverse direction. 
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Figure 4.8 —_ Tensile strength as a function of weight percent HX6000 for PP(10 wt% 
MAP}/HX6000 composite sheets made with strands having a draw ratio of 

25: O machine direction; O transverse direction. 
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composites show that no statistical difference in the tensile strength of the composite is 

seen with increasing TLCP concentration. 

As was mentioned above, a difference in the balance of machine and transverse 

direction properties between the PP/Vectra A and PP/HX6000 sheets was observed. 

The reason that the PP/Vectra A sheets had transverse direction properties greater than 

machine direction properties was that the distribution system in the die during the 

production of the sheets caused a transverse flow field. This resulted in PP/Vectra A 

sheets with higher properties in the transverse direction than in the machine direction. A 

similar result was seen in the PP/20 wt% glass reinforced sheets data for which are 

presented later (see Table 4.2). However, before producing the PP/HX6000 sheets, the 

die was taken apart and readjusted to provide a thinner sheet. With the reduction of the 

die gap the shear rates in the die were nearly doubled at the die lips. This served to 

counter the transverse direction flow in the die and most likely provided a more balanced 

distribution of TLCP fibrils. 

As mentioned above, composite theory predicts that using strands with different 

initial moduli should provide composites with different moduli. Therefore, strands with 

three different draw ratios and three different moduli were used to produce composite 

sheets at all three TLCP concentrations for both TLCPs. In Figures 4.9 and 4.10, the 

composite modulus as a function of initial strand draw ratio is shown for PP/30 wt% Vectra 

A and PP/30 wt% HX6000 sheets, respectively. For both TLCPs the mean value of 

modulus in both the machine and transverse directions increases with initial strand draw 

ratio. The better balance of machine and transverse direction moduli in the PP/HX6000 

composites (Fig. 4.9) is seen again, with the machine direction modulus increasing from 

1.92 to 2.99 GPa and the transverse direction modulus increasing from 1.94 to 2.71 GPa 

as the draw ratio increases from 4 to 25. In the PP/30 wt% Vectra A sheets (Fig. 4.10), the 

transverse direction modulus is greater than the machine direction modulus at all draw 

ratios. The mean value of the modulus is seen to increase in the transverse direction from 
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Figure 4.9 Tensile modulus as a function of initial strand draw ratio for PP(10 wt% 
MAP)/30 wt% Vectra A composite sheets: [ machine direction: O 
transverse direction. 
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Figure 4.10 Tensile modulus as a function of initial strand draw ratio for PP(10 wt% 
MAP)/30 wt% HX6000 composite sheets: 4 machine direction; O 
transverse direction. 
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2.48 to 3.40 GPa and from 2.09 and 2.76 GPa in the machine direction as the initial strand 

draw ratio increases from 4 to 30. 

It is important at this point to discuss the statistical significance of the moduli of the 

sheets produced using microcomposites with both TLCPs. From Figures 4.9 and 4.10, it 

can be seen that the error bars representing the standard deviation of the modulus are 

overlapping. For example, the machine direction moduli of the PP/30 wt% HX6000 

sheets at initial strand draw ratios of 4 and 13.5 were 1.92 and 2.17 GPa with standard 

deviations of 0.12 and 0.26, respectively. Assuming a normal distribution of the data, 

about 70% of the values of moduli fall within + 1 standard deviation of the mean while 95% 

of the values of moduli fall within + 2 standard deviations of the mean. For the two cases 

mentioned above, the ranges of values within one standard deviation are 1.80 and 2.04 

GPa (D, = 4) and 1.91 and 2.43 GPa (D,; = 13.5). The lower range of the values of moduli 

for the composites made with strands having a draw ratio of 13.5 falls in the upper range of 

the modulus of the composites made with strands having a draw ratio of 4. Therefore, 

these values are not as statistically different as it would seem from the mean values alone. 

However, the authors argue that a legitimate trend is occurring between composite 

modulus and in situ composite strand draw ratio for the following two reasons: 1) the 

trend between composite modulus and initial strand draw ratio is seen in both the 

machine and transverse direction mean moduli at all compositions in both the Vectra A 

and HX6000 composites; and 2) in almost all cases the mean value of modulus for the 

lowest draw ratio composites (about 4) and the highest draw ratio composites (25-30) for 

both Vectra A and HX6000 have ranges of modulus that do not overlap within 1 to 2 

standard deviations. Since the composites made with the strands having the highest and 

lowest draw ratios do not overlap within 1 to 2 standard deviations, these values are 

Statistically different, and this shows that in situ composite strand modulus affected 

composite modulus. 
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In Figures 4.11 and 4.12, the tensile strength of PP/30 wt% Vectra A and PP/30 

wt% HX6000 composite sheets as a function of initial strand draw ratio is shown. No 

increasing trend in the tensile strength of the composite sheets with initial strand draw 

ratio is seen for composites made with either TLCP despite the difference in properties of 

the strands used to produce the sheets. This is not unexpected as the tensile strength 

of a fiber reinforced composite is a complex function of the properties of the neat 

materials and the reinforcing fiber aspect ratio and interfacial adhesion. The most 

effective means of improving the strength of a material is to use a high aspect ratio (> 100) 

reinforcing fiber with good interfacial adhesion [39]. 

It has been shown that microcomposites can be processed by means of sheet 

extrusion. However, the question still remains as to how the tensile properties of the 

sheets compare to the tensile properties of microcomposites processed by means of 

injection molding. Tables showing the tensile properties of the composites produced by 

injection molding microcomposites can be found elsewhere [34]. The tensile moduli of 

the PP/Vectra A sheets are similar to the tensile moduli of the injection molded PP/Vectra 

A composites. For example, composites containing 30 wt% Vectra A have moduli in the 

machine and transverse direction of 2.59 and 2.27 GPa in injection molding and 2.09 and 

2.48 GPa in sheet extrusion (using strands having a draw ratio of 4.7) In addition, the 

PP/Vectra A sheets show a similar balance between the machine and transverse direction 

moduli to that seen in the injection molded composites, but in the sheets the transverse 

direction moduli are higher than the machine direction moduli. In the case of the 

PP/HX6000 sheets the moduli are slightly lower than those of the injection molded 

composites at all TLCP compositions and initial strand draw ratios. For example, the 

PP/30 wt% HX6000 sheets made using strands having a draw ratio of 25 have machine 

and transverse direction moduli of 2.99 and 2.71 GPa, respectively, while the 

corresponding injection molded composite has machine and transverse direction moduli 

of 3.98 and 2.91 GPa, respectively. However, the PP/HX6000 sheets show a 
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Figure 4.11 Tensile strength as a function of initial strand draw ratio for PP(10 wt% 

MAP)/30 wt% Vectra A composite sheets: [ machine direction; O 
transverse direction. 
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Figure 4.12 Tensile strength as a function of initial strand draw ratio for PP(10 wt% 

MAP)/30 wt% HX6000 composite sheets: © machine direction; O 
transverse direction. 
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significantly better balance between the machine and transverse direction moduli. For 

both the PP/HX6000 and PP/Vectra A sheets, the tensile strengths are slightly lower 

than those of the injection molded composites, but the sheets exhibit a better balance 

between the machine and transverse direction strength. For example PP/30 wt% Vectra 

A and PP/30 wt% HX6000 sheets made with strands having draw ratios of 30 and 25, 

respectively, have machine and transverse direction tensile strengths of 27.9 and 32.2 

MPa and 35.6 and 24.5 MPa, respectively. The corresponding injection molded 

composites have tensile strengths of 43.5 MPa and 23.1 MPa for PP/30 wt% Vectra A 

and 38.4 and 19.9 MPa for PP/30 wt% HX6000 in the machine and transverse directions, 

respectively. The elongation at yield of the sheets reinforced with both TLCPs are higher 

(ranging from 3 to 8%) than the injection molded composites (ranging from 2 to 6.5%). 

Additionally, the elongation at yield of the sheets is more balanced in the machine and 

transverse direction than the injection molded composites. Taking into account both the 

actual values of the tensile properties and the balance of properties between the machine 

and transverse directions, the properties of the sheets extruded using microcomposites 

agree reasonably well with the properties of injection molded composites. 

4.3.3 Comparison to Glass Reinforced Sheets 

In addition to evaluating the properties of sheets produced from the 

microcomposites as a function of TLCP composition and initial strand draw ratio, it is 

important to compare the properties of the TLCP reinforced PP with those of glass 

reinforced PP. Using the properties of glass reinforced PP as a basis of comparison, 

provides a means of determining whether the properties of the sheets made with 

microcomposites are reaching values of a common standard. In Table 4.2 the tensile 

properties of 20 wt% glass, Vectra A, and HX6000 reinforced PP are presented. As 

mentioned before, the transverse direction properties of the glass reinforced PP are 

slightly higher in the transverse direction. The values of the composite sheets are those 
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Table 4.2 Comparison of the tensile properties of PP(10 wt% MAP)/20 wt% Vectra A 

(initial strand draw ratio of 30) and PP(10 wt% MAP)/20 wt HX6000 (initial 

strand draw ratio 25) and PP/ 20 wt% glass reintorced composite sheets. 

Machine Direction Transverse Direction 
  

  

Mod. Strngth  Elong. Mod. Strngth Elong. 

GPa MPa % GPa MPa % 

PP/20% glass 2.10 41.8 <2 2.18 42.1 <2 

PP/20% Vectra A 

PP/20 % HX6000 

(0.12) (1.90) 
210 258 818 
(0.60) (1.02) (0.60) 
198 317 425 

(0.12) (3.76) (0.78) 
Standard deviations given in parentheses. 

4.0 Sheet Extrusion 

(0.80) (0.10) 
294 286 4.42 
(0.34) (1.85) (1.07) 
198 243 3.26 

(0.15) (4.82) (0.37) 
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of the composites made with the strands having the highest draw ratio (25 for PP/HX6000 

and 30 for PP/Vectra A). From this table, it can be seen that the modulus in the machine 

direction of both the Vectra A (2.10 GPa) and HX6000 (1.98 GPa) composites is about the 

same as that of the machine direction modulus of the glass reinforced composite (2.10 

GPa). The transverse direction modulus of the Vectra A composite (2.94 GPa) is higher 

than the glass reinforced value (2.18 GPa) while that of the HX6000 composite is slightly 

lower (1.98 GPa). It is important to note that since the modulus of the sheets is a function 

of the modulus of the in situ composite strand, the modulus of the TLCP reinforced 

sheets can still be improved. The tensile strength of the TLCP reinforced composites is 

about 10 MPa lower in the machine and transverse direction than that of the 20 wt% glass 

reinforced PP. However, it should be noted that the tensile strength of a glass fiber is 

about 2000 MPa [40] and the tensile strength of most TLCP fibers is in the range of 500 

to 650 MPa [8,41,42]. This four fold difference in the tensile strength of the fibers was 

not translated into composites. This is a problem likely to be a result of poor adhesion 

between the fiber and the matrix [43]. If the adhesion between the TLCP fibers and the 

PP can be improved the tensile strength of the composite sheets may also improve. 

Finally, the elongation at yield of the TLCP reinforced composites is considerably higher, 

ranging from 3.26 to 8.18 %, than that of the glass reinforced PP sheet, which is less than 

2%. 

4.3.4 Comparison to Composite Theory Calculations 

In addition to comparing the tensile properties of TLCP reinforced sheets to the 

tensile properties of glass reinforced sheets, comparisons of the moduli of the TLCP 

reinforced sheet to the predictions of composite theory should also be considered to 

determine if the TLCP is achieving its full reinforcing potential. For these comparisons a 

composite theory for short fiber composites with the reinforcing fibers randomly oriented 

in one plane is used. This theory takes a weighted average of the moduli calculated by 
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the Tsai-Halpin equation paraliel and perpendicular to the fiber length of uniaxially 

oriented fiber composites [39]. 

In Table 4.3, the theoretical modulus for both the Vectra A and HX6000 

composites are shown with the highest modulus values for the actual composites 

(transverse direction modulus of the Vectra A composites and machine direction modulus 

of the HX6000 composites). The theoretical modulus was calculated using the modulus 

of the TLCP calculated using the rule of mixtures for the in situ composite strands. 

Additionally, an aspect ratio of 100 was assumed for the reinforcing fiber. The volume 

percent of the matrix and fibers was used in the calculations, but for consistency the 

values are presented in terms of weight percent. From this table it can be seen that the 

actual moduli of the composites do not reach the theoretical predictions at 20 and 30 wt% 

TLCP. The moduli of the PP/Vectra A composites approach the theoretical predictions at 

higher TLCP loadings with a difference of 30 - 45 % for the Vectra A composites versus 

75 -110 % for the HX6000 composites. 

in order to determine whether the fibrils generated in the in situ composites are 

being maintained through the extrusion process, it is necessary to observe the structure 

of the TLCP phase in the composite sheets. Additionally, looking at the structure of the 

TLCP phase in the composite sheets may provide some insight into why the moduli of the 

composite sheets are showing a negative deviation from composite theory. In Figure 

4.13 the scanning electron micrographs for the PP/10 wt% Vectra A and HX6000 sheets 

are presented. It is apparent from the micrographs that the reinforcing fibers are 

maintained, but the fibers are not well distributed in either composite. This poor 

distribution of fibers may be the result of insufficient mixing or agglomeration of the fibers 

during processing. For the PP/10 wt% Vectra A composite the skin of the sheet can be 

seen at the bottom of the micrograph. In this section of the composite the TLCP fibrils 

appear in an agglomerate while at the top of the micrograph (moving toward the core of 

the sheet) the fibrils appear to be better distributed. However, for the PP/10 wt% 
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Table 4.3 Comparison of the tensile modulus of PP/Vectra A and PP/HX6000 
composite sheets versus the calculated values provided by composite 

  

  

  

  

theory. 

Theoretical Vectra A950 HX6000 

Modulus (GPa) Transverse Direction Machine Direction 

PPVVA PP/HX Modulus (GPa) Modulus (GPa) 

10 wt% TLCP 1.53 1.92 1.40 1.08 

LDR (0.068) (0.041) 

10 wt% TLCP 2.04 2.11 1.66 1.23 

MDR (0.11) (0.10) 

10 wt% TLCP 2.21 2.25 1.81 1.44 

HDR (0.14) (0.094) 

20 wt% TLCP 2.45 3.13 2.03 1.32 

LDR (0.19) (0.095) 

20 wt% TLOP 3.43 3.61 2.45 1.53 

MDR , (0.13) (0.22) 

20 wt% TLCOP 3.85 4.08 2.94 1.98 

HDR (0.34) (0.12) 

30 wt% TLCP 2.50 3.89 2.48 1.92 

LDR (0.23) (0.12) 

30 wt% TLOP 4.31 4.56 2.94 2.17 

MDR (0.26) (0.26) 

30 wt% TLOP 4.89 5.20 3.4 2.99 

HDR (0.30) (0.25) 
  

For Vectra A composites: LDR = 4.7, MDR = 20, and HDR = 30 
For HX6000 composites: LDR = 4, MDR = 13.5, and HDR = 25 
Standard deviations given in parentheses. 
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HX6000 sheet, the micrograph was taken closer to the core of the film. In this micrograph, 

it can be seen that the fibril distribution shows no skin-core pattern. The group of fibers in 

the left hand corner of the micrograph is in the core of the sheet. Although not shown 

here, this was true for the composites containing 20 and 30 wt% TLCP as well. The 

HX6000 composites show a poor distribution of fibers throughout the cross section of the 

sheet. It is possible that this difference in morphology was caused by the readjustment of 

the die. With the die lips closer together, as was the case of the PP/HX6000 composites, 

the shear rates at the die lips were nearly double the magnitude of the shear rates during 

the production of the PP/Vectra A sheets. It is believed that this poor distribution of 

TLCP fibers is causing a reduction of the effective aspect ratio of the fibers which may 

result in the deviation of the composite modulus from the predictions of composite 

theory. Similar problems with fiber distribution are seen in the injection molding of 

microcomposites [44]. It should be noted, however, that there is no preferred direction 

for the orientation of the TLCP fibrils in either sample. 

4.4 Conclusions 

it was found that extruding microcomposites did yield sheets that exhibited a 

good balance of machine and transverse direction mechanical properties. In addition, the 

tensile properties of the composite sheets agreed favorably with those of composites 

produced by processing microcomposites by means of injection molding. The moduli of 

the TLCP reinforced sheets increased with increasing TLCP composition and in situ 

composite strand modulus. However, the moduli of the sheets did not agree well with the 

predictions of composite theory. This was believed to be a result of a poor distribution of 

the TLCP fibers in the sheets. By performing studies on the mechanical properties and 

fibril distribution as a function of extrusion and shear rates, it may be possible to determine 

if the TLCP fibers can be better distributed in the extruded sheets. 
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The tensile moduli of the sheets reinforced with HX6000 and Vectra A were 

about the same as the tensile modulus of glass reinforced PP. It should be pointed out 

that the upper limit of the moduli of composites produced from microcomposites has 

probably not yet been reached. Therefore, by starting with in situ composite strands with 

higher moduli and smaller TLCP fibers (which would reduce the length of fiber needed for 

optimum reinforcement), it is possible that the modulus of sheets extruded from 

microcomposites may exceed the modulus of glass reinforced PP. The tensile strength 

of the TLCP reinforced sheets was found to be lower than the tensile strength of the 

glass reinforced PP sheets. However, by improving the adhesion between the TLCP 

fibers and the matrix, it may be possible to improve the tensile strength of the TLCP 

reinforced sheets. 
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5.0 Extrusion Blow Molding 

Preface 

This chapter is focused on the extrusion blow molding of bottles from 

microcomposites. It contains a manuscript which will be submitted to Polymer Composite 

for subsequent publication. 
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5.0 Extrusion Blow Molding Of Microcomposites 

Based On Thermotropic Liquid Crystalline Polymers 

And Polypropylene 

5.1 Introduction 

In recent years there has been a great deal of industrial and academic interest in 

blends of thermotropic liquid crystalline polymers (TLCPs) with thermoplastics. TLCPs 

exhibit high strength and stiffness, can be melt processed, and are easily oriented in the 

direction of a flow field [1-4]. Blends of TLCPs and thermoplastics are often referred to as 

in situ composites because the reinforcing TLCP fibers are generated in elongational flow 

fields that occur in polymer processing operations, such as at the advancing front in 

injection molding [5-12]. When the TLCP phase is elongated and oriented, the machine 

direction properties of the thermoplastic are generally increased [5-12]. 

Since the reinforcing TLCP fibers are generated during processing, in situ 

composites offer several advantages over the more commonly used short fiber reinforced 

thermoplastics. Three fibers commonly used to reinforce thermoplastics are glass, 

carbon, and aramid (Kevlar) fibers. First, upon the addition of a TLCP to a thermoplastic, 

the viscosity of the matrix is generally reduced [6-10,12], while with short fiber reinforced 

composites, the viscosity of the system is increased 2-5 times that of the matrix [6,16]. 

This makes in situ composites easier to process than fiber reinforced composites [6, 16]. 

Additionally, fiber reinforced thermoplastics are not easily recycled. With repeated 

processing steps the reinforcing fibers break causing a length reduction of 8-15% with 

each pass through an extruder or an injection molder [16,17]. According to the Tsai- 

Halpin equation, which relates the modulus of fiber reinforced composites to the moduli 

of the neat materials and the aspect ratio (length to diameter) of the reinforcing fiber, the 

modulus of the composite is reduced with reduction of fiber length [18]. In contrast, since 

the reinforcing fibers are generated during processing, the problem of fiber breakup is 

minimized with an in situ composite, making in situ composites potentially more recyclable 
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[6]. Another advantage of in situ composites is that they, generally, have smooth surface 

finishes, while short fiber reinforced systems do not [12,16]. Finally, in situ composites 

may offer a wider range of processing options over short fiber reinforced composites, 

including thermoforming and blow molding [19,20]. Glass filled systems often do not 

have enough melt strength for forming operations, and due to the solid particies in the 

system, they will tear at the corners of the mold. Additionally, in forming operations the 

properties of the TLCP/thermoplastic blend can often be improved through the 

subsequent stretching [19]. 

Despite the advantages in situ composites offer over the more commonly used 

short fiber reinforced composites, in situ composites are limited in commercial use. One 

reason for this is the mechanical anisotropy that results from the orientation and 

elongation of the TLCP fibers only in the direction of the processing flow field. For 

example, in a study by Bafna et al. [21] the mechanical anisotropy of the blends of 

HX1000 and HX4000, which are TLCPs based on hydroquinone, t-butylhydroquinone, 

and other proprietary monomers, and polyetherimide (PEI) was evaluated. The degree of 

anisotropy in the flexural modulus, which was taken as the ratio of the machine and 

transverse direction moduli, was seen to increase from about 3 to 4.5 with TLCP 

composition increasing from 25 to 75 wt%. Additionally, Crevecouer [22] has studied the 

mechanical anisotropy of in situ composite sheets. Using a blend of 60 wt% poly-2,6- 

dimethyl-1,4-phenylene ether (PPE) and 40 wt% polystyrene (PS) as the matrix with 50 

wt% Vectra B950 as the reinforcing phase, Crevecouer found that the machine direction 

modulus of the sheet was more than double that of the transverse direction modulus. 

Other studies on in situ composites have shown similar results [7,8,21-27]. 

High degrees of mechanical anisotropy were also seen in neat TLCPs. Several 

studies on the injection molding of TLCPs have shown that the machine direction 

mechanical properties were 2-10 times greater than the transverse direction properties [1- 

3]. To overcome the probiem of anisotropy in TLCPs, some researchers [28-31] tried 
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processing techniques such as film blowing and blow molding to impart biaxial properties. 

Blizard and Baird [28] found that depending on the thermal history of the TLCPs biaxial 

properties could be achieved in thermotropic copolyesters through blow molding. In 

contrast, Blizard [29] determined that biaxial properties could not be achieved through 

standard film blowing. In another study, Farrell and Fellers [30] found that biaxial 

properties could be achieved through film blowing using an annular die with an inner and 

outer mandrel that rotated in opposite directions. The biaxial mechanical properties were 

attributed to the slow relaxation of the orientation of the TLCP developed in the die. 

In spite of the success of film blowing and blow molding in imparting more biaxial 

mechanical properties in TLCPs, very few similar studies have been performed with 

TLCPAhermoplastic blends. In one study by Done et al. [20] extrusion blow molding of 

blends of polypropylene (PP) with three thermotropic copolyesters was attempted. 

Some improvement in tensile properties was seen in bottles made with 20 wt% of the 

lowest melting temperature TLCP, a blend of 60 mole% hydroxybenzoic acid 

(HBA)/poly(ethylene terephthlate) (PET) and 80 mole% HBA/PET. However, the degree 

of anisotropy of the in situ composite bottles was still greater than that of neat PP bottles, 

and the properties of the in situ composite bottles were lower than the properties of this 

blend as produced by injection molding. The authors believed that the extensional strain 

in the hoop direction was not high enough to orient the TLCP fibrils in the transverse 

direction. Although the in situ composite bottles exhibited mechanical anisotropy, this 

study showed that in situ composites could be blow molded. 

in order to overcome the mechanical anisotropy seen in in situ composites as well 

as maintain the advantages of in situ composites, Baird and coworkers [32-35] have been 

studying the processing of microcomposites based on TLCPs and PP. Microcomposites 

are produced by pelletizing in situ composite strands containing TLCP fibers on the order 

of 1 micron in diameter. These studies have shown that in injection molding and sheet 

extrusion the TLCP fibers created in the in situ composite strands can be maintained, and 

5.0 Extrusion Blow Molding 
195



the mechanical properties of the resulting composites are more biaxial than the 

mechanical properties of in situ composites. For example, Handlos and Baird [34] have 

shown that microcomposites based on PP and Vectra A950, a random copolyester of 73 

mole% HBA and 27 mole% HNA, and HX6000, a TLCP based on hydroquinone, TA, and 

other proprietary monomers, could be processed by means of injection molding. When 

processed at appropriate temperatures, the TLCP fibers were maintained and the 

injection molded composites showed degrees of anisotropy ranging from 1.1 to 1.3. In 

addition, the machine and transverse direction moduli of the injection molded composites 

were found to be a function of the moduli of the in situ composite strand used to 

produced the microcomposites. Furthermore, the machine and transverse direction 

moduli of the PP/20 wt% HX6000 composite were about the same as the those of PP/20 

wt% glass reinforced composites. Similar results were obtained when the 

microcomposites were processed by means of extrusion [35]. 

It has been observed that microcomposites produced by means of injection 

molding and sheet extrusion show a lower degree of anisotropy than in situ composites 

[32-35]. However, it remains to be seen whether microcomposites can be processed in 

forming operations such as blow molding. Therefore, the primary objective of this work is 

to determine if microcomposites based on TLCPs and PP can be processed by means of 

extrusion blow molding to produce bottles with a good balance between the machine and 

transverse direction mechanical properties. The second objective of this work is to 

determine the effect of the TLCP composition and properties of the in situ composite 

strands used to produce the microcomposites on the properties of the composite bottles. 
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5.2 Experimental 

The experimental section of this paper is divided into five parts. In the first section 

the materials used to produce the microcomposites are described. The next two sections 

are concerned with the production of the in situ composite strands and the composite 

bottles based on microcomposites. Finally, the last sections describe the mechanical 

testing methods and the scanning electron microscopy. 

5.2.1 Materials 

For this work two polypropylene (PP) matrices were used. They included Profax 

6523 and Profax 6823 produced by Himont. Profax 6523 was chosen because it is an 

injection molding grade polypropylene with a melt flow index of 4 and weight average 

molecular weight of 470,000 with a polydispersity index of 5. Profax 6823 was chosen 

because it is a high melt strength polypropylene with a melt flow index of 0.8 and a weight 

average molecular weight of 600,000 with a polydispersity index of 5 [36]. 

The in situ composite strands were produced with 10 wt% maleic anhydride 

grafted polypropylene (MAP) in the PP phase. The MAP used in these experiments was 

Polybond 3150 which has a melt flow index of 50 and a maleic anhydride concentration of 

0.75 wt% and was supplied by the Uniroyal Chemical Company [36,37]. 

Two thermotropic copolyesters were chosen as the reinforcing phase in this 

work. The first TLCP used was Vectra A950 made by Hoechst-Celanese. Vectra A950 is 

a random copolyester of 73 mole% hydroxybenzoic acid (HBA) and 27 mole% 2-hydroxy- 

6-naphthoic acid (HNA). Vectra A has a melting temperature of 283°C and a 

recommended processing temperature of 295°C [36]. The second LCP used was a TLCP 

supplied by DuPont, designated HX6000. HX6000 is a TLCP based on hydroquinone, 

terephthalic acid, and other proprietary monomers [38]. The melting temperature of 

HX6000 is about 320°C [39]. 
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§.2.2 Strand Extrusion 

The in situ composite strands were produced at a TLCP concentration of 40 wt% 

using the dual extruder mixing system developed in our laboratory (23,40,41]. A 

schematic of this system is shown elsewhere [41]. Separate single screw extruders (two 

Killion model KL-100 with a 2.54 cm barrel and a length to diameter, L/D, ratio of 24) were 

used to plasticate the TLCP and the PP. The two melt streams were brought together in a 

phase distribution system that injects the TLCP as 12 streams into the PP stream as 

described in more detail elsewhere [41]. The PP and Vectra A melt streams were mixed in 

a Kenics static mixer containing eighteen 1.27 cm diameter helical static mixer elements. 

In the case of the PP/HX6000 strands eighteen Kenics static mixer elements did not 

provide sufficient distribution of the HX6000 phase in the PP matrix. Therefore, to 

provide adequate distribution, the PP and HX6000 melt streams were combined in a static 

mixer containing three 1.27 cm diameter Kenics and eight 2.54 cm diameter Koch static 

mixer elements. The melt temperature in the metering zone of the extruder used to 

plasticate the TLCP was maintained at 325°C for the Vectra A strands and 345°C for the 

HX6000 strands. The melt temperature in the metering zone of the extruder used to 

plasticate the PP was maintained at 270°C for biending with both TLCPs. The pressure in 

the extruder used to plasticate the TLCP was maintained between 17,237 and 24,132 

kPa to insure a continuous flow rate to the Zenith 1.725 cc/rev metering pump that was 

used to deliver a known mass flow rate of TLCP to the distribution head. The pressure in 

the extruder used to plasticate the PP was maintained at approximately 13,790 kPa. The 

die used to extrude the strands was a 0.3175 cm capillary with an L/D of 1. The strands 

were quenched in a water bath and taken up through variable speed nip rollers. Strands 

of three draw down ratios (approximately 5, 15, and 25) were produced for both TLCP 

systems. These draw ratios provided strands with diameters ranging from 0.0254 to 

0.127 cm. 
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The TLCP concentration in the in situ composite strands was determined in three 

ways. The first was by monitoring the rate of disappearance of a known mass of material 

from the hoppers of each extruder to determine the PP and TLCP mass flow rate and 

monitoring the total mass flow rate from the system. The second was to use a metering 

pump in conjunction with the extruder used to plasticate the TLCP to provide a known 

mass flow rate of TLCP to the distribution head and better control of the TLCP flow rate 

into the system. The third method used to determine the strand composition was a 

controlled burn off test. A known weight of in situ composite strand was placed in an oven 

at 290°C for 2 hours to allow the PP phase to burn off. The three methods used to 

determine strand composition showed agreement within + 5%. 

§.2.3 Extrusion of Bottles from Microcomposites 

Composite bottles containing 10, 20, and 30 wt% TLCP were produced by dry 

blending pelletized 40 wt% TLCP strands with a pellet blend of PP containing 67.5 wt% 

Profax 6523, 22.5 wt% Profax 6823, and 10 wt% MAP (wt%'s for the PP pellet blend 

based on the total weight of PP added for dilution). The addition of 22.5 wt% Profax 

6823 was used to improve the melt strength of the parison. The bottles were extrusion 

blow molded using a 2.54 cm diameter single screw extruder with an attached side fed 

annular die. The annular die had an outside diameter of 2.54 cm and a gap width of 0.191 

cm. The inner mandrel of the annular die was supported with 4 spider legs. The air used 

to blow the bottles was injected through the center of the die at a pressure of 137.9 kPa. 

The parison was blown out into a 5.08 cm diameter water cooled bottle mold. A 

pneumatically controlled clamping system designed in our laboratory delivered 3447 to 

8274 kPa clamping pressure during blowing [39]. 
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5.2.4 Mechanical Testing 

All the tensile data in this study was obtained using an Instron (Model 4204) 

tensile testing machine. To test the PP/Vectra A in situ composite strands an initial gage 

length of 14 cm was used. Because the strands had diameters in the range of 0.0254 - 

0.127 cm, the strain gage could not be securely fixed to the strand. Therefore, no strain 

gage was used in the testing of the PP/Vectra A strands. The modulus of the PP/Vectra 

A strands was calculated using the position tracking of the Instron during testing. The 

PP/HX6000 strands were much more brittle than the PP/Vectra A strands and could not 

be tested as single filaments. Therefore, the tensile properties of the PP/HX6000 

strands were tested by first producing an uniaxially oriented compression molded plaque 

with a picture frame mold of dimensions 7.62 x 7.62 cm. The thickness of the plaques 

was about 0.15 cm. The compression molding was carried out at 180°C. The plaques 

were then cut into seven strips 1 cm wide and tested in tension with a strain gage (Instron 

model 2630-25). To determine the tensile properties of the composite bottles in the 

machine and transverse direction, seven 1 cm gage length tensile bars were cut from at 

least two bottles using a cutting die (three to four bars were cut from each bottle in both 

directions). Because of the size of the tensile bars cut from the bottles, no strain gage 

was used while testing the bottles. The modulus was calculated for the bottles as 

described above. A crosshead speed of 1.27 mm/min. was used in all tensile tests. 

§.2.5 Electron Microscopy 

The fibril size and distribution in the composite bottles were examined by 

scanning electron microscopy. The composites were fractured cryogenically and 

sputtered with gold for observation in a Cambridge Stereoscan S200 electron 

microscope. 
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5.3 Results and Discussion 

The results and discussion section of this paper is divided into two parts. The first 

section is concerned with the properties of the in situ composite strands used to produce 

the microcomposites. In the second section, the effect of TLCP concentration and in situ 

composite strand modulus on the properties of the bottles made by extrusion blow 

molding the microcomposites is investigated. Additionally, a brief discussion of the fibril 

size and distribution in the composite bottles is provided. 

§.3.1 In Situ Composite Strand Properties 

This section is concerned with the properties of the in situ composite strands 

used to produce the microcomposites. The effect of draw ratio on the strand properties is 

investigated. Additional information about the properties and morphology of the in situ 

composite strands is provided elsewhere [34,35]. 

In Table 5.1 the modulus as a function of draw ratio for the PP/40 wt% Vectra A 

and PP/40 wt% HX6000 strands are shown. Composite theory for composites containing 

fibers randomly oriented in one plane predicts that using strands with different initial TLCP 

moduli should provide composites with different moduli. Therefore, strands with three 

draw ratios were used to produce the composite bottles. The modulus of the PP/HX6000 

strands started at 11.4 GPa at a draw ratio of 4 and was seen to increase to a 18.1 GPa ata 

draw ratio of 25. The modulus of the Vectra A strands was slightly lower than that of the 

HX6000 strands at higher draw ratios. The modulus of the Vectra A strands increased 

from 7.13 GPa at a draw ratio of 4.7 to 16.34 GPa at a draw ratio of 30. 

5.3.2 Extrusion Blow Molding of Microcomposites 

in the case of PP/TLCP microcomposites, bottles could be produced at 10 and 

20 wt% TLCP but not at 30 wt% TLCP. At 30 wt% TLCP the botties could not be blown 
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Table 5.1. Effect of draw ratio on the tensile modulus of PP(10 wt% MAP)/40 wt% 

Vectra A and PP(10 wt% MAP)/40 wt% HX6000 in situ composite strands. 

PP/40% Vectra A PP/40% HX6000 
  

  

  

Draw Ratio Modulus Draw Ratio Modulus 

GPa GPa 

4.7 7.13 4 11.4 

(0.59) (1.05) (0.34) (1.55) 

20 13.4 13.5 14.6 

(2.99) (1.72) (1.31) (1.69) 

30 16.34 25 18.1 

(2.49) (2.04) (1.93) (1.45) 
  

Standard deviations provided in parentheses. 
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due to failure at the weld lines in the parison. The annular die used to extrude the parison 

had a spider leg mandrel support, and at each spider leg the parison was split into two meit 

streams. These melt streams have to recombine prior to exiting the die to allow the 

parison to be blown out. At 30 wt% TLCP this was not possible. However, it should be 

pointed out that if a shear flow in a direction transverse to the flow in the die could be 

imposed prior to exiting the die, for example, with a rotating mandrel or a spiral grooved 

mandrel die, the effect of the weld lines could be less severe, and it may be possible to 

produce bottles at 30 wt% TLCP. 

In Figures 5.1 and 5.2, the modulus of the PP/Vectra A and PP/HX6000 bottles 

as a function of TLCP composition is shown. The expected trend of increasing 

composite modulus with increasing TLCP composition is seen for both TLCPs. The 

values of modulus used for Figures 5.1 and 5.2 are the values for the bottles made with 

the highest initial strand draw ratio (30 for Vectra A and 25 for HX6000). For both TLCPs 

the tensile modulus in the machine direction is higher than the tensile modulus in the 

transverse direction at 10 and 20 wt% TLCP. It should be noted that the mechanical 

properties of the neat PP bottles are anisotropic with a machine direction modulus of 945 

MPa and a transverse direction modulus of 661 MPa. Both the machine and transverse 

direction moduli of the bottles increase with only 10 wt% TLCP to 1407 MPa and 825 MPa 

in the machine and transverse directions for the 10 wt% Vectra A bottles (Fig. 5.1) and 

1388 MPa and 1066 MPa in the machine and transverse directions for the 10 wt% 

HX6000 bottles (Fig. 5.2). With the addition of 20 wt% TLCP, the machine and transverse 

direction moduli increase further to 1665 and 1105 MPa for the PP/20 wt% Vectra A 

bottles and 1784 MPa and 1232 MPa for the PP/20 wt% HX6000 bottles. The values of 

moduius presented here for the composite bottles are significantly lower than those of 

composites produced by extruding and injection molding microcomposites. Therefore, it 

is important to point out that since no strain gage was used during tensile testing these 

moduli are only a qualitative indication of the composite modulus. Since these values are 

5.0 Extrusion Blow Molding 
203



  

+ 

oO 
tL 

1500 - | 

s Oo 

; | g 
3 : I 
= O 
e T 5 sco. I 

t
—
-
O
—
_
H
   

    
0 5 10 15 20 25 

Weight Percent Vectra A 

Figure 5.1. Tensile modulus as a function of weight percent Vectra A for PP(10 wt% 
MAP)/Vectra A composite bottles made with strands having an initial draw 

ratio 30: O machine direction: © transverse direction. 
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Figure 5.2 ~—Tensile modulus as a function of weight percent HX6000 for PP(10 wt% 
MAP)/HX6000 composite bottles made with strands having an initial draw 

ratio 25: O machine direction: O transverse direction. 
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somewhat qualitative, comparisons of the moduli of the bottles to those of the sheets and 

injection molded composites and to the prediction of composite theory can not be made. 

The tensile strength as a function of composition for both the PP/20 wt% Vectra 

A and PP/20 wt% HX6000 bottles is shown in Figures 5.3 and 5.4, respectively. The 

machine direction tensile strength shows a slight increase from 25.8 to 29.9 MPa for 

PP/Vectra A and 25.8 to 36.1 MPa for PP/HX6000 as the TLCP composition is increased 

from 0 to 20 wt%. The transverse direction tensile strength, however, is reduced with the 

addition of TLCP. The transverse direction tensile strength of the PP/HX6000 bottles 

drops from 26.3 to 22.6 MPa with the addition of 10 wt% HX6000, and at 20 wt% the 

tensile strength comes back up to 24.3 MPa. The transverse direction tensile strength for 

the PP/Vectra A is reduced to about 19 MPa for both 10 and 20 wt% Vectra A. 

The imbalance in machine and transverse direction properties seen in all the 

bottles produced for this study was most likely due to the low blow up ratio provided by 

the bottle mold used. The parison exited the die with an outside diameter of about 2.54 

cm and was blown out into a 5.08 cm diameter bottle mold. This blow up ratio of 2, which 

provided a Hencky strain of about .6, was not enough to provide a balance in the machine 

and transverse direction moduli in the neat PP bottles. Therefore, it is unlikely that this 

strain would be high enough to change the orientation of the reinforcing fibers in the 

TLCP reinforced bottles. 

To determine the orientation of the TLCP fibers and whether the TLCP fibers are 

being maintained and are well distributed throughout the cross section of the composite, 

fracture surfaces of the PP/20 wt% HX6000 and PP/20 wt% Vectra A bottles were 

examined by means of scanning electron microscopy as shown in Fig. 5.5. These 

micrographs were taken so that the bottom of the micrograph shows the inside surface of 

bottles fractured along the transverse direction (hoop direction). From these 

micrographs, it can be seen that although there are some TLCP fibers oriented in the 

transverse direction, most of the fibers are oriented in the machine direction. This is in 
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Figure 5.3 Tensile strength as a function of weight percent Vectra A for PP(10 wt% 
MAP)/Vectra A composite bottles made with strands having an initial draw 

ratio 30: & machine direction: O transverse direction. 
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Figure 5.5 Scanning electron micrographs of the cross sections of PP(10 wt% 

MAP)/20 wt% TLCP microcomposite bottles fractured along the transverse 
direction: (top) PP(10 wt% MAP)/20 wt% Vectra A initial strand draw ratio 
30; (bottom) PP(10 wt% MAP)/20 wt% HX6000 initial strand draw ratio 25. 
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agreement with the anisotropy seen in the mechanical properties. However, in both 

cases the fibril distribution looks good from the inside surface into the core. This 

distribution could be seen through out the cross section. 

in addition to the effect of TLCP composition on the properties of the composite 

bottles, the effect of initial strand properties on bottle modulus can also be seen. In 

Figures 5.6 and 5.7, the tensile modulus as a function of initial strand draw ratio, which 

corresponds to the modulus of the strand, for PP/20 wt% Vectra A and PP/20 wt% 

HX6000 bottles is shown. The expected trend in increasing tensile modulus with strand 

draw ratio is seen for both TLCPs in the machine and transverse directions. For the 

PP/20 wt% Vectra A bottles (see Fig. 5.6) the tensile modulus increases from 1350 to 

1665 MPa in the machine direction and 862 to 1105 MPa in the transverse direction as 

the strand draw ratio increases from 4.7 to 30 MPa. The PP/20 wt% HX6000 bottles (see 

Fig. 5.7) show an increase in modulus from 1570 to 1784 MPa in the machine direction 

and 843 to 1232 MPa in the transverse direction as the strand draw ratio increases from 4 

to 25. Similar trends were seen in the 10 wt% HX6000 and Vectra A bottles [39]. 

The error bars representing the standard deviations of the mean values in Figure 

5.6 and 5.7 show that the ranges of moduli overlap within one standard deviation from the 

mean for bottles made with strands having the low and middle draw ratios (about 4 and 15 

or 20) and the strands having the middie and high draw ratios (15 or 20 and 25 or 30). 

This overlap of the ranges of tensile moduli was also seen in injection molded 

microcomposites and extruded microcomposite sheets [34,35]. The trends seen in 

modulus versus in situ composite strand draw ratio were taken to be statistically significant 

for the bottles made by extruding the microcomposites by the same arguments made for 

the microcomposites processed by means of sheet extrusion and injection molding as 

discussed in detail elsewhere [34,35]. 

The tensile strength versus initial strand draw ratio for both PP/20 wt% Vectra A 

and PP/20 wt% HX6000 bottles is shown in Figures 5.8 and 5.9. The tensile strength of 
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Figure 5.6 Tensile modulus as a function of initial strand draw ratio for PP(10 wt% 

MAP)/20 wt% Vectra A composite bottles: O machine direction; O 
transverse direction. 
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the PP/20 wt% Vectra A bottles does not change with strand draw ratio and was about 28 

MPa and 20 MPa in the machine and transverse direction for all three strand draw ratios. 

For the PP/20 wt% HX6000 bottles the tensile strength is in the range of 32 MPa in the 

machine direction and 22 MPa in the transverse direction. The tensile strength of the 10 

wt% TLCP reinforced bottles was also constant with draw ratio [39]. No significant trend 

was expected between tensile strength and initial strand draw ratio because the tensile 

strength of a fiber reinforced composite is a complex function of the properties of the neat 

materials, the reinforcing fiber aspect ratio, and interfacial adhesion [42]. 

Although the testing method prevents comparisons of modulus between 

extruded sheets and injection molded composites produced by processing 

microcomposites, comparisons of the tensile strength can be made. Tables containing 

the tensile properties of all the PP/Vectra A and PP/HX6000 composites produced by 

injection molding, sheet extrusion, and extrusion blow molding are provided elsewhere 

[38]. For the PP/HX6000 bottles the tensile strengths in the machine and transverse 

directions agree with the tensile strengths of extruded sheets and injection molded 

composites produced using microcomposites. For example at 20 wt% HX6000 the 

machine direction tensile strengths are 35.8, 31.7, and 36.1 MPa for composites made by 

means of injection molding, sheet extrusion and extrusion blow molding, respectively. 

The transverse direction tensile strengths of the 20 wt% HX6000 composites are 22.5, 

24.3, and 24.8 MPa (in the same order as above). These values of tensile strength are for 

the composites made with strands having a draw ratio of 25. Taking into account the 

standard deviations on these values of tensile strength, the tensile strengths of the 

composites produced by the three methods agree well. The differences in the tensile 

strength of the PP/Vectra A composites are greater than those seen in the PP/HX6000 

composites. In the case of PP/20 wt% Vectra A, composites produced by means of 

injection molding, sheet extrusion, and extrusion blow molding (made with strands having 

an initial draw ratio of 30) have tensile strengths of 37.6, 25.8, and 29.9 MPa in the 
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machine direction and 21.6, 28.6, and 19.9 MPa, respectively. But again taking into 

account the standard deviations and the differences in the balance seen in the machine 

and transverse direction properties the tensile strength of the PP/Vectra A composites 

made by the three different methods also show reasonable agreement. 

5.4 Conclusions 

It was shown in this work that bottles based on PP/Vectra A and PP/HX6000 

could be produced. However, these bottles were produced only at 10 and 20 wt% TLCP, 

and the bottles still exhibited some anisotropy. A blow up ratio of 2 was used to produce 

these bottles. With higher blow up ratios, and thereby higher elongational strains, the 

balance between the machine and transverse direction properties may be improved. At 

30 wt% the weld lines in the parison caused by the inner mandrel supports in the die were 

too severe to allow the parison to be blown out into the mold. Through the use of a 

rotating mandrel or spiral grooved mandrel annular die, bottles with higher TLCP loading 

may be more easily produced, and the use of one of these dies might also help to reduce 

the anisotropy. In addition, the tensile strength of the composite bottles agreed well with 

the tensile strength of microcomposites processed by means of sheet extrusion and 

injection molding. It was found that the modulus of the bottles in both the machine and 

transverse direction improved with increasing strand draw ratio and increasing TLCP 

composition. Therefore, the use of higher modulus in situ composite strands and higher 

TLCP compositions would result in better bottle properties. 
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6.0 Recommendations 

° In all three processing methods, it was shown that the modulus of 

microcomposites was a function of the moduli of the in situ composite strand used to 

generate the microcomposite . Therefore, to improve the composite modulus the 

modulus of the in situ composite strands should be improved. Improving the properties 

of the in situ composite strands may be possible by achieving higher draw ratios. 

° Comparison of the moduli of the microcomposites to the predictions of composite 

theory revealed that the TLCP fibrils were not achieving their full potential to reinforce the 

matrix. This was believed to be a result of the fibers having low aspect ratios and 

agglomeration of the TLCP fibers resulting in a loss of effective aspect ratio. To improve 

microcomposite properties it is necessary to maintain the aspect ratio of the TLCP fibers 

during the production of the microcomposite. By further reduction of the TLCP fiber 

diameter, through the production in situ composite strands and fibers with higher draw 

ratios, the length required to obtain an aspect ratio of 100 could be reduced. These 

shorter fibers may pass more easily through the processing screws and thereby reduce 

fiber breakup. Additionally, studies of the properties of the microcomposites as a function 

of extrusion and injection rates may provide information on how best to minimize fiber 

breakup and reduce the agglomeration of the TLCP fibers. 

. The addition of maleic anhydride polypropylene (MAP) was seen to improve the 

modulus of injection molded microcomposites. Another study on the injection molding of 

polypropylene (PP)/thermotropic liquid crystalline polymers (TLCP) based in situ 

composites has shown that other modified PPs, e.g. acetic acid modified PP and 

phenolic modified PP, improved the mechanical properties of the in situ composites. 

Although some improvement in the modulus was seen with the addition of MAP, the 
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tensile strength was not improved. It could prove useful to look into some of these other 

modified PPs to improve the mechanical properties of the microcomposites as well. 

. The composite sheets had a rough surface finish and required compression 

molding to improve the surface of the sheet. Calendaring the sheets as they are being 

extruded could provide a smooth surtace and reduce the number of steps required in the 

production of sheets from microcomposites. 

: At 30 wt% TLCP it was not possible to produce microcomposite bottles. This was 

due to the weld lines in the parison that were caused by the spider legs that supported 

the inner mandrel of the annular die. If a shear flow in a direction transverse to the flow in 

the die was imposed, by use of a rotating mandrel die or a spiral grooved mandrel die, it 

may be possible to recover these weld lines and produce microcomposite bottles at 30 

wt% TLCP and above. The use of a die like those mentioned above would also help to 

provide an even distribution of material around the annulus and result in composite 

botties with a more uniform thickness. 

° The bottles made for this study did not exhibit a balance in machine and 

transverse direction properties. This problem was seen in both the composite bottles and 

the neat PP bottles. The blow up ratio provided by the bottle mold used in these 

experiments provided a blow up ratio of two, or a Hencky strain of about 0.6. Using a 

bottle mold that provided a higher blow up ratio and, thereby, a higher Hencky strain, 

could result in the production of bottles with a better balance of properties in the machine 

and transverse directions. In addition, the use of a spiral grooved or rotating mandrel die 

might also help to improve the balance between the machine and transverse direction 

properties. 
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Appendix A: Data Tables for injection molded 

microcomposites, composite sheets, and 

composite bottles. 
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Table A.1 Tensile Properties of PP/Vectra A Microcomposites Injection Molded at 
190°C (Diluted with Profax 6523 with 10 wt% compatibilizer in PP) 

Machine Direction Transverse Direction 

Mod | Strngth | Elong. Mod. | Sitrngth { Elong. 

GPa MPa %o GPa MPa % 

10 wt% VA 1.47 31.8 6.13 1.65 23.2 4.74 

Dr = 4.7; (0.066) | (1.30) | (0.77) | (0.11) | (0.59) | (0.27) 

10 wt% VA 1.97 33.9 6.24 1.74 24.2 4.22 

Dr= 20} (0.082) | (1.70) | (0.69) | (0.040) ; (0.93) | (0.67) 

10 wt% VA 2.14 34.6 5.79 1.84 24.7 3.76 

Dr=30} (0.11) | (2.10) | (0.37) | (0.059) | (0.34) | (0.40) 

20 wt% VA 2.07 35.1 5.14 1.63 20.7 3.01 

Dp =4.7| (0.22) | (3.77) | (0.41) | (0.11) | (1.26) | (0.71) 

20 wt% VA 2.29 37.2 4.96 1.89 23.4 2.91 

Dr=20|] (0.21) | (4.16) | (0.71) | (0.16) | (3.19) | (0.63) 

20 wt% VA 2.31 37.6 4.53 2.18 21.6 2.44 

Dr=30} (0.18) | (4.61) | (0.83) | (0.17) | (0.73) | (0.33) 

30 wt% VA 2.59 36.9 4.43 2.27 18.7 1.82 

Dr=4.7{ (0.21) | (5.29) | (0.96) | (0.10) | (0.87) | (0.67) 

30 wt% VA 2.79 40.2 4.69 2.36 21.7 1.64 

Dr=20} (0.30) | (6.23) | (1.41) | (0.17) | (4.21) | (0.45) 

30 wt% VA 3.18 43.5 3.92 2.47 23.1 1.74 

Dr=30| (0.37) | (5.53) | (0.81) | (0.27) | (3.33) | (0.35)     
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Table A.2 

Appendix A 

(Diluted with 6523, Third Zone Barrel Temp 200°C) 
Tensile Properties of Injection Molded PP/HX6000 Microcomposites 

  

Machine Direction Transverse Direction 
  

  

  

  

  

  

  

  

  

                

Mod. Strngth | Elong. Mod. Strngth | Elong. 
GPa | (MPa) % GPa (MPa) % 

10 % HX6000; 2.06 29.7 5.72 1.90 23.5 5.48 

Dr=4| (0.10) (0.40) (0.56) | (0.065) | (0.51) (0.14) 

10 % HX6000 | 2.22 31.2 5.48 2.27 24.7 5.03 

Drp=13.5| (0.11) (0.72) (0.14) (0.11) (1.11) (0.58) 

10 % HX6000 | 2.45 31.6 6.85 2.20 24.3 4.88 

D, = 25} (0.25) } (1.09) (0.26) | (0.084) | (0.34) (0.59) 

20 % HX6000} 2.43 30.7 4.52 1.71 18.8 3.45 

Dr=4| (0.16) | (1.71) (0.29) | (0.047) | (0.47) | (0.32) 

20 % HX6000; 2.89 35.7 4.04 1.93 21.4 3.07 

Dr=13.5| (0.073) | (1.61) (0.38) | (0.12) | (0.56) (0.26) 

20 % HX6000 | 3.23 35.8 4.36 2.44 22.5 3.76 

D, = 25} (0.26) (1.17) (0.37) (0.27) (0.20) (0.50) 

30 % HX6000 | 3.20 35.0 3.70 2.46 18.7 2.78 

Dr=4} (0.21) (0.85) (0.12) (0.44) (1.01) (0.79) 

30 % HX6000 | 3.78 36.9 3.00 2.59 19.9 2.20 

Dr=13.5} (0.30) | (1.70) | (0.23) | (0.17) | (1.07) (0.32) 

30 % HX6000 | 3.98 38.4 3.42 2.91 19.9 2.47 

Dr, =25} (0.25) (1.61) (0.34) (0.28) (1.08) (0.50)     
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Table A.3 Tensile Properties of Injection Molded PP/Vectra A Microcomposites 
(Diluted with 6523, Third Zone Barrel Temp 200°C) 

Appendix A 

  

Machine Direction Transverse Direction 
  

  

  

      

Mod. Strngth | Elong. Mod. Strngth | Elong. 
GPa (MPa) % GPa (MPa) % 

20 wt% VA 2.61 32.6 4.64 2.35 32.9 4.67 

D,=4.7| (0.28) (2.43) (0.77) (0.21) (1.92) (0.80) 

20 wt% VA 2.23 30.3 2.36 2.12 21.2 2.65 

Dr=20| (0.06) (1.72) (0.18) (0.25) (1.90) (0.62) 

20 wt% VA 2.57 31.7 4.01 2.10 2.23 2.93 

Dr=30] (0.33) (1.15) (0.73) (0.35) (2.31) (0.21)                 
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Table A.4 ‘Tensile Properties of PP/Vectra A Microcomposite Sheets (Diluted from 

40% Vectra A with Profax 6523 with 10 % MAP) 

Machine Direction Transverse Direction 

Mod. Strngth | Elong. Mod. Strngth | Elong. 

GPa MPa % GPa MPa % 

Neat PP 1.01 25.6 >10 0.99 26.3 >10 

(0.15) | (0.07) (0.04) | (0.55) 

10% Vectra A 1.40 23.3 6.50 1.40 23.4 5.85 

Dr=4.7]| (0.12) | (3.20) | (0.95) | (0.068) | (5.85) | (1.74) 

10% VectraA | 1.53 25.6 | 7.05 1.66 27.6 5.05 | 
Dy = 20} (0.058) | (2.37) | (1.69) | (0.11) | (0.89) | (0.46) 

10% Vectra A 1.61 28.9 7.22 1.81 33.1 6.78 

Dr=30} (0.10) | (2.40) | (0.75) | (0.14) | (1.92) | (1.36) 

20% Vectra A 1.78 26.3 6.26 2.03 21.6 3.28 

Dr=4.7} (0.06) | (2.36) | (0.53) | (0.19) | (2.16) | (0.76) 

20% Vectra A 1.84 22.4 6.03 2.45 30.9 5.19 

Dr= 20] (0.12) | (0.99) | (2.26) | (0.13) | (1.85) | (0.59) 

20% Vectra A 2.10 25.8 8.18 2.94 28.6 4.42 

Dr=30| (0.60) | (1.02) | (0.60) | (0.34) | (1.85) | (1.07) 

30% VectraA | 2.09 24.7 7.14 2.48 29.3 3.95 

Dre =4.7} (0.19) (1.82) (2.03) (0.23) (2.95) (1.12) 

30% Vectra A 2.55 27.9 5.97 2.94 34.3 3.53 

Dr,=20{ (0.12) | (2.40) | (1.39) | (0.26) | (1.75) | (0.38) 

30% Vectra A 2.76 27.9 4.86 3.4 32.2 4.48 

Dr= 30] (0.34) | (3.39) | (2.11) | (0.30) | (4.96) | (2.83) 
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Table A.5 Tensile Properties of PP/HX6000 Microcomposite Sheets (Diluted from 
40% Vectra A with Profax 6523 with 10 % MAP) 

Machine Direction Transverse Direction 

Mod. Strngth | Elong. Mod. Strngth | Elong. 

GPa MPa % GPa MPa % 

Neat PP 1.01 25.6 > 10 0.99 26.3 >10 

(0.15) | (0.07) (0.04) | (0.55) 

10% HX6000 1.08 21.4 8.25 1.02 19.9 6.27 

Dr=4] (0.041) | (1.27) | (2.18) | (0.074) | (0.55) | (0.74) 

10% HX6000 1.23 24.3 8.02 1.19 20.4 6.13 

Dr=13.5} (0.10) | (0.97) | (1.01) | (0.19) | (0.62) | (0.88) 

10% HX6000 1.44 29.1 8.17 1.34 26.1 5.92 

Dy = 25| (0.094) | (1.83) | (0.85) | (0.049) | (0.79) | (1.22) 

20% HX6000 1.32 21.2 6.51 1.24 16.5 2.95 

Dy= 4} (0.095) | (1.32) | (0.94) | (0.057) | (0.66) | (0.66) 

20% HX6000 1.53 23.0 5.19 1.70 20.4 4.85 

D,= 13.5} (0.22) | (1.19) | (0.71) | (0.15) | (0.67) | (0.32) 

20% HX6000 1.98 31.7 4.25 1.98 24.3 3.26 

Dr= 25] (0.12) | (3.76) | (0.78) | (0.15) | (4.82) | (0.37) 

30% HX6000 1.92 27.7 4.57 1.94 21.6 4.28 

Drp=4} (0.12) | (3.80) | (1.76) | (0.23) | (0.29) | (1.30) 

30% HX6000 2.17 29.2 5.60 2.54 27.8 3.25 

D,=13.5| (0.26) | (0.25) | (0.60) | (0.32) | (3.25) | (1.00) 

30% HX6000 2.99 35.6 3.35 2.71 24.5 3.11 

Dr=25| (0.25) | (3.17) | (0.31) | (0.085) | (2.86) | (1.84) 
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Tensile Properties of PP/Vectra A Microcomposite Bottles (Diluted from 40 

  

  

  

  

  

  

  

  

                  

Table A.6 
wt% Vectra A strands with Profax 6523/6823) 

Machine Direction | Transverse Direction 

Mod. Strength Mod. Strength 
MPa MPa MPa MPa 

Neat PP 945 25.8 661 26.3 
(129.0) (0.97) (44.2) (0.34) 

10% VA 1287 28.7 714 20.3 
Dr=4.7| (80.4) (0.98) (87.7) (0.35) 

10% VA 1339 31.4 732 19.48 
Dr=20} (93.0) (2.21) (127) (0.85) 

10 % VA 1407 28.2 825 19.13 
Dr=30; (126) (0.92) (134) (0.80) 

20 % VA 1350 27.4 862 19.6 
Dr=4.7| (97.6) (0.93) (124) (1.58) 

20 % VA 1457 28.1 934 20.1 
Dr= 20} (33.3) (1.84) (116) (1.26) 

20 % VA 1665 29.9 1105 19.9 
Dr=30} (55.3) (2.45) (87.7) (0.91) 
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Table A.7 
wt% Vectra A strands with Profax 6523/6823) 

  

M 

Tensile Properties of PP/HX6000 Microcomposite Botties (Diluted from 40 

  

  

achine Direction Transverse Direction 
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Mod. Strength Mod. Strength 
MPa MPa MPa MPa 

Neat PP 945 25.8 661 26.3 
(129.0) (0.97) | (44.2) (0.34) 

10 % HX6000! 1170 25.6 782 22.2 
Dp=4| (44.0) (0.81) (35.9) (2.27) 

10 % HX6000| 1273 29.1 925 21.0 
Dr=13.5| (68.7) (2.68) (53.8) (0.74) 

10 % HX6000} 1388 31.6 1066 22.6 
Dp=25] (96.2) (3.33) (95.1) (1.47) 

20 % HX6000| 1570 30.0 842.5 23.3 
Dr=4| (135) (1.92) (51.0) (2.08) 

20 % HX6000| 1685 35.1 1138 21.9 
Dr=13.5| (45.0) (3.12) (73.2) (1.86) 

20 % HX6000 | 1784 36.1 1232 24.8 
Dr=25} (64.3) (4.74 (30.6) (0.76)       
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Appendix B: Specifications of Extrusion Blow Molding 
Unit 

The purpose of this appendix is to describe the design criteria considered in 

building the extrusion blow molding unit used in this work. These criteria need to be 

considered prior to modifying the unit, for examples, by changing the mold. The 

mechanical drawings for the plates on which the mold is mounted are not provided 

because the are specific to the mold used for this work. New plates will probably need to 

be machined for a different mold. A preexisting knowledge of single screw extrusion and 

the melt behavior of the material is needed to operate the system. A brief description of 

the operation of the blow molding unit is also provided. 

The two most important design criteria of this system involve the clamping 

pressure and the hardened steel rods that support the mold. The clamping pressure is 

provided by two air cylinders with diameters of 13.97 cm and stroke lengths of 7.62 cm 

(the stroke length is the maximum extension of the piston). These air cylinders deliver 

clamping pressures in the range of 3447 to 8274 kPa when the air pressure in the system 

is in the range of 413.7 and 551.6 kPa. This range of pressures is generally provided by 

the building air. To determine the clamping force needed to hold the mold closed during 

the blowing step the surface area of the mold should be calculated and multiplied by the 

maximum blowing pressure to be used during processing. It is the force inside the mold 

that the air cylinders must match to keep the mold closed. The air system can handle line 

pressures up to 1034.2 kPa. The air cylinders can handle significantly higher pressures 
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than this. These air cylinders should be sufficient for the needs of a laboratory blow 

molding system, but parts of the air circuit may need to be replaced, e.g. the tubing and 

the regulator, to handle greater loads. The other design criteria of importance is the 

diameter of the hardened steel rods that support the mold. The four rods used in this 

work had a diameter of 1.91 cm. The diameter of the rods is important because of the 

deflection in the rods that occurs under the weight of the mold. If this deflection is too 

severe, the system will not align properly to close the mold. The four 1.91 cm rods used 

here deflect less that 0.05 mm under a weight of 18 kg. Before replacing the bottle mold, 

the weight of the mold and the deflection in the rods this weight will cause should be 

determined. The rods may need to be replaced with some having a larger diameter if a 

significantly heavier mold is used. 

A photograph of the extrusion blow molding unit is provided in Figure B.1. The 

operation of the blow molding unit is fairly simple. The house air is input into a tee joint 

that leads to two pressure regulators. The regulator on the right controls the air pressure 

in the cylinders and provides lubrication for the air cylinders (see Fig. B.1). The position of 

the mold (open or closed) is controlled by a four way valve. This valve is opened and 

closed with the lever on the right hand side of the blow molding unit. The regulator on the 

left controls the air pressure injected through the die and into the mold. This air is injected 

into the mold when the button on top of the two way valve is depressed. This button 

must be held down to maintain the air flow through the die. 

To produce a bottle, extrude a parison long enough to reach the bottom of the 

mold. Once the parison is long enough, turn off the extruder screw. Close the mold 

using the four way valve (lever in Fig. B.1) described above. Inject the air into the mold by 

depressing the button on the two way valve located on the left hand side of the unit. Give 

the bottle time to cool, and open the mold and retrieve the bottle. 
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Figure B.1 Photograph of the extrusion blow molding system designed for this work. 
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Figure B.1 Photograph of the extrusion blow molding system designed for this work. 
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Appendix C: Differential Scanning Calorimetry of 
HX6000 
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