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(ABSTRACT) 

Isotactic polypropylene (PP) was reinforced with Vectra B950 (VB), a thermotropic liquid 

crystalline polymer (TLCP), in two novel fiber spinning processes. In one process, a 

single VB melt stream was surrounded by a sheath of PP in a manner comparable to a wire 

coating process just prior to melt spinning to generate fibers possessing a sheath-core 

structure. The other process involved the distribution of continuous VB melt streams 

within a separately plasticated PP melt to form a composite melt which was drawn to 

create matrix-fibril fibers consisting of a PP matrix in situ reinforced with VB fibrils. Both 

processes allow polymers with non-overlapping processing temperatures to be combined 

and melt spun to form composite fibers. The effect of fiber draw ratio on the tensile 

mechanical properties was assessed for composite fibers reinforced with 50 wt.% (39 

vol.%) VB. Numerical simulations of the non-isothermal fiber drawing processes and an 

investigation of fiber morphology were undertaken in order to explain the mechanical 

properties. The matrix-fibril (in situ) reinforced fibers were woven into fabric preforms. 

The preforms, pre-wetted with PP, were used to fabricate orthotropic composites, and the 

mechanical performance and formability of these composites was evaluated.
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Industrial interest in recyclable materials possessing both low density and high 

mechanical properties has lead to research concerning the development of thermoplastic 

composites. Thermoplastics are inherently recyclable because they can be repeatedly 

heated and formed unlike the thermosetting resins utilized in traditional composite 

materials (1). Unoriented thermoplastics have tensile strengths generally under 100 MPa 

and usually possess modulus values less than 3 GPa (2). Therefore, thermoplastics must 

be reinforced in order to obtain the specific mechanical properties, the mechanical 

property values divided by density, necessary to compete with metals. 

Thermoplastics can be reinforced with glass and carbon fibers to produce 

dimensionally stable composites with substantially improved mechanical properties relative 

to the neat thermoplastic properties. Polypropylene reinforced at a level of 30 wt.% with 

a long glass random mat results in a composite which is mechanically isotropic within the 

plane and which possesses a tensile modulus of 4.6 GPa and a tensile strength of 83 MPa 

(2). These properties are significant enhancements relative to the tensile modulus and 

strength of pure polypropylene which are 1.1 GPa and 31 MPa respectively (2). 

The use of solid glass and carbon reinforcements in both short and long fiber form 

has disadvantages, however. Compounding short glass or carbon fibers with 

thermoplastics in extruders and injection molders results in viscosities much higher than 

those of the pure thermoplastics which increases energy expenditure and limits the level 

of fiber loading (3-5). The processing of short fiber / thermoplastic blends can also cause 

excessive wearing of processing equipment, and the aspect ratio of the reinforcing fibers 

can be reduced during processing resulting in a reduction in mechanical properties relative 

to those obtained with undamaged fibers (6). The reinforcement of thermoplastic 

materials with long carbon or glass fibers cannot be accomplished using standard 

processes such as extrusion and injection molding. Processes such as pultrusion, 
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compression molding, and tape laying are required. These processes involve impregnating 

the fibers, which are in uniaxial tows, woven fabrics, or random non-woven mats, with 

thermoplastic melts. A negative attribute of reinforcing thermoplastics with long glass or 

carbon fibers is that achieving adequate fiber wetting during impregnation processes is 

often difficult due to the viscous nature of the thermoplastics. Reinforcement of 

thermoplastics with long fibers is also a costly endeavor due to the expensive nature of the 

fibers and high production costs associated with the non-standard processing methods (7). 

Thermotropic liquid crystalline polymers (TLCPs) present an alternate means of 

reinforcing thermoplastics. Because TLCPs can be melt processed, they provide the 

opportunity to induce the reinforcement of thermoplastics during melt processing. The aim 

of this introductory chapter is to provide background information related to the 

reinforcement of thermoplastics with TLCPs. A review of some general features of 

TLCPs will be presented and will be followed by an overview of the use of TLCPs to in 

situ reinforce thermoplastics. Specific information will then be given concerning research 

involving thermoplastic/TLCP composite fibers and the post-processing thereof. At the 

end of the introduction the research objectives for this work will be presented, including 

brief explanations of how the satisfaction of each objective contributes to the present state 

of composites materials based on TLCPs and thermoplastics. 
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1.1 Thermotropic Liquid Crystalline Polymers 

Before the use of TLCPs to reinforce thermoplastics is considered, it is first 

necessary to provide some background information concerning general features of TLCPs. 

The characteristics to be discussed can be classified under general topics which include 

molecular characteristics, rheological behavior, and development of mechanical properties. 

Knowledge concerning the behavior of TLCPs will prove to be essential in the 

understanding the generation of thermoplastic reinforcement to be detailed later. 

1.1.1 Molecular Characteristics 

Liquid crystalline polymers (LCPs) are polymers which display molecular order in 

the liquid state known as the mesophase, a phase which is intermediate to a crystalline 

solid state and an isotropic liquid state. The molecular architecture of common LCPs is 

highly linear and ngid, usually characterized by wholly aromatic backbone units. The 

molecular order displayed by most synthetic LCPs is nematic, a term used to reflect the 

structure which contains domains possessing local one-dimensional order specified by a 

director (8). Thermotropic liquid crystalline polymers are synthesized with sufficient 

flexible spacers or kinks along the polymer backbone to lower the crystal to mesophase 

transition temperature, or melting temperature, below the degradation temperature thus 

enabling melt processing (9,10). The structural units for a thermotropic copolyester, 

Vectra A, and a thermotropic copoly(ester-amide), Vectra B, are illustrated in Figure 1-1 

in order to provide visual representation of typical TLCP molecular structures (11,44). 
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1.1.2 Rheological Behavior 

Thermotropic liquid crystalline polymers display rheological characteristics 

different than those exhibited by common thermoplastics. Onogi and Asada suggested 

that the structure of LCPs is dependent upon shear rate which results in a three region 

flow curve as depicted in Figure 1-2 (15). Thermoplastics typically display Newtonian 

viscosity plateaus at low shear rates while TLCPs shear thin in the low shear rate region as 

illustrated in Figure 1-2. The unique shear thinning behavior of TLCPs often results in 

low viscosities at shear rates commonly realized in typical processing equipment (12-14). 

It should be mentioned that the generality of the three region flow curve for LCPs has 

been questioned by some researchers (16,17). 

The rheological behavior of TLCPs has been shown to be dependent upon shear 

history (18-21). Wissbrun and Griffin investigated the effect of pre-shearing on the 

complex viscosity of a thermotropic copolyester and determined that increasing the shear 

history of the TLCP resulted in significant reductions in viscosity relative to samples tested 

without previous shearing (18). This result was in agreement with the observation that the 

stresses relax relatively quickly after termination of flow for some TLCPs but the 

molecular orientation remains much longer (15,21-25). 

Thermal history also affects the rheological behavior of thermotropic liquid 

crystalline polymers. One rheological feature common to many TLCPs which is of 

particular interest is the supercooling behavior and its dependence upon initial temperature 

prior to cooling. Studies (26,27) have indicated that TLCPs cooled from temperatures 
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above their melting points solidify at temperatures as much as 85°C below their melting 

temperatures. The degree of supercooling for a TLCP is reported to be directly related to 

the extent which the TLCP is heated above its melting temperature prior to cooling. This 

is Clearly illustrated in Figure 1-3 for a TLCP known as Vectra A950 which has a melting 

temperature of approximately 280°C (27). The supercooling feature of TLCPs is 

important to the processing of TLCPs in neat form as well as in blends with thermoplastics 

because it determines the thermal processing window within which, for example, fibers can 

be drawn in a fiber spinning process prior to solidification of the TLCP. 

1.1.3 Development of Mechanical Properties 

Thermotropic liquid crystalline polymers have been shown to possess numerous 

desirable properties. These include dimensional stability, indicated by low coefficients of 

thermal expansion and high heat deflection temperatures, as well as high mechanical 

properties, low dielectric constants, and excellent barrier properties (7,19,28). The 

combination of TLCPs with thermoplastics has largely been performed in order to enact 

mechanical reinforcement of the thermoplastics. For this reason, the mechanical 

performance of TLCPs and its development with respect to processing will be emphasized. 

Anisotropy is an inherent feature of the mechanical performance of TLCPs as a 

result of preferential molecular alignment in the direction of flow during processing due to 

the rod-like nature of the TLCP molecules. The high tensile properties of TLCPs are 

developed in the direction associated with extensional deformation arising during 
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processing, and for this reason, the mechanical properties measured in the process 

direction of a TLCP sample are usually significantly greater than the transverse direction 

properties. For example, the injection molding of a TLCP commercially known as Vectra 

A900 using an end-gated plaque mold resulted in a flow direction tensile modulus of 8.1 

GPa while a modulus of only 3.0 GPa was realized for the transverse direction of the 

plaques (29). The mechanical anisotropy of TLCP samples produced in injection molding 

processes was initially described by Jackson and Kuhfuss (30). Figure 1-4 illustrates the 

mechanical anisotropy of a thermotropic copolyester studied by Jackson and Kuhfuss. As 

indicated in this figure, the anisotropy was reduced with increasing mold thickness due to 

the morphological structuring associated with the advancing front in the mold filling 

process (30,31), but the reduction in anisotropy was associated with an undesirable 

decrease in the flow direction properties. 

The fact that the structure of TLCP molecules allows them to be easily aligned in 

the direction of flow is not solely a negative characteristic as may have been implied by the 

previous discussion of mechanical anisotropy. This characteristic is very desirable in a 

process such as fiber spinning which incorporates an almost purely elongational flow field 

in order to achieve superior unidirectional mechanical properties. The spinning of a TLCP 

(Vectra A) has resulted in fibers with tensile moduli as high as 65 GPa (32) whereas 

injection molded samples of the same TLCP have attained flow direction moduli of only 

12 GPa (33). This result 1s attributed to the fact that fiber spinning involves an almost 

entirely elongational flow field while the mold filling process has combined shear and 
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elongational components of flow. In the fiber spinning of pure TLCPs, several researchers 

have noted improvements in both tensile modulus and strength with increasing fiber draw 

ratio, a measure of the degree of elongation, illustrating the importance of elongational 

strain to the development of mechanical properties for TLCPs (32,34-36). This 

relationship between draw ratio and tensile mechanical properties is illustrated in Figure 1- 

5 for an experimental thermotropic copolyester which was synthesized from p- 

hydroxybenzoic acid, 2,6-hydroxynaphthoic acid, and terephthalic acid (34). Simple 

elongational flow, characterized by stretching along one primary direction (37), is very 

efficient in inducing molecular orientation within a TLCP melt, and the relatively long 

times associated with relaxation of TLCP molecular order aids in maintaining the 

molecular orientation until it is secured after solidification of the TLCP (34,35,38). As 

illustrated in Figure 1-6, significant improvements in the tensile modulus of two TLCPs, 

specifically Vectra A and Vectra B, have has been reported to occur with small increases 

in TLCP molecular orientation represented by Herman's orientation function (35). This 

illustrates the importance of achieving high levels of TLCP molecular orientation, induced 

via elongational flow, to the development of mechanical properties 

Several general features of thermotropic liquid crystalline polymers have been 

discussed. Specifically, information concerning the supercooling behavior of TLCP melts, 

the characteristically slow relaxation of TLCP molecular orientation, and the direct 

relationship between TLCP molecular orientation and tensile modulus has been provided. 
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The relevance of these characteristics to the reinforcement of thermoplastics with TLCPs 

will become evident in the following section. 

1.2 In Situ Reinforcement of Thermoplastics with TLCPs 

One of the most important features of thermotropic liquid crystalline polymers is 

that they can be melt processed. This enables thermoplastic and TLCP melts to be 

processed together which allows reinforcement of the thermoplastic material to be 

developed during processing. Composites generated in such a manner are termed in situ 

composites because the TLCP reinforcement is introduced and established during 

processing in standard processing equipment such as extruders and injection molders. The 

development of in situ reinforcement and the various processing options which have been 

investigated will be discussed in this section. 

1.2.1 Criteria for Development of Reinforcing TLCP Fibrils 

The majority of the research concerning in situ composites has involved the dry 

blending of TLCP and thermoplastic pellets followed by processing in an extruder or 

injection molding unit. Through the course of this research, information concerning 

essential criteria necessary for the generation of reinforcing TLCP fibrils has been 

uncovered. As will be further detailed, the type of flow field, the viscosity of the TLCP 

relative to that of the thermoplastic material, and TLCP concentration were found to be 

key to the formation of TLCP fibrils during processing. Additionally, the fibril aspect ratio 

and TLCP molecular orientation were found to affect the mechanical reinforcement. 
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Knowledge of microphase rheology as it applies to the flow of 

thermoplastic/TLCP blends can lead to an understanding of the conditions necessary for 

TLCP fibril formation. Studies with binary fluid systems composed of droplets of one 

fluid dispersed within a continuous liquid phase of another fluid have resulted in 

correlations between the ratio of the viscosities of the two components and the critical 

value of the dimensionless parameter known as the capillary number, or Weber number, 

necessary to deform the droplets. The Weber number represents the ratio between 

hydrodynamic stress, or viscous stress, and the interfacial stress between the two phases. 

The Weber number physically represents the ratio of the stress which acts to deform the 

droplets to the stress which acts to prohibit deformation. Figure 1-7 illustrates 

correlations between viscosity ratio, the dispersed phase viscosity divided by the viscosity 

of the continuous phase, and the critical Weber number for simple shear, a rotational flow 

field, and planar elongational flow, an irrotational flow field (39). It is evident from Figure 

1-7 that droplet deformation in simple shear flow only occurs when the ratio of the 

dispersed phase viscosity to the viscosity of the continuous phase is between 

approximately 0.1 and 1. Several researchers have noted that a TLCP fibrillar 

morphology resulted from TLCP droplets dispersed in thermoplastic melts only when the 

viscosity of the TLCP was less than that of the thermoplastic in complex flows possessing 

components of both shear and elongation, such as capillary flows with entrance and exit 

effects (12,14,40,41), which is consistent with Figure 1-7. It is also clear from Figure 1-7 

that elongational flow allows a greater range of viscosity ratios within which droplets can 
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be deformed relative to that of simple shear flow. This is consistent with experimental 

observations of thermoplastic/TLCP in situ blends which indicated that elongational flow 

was more efficient in creating TLCP fibrils than shear flow (12,14,42-45). It has been 

determined that droplet coalescence and fibril formation occurs in elongational flow fields 

such as those associated with the entry flow in the contraction of a capillary and with fiber 

drawing processes (11,14,41,42,46,47-49). 

The concentration of the TLCP phase in thermoplastic/TLCP blends has been 

shown to have an influence on the formation of TLCP fibrils. Crevecoeur and Groeninckx 

determined that the TLCP droplet size increased with TLCP concentration for a 

commercial TLCP, Vectra B950, dispersed within a matrix of a miscible blend of 

poly(phenylene ether) and polystyrene because of the increased likelihood of droplet 

coalescence with increased concentration (50). They also observed that the smaller 

droplets associated with a TLCP concentration of 1 wt.% did not deform into fibrils while 

the development of fibrils did occur at higher concentrations from 5 to 25 wt.% TLCP. 

The authors suggested that, as the size of the dispersed droplets decreased, the relative 

contribution of the interfacial tension increased which caused a reduction in the Weber 

number, apparently below the critical value necessary for droplet deformation in the case 

of the 1 wt.% blend. The development of a fibrillar morphology for the TLCP phase has 

also been shown to be limited at higher concentrations where an inversion of the dispersed 

and continuous phases occurs. Blizard and Baird noticed the formation of a complex 

morphology characteristic of phase inversion at TLCP concentrations above 50 wt.% for 
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blends of a thermotropic copolyester with both nylon 6,6 and _ polycarbonate 

thermoplastics (14). Similarly, Bassett and Yee (49) observed a TLCP concentration limit 

of approximately 40 wt.% for blends of polystyrene and Vectra B900, above which 

departure from a morphology solely characterized by TLCP fibrils dispersed within the 

polystyrene occurred. It should be noted that increasing the TLCP content in an in situ 

composite to the point where the TLCP phase is clearly the matrix and is no longer in fibril 

form can still result in increased mechanical properties as was confirmed by de Souza (29). 

The reinforcing potential of TLCP fibrils is dependent upon both the fibril length to 

diameter ratio, or aspect ratio, as well as the orientation of the TLCP molecules within the 

fibrils. The Tsai-Halpin equation predicts the tensile modulus of a unidirectional fiber 

reinforced composite as follows (6): 

_p {ltée (Ep /Em)-1 4%) Be = Eq EAN where: n= (Ep /Em) +E and E= (1.1) 

In the above expressions, the symbol E represents tensile modulus in the direction of 

reinforcement, V signifies volume fraction, and L/D is the length to diameter ratio of the 

reinforcing fibers. The subscripts c, m, and f denote the composite, matrix, and fiber 

materials respectively. For fixed moduli contributions from the matrix and fiber materials 

and a constant TLCP content, the maximum reinforcing potential is achieved when the 

aspect ratio is greater than 100 according to the Tsai-Halpin equation which, in this limit, 

effectively reduces to the unidirectional rule of mixtures which is as shown below (6): 

E, = Vr Er + Vin Em (1.2) 
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The reinforcing potential of the fibrils can also be improved by increasing the TLCP 

molecular orientation which increases the contribution of the TLCP mechanical properties 

to the properties of in situ composites (51-54). 

1.2.2 Processing Options Investigated 

The in situ reinforcement of thermoplastics with TLCPs has been investigated in 

several processes. These include injection molding (11,41,56-60), fiber/strand spinning 

(11,48,49,51,54,55,59,61-66), film extrusion (11,12,52,59,67), and film blowing (68,69). 

The greatest degree of reinforcement was developed via fiber spinning (also referred to as 

strand drawing), a process involving a high degree of elongational flow, which is an 

expected result considering the previous discussions concerning the development of 

mechanical properties for TLCPs. An injection molded plaque comprised of 

poly(ethylene-terephthalate) (PET) reinforced with 20 wt.% Vectra A displayed a machine 

direction tensile modulus of 3.42 GPa (59) while PET reinforced to the same extent with 

Vectra A in a strand drawing process resulted in a tensile modulus of 11.1 GPa (61). 

Because fiber spinning processes lead to the highest properties for thermoplastics 

reinforced with TLCPs, they merit further discussion. The next section will provide 

information concerning reinforcing thermoplastics with TLCPs in fiber spinning processes. 
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1.3 Thermoplastic/TLCP Composite Fibers 

Essentially all of the published research concerning composite fibers comprised of 

thermoplastics reinforced with TLCPs involves in situ composite fibers possessing a 

matrix-fibril structure. Information concerning the development of mechanical properties 

for fibers having a thermoplastic matrix in situ reinforced with TLCP fibrils will be 

presented in this section. Also, other types of composite fiber structures will be discussed 

in order to disclose potential advantages/disadvantages of generating thermoplastic/TLCP 

fibers possessing these structures. 

1.3.1 Matrix-Fibril (In Situ) Fibers 

Many researchers have investigated the in situ reinforcement of thermoplastics 

with TLCP fibrils in fiber spinning processes (11,48,49,51,54,55,59,61-66). This section 

will disclose research results relating to the processing of thermoplastic/TLCP matrix-fibril 

fibers. The intent is not to comprehensively discuss the extensive research performed in 

this area but to present specific information, relevant to the research investigation to be 

detailed in this thesis, which includes the effect of fiber drawing on mechanical properties, 

the impact of TLCP cooling behavior on fibril formation and fiber drawability, and a 

description of a novel dual extrusion melt blending process. 

The effect of fiber drawing on the mechanical properties of in situ reinforced 

thermoplastic fibers has been determined by several researchers (54,55,61,65,66). Kyotani 
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et al. produced PET fibers in situ reinforced with Vectra A950 up to a draw ratio of 120 

and determined the tensile properties of the resulting fibers (61). Figure 1-8 shows tensile 

modulus as a function of draw ratio for the PET/Vectra A950 (80/20 wt.%) fibers. 

Increasing degrees of elongation resulted in improvements in tensile modulus for the lower 

draw ratios investigated, but the tensile modulus appeared to reach a plateau at draw 

ratios greater than 80. The tensile modulus of pure fibers of some TLCPs, including 

Vectra A950, has also been shown to level off at high draw ratios (66,70). As indicated in 

Figure 1-9, the tensile modulus of PET/Vectra A950 fibers, produced at a draw ratio of 

80, increased with increasing Vectra A950 content, but the pure Vectra A950 fibers 

produced did not have the maximum modulus value of 65 GPa which has been reported 

for this TLCP (11). The effect of fiber drawing on tensile properties of in situ reinforced 

polycarbonate fibers was investigated by Dutta, Weiss, and Kristal (52). The property 

improvements which resulted from increased drawing for fibers composed of 

polycarbonate in situ reinforced with 10 wt.% Vectra RDS0O0O were attributed to increased 

elongation of the reinforcing fibrils, indicated by fibril diameter reduction with increasing 

draw ratio as shown in Figure 1-10, which resulted in increased fibril aspect ratio and 

TLCP molecular orientation. 

The cooling behavior of TLCPs was determined to affect the formation of fibrils 

and the drawability of in situ reinforced thermoplastic fibers. La Mantia et al investigated 

the processing and properties of fibers composed of PET reinforced with two liquid 

crystalline polymers, Vectra A900 and another thermotropic copolyester called SBH (65). 

The mechanical properties and morphology of both fiber systems were assessed and 
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Figure 1-8: Tensile modulus as a function of extension draw ratio for PET/V. ectra A950 
(80/20 wt.%) in situ reinforced fibers (from reference 61). 
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Figure 1-9: Tensile modulus as a function of Vectra A950 concentration for in situ 

reinforced PET/Vectra A950 fibers produced at a draw ratio of 80 (from 
reference 61). 
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Figure 1-10: The effects of draw ratio on microfibril diameter and tensile modulus for 
fibers composed of polycarbonate in situ reinforced with 10 wt.% Vectra 

RDS500 (from reference 52). Tensile modulus values are normalized to the 
modulus value corresponding to an undrawn fiber with draw ratio of 1. 
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discussed in light of differences between the cooling behaviors for the two TLCPs. For 

the fibers composed of PET/SBH (90/10 wt.%), definite SBH fibrils were developed, and 

a 50% increase in tensile modulus was noted relative to the modulus value of neat PET at 

the highest draw ratios investigated. The morphology of the Vectra A900 phase in the 

PET/Vectra A900 (90/10 wt.%) fibers was characterized more by ellipsoids than fibrils, 

and the resulting mechanical performance of these fibers was well below that exhibited by 

the PET/SBH (90/10 wt.%) fibers produced with similar degrees of fiber drawing. 

Additionally, the PET/SBH fibers could be drawn up to a draw ratio almost twice that 

possible for the fibers containing Vectra A900. The authors used viscosity-temperature 

curves for PET as well as for the neat TLCPs to account for the lack of fibrils and lower 

reinforcement level associated with fibers containing Vectra A900. A comparison of the 

viscosities of the three materials upon cooling from 280°C, the extrusion temperature used 

during processing, revealed that Vectra A900 possessed a viscosity much greater than the 

PET within the temperature range associated with the melt drawing process while SBH 

displayed a viscosity lower than PET during drawing prior to its solidification. The 

authors concluded that the Vectra A900 phase was too viscous relative to the matrix 

material to deform into fibrils while this limitation did not exist for SBH. Also, the 

solidification of Vectra A900, characterized by a rapid increase in viscosity, occurred at a 

temperature approximately 20°C above the temperature associated with the SBH 

solidification. The discrepancy between the drawabilities of the two fiber systems, 
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reflected in the different maximum draw ratios possible, was explained by the higher 

solidification temperature for Vectra A900. 

While most of the research investigations regarding the processing of in situ 

reinforced fibers, including the studies previously discussed in this section, have been 

accomplished using a single extruder to plasticate both the thermoplastic and the TLCP 

materials together, limited research using a dual extrusion process to generate TLCP fibril- 

reinforced thermoplastic fibers has also been performed (63,66). The dual extrusion 

process, a process patented by Baird and Sukhadia (71) and further improved by Sabol 

(66), allows the TLCP and thermoplastic materials to be separately plasticated prior to 

their combination. Continuous streams of the TLCP melt are injected into the PP matrix 

melt and these streams are further split into numerous smaller diameter streams through 

the use of static mixing elements. The composite melt, containing fibrillar streams of 

TLCP dispersed within a thermoplastic matrix, is then extruded through a capillary die and 

this extrudate is then drawn to provide the elongational flow necessary to elongate and 

orient the continuous TLCP fibrils. The main advantage which the dual extrusion process 

has relative to a single extrusion melt blending process is it allows separate control of the 

thermal histories of the two polymers before they contact each other which enables the 

processing of materials which do not have overlapping processing temperatures. The 

processing of materials which do not readily process within the same temperature range is 

possible since the dual extrusion process allows the TLCP to be heated well above its 

melting temperature prior to contacting the thermoplastic melt, thus allowing the TLCP to 
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supercool and remain in melt form at the lower temperatures necessary to minimize 

degradation of the thermoplastic. 

1.3.2 Other Composite Fiber Structures 

The matrix-fibril fiber is not the only type of composite fiber which can be 

generated from the combination of two materials. Other types of composite fibers, which 

include sheath-core and side-by-side, are depicted in Figure 1-11. The side-by-side fiber 

structure does not provide a fully wetted reinforcing phase, in contrast to the matrix-fibril 

and sheath-core structures, and is not applicable to the formation of thermoplastic/TLCP 

fibers to be used to fabricate composites via compression molding processes for this 

reason. Because TLCPs and thermoplastics often have different solidification behaviors, it 

is possible that phase delamination may occur for a thermoplastic/TLCP side-by-side fiber 

during the fiber drawing process even if some form of phase interlocking is attempted 

(72). The sheath-core structure seems suitable for use with thermoplastic/TLCP polymer 

pairs, because, like the matrix-fibril structure, the sheath-core structure enables the 

reinforcing TLCP material to be completely enveloped by the thermoplastic. Also, higher 

TLCP concentrations may be possible in sheath-core thermoplastic/TLCP fibers than in 

matrix-fibril fibers due to the non-existence of phase inversion problems which can occur 

at high concentrations for matrix-fibril (in situ) reinforced thermoplastic fibers. 

The literature is apparently devoid of information about the processing and 

properties of thermoplastic/TLCP sheath-core fibers despite the positive aspects which are 
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Figure 1-11: Cross-sections of several composite fiber structures (adapted from 
reference 72). Structures illustrated are: matrix-fibril (A), concentric 
sheath-core (B), accentric sheath-core, (C) simple side-by-side (D), and 
side-by-side with phase interlocking (E). 
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potentially associated with their generation. A Japanese patent held by Kuraray Company 

(73) details the formation of fibers possessing a core of an thermotropic aromatic 

polyester, likely Vectra A from the description given, surrounded by a sheath of 

poly(phenylene sulfide) (PPS). It should be noted that PPS possesses a melting 

temperature of approximately 285 to 290°C (2) while Vectra A has a melting temperature 

of 280°C as indicated earlier. The formation of such a sheath-core fiber could be readily 

accomplished in a standard industrial spin pack due to an overlap of the processing 

temperatures for the PPS and Vectra A. The relevance of this information will become 

evident in the formulation of the research objectives to be presented later. 

1.4 Post-Processing of Thermoplastic/TLCP In Situ Fibers 

Although fiber spinning provides a high degree of elongational flow necessary to 

elongate TLCP fibrils and orient the TLCP molecules, the thermoplastic/TLCP fibers must 

be post-processed in order to generate usable composite parts. Because the thermoplastic 

materials can often be processed at lower temperatures than the TLCPs used to reinforce 

them, the possibility exists of fusing thermoplastic/TLCP fibers together while adequately 

maintaining the solid structure and molecular orientation of the TLCP reinforcing phase. 

Also, the TLCP fibrils and thermoplastic matrix are in intimate contact within the in situ 

reinforced fibers which eliminates fiber wetting difficulties often realized in traditional fiber 
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reinforced composites using glass and carbon fibers (49). The discussion to follow will 

disclose some methods of post-processing in situ reinforced thermoplastic fibers which 

have been researched and will also mention a proposed post-processing method and its 

potential advantages. 

1.4.1 Post-Processing Methods Investigated 

Drawn strands composed of polypropylene (PP) in situ reinforced with various 

TLCPs have been post-processed by Handlos (27) to form composites which were called 

microcomposites due to the small diameters (1 to 5 um) of the reinforcing TLCP fibrils. 

The post-processing technique involved pelletizing the drawn strands followed by 

secondary processing at temperatures below the melting temperature of the TLCP. The 

secondary processes investigated included injection molding, sheet extrusion, and 

extrusion blow molding. In general, when the processing temperatures used in the 

secondary processing steps were low enough to allow the TLCP fibrils to behave solid- 

like, the microcomposites produced exhibited less anisotropy than composites generated 

using the respective one-step in situ processing methods. The tensile modulus of the 

microcomposite plaques produced using a secondary injection molding process were 

lower than predicted by composite theory even though the strands used to produce them 

possessed tensile modulus values in excess of theoretical predictions. It was proposed that 

the secondary process resulted in a reduction of the aspect ratios of the TLCP fibrils in the 
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pelletized strands by agglomeration of the fibrils, resulting in a reduction in effective 

aspect ratio, and by break-up of the fibrils during processing. 

Compression molding at a temperature below the TLCP melting point has been 

used as a method of post-processing in situ reinforced thermoplastic fibers in uniaxial, 

biaxial, and random lay-up configurations. Handlos and Baird molded uniaxially and 

biaxially aligned strands of polypropylene in situ reinforced with Vectra A and found that 

the strand tensile properties were essentially maintained in the uniaxially reinforced 

composites and the biaxially reinforced composites displayed tensile properties 

approximately 50% of the fiber properties (74). Compression molding of uniaxially 

aligned in situ reinforced strands has also be used by Bassett and Yee as a post-processing 

method (49). Their results indicated a slight decrease in the tensile moduli of the molded 

composites relative to the moduli of the polystyrene/Vectra B900 in situ fibers used to 

fabricate the composites, a result they attributed to imperfect fiber alignment. They did, 

however, observe significantly lower tensile strengths for the molded samples in 

comparison to the tensile strength values for the fibers. Sabol generated composites by 

compression molding both uniaxially and randomly aligned fibers composed of 

polypropylene in situ reinforced with a thermotropic copolyester, HX1000 (66). The 

results of this study, detailed in Table 1-I, indicated that the mechanical performance of 

the randomly reinforced composites improved as the length of the fibers used in the 

composite fabrication process was increased. Additionally, it was discovered that the 

fibers produced at the highest draw ratio of 26.8 provided uniaxially reinforced 

1.0 Introduction 32



Table 1-I: Mechanical Properties of 29 wt.% HX1000/PP Compression Molded 
Samples Produced From Drawn Blend Strands (from reference 6) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Draw Rata Tensile Tensile Flexural Mexural 
4 Strength Modulus Strength Modulus 

(VP a) (GPa) (NEP 2) (GPa) 

2.27 (0.20) | Strand 37.7 (5.5) | 4.42 (0.68) - | . 

Uniaxial 60.5 (2.1) | &06 (0.63) 66.2(1L5) | 649 (0.25) 

Random (2 mm} 9.6 (0.9) | L753 (0.18) 29.3 (4.3) 2.01 (0.18) 

Random {10 mm] | 13.6(28) | 187 (0.37) | 37.707.) | 224023) 
Random (20 mm] 20> (4.7) 2.31 (0.68) 39.0 (3.5) 2.60 (0,18) 

Random [30 mm} 245 (2.4) 2.84 (0.62) 47.5 (7.9) 2.67 (0.70) 

6.7 (L4) Strand 42.0 (6.7) | 7.66 (1.24) - - 

Uniaxial 66.9 (5.4) 12.15 (1.03) $5.0 (4.4) 9.42. (0.06) 

Random [2 mmj 13.1 (15) 199 (0.22) 28.1 (0.3) 1.34 (0.14) 

Random (10 mmj 17.6 (2.7) 2.98 (0.25) 46.3 (5.8) 3.11 (0.31) 

Random (20 mmj 213 (3.4) 3.40 (0.73) 44.6 (3.1) 3.13 (0.12) 

Random [30 mmj 30.1 (4.3) 4.29 (0.47) 50.3 (6.9) 3.97 (0.13) 

15.4 (4.2) Strand 68.6 (9.2 12.36 (2.09) - - 

Uniaxial 73.2 (5.4) 12.19 (0.65) 95.2 (3.6) | 10.37 (0.60) 

Random [2 mm] 15.3 (0.5) 257 (0.22) 38.7 (1.4) 2.67 (0.08) 

Random {10 mm} 24.1 (2.3) 3.15 (0.45) 46.3 (9.2) 3.04 (0.22) 

Random (20 mm] 28.2 (0.4) 4.77 (0.92) $4.0 (4.9} 3.42 (0.37) 

Random [30 mmj 29.0 (3.0) 4.73 (0.76) |. $5.2 (6.1) 3.32 (0.21) 

26.3 (3.3) Strand 62.2 (8.8) 12.55 (1.60) |. - - 

Uniaxial 67.0 (4.2) 13.55 (2.75) 96.7 (L8) | 1148 (0.21) 

Random (2 mm} 15.2 (LJ) 2.54 (0.09) 40.3 (2.9) 2.67 (0.16) 

Random [10 mm] 25.6 (2.7) 2.95 (0.53) $9.2 (18) 3.69 (0.13) 

Random (20 mm] 32.3 (13) 4.55 (0.45) $6.3 (2.1) 3.53 (0.29) 

Random {30 mmj | 34.9(3.5) | 4.42 (0.34) 619(25) | 338 (0.23) 

Composite? | Uniaxial - 12.9 - - 

Theory Random - . 4.6 - - 

PP 26.9 (0.4) | 100(0.06) | 41.0(18) | 1130.07     

Notes: Strand length in the compression molding process given in brackets and standard 
deviations given in parentheses and (a) composite theory using measured fiber modulus 
of $3.3 GPa 
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composites with a tensile modulus in excess of the uniaxial prediction for tensile modulus 

determined using composite theory. As the length of these fibers having a draw ratio of 

26.8 was increased in the randomly reinforced composites, the composite modulus values 

approached the theoretical modulus prediction for random fiber reinforcement. 

1.4.2 Woven Preforms 

A potential means of post-processing in situ reinforced thermoplastic fibers, which 

has not yet been confirmed with published data, is through the use of woven preforms. It 

is possible that thermoplastic/TLCP in situ fibers, if of sufficient denier and textile quality, 

can be woven into fabric form. The woven fabric, containing TLCP fibrils completely 

wetted by the thermoplastic, could subsequently be used to form shaped composite parts 

by several methods. Fabric layers could be situated between sheets of additional 

thermoplastic material and compression molded below the melting temperature of the 

reinforcing TLCP phase to form a composite which could then be formed in a typical 

thermoforming process. Unlike glass and carbon fiber reinforcements, the reinforcing 

TLCP fibrils possess a glass transition temperature and are inherently more suited to 

forming processes. Bassett and Yee speculated that thermoplastic/TLCP preforms, if 

sufficiently flexible and densely woven, could be laid directly into a shaped part mold and 

then consolidated into a formed composite (49). The use of woven preforms could allow 

control over the alignment of the reinforced fibers, thus providing a means to tailor the 

directional nature of the composite mechanical properties. Woven preforms could also 
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allow composites to be fabricated with continuous fiber lengths which would allow the 

mechanical properties to be maximized, consistent with the direct relationship between 

fiber length and mechanical reinforcement which was observed by Sabol (66) as discussed 

earlier. The potential for reheating and reforming composites fabricated from woven 

preforms also exists which would make recycling a possibility. Despite the 

aforementioned advantages of using woven preforms as a means of post-processing in situ 

reinforced thermoplastic fibers, no data concerning this method are currently available in 

the literature. 

1.5 Research Objectives 

1.5.1 Research Objective #1 

The design of most industrial spin packs used to produce sheath-core fibers 

requires that the two materials be exposed to the same temperature, the temperature 

which the spin pack is maintained at, for significant periods of time prior to the die exit 

where melt drawing is commenced. This limits the thermoplastic/TLCP polymer pairs 

which can be combined into sheath-core fibers to those with a processing temperature 

overlap. In order to create a processing temperature overlap, if possible at all, the 

processing temperature of the TLCP generally has to be lowered below its ideal value to 

minimize degradation of the thermoplastic. This results in a less than optimal degree of 
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TLCP supercooling which limits the drawability and orientability of the TLCP core. With 

these spin pack design limitations in mind, the first research objective is: 

To design a sheath-core fiber spinning die which allows separate 

control of the temperatures of the TLCP core material and the 

thermoplastic sheath material and minimizes contact between the two 

polymers prior to melt spinning, thus enabling polymers with vastly 

different processing temperatures to be processed together to form 

reinforced sheath-core composite fibers. 

1.5.2 Research Objective #2 

The majority of the research performed with composite fibers composed of 

thermoplastics and thermotropic liquid crystalline polymers has involved the use of a 

single extruder to compound both polymers and form a composite extrudate which is 

subsequently drawn to form a matrix-fibril fiber comprised of a thermoplastic matrix 

reinforced with TLCP fibrils. Research involving the reinforcement of thermoplastics with 

TLCPs in fiber spinning processes is warranted in many areas. The reinforcing potential of 

TLCPs in matrix-fibril (in situ) fiber systems has been extensively investigated, but the 

literature has not yet offered an assessment of the degree of mechanical reinforcement 

possible using other composite fiber structures such as the sheath-core structure 

characterized by a TLCP core surrounded by a thermoplastic sheath. Also, composite 

fiber spinning processes which allow separate plastication steps for the thermoplastic and 
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TLCP materials prior to fiber formation are of research interest because the ability to 

independently control the thermal histories of the two polymers prior to their combination 

allows the degree of TLCP supercooling to be maximized which in turn results in an 

increased thermal processing window within which the TLCP phase can be drawn prior to 

its solidification. The second objective of this research, which attempts to address the 

aforementioned areas of interest, is as follows: 

To determine the role of fiber drawing in the development of tensile 

mechanical properties for matrix-fibril and sheath-core 

polypropylene/TLCP fibers produced in novel composite fiber 

spinning processes which both allow separate thermal histories to be 

applied to the two polymers prior to their combination. 

Supplementary to the satisfaction of this objective is the development of numerical 

simulations of the two non-isothermal fiber drawing processes and a detailed investigation 

of fiber morphology which are undertaken in order to aid in the explanation of the 

experimental results. 

1.5.3 Research Objective #3 

As previously mentioned, one method of employing in situ reinforced 

thermoplastic fibers in composites is through the use of woven preforms. Despite the fact 

that this method of post-processing thermoplastic/TLCP in situ reinforced fibers is 

potentially attractive, no published data concerning this application is currently available. 

1.0 Introduction 37



This clearly justifies performing research aimed at satisfying the third research objective 

which Is: 

To transfer the mechanical’ reinforcement present’ in 

polypropylene/TLCP matrix-fibril in situ’ reinforced fibers to 

composites through the use of woven preforms and to determine the 

formability of such composites. 

The remaining two chapters of this thesis are manuscripts which detail the research 

which was performed in order to satisfy the above objectives. The first manuscript, 

presented in Chapter 2, is entitled "Comparison of Two Methods for Generating 

Composite Fibers Composed of Polypropylene and a Thermotropic Liquid Crystalline 

Copoly(ester-amide)" and addresses the first and second research objectives. The third 

research objective is satisfied in Chapter 3 within the manuscript “Development of In Situ 

Reinforced Polypropylene Fibers for Use in Formable Woven Preforms." These 

manuscripts are followed by a Recommendations section which provides suggestions for 

further research based upon the information uncovered in this study. 
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2.0 Composite Fibers 

Preface 

The first and second research objectives are addressed in this chapter which is in 

the form of a manuscript which will be submitted for publication in the journal 

International Polymer Processing. 
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Comparison of Two Methods for Generating 
Composite Fibers of Polypropylene and a 

Thermotropic Liquid Crystalline Copoly(ester-amide) 

C. G. Robertson and D. G. Baird 

Department of Chemical Engineering 
Polymer Materials and Interfaces Laboratory 

Virginia Polytechnic Institute and State University 
Blacksburg, VA 24061-0211 

(ABSTRACT) 

Isotactic polypropylene (PP) was reinforced with Vectra B950 (VB), a thermotropic liquid 

crystalline polymer (TLCP), in two novel fiber spinning processes. In one process, a 

single VB melt stream was surrounded by a sheath of PP in a manner comparable to a wire 

coating process just prior to melt spinning to generate fibers possessing a sheath-core 

structure. The other process involved the distribution of continuous VB melt streams 

within a separately plasticated PP melt to form a composite melt which was drawn to 

create matrix-fibril fibers consisting of a PP matrix reinforced with VB fibrils. Both 

processes allow polymers with non-overlapping processing temperatures to be combined 

and melt spun to form composite fibers. The effect of fiber draw ratio on the tensile 

mechanical properties was assessed for composite fibers reinforced with 50 wt.% (39 

vol.%) VB. The matrix-fibril fibers achieved a modulus which was 30% greater than the 

modulus predicted using the rule of mixtures for draw ratios greater than ~100 while the 

modulus of sheath-core fibers produced with a draw ratio near 100 exceeded the 

prediction by 5%. The strength of the sheath-core fibers was greater than the strength of 
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the matrix-fibril fibers at equivalent draw ratios. Numerical simulations of the non- 

isothermal fiber drawing processes and an investigation of fiber morphology were 

undertaken in order to explain the mechanical properties. The composite fibers, pre- 

wetted with polypropylene, were compression molded at a temperature 80°C below the 

melting temperature of VB to form unidirectionally reinforced plaques. For both fiber 

types, the plaques exhibited excellent retention of fiber properties illustrating the potential 

for using the fibers to form reinforced composite parts. 

2.1 Introduction 

Thermotropic liquid crystalline polymers possess features which make them 

attractive for use in reinforcing thermoplastics. The ability of TLCPs to be melt processed 

provides the opportunity to introduce and establish the reinforcement of thermoplastics 

during melt processing [1,2]. This is in contrast to the reinforcement of thermoplastics 

with undeformable short fibers of glass or carbon which can result in excessive wearing of 

processing equipment and often requires excessive energy expenditure due to the high 

viscosities associated with thermoplastic melts containing solid fibers [3,4]. Flow-induced 

orientation of TLCP molecules, which are highly linear and rigid, can be maintained due to 

the slow relaxation times common to TLCPs resulting in high modulus and strength values 

[5-7]. Fibers produced with draw ratios greater than 30 using a commercial TLCP known 

2.0 Composite Fibers 45



as Vectra B950 possess a plateau modulus of 75 GPa and an ultimate strength of 650 MPa 

[8,9]. Clearly the magnitudes of these mechanical properties illustrate the potential for 

using TLCPs to reinforce thermoplastics such as polypropylene which has a tensile 

modulus of approximately 1 GPa and a tensile strength of 31 MPa [10]. 

The reinforcement of thermoplastics with TLCPs has been investigated by 

numerous research groups [7,11-18]. The majority of this research has involved the 

compounding of thermoplastics and TLCPs in a single extruder or injection molding unit 

to form dispersed TLCP droplets which are subsequently elongated into oriented fibrils in 

the advancing front associated with the mold filling process in the case of injection 

molding or in the capillary contraction flow and ensuing non-isothermal melt drawing 

process associated with fiber spinning. This type of reinforcement is termed "in situ" 

because the reinforcement is introduced and established during melt processing [18]. 

Throughout the course of this research it has been determined that fiber spinning results in 

the greatest degree of in situ reinforcement due to the high degree of elongational flow 

involved with this process which results in the formation of oriented TLCP fibrils 

[7,11,19,20]. 

The generation of thermoplastic/TLCP composite fibers in processes utilizing a 

single extruder for both materials is limited. Plastication of both the thermoplastic and the 

TLCP in the same extruder prohibits the processing of polymer pairs which do not have 

overlapping processing temperatures. It has been reported for several TLCPs that the 

degree of supercooling for a TLCP is directly proportional to the extent which the TLCP 
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is heated above its melting temperature prior to cooling [21,22]. Therefore, even if a 

processing temperature overlap does exist, the use of a single extruder to process both 

materials together may not provide the thermal history required to allow the degree of 

TLCP supercooling necessary to adequately draw and orient the TLCP phase during non- 

isothermal melt spinning prior to its solidification [8,13]. In other words, the TLCP phase 

may solidify within the spinline before draw-down of the composite fiber is complete. The 

use of a single extruder in the generation of fibers composed of thermoplastics reinforced 

with TLCPs results in a fiber structure which is characterized by TLCP fibrils dispersed 

within the thermoplastic matrix material, and the creation of other fiber structures is not 

possible which is clearly another limitation. 

The research to be detailed in this paper was undertaken in order to explore the 

possibilities provided by the use of separate plastication and temperature control for the 

thermoplastic and TLCP prior to their combination to form composite fibers. The main 

objective of this research was to contrast the development of tensile mechanical properties 

with increased fiber drawing for fibers composed of polypropylene (PP) reinforced with a 

commercial TLCP known as Vectra B950 (VB) which are generated in two novel fiber 

spinning processes which both allow separate thermal histories to be applied to the two 

polymers. One process generates a matrix-fibril fiber structure characterized by VB fibrils 

dispersed within a PP matrix, and the other process creates a sheath-core fiber structure 

with a VB core surrounded by a sheath of polypropylene. Supplementary to this primary 
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research objective was an assessment of the potential for post-processing the fibers to 

form composite parts. 

2.2 Experimental 

2.2.1 Materials 

The two polymers used in this investigation were Vectra B950 (VB) and Profax- 

6823 (PP). Vectra B950, a thermotropic liquid crystalline polymer (TLCP) purchased 

from Hoechst Celanese, is a random copoly(ester-amide) with a glass transition 

temperature of 110°C, a melting temperature of 280°C, and a solid density of 1.41 g/cc 

[9]. VB is reportedly synthesized from 2,6-hydroxynaphthoic acid, terephthalic acid, and 

4'-hydroxyacetanilide using mole proportions of 58/21/21 [8]. Profax-6823 is an isotactic 

polypropylene produced by Himont Company with a melting temperature of 161°C and a 

solid density of 0.902 g/cc. This particular polypropylene has a weight average molecular 

weight of 600,000, a polydispersity index of 5, and a fractional melt flow index [23]. 

2.2.2 Fiber Spinning 

Two different fiber spinning processes were used to produce composite fibers 

comprised of polypropylene reinforced with VB. Composite fibers were produced with a 

matrix-fibril structure characterized by many VB fibrils dispersed within a PP matrix. 

Sheath-core fibers possessing a core of VB surrounded by a sheath of PP were also 
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generated. For both fiber spinning processes, the VB and PP were separately plasticated 

in two 25.4 mm Killion model KL-100 single screw extruders. The VB and PP melts, at 

temperatures of 330°C and 270°C, respectively, were then introduced into the two 

systems as illustrated in Figure 2-1. In the matrix-fibril fiber spinning process, based upon 

a melt blending process patented by Baird and Sukhadia [24] and modified later by Sabol 

[25], 12 continuous streams of VB were introduced into the PP matrix using a distribution 

nozzle and were subsequently split into numerous smaller diameter streams using three 

12.7 mm Kenics and four 25.4 mm Koch static mixing elements. The matrix-fibril 

composite melt was then extruded through a 1.83 mm diameter capillary die with a length 

to diameter ratio of approximately 1.0. In the single filament sheath-core die illustrated in 

Figure 2-2, the VB melt stream was introduced into a PP melt reservoir, traveled through 

the reservoir in less than 0.5 seconds, and was surrounded by the PP melt upon exiting a 

1.83 mm diameter capillary opening to form a sheath-core extrudate in a manner 

analogous to a wire coating process. For each composite fiber spinning process, the fiber 

extrudate was drawn through a chimney used for controlled cooling, quenched in a water 

trough to capture the orientation of the VB phase, and spun onto a spool using a variable 

speed take-up device. The linear velocity provided by the fiber winding device was 

controlled at an increased value relative to the average die exit velocity in order to 

establish the desired fiber draw-down. A composite PP/VB (50/50 wt.%) extrudate mass 

flow rate of 20 g/min was used for both processes, and a line speed of approximately 400 

m/min was required to obtain a fiber draw ratio of ~100. The draw ratio was determined 
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Figure 2-1: Diagram of matrix-fibril and sheath-core fiber spinning processes 
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Figure 2-2: Schematic of single filament sheath-core die designed for this investigation 
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by dividing the cross-sectional area of the die exit by the cross-sectional area of the fiber. 

The final fiber composition of 50/50 wt.% was achieved by control of the total extrudate 

mass flow rate in conjunction with the use of a calibrated model HD-556 Zenith gear 

pump (1.752 cc/rev) to accurately meter the VB melt. 

2.2.3 Rheology 

All rheological measurements were performed using a Rheometrics Mechanical 

Spectrometer (RMS 800) with parallel plate fixtures having radii of 12.5 mm. Samples 

were tested using a plate gap of 1.2 mm and a nitrogen atmosphere. The strain value 

utilized in each test was within the linear viscoelastic range as predetermined by a strain 

sweep. The magnitude of the complex viscosity, |n*|, was determined as a function of 

temperature as a sample was cooled from an initial temperature, after the sample had 

remained at that temperature for 5 minutes, at varied cooling rates ranging from 5 to 

20°C/min. The angular frequency used during this temperature sweep testing was 1 rad/s, 

and the tests were terminated before the torque exceeded 600 g-cm. The testing was 

performed in order to establish the effect of the preliminary temperature on the 

solidification behavior for both VB and PP. Additionally, |n*| was determined as a 

function of time using isothermal conditions at an angular frequency of 1 rad/s in order to 

evaluate the thermal stability of PP at 290°C. 
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2.2.4 Morphological Studies 

The morphology of the composite fibers was investigated using a Cambridge 

Stereoscan S200 scanning electron microscope (SEM) with an accelerating voltage of 25 

kV. The structure of the composite fibers was investigated using the SEM after the fibers 

were cryogenically fractured and coated with gold using a Bio-Rad sputter coater. 

2.2.5 Compression Molding of Uniaxially Aligned Fibers 

The composite fibers were unidirectionally arranged and compression molded to 

form plaques. Fibers were aligned uniaxially in a 7.6 cm x 7.6 cm picture frame mold and 

consolidated at 200°C and 3500 kPa using a model 2696 Carver Laboratory Press with 

heated plates. The plaques of fused fibers were cooled at an approximate rate of 

10°C/min while the consolidation pressure was maintained. 

2.2.6 Mechanical Property Testing 

Tensile mechanical properties were determined using a model 4204 Instron 

mechanical testing instrument. Tensile properties of individual fibers were obtained in 

accordance with ASTM D 3376-75. Tensile bars were cut from plaques of uniaxially 

compression molded fibers and tested to obtain the tensile mechanical properties (ASTM 

D 638-87b). A model 2630-25 Instron extensiometer was used to accurately determine 

the strain during the tensile deformation of the plaques. Properties cited in this paper 

represent average values for at least five samples. 
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2.3 Results and Discussion 

The results of this investigation will be presented and discussed in this section 

which will be organized as follows. The importance of utilizing separate control of the 

thermal histories for PP and VB in the production of composite fibers will be discussed 

first in view of the solidification behavior of the two materials. The effect of fiber draw 

ratio on the tensile mechanical properties for both composite fiber types will then be 

presented, allowing a comparison to be made between the property development for the 

matrix-fibril and sheath-core fibers. Insight will be then given into the potential for post- 

processing the composite fibers by providing an indication of the ability of the fibers to 

retain tensile properties following a compression molding process. In an attempt to 

explain the mechanical property results, numerical results from the modeling of the non- 

isothermal fiber drawing processes and the morphological features of the fibers will be 

discussed. 

2.3.1 Importance of Independent VB and PP Thermal Histories During Processing 

PP and VB do not possess processing temperatures which overlap to any 

significant extent and for this reason the use of two extruders to produce composite fibers 

consisting of these two materials is an attractive option. The melting temperature of VB is 

280°C which is 119°C above the melting temperature of PP. It has been determined from 

an isothermal time sweep at an angular frequency of | rad/s that a 38% reduction in |n*|, 
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the magnitude of the complex viscosity, occurs after 20 minutes for PP at a temperature of 

290°C, only 10°C above the melting temperature of VB, which is characteristic of 

molecular chain scission. As will be shown later, the degree of supercooling for VB is 

directly proportional to the extent which VB is heated above its melting temperature prior 

to cooling. Without sufficient supercooling, the TLCP phase may solidify in the spin line 

before drawing of the composite fiber is complete, resulting in less than desired TLCP 

molecular orientation [26-29]. Because the tensile modulus of a TLCP is directly related 

to its molecular orientation [30,31], achieving a degree of TLCP supercooling which 

allows adequate orientation of the TLCP to be induced during melt drawing is important 

to the development of fiber mechanical properties. Therefore, in order to sufficiently take 

advantage of the VB supercooling behavior, separate control of the temperatures of the 

VB and PP streams must be maintained prior to fiber formation and drawing. 

In order to successfully process composite fibers composed of materials which 

have melting temperatures which differ by 119°C, as is the case for VB and PP, it is. 

important to understand the behavior of the two polymers during cooling. Insight into the 

solidification behavior of the materials during fiber drawing processes can be gained from 

an evaluation of viscosity-temperature curves obtained during cooling cycles, because a 

material transitioning from a liquid to a solid state during cooling exhibits a sharp viscosity 

increase as the viscosity begins to approach an infinite value. Figure 2-3 depicts the 

magnitude of the complex viscosity, |j*|, for both PP and VB upon cooling from various 

temperatures at a cooling rate of 10°C/min and an angular frequency of 1 rad/s. Both 
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Figure 2-3: |n*| as a function of temperature for VB cooled from 330°C (—®—), VB 
cooled from 300°C (—O—), PP cooled from 290°C (—4—, and PP 

cooled from 270°C (—(1-—) at a frequency of 1 rad/s and a cooling rate of 
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polymers exhibited supercooling behavior as was evident from the inflections in the |n*| 

versus temperature curves for the polymers which occurred at temperatures significantly 

lower than their respective melting temperatures (161°C for PP, 280°C for VB). The |n*| 

cooling curves for PP did not display any significant dependence on the initial temperature 

prior to cooling for the two initial temperatures of 270°C and 290°C which were 

investigated. The onset of solidification for VB was dependent upon the initial 

temperature as was evident from the sharp viscosity rise for VB following cooling from 

330°C which occurred at a temperature approximately 15°C lower than the solidification 

temperature for VB cooled from 300°C. This result was not the outcome of degradation 

which occurred at 330°C but did not occur at the lower initial temperature of 300°C, as 

was verified by a time sweep at 330°C which showed no significant change in |n*| over a 

period of 30 minutes for VB. 

The solidification behavior of VB was also affected by the cooling rate. Results of 

\7*| as a function of temperature for VB cooled from 330°C at cooling rates of 5, 10, and 

20°C/min are presented in Figure 2-4. The solidification of VB upon cooling from 330°C 

at a cooling rate of 20°C/min appeared to occur at a temperature of approximately 230°C. 

Using differential scanning calorimetry, Langelaan studied the crystallization behavior of 

Vectra B950 cooled at 20°C/min after it was held at 350°C for 10 minutes and noted that 

the exothermic peak occurred at 222°C [32]. Although the initial temperature was 20°C 

higher for the study performed by Langelaan than for this investigation, the results 

confirm that the solidification temperature of 230°C for VB cooled from 330°C at 

2.0 Composite Fibers 57



  10’ 

10° 
: 

5 C 10° eD 

w \\ 
& 1044 °Om 
— e®\ 
¥* 

= 
© 

10° em, 

1073       10! . | , t . ' , | . ’ 

220 240 260 280 300 8 320 = 8=6340 

Temperature (°C) 

ms 
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20°C/min is reasonable. Increasing the cooling rate appeared to minimally decrease the 

temperature associated with the solidification of VB as indicated in Figure 2-4. Raising 

the cooling rate from 5 to 10°C/min resulted in a greater reduction in the solidification 

temperature than the negligible reduction which was produced by the increase from 10 to 

20°C/min. These results suggest that at cooling rates greater than 20°C/min there would 

be very little change in the temperature associated with the onset of solidification. 

Because of this, 230°C was assumed to be the solidification temperature for VB cooled 

from 330°C in the composite fiber spinning processes even though the rheological testing 

did not involve cooling at the high cooling rates associated with the fiber spinning 

processes which were on the order of 2500°C/min, a value which was estimated from the 

results of the numerical simulations to be discussed later. 

The dual extrusion matrix-fibril fiber spinning process allowed a greater degree of 

VB supercooling than would be possible with a fiber spinning process utilizing a single 

extruder. VB cannot be heated more than 10°C above its melting temperature without 

causing degradation of the PP in a process using only a single extruder. The use of two 

extruders in the matrix-fibril fiber spinning process allowed separate thermal histories to 

be imparted to the PP and VB prior to their combination at the distribution nozzle (Figure 

2-1). This was advantageous relative to a single extruder blending process because it 

enabled the VB to be heated to 330°C prior to its introduction into the PP matrix, thus 

taking advantage of the supercooling potential of the VB phase while minimizing the 

degradation of PP. 
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The design of the single filament sheath-core die allowed greater capitalization of 

the VB supercooling behavior than would be possible using a standard sheath-core spin 

pack. In the single filament die (Figure 2-2), the VB melt stream entered at a temperature 

of 330°C and was maintained at 330°C in zone #1 prior to contacting the PP melt 

reservoir held at a temperature of 270°C in zone #2. The VB was in contact with the PP 

melt less than 0.5 seconds prior to exiting the capillary die opening which minimized 

cooling of the VB core prior to non-isothermal fiber drawing thus allowing the VB to be 

deformable down to an approximate temperature of 230°C, the solidification temperature 

determined via the rheological testing. Fiber spinning attempts were made using a spin 

pack which contained separate filters for the PP and VB as well as a complex distribution 

system necessary to create 16 sheath-core fibers from the two inlet melt streams. A 

simplified schematic of such a spin pack is illustrated in Figure 2-5 with the formation of 

only two sheath-core extrudates illustrated for clarity. The design of this type of spin pack 

is limited due to its incapacity for allowing separate control of the temperatures of the two 

materials within the pack. Even with the VB stream fed to the spin pack at a temperature 

of 330°C, the residence time in the pack, held at a temperature of 290°C to limit the 

degradation of the PP, allowed for significant cooling of the VB prior to drawing the 

sheath-core fiber extrudates. This caused limitation of the fiber draw ratio to under 15, 

and VB solidification occasionally occurred within the exit capillaries of the spin pack. 

Although the research performed with the spin pack was limited, the spin pack design 

appeared to be severely restricted with respect to the processing of the PP/VB system in 

comparison to the single filament sheath-core die. 
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Figure 2-5: Simplified schematic of a common sheath-core spin pack design. This 

design utilizes a plate which houses melt reservoirs containing filtration 

media (A), a plate which distributes both melts radially (B), and a final plate 
which combines the two melts to form sheath-core extrudates (C). 
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2.3.2 Effect of Fiber Drawing on Tensile Properties 

The effect of fiber drawing on the tensile modulus was evaluated for the matrix- 

fibril and sheath-core composite fibers. As was mentioned previously, increasing the 

degree of elongation by increasing the level of fiber draw is expected to result in increased 

molecular orientation of the VB phase which in turn results in improvements in tensile 

modulus. Tensile modulus data as a function of fiber draw ratio is given for matrix-fibril 

and sheath-core composite fibers in Figure 2.6. Also illustrated in this plot is the rule of 

mixtures prediction using a PP modulus value of 1.01 GPa and a VB modulus of 75 GPa, 

which represents the maximum modulus for VB when spun in neat form [8,9]. The tensile 

modulus of the matrix-fibril fibers initially increased with increasing fiber draw ratio up to 

a draw ratio of approximately 100 where it appeared to level off at a value roughly 30% 

greater than the rule of mixtures prediction. This implies that the VB phase contributed a 

modulus value higher than 75 GPa, closer to the extrapolated maximum value of 110 GPa 

reported by Lin and Yee [33]. The sheath-core modulus increased with increasing draw 

ratio and reached a maximum value which was approximately 5% in excess of the rule of 

mixtures prediction at a draw ratio near 100, the draw ratio above which sheath-core 

fibers were not successfully produced due to excessive fiber breakage. A direct 

comparison between the modulus development for the two types of composite fiber 

reveals that fiber drawing resulted in greater modulus values for the matrix-fibril fibers 

than for the sheath-core fibers, although there was some overlap of the properties as 

indicated by the representative error bars which were included in the plot. 
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Figure 2-6: Tensile modulus as a function of fiber draw ratio for PP/VB (50/50 wt.%) 
matrix-fibril fibers (@) and sheath-core fibers (O) . Experimental data is 

illustrated as well as the modulus value predicted using the rule of mixtures 

(-- -). Solid lines represent curves fit to the data in order to illustrate trends. 
Most of the error bars are not shown to maintain clarity, but the magnitudes 
of the error bars depicted are representative. 
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The development of tensile strength with increasing fiber draw ratio was 

investigated for the composite fibers. As shown in Figure 2-7, the tensile strength of the 

matrix-fibril fibers increased with draw ratio up to a draw ratio of approximately 100 and 

then appeared to decrease with further fiber drawing although it is conceivable that the 

strength leveled off given the scatter of the data. The initial increase in tensile strength 

with increasing fiber draw ratio for the matrix-fibril fibers was expected [25,29,34], but 

the apparent strength decrease with increased fiber drawing above a draw ratio of 100 was 

a peculiar result. The tensile strength of the sheath-core fibers appeared to monotonically 

increase as the fiber draw ratio was increased up to the maximum draw ratio of ~100 as 

illustrated in Figure 2-7. The effect of continued fiber drawing on the tensile strength of 

the sheath-core fibers could not be determined because of significant fiber breakage during 

attempts to produce fibers with draw ratios greater than ~100 as previously mentioned. 

With the exception of the outlying high strength value for the matrix-fibril fiber produced 

at a fiber draw ratio of 106, the comparison of strength data for the composite fibers 

suggests the development of higher strength values for the sheath-core fibers relative to 

the matrix-fibril fibers. 

2.3.3 Compression Molding of Uniaxially Aligned Fibers 

The PP/VB composite fibers were aligned unidirectionally and fused together in a 

compression molding process. This was accomplished for two reasons. The mechanical 

properties of the composite fibers had significant standard deviations, and, hence, by 
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Figure 2-7: Tensile strength as a function of fiber draw ratio for PP/VB (50/50 wt.%) 

matrix-fibril fibers (@) and sheath-core fibers (O). Solid lines represent 

curves fit to the data in order to illustrate trends. Most of the error bars are 

not shown to maintain clarity, but the magnitudes of the error bars depicted 

are representative. 
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determining the mechanical properties for plaques formed from uniaxially molded fibers, 

the mechanical properties of the fibers can be confirmed. At the same time, this 

investigation provides an assessment of the capacity of the fibers to retain mechanical 

properties during post-processing operations. 

It has been determined in a supplementary investigation that composites reinforced 

with woven PP/VB matrix-fibril fibers can be exposed to a thermal cycle consisting of a 

temperature increase from 50°C to 250°C followed by a decrease back to 50°C using a 

heating/cooling rate of 11°C/min without incurring any loss of dynamic mechanical 

properties (35]. It is therefore expected that compression molding PP/VB composite 

fibers at a lower temperature of 200°C should not result in significant property losses. 

The tensile properties of uniaxially compression molded matrix-fibril and sheath-core 

composite fibers are presented in Figures 2-8 and 2-9. A comparison of these properties 

with the fiber properties presented earlier reveals that the tensile moduli of both types of 

composite fiber were maintained in the respective compression molded plaques. 

However, the tensile strength values for both the sheath-core and matrix-fibril fibers were 

approximately 10 to 15% lower than the corresponding fiber values. Bassett and Yee [36] 

also observed strength reduction when fibers composed of polystyrene reinforced with 

fibrils of a TLCP were molded into unidirectional plaques. It is possible that the 

compression molding process resulted in the incorporation of voids and defects within the 

composite plaques which resulted in the lower tensile strength values as compared to the 

fiber strengths. Despite the small reduction in tensile strength, both types of composite 
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Figure 2-8: Tensile modulus (@) and tensile strength (O) as a function of fiber draw 

ratio for plaques produced by compression molding uniaxially aligned PP/VB 
(50/50 wt.%) matrix-fibril fibers. 
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Figure 2-9: Tensile modulus (@) and tensile strength (O) as a function of fiber draw 

ratio for plaques produced by compression molding uniaxially aligned PP/VB 

(50/50 wt.%) sheath-core fibers. 
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fibers appeared to adequately retain the initial fiber properties following consolidation into 

unidirectionally reinforced composites. 

The experimental results concerning the effect of fiber drawing on the tensile 

mechanical properties of the matrix-fibril and sheath-core fibers have been presented and it 

has been determined that the mechanical properties can be maintained in composite parts. 

The property results have indicated some interesting trends including higher modulus 

values and lower strengths for the matrix-fibril fibers in comparison to the sheath-core 

fibers as well as a modulus plateau and a strength decrease with increased fiber drawing 

beyond a draw ratio of approximately 100 for the matrix-fibril fibers. The results of the 

numerical and morphological investigations will be detailed in the next two sections in an 

attempt to explain these trends. 

2.3.4 Numerical Simulation of the Fiber Spinning Processes 

The non-isothermal aspects of the two fiber spinning processes were simulated in 

order to assess the radial and axial temperature profiles for the matrix-fibril and sheath- 

core fibers. This modeling was performed in an effort to determine where VB solidified 

within the two spinlines, information which could aid in understanding the development of 

properties and structure for the composite fibers. 

A fiber spinning process involves draw-down of the melt filament in the axial, or z, 

direction and a subsequent flow in the radial direction, r, with the following corresponding 

postulates for the velocity field: 
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Vz =Vz(r,z) Vr; =Vr (r,z) (1) 

Assuming constant density, the equation of continuity for this velocity field is [37]: 

1o 1o Ov, 

Br lt Vs) + Oz =o 2) 
  

The assumption of constant density is based on the observation that the densities of VB 

and PP do not exhibit significant temperature dependencies. It has been determined from 

gear pump calibrations that VB at 330°C has a melt density of 1.26 g/cc while at room 

temperature it has a value of 1.41 g/cc [9]. The density of polypropylene has been 

reported to have a negligible dependence upon temperature as well [38]. 

In view of the large temperature drops which occur as the melt filaments are 

cooled in the two fiber drawing processes, it is assumed that the temperature dependence 

of viscosity outweighs its strain rate dependence. It has been reported that the extensional 

viscosity of polypropylene is dependent upon temperature but not significantly dependent 

upon strain or strain rate [39]. It is possible that the extensional viscosity of VB has strain 

and strain rate dependence because Wilson [40] noted some dependence of extensional 

viscosity on both these parameters for several TLCPs. However, the sensitivity of 

viscosity to temperature is assumed to be far more significant than any dependence of 

viscosity on extension rate for both polymers, and the viscosities of VB and PP are 

postulated to be dependent upon temperature only. 

With temperature assumed to vary both radially and axially, which suggests a 

dependence of viscosity on ther and z coordinates, the components of the equation of 

motion are [37]: 
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The above equations account for the effect of gravity in the axial direction, g,, on the 

      

filament, but air resistance and surface tension terms are not included since they are 

negligible for the line speeds used in this investigation [41]. Equation (4) includes a 

pressure term because the numerical simulations to be discussed later involved a short 

capillary flow region prior to the melt drawing region. The relevant form of the equation 

of thermal energy with viscous dissipation terms neglected and with constant material 

properties becomes [37]: 

aT a 13/ er) &T! 
0, v, art v2 Be KT ar i> + 322 | (S) 

In equation (5), Cy represents the heat capacity per unit mass and k denotes the thermal 

conductivity. A source term associated with crystallization is not included in the equation 

of thermal energy. The specific heat of crystallization for VB has been determined to be 

2.87 J/g [32] which is extremely small. Because of the small diameter of the filament and 

the insignificant magnitude of the heat of crystallization for VB relative to the temperature 

gradient in the axial direction, the heat associated with VB crystallization can be neglected 

[42]. In the case of PP, no significant crystallization 1s expected to occur above a spinline 

. temperature of 90°C [43]. In this study, the temperature range of interest extends down 
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to temperatures just below 230°C, the temperature considered to be the solidification 

temperature for VB. As will be shown later, the temperature profiles which resulted from 

the numerical simulations of the PP/VB fiber spinning processes did not fall below a 

temperature of 180°C, confirming the irrelevance of PP crystallization for this study. 

Simultaneous solutions to equations (2), (3), (4), and (5) were obtained using the 

commercially available finite element program Polyflow (version 3.4.0, Polyflow s.a.). 

Figure 2-10 depicts the flow domains and boundary conditions used for the numerical 

simulations. Separate VB core and PP sheath flow subdomains were utilized for the 

modeling of the sheath-core fiber drawing process and the conditions at the interface 

satisfied continuity of the velocity field, force vector, temperature field, and heat flux 

[44,45]. In order to prevent the necessity of a three-dimensional numerical simulation, the 

matrix-fibril fiber system was approximated as a homogeneous blend with properties based 

upon the properties of neat PP and VB. The finite element simulations utilized two- 

dimensional axisymmetric meshes with rectangular elements. The meshes were divided 

into two regions, the first of which represented an insulated capillary flow region. Fixed 

fluid flow rates were the inlet flow boundary conditions to the capillary regions for the 

two simulated processes which allowed well-developed velocity profiles to be achieved for 

the fluids before entering the second mesh regions which represented the non-isothermal 

melt spinning regions. The flow boundary condition applied at z = 2 m was a flat axial 

velocity profile directed in the positive z direction which had a greater value than the 

average v, value at z= 0. In order to maintain continuity, the free surface was remeshed 
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using the method of spines [44,45] which resulted in contraction of the mesh diameter 

relative to the die diameter of 1.83 mm. The imposed velocity was selected in order to 

achieve a fiber draw ratio of ~95, calculated relative to the die diameter of 1.83 mm. The 

heat flux thermal boundary condition which was applied to the free surface involved a heat 

transfer coefficient of 38 W/m-K, which was estimated using empirical correlations 

developed for fiber spinning [46], and the experimentally determined value of 30°C was 

utilized for the average drawing chimney air temperature, Ta. 

The material properties for PP and VB which were used in the simulations are 

presented in Table 2-I as well as the properties for the homogeneous PP/VB blend and the 

models used to approximate them. The density, thermal conductivity, and heat capacity 

values were assumed to be constant. The viscosity functions, = u(T), were determined 

from the |n*| curves obtained at an angular frequency of 1 rad/s for VB and PP upon 

cooling from 330°C and 270°C, respectively. It was not possible to obtain steady shear 

data while still capturing the behavior of the materials during cooling at fixed rates, and 

this was the reason for the use of |n*| data. The viscosity function of the PP/VB blend 

was determined from the |n*| versus temperature curves obtained during cooling for neat 

VB and PP rather than from cooling curves performed on the blend directly. This allowed 

the development of a blend viscosity function which accounted for the supercooling 

behavior of VB following cooling from 330°C, the temperature to which VB is heated in 

the matrix-fibril fiber spinning process prior to contacting the PP as indicated previously. 
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Figure 2-10: Geometrical description of simulated fiber spinning processes with flow and 

thermal boundary conditions indicated. The outline of the initial mesh for 

matrix-fibril (homogeneous) fiber system is depicted (a) as well as the 

boundary conditions and remeshed flow domains for the matrix-fibril (b) and 
sheath-core (c) fiber spinning processes. 
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Table 2-I: Material Properties Used in Numerical Simulations 

  

  

Thermal Heat 

Material Density, Conductivity, Capacity, Viscosity Function, 
9 k Cp p= p(T) 

(kg/m?)  (W/m-K) ___(J/kg-K) (Pa-s) 

Pp 902 0.117 1797 2400exp[-0.0085(T-563K)] 
[1] [1] 

VB 1410 0.230 3042 30exp[-0.05(T-603K)] 
[1] [1] 

PP/VB Blend 1100 0.161 2420 950exp[-0.025(T-563K)] 
(50/50 wt.%, (2] [2] (3] [4] 
61/39 vol.%)     
  

[1] Taken from reference 47. 
[2] Determined using rule of mixtures (volume average) 

[3] Determined using rule of mixtures (weight average) 
[4] Determined using logarithmic rule of mixtures (volume average) 
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The numerical simulations were used to estimate the temperature profiles 

associated with the non-isothermal melt drawing of the two types of composite fiber in an 

attempt to provide insight into the difference between the modulus development for the 

sheath-core and matrix-fibril fibers. The axial temperature profiles for the simulations of 

the matrix-fibril and sheath-core fiber drawing processes are presented in Figures 2-11 and 

2-12 along with lines representing the VB _ solidification temperature of 230°C. 

Additionally, the fiber diameter attenuation profiles are given in Figure 2-13 to provide an 

indication of the fiber dimensions corresponding to the temperature profiles, thus giving a 

more complete picture of the simulated fiber drawing processes. The temperature profiles 

for the matrix-fibril fiber drawing process (Figure 2-11) indicate that the fiber surface 

temperature drops below the solidification temperature of VB at an axial distance of 

approximately 0.2 m from the point where the fiber diameter reaches its final value, and 

the fiber centerline temperature arrives at the solidification temperature right at the 

distance where the diameter attenuation ceases. This profile insures that the orientation 

developed in the matrix-fibril spinning process is captured. The simulation of the sheath- 

core spinning process indicates that the center of the core never reaches the solidification 

temperature which may allow relaxation of the VB orientation to occur before the fiber is 

quenched (Figure 2-12). This may be the reason why the sheath-core fibers did not obtain 

tensile modulus values as high as those for the matrix-fibril fibers. In agreement with this 

hypothesis, Itoyama [26] processed melt-spun rods of a TLCP and noted that the center of 

the rods had a lower degree of molecular orientation than was found closer to the surface 

of the TLCP rods. 
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Figure 2-11: Simulated temperature profiles for PP/VB (50/50 wt.%) matrix-fibril fiber 

drawing process. The fiber centerline temperature (A) and surface 
temperature (B) are depicted as well as the approximate solidification 
temperature of 230°C for VB (- - -). Final fiber draw ratio = 95. 
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Figure 2-12: Simulated temperature profiles for PP/VB (50/50 wt.%) sheath-core fiber 

drawing process. The core centerline temperature (A), temperature at 
the interface between the core and the sheath (B), and sheath surface 

temperature (C) are depicted as well as the approximate solidification 

temperature of 230°C for VB (- - -). Final fiber draw ratio = 95. 
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Figure 2-13: Simulated diameter profiles for PP/VB (50/50 wt.%) composite fibers. 
Illustrated are data for outside diameter of matrix-fibril fiber (A), 
outside diameter of sheath-core fiber (B), and core diameter of 

sheath-core fiber (C). Final fiber draw ratio = 95 for both fiber types. 
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The numerical simulations can also provide qualitative information concerning 

premature VB solidification within the spinline. For the simulation of the matrix-fibril 

fiber drawing process, it was noted that the surface of the fiber reached the solidification 

temperature of 230°C at an axial distance of 1.8 m from the die exit as depicted in Figure 

2-11. From the diameter profile for the matrix-fibril simulation presented in Figure 2-13 it 

appears that the fiber diameter has leveled off before the axial distance of 1.8 m is reached. 

The diameter profiles can be deceiving, however, because fiber draw ratio is related to the 

square of the diameter. In fact, the simulated draw ratio for the matrix-fibril fiber at an 

axial distance of 1.8 m is 72 while the final fiber draw ratio at 2.0 m 1s 95. This significant 

difference suggests that solidification of the VB fibrils may occur before complete fiber 

draw-down has occurred. Similarly, the outside of the core region for the sheath-core 

simulation reaches the VB solidification temperature before fiber deformation ceases. 

These results should really only be interpreted as qualitative indications that premature VB 

solidification may occur within the spinline because it has not been determined that VB 

ceases to be effectively deformable below 230°C for the exact cooling conditions and 

values of spinline tension associated with the sheath-core and matrix-fibril fiber drawing 

processes. 

2.3.5 Fiber Morphology 

The morphology of undrawn and drawn matrix-fibril fibers was assessed using 

scanning electron microscopy in order to determine the effect of fiber drawing on the 

structure of the composite fibers. The axial continuity of the VB fibrillar melt streams in 
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the undrawn matrix-fibril extrudate can be seen in Figure 2-14. Figure 2-14 also presents 

a micrograph of a fiber produced with a draw ratio of 106, and although the left side of 

the fiber structure is indistinct due to the way which the fiber was fractured, the right side 

clearly depicts drawn fibrils of varying diameter which are well distributed within the PP 

matrix and aligned parallel to the fiber axis. A quantitative investigation of the effect of 

fiber draw ratio on the average VB fibril diameter for the matrix-fibril composite fibers 

was undertaken. Micrographs of fractured matrix-fibril fibers with draw ratios ranging 

from unity (undrawn extrudate) to 139 were examined to determine the VB fibril 

diameters. Using the average VB fibril diameter from the undrawn extrudate as a 

reference, the fibril draw ratios were calculated. The results of this morphological study 

are presented in Table 2-II. It is evident from this data that the matrix-fibril fibers 

produced with the lower fiber draw ratios appeared to have decent agreement between the 

fiber draw ratio and the average VB fibril draw ratio. The average VB fibril draw ratio 

was 26% and 33% lower than the corresponding fiber draw ratio for fibers with draw 

ratios of 92.7 and 139 respectively, suggesting non-affine deformation during drawing at 

the higher draw ratios. This result implies that solidification of the VB fibrils occurred 

prior to completion of the matrix-fibril fiber diameter reduction during drawing at the 

higher draw ratios. This speculation must be made with caution due to the large variation 

of the VB fibril diameters present within the undrawn extrudate after exiting the static 

mixing elements and the resulting broad distribution of fibril diameters present within the 
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Figure 2-14: Micrographs of matrix-fibril extrudate with draw ratio ~1 fractured parallel 

to axis (upper) and matrix-fibril fiber produced at a draw ratio of 106 
fractured perpendicular to axis (lower). 
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Table 2-II: Morphological Features of PP/VB (50/50 wt.%) Matrix-Fibril Fibers 

  

  

  

FIBER TLCP (VB) FIBRILS 

Diameter Draw Ratio Diameter Draw Ratio 

(um) (um) 

~1830 [extrudate] ~1 37.9 (20.4) ~] 

612 8.93 12.5 (9.8) 9.22 (1.32) 

333 30.2 6.26 (3.73) 36.7 (19.0) 

245 55.5 5.17 (2.64) 53.9 (51.3) 

190 92.7 4.66 (2.58) 68.1 (54.5) 

155 139 3.94 (2.62) 93.0 (52.5)         

Fibril diameters determined using scanning electron microscopy. 
Values in parentheses represent standard deviations. 

Errors associated with the fibril draw ratios were determined by propagation 
of the errors associated with the fibril diameters using a differential method. 
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drawn fibers which resulted in large standard deviations for the average fibril draw ratio 

values. The observation that negative deviation of the average VB fibril draw ratios from 

the associated fiber draw ratio values occurred at the higher draw ratios may provide 

insight into the mechanical property results for the matrix-fibril fibers as will be discussed. 

The experimental observation that the tensile modulus of the matrix-fibril fibers 

leveled off for draw ratios greater than 100 (Figure 2-6) can be explained in one of two 

ways. One explanation is that the molecular orientation within the TLCP fibrils became 

saturated at a maximum level with respect to fiber draw ratio for the given processing 

conditions. This is a plausible explanation because the tensile modulus of spun fibers of 

pure TLCPs, including Vectra B950, has been shown to level off with respect to draw 

ratio [9,25,48]. Another conjecture is that premature solidification of the VB fibrils 

prevented the fibrils from achieving the same degree of draw as the composite fibers at 

draw ratios greater than approximately 100. This explanation is substantiated by the | 

investigation of the matrix-fibril fiber morphology which was previously detailed. 

An explanation for the apparent decline in matrix-fibril fiber tensile strength with 

increased fiber drawing past a draw ratio of ~100 (Figure 2-7) can also be formulated 

based upon the morphology of the matrix-fibril fibers. In order to maintain continuity, 

some disruption of the axial continuity of the fibrils must have accompanied the premature 

fibril solidification, if it did indeed occur. It 1s possible that the decrease in tensile strength 

for the matrix-fibril fibers produced with draw ratios greater than 100 was due to such a 
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reduction in the length of the reinforcing fibrils or due to the incorporation of fiber 

structural defects associated with fibril breakage caused by drawing the composite fibers 

beyond the point where TLCP solidification occurred. 

The morphology of the sheath-core composite fibers was examined using scanning 

electron microscopy. As is evident from the micrographs of the sheath-core extrudate and 

the sheath-core fiber produced at a draw ratio of 25.4 depicted in Figure 2-15, the 

drawing process resulted in equivalent area draw-down for both the PP sheath and VB 

core. This was the case for the sheath-core fibers produced up to a draw ratio of just 

under 100, the draw ratio beyond which frequent fiber breakage occurred, which means 

that the draw ratio experienced by the core region was equal to the draw ratio of the 

composite fiber. Departure from this equivalent draw situation may have occurred at 

draw ratios greater than 100 due to premature solidification of the outside of the VB core 

region, qualitatively consistent with the numerical results of this investigation, which 

resulted in the inability to successfully draw the sheath-core fibers at these higher draw 

ratios. The VB fibrils within the PP/VB matrix-fibril fibers could potentially solidify and 

fracture along their length during drawing without causing the composite fiber to fail. It is 

unlikely, however, that significant fracture of the surface of the VB core within the sheath- 

core fibers could occur without also resulting in cohesive failure of the composite fiber. 
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Figure 2-15: Micrographs of sheath-core extrudate with draw ratio ~1 fractured 

perpendicular to axis (upper) and sheath-core fiber produced at a draw ratio 
of 25.4 fractured perpendicular to axis (lower). 
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2.4 Conclusions 

Despite having significantly different processing temperatures, VB and PP were 

successfully combined to form matrix-fibril and sheath-core composite fibers with 

maximum draw ratios of 220 and 100 respectively. Increasing the fiber draw ratio 

resulted in improved mechanical properties for both types of composite fiber up to a draw 

ratio of 100 where the matrix-fibril fibers achieved a plateau modulus over 30% greater 

than the rule of mixtures modulus prediction and the sheath-core fibers obtained a 

modulus exceeding the prediction by under 5%. Produced at equivalent degrees of draw, 

the sheath-core fibers attained noticeably higher strength values than the matrix-fibril 

fibers. Both non-isothermal fiber spinning processes were simulated using the finite 

element method, and the results suggested the possibility that the center of the TLCP core 

region experienced relaxation of VB orientation, resulting in the lower modulus values for 

the sheath-core fibers relative to those for the matrix-fibril fibers. An investigation of fiber 

morphology for the matrix-fibril fibers suggested that fibril solidification occurred prior to 

complete fiber draw-down at higher draw ratios which was consistent with the tensile 

modulus plateau and strength decrease which occurred when the draw ratio was increased 

beyond ~100. The composite fibers were uniaxially aligned and fused together at a 

temperature 80°C below the melting temperature of the TLCP in a compression molding 

process to form unidirectionally reinforced plaques. The properties of the plaques 

exhibited retention of the initial fiber tensile modulus and displayed only a 10 to 15% 

reduction in fiber tensile strength following this consolidation process for both fiber types. 
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3.0 Woven Preform Composites 

Preface 

The third research objective is addressed in this chapter which is in the form of a 

manuscript which was previously submitted for publication in: Recent Advances in Liquid 

Crystalline Polymers, eds A. I. Isayev, T. Kyu, and S. Z. D. Cheng, Washington, DC: 

ACS Books (1996). 

3.0 Woven Preform Composites 91



Development of In Situ Reinforced Polypropylene Fibers 

for Use in Formable Woven Preforms 

C. G. Robertson, J. P. de Souza, and D. G. Baird 

Department of Chemical Engineering 
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Blacksburg, VA 24061-0211 

(ABSTRACT) 

Composite fibers comprised of isotactic polypropylene (PP) reinforced with fibrils of a 

thermotropic liquid crystalline polymer (TLCP) were generated in a novel fiber spinning 

process. A patented dual extrusion process was used to allow separate thermal histories 

to be applied to the two polymers which have melting temperatures which differ by 119°C 

and also to allow continuous streams of the TLCP to be introduced into the PP matrix 

prior to melt spinning. In situ reinforced fibers of 50/50 wt.% composition were 

successfully drawn up to a draw ratio of 220. The fiber tensile properties leveled off for 

fibers with draw ratios above 100. The tensile modulus plateau, representing the average 

modulus for fibers with draw ratios greater than 100, was over 30% greater than the 

modulus value predicted using the rule of mixtures. The in situ reinforced fibers were 

woven into fabric preforms. The preforms, pre-wetted with PP, were used to fabricate 

orthotropic composites. The mechanical performance of the composites was evaluated, 

and a ten-fold increase in modulus relative to neat polypropylene was observed for a 

composite reinforced with 31.5 wt.% TLCP. Composites reinforced with ~20 wt.% 

TLCP proved formable with elongation to break values in excess of 15% at 30°C below 

the melting temperature of the TLCP. The composites were thermoformed without 

significant fiber damage. 
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3.1 Introduction 

The addition of a thermotropic liquid crystalline polymer to a thermoplastic matrix 

is attractive in at least two ways. First, the TLCP may act as a processing aid by reducing 

the viscosity of the matrix material, so that materials exhibiting extremely high viscosities 

may be processed with lower energy expenditure (1-3). Secondly, the TLCP, under 

adequate processing conditions, deforms into elongated fibrils which often results in the in 

situ reinforcement of the thermoplastic matrix. Enhancement of the mechanical properties 

of polymer matrices upon the addition of TLCPs has been reported by several research 

groups (4-8). 

The mechanical properties of TLCP / thermoplastic in situ blends directly correlate 

to the degree of molecular orientation within the TLCP phase (9,10). Consequently, flow 

strength, which affects the deformation and orientation of the TLCP phase, will also affect 

the mechanical properties of TLCP / polymer blends. Mechanical properties of in situ 

blends processed by means of fiber spinning, where elongational flow prevails, are 

typically superior to those obtained from processes such as injection molding which 

predominantly involve shear flow. Fibers with moduli as high as 65 GPa have been 

obtained by spinning a thermotropic copolyester (9), whereas injection molded samples of 

the same copolyester have reached moduli of only 12 GPa (3). This illustrates that the 

reinforcing potential of TLCPs is greatly affected by the processing history. 
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While fiber spinning is superior to injection molding in the development of TLCP 

fibril reinforcement, fiber spinning necessitates post-processing to obtain usable 

composites unlike injection molding. One novel way of utilizing in situ fibers in 

composites is through the use of woven preforms. The use of such prepregs is 

advantageous because the fibers which constitute the fabric are pre-wetted with the 

thermoplastic and are deformable during shaping processes unlike glass and carbon fibers. 

Fabric preforms also allow the full reinforcing potential of the in situ fibers to be realized 

by the use of continuous lengths of the fibers within the composite. With these attributes 

in mind, the focus of this work was to investigate the role of fiber drawing on the tensile 

property development for in situ reinforced polypropylene fibers, to transfer the PP/TLCP 

fiber properties to composites with the use of fabric preforms, and to assess the 

formability of the fabric composites. 

3.2 Experimental 

3.2.1 Materials 

The two polymers used in this investigation were Vectra B950 (VB) and Profax- 

6823 (PP). Vectra B950, a thermotropic liquid crystalline polymer purchased from 

Hoechst Celanese, is a copoly(ester-amide) with a glass transition temperature of 110°C, a 

melting temperature of 280°C, anda solid density of 1.41 g/cc (11). Profax-6823 is an 

3.0 Woven Preform Composites 94



isotactic polypropylene produced by Himont Company with a melting temperature of 

161°C and a solid density of 0.902 g/cc. This high molecular weight polypropylene has a 

weight average molecular weight of 600,000 and a polydispersity index of 5 (12). 

3.2.2 Fiber Spinning 

Polypropylene was in situ reinforced with VB in a fiber spinning operation 

centered around a dual extrusion melt blending process patented by Baird and Sukhadia 

(13) and modified later by Sabol (14). Using this process, the VB and PP were separately 

plasticated in two 25.4 mm Killion model KL-100 single screw extruders as shown in 

Figure 3-1. Several continuous VB melt streams were injected into the PP matrix melt 

with the use of a distribution nozzle, and these streams were subsequently split into 

numerous smaller diameter streams using three 12.7 mm Kenics and four 25.4 mm Koch 

static mixing elements. The composite melt was then extruded through a 1.83 mm 

diameter capillary die with a length to diameter ratio of approximately 1.0. The fiber 

extrudate was drawn through a chimney used for controlled cooling, quenched in a water 

trough, and spun onto a spool using variable speed take-up equipment. The linear 

velocity provided by the fiber winding device was controlled at an increased value relative 

to the average die exit velocity in order to establish the desired fiber draw-down. The 

final fiber composition of 50/50 wt.% was achieved by control of the total extrudate mass 

flow rate in conjunction with the use of a calibrated model HD-556 Zenith gear pump to 

accurately meter the VB melt. 
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Figure 3-1: Diagram of fiber spinning process used to generate in situ reinforced fibers. 
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3.2.3 Fabric Preform Weaving 

The PP/VB (50/50 wt.%) in situ fibers were woven to create fabric preforms. This 

weaving process was performed with a manual loom manufactured by Structo Artcraft 

Loom Company. The fabric was created using a plain weave pattern and bundles of four 

fibers with an average diameter of 0.177 mm and a corresponding draw ratio of 106. 

3.2.4 Composite Fabrication 

Orthotropic composites were fabricated using the PP/VB (50/50 wt.%) woven 

preforms. Four fabric preform layers were placed between layers of polypropylene sheet 

as shown in Figure 3-2. In order to produce orthotropic composites, the fabric layers 

were alternately oriented 90° because the woven preforms possessed different fiber counts 

in the warp and weft directions. The composites were consolidated at 200°C and 3500 

kPa using a model 2696 Carver Laboratory Press with heated plates. The thickness of the 

PP sheets used in the composite fabrication process was varied in order to achieve the 

desired final composite composition and to control the distribution of the four fabric layers 

across the composite cross section. 

3.2.5 Rheology 

All rheological measurements supplementary to this investigation were performed 

-using a Rheometrics Mechanical Spectrometer (RMS 800) with parallel plate fixtures 

having radii of 12.5 mm. A plate gap of 1.2 mm was used during testing. Additionally, a 
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Figure 3-2: Layer stacking sequence used during orthotropic composite fabrication. 
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nitrogen atmosphere was uSed in the testing chamber for all tests. For the magnitude of 

the complex viscosity during cooling data presented in this paper, the angular frequency 

used was 10 rad/s, a 5% strain was employed, and the cooling rate was 7°C per minute. 

3.2.6 Morphological Studies 

The morphology of the in situ fibers was investigated by scanning electron 

microscopy using a Cambridge Stereoscan S200 with an accelerating voltage of 25 kV. 

The fibers were cryogenically fractured perpendicular to the fiber axis and coated with 

gold using a Bio-Rad sputter coater. 

3.2.7 Mechanical Properties 

Tensile and flexural mechanical properties were determined using a model 4204 

Instron mechanical testing instrument. Tensile properties of fibers were determined using 

two methods. First, tensile properties of individual fibers were obtained in accordance 

with ASTM D 3376-75. Also, fibers were fused together in a uniaxial manner at 200°C 

and 3500 kPa using the aforementioned laboratory press. Plaques of the fused fibers were 

then cut into tensile bars and tested to obtain the tensile mechanical properties (ASTM D 

638-87b). The tensile properties of the orthotropic fabric composites and neat 

polypropylene were evaluated according to ASTM D 638-87b. A model 2630-25 Instron 

extensiometer was used during the tensile testing of the composites and plaques of fused 

fibers in order to accurately determine the strain during tensile loading. Following the 
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guidelines given in ASTM D 790-86, the flexural properties of polypropylene and the 

fabric composites were assessed with the use of a three point bending apparatus. A 

pendulum impact tester manufactured by Tinius Olsen Testing Machine Company with 

sensors and software produced by General Research Corporation was used to determine 

notched Charpy impact properties (ASTM D 256-87). Properties cited in this paper 

represent average values for at least five samples. 

3.2.8 Dynamic Mechanical Testing 

Composite samples were tested in the dynamic torsional mode of a Rheometrics 

Mechanical Spectrometer (RMS 800) using an angular frequency of 10 rad/s, a strain of 

1%, and a nitrogen atmosphere. The dynamic storage and loss moduli of 45 mm long 

rectangular samples (8 mm x 1.5 mm) were recorded as a function of temperature. The 

temperature was increased from 50 to 250°C at a rate of 11°C per minute and then 

decreased at the same rate. 

3.2.9 Composite Formability Assessment 

The formability of the woven preform composites was evaluated by using a 

temperature chamber constructed by Russells Technical Products in combination with an 

Instron mechanical tester (model 4204). Composite samples with a thickness of 1.5 mm 

were cut to a width of 12.7 mm and isothermally stretched at a rate of 50 mm/min to 
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determine the elongation at break as a function of temperature for temperatures ranging 

from 100 to 250°C. 

Fabric composites were thermoformed in a MHydro-Trim model 1620 

thermoforming unit using a mold having a 19 mm x 38.1 mm rectangular cross section and 

a depth of 25.4 mm. The composites were heated radiantly to an average temperature of 

250°C prior to being formed between the matched plug and drape components of the 

mold. Additionally, the thermoformer was used to simultaneously impregnate and form 

the PP/VB fabric by using a fabric layer between two layers of polypropylene sheet in the 

aforementioned process. 

3.3 Results and Discussion 

3.3.1 Development of In Situ Reinforced Fibers 

Polypropylene was in situ. reinforced with VB in a fiber spinning process 

(Figure 3-1) to form composite fibers containing PP matrix reinforced with oriented VB 

fibrils. This patented process involved separate plastication of the two polymers. 

Separate extrusion allowed different thermal histories to be imposed on the polymers, 

which have melting temperatures which differ by 119°C, prior to their combination after 

the distribution nozzle. This was essential in taking advantage of the supercooling 

behavior of the VB while minimizing the degradation of the PP and maintaining adequate 

extrudate melt strength. When VB 1s heated above its melting temperature, solidification 
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will occur at a temperature below its melting temperature of 280°C upon cooling. 

Increasing the degree to which VB is heated above its melting temperature increases the 

amount to which the VB supercools below its melting temperature which in turn allows 

increased deformation and orientation of the VB during melt spinning. In order to 

successfully draw the PP/VB (50/50 wt.%) fiber system up to draw ratios over 200, the 

VB was heated up to 330°C and the average melt temperature of the combined PP/VB 

stream prior to the die exit was maintained at 290°C. These processing conditions were 

required to provide the necessary PP/VB extrudate melt strength and provide adequate 

supercooling of the VB phase to limit premature VB solidification during melt drawing. 

Consistent with the processing conditions used, Figure 3-3 illustrates the magnitude 

of the complex viscosity, |n*|, of the two materials when cooled from the respective 

maximum temperatures realized in the fiber spinning process. This plot illustrates that VB 

solidifies at a temperature below its melting temperature of 280°C following heating to 

330°C. It is also evident in Figure 3-3 that the viscosity of VB at 290°C after cooling 

from 330°C is significantly less than the viscosity of PP at 290°C. This implies that the 

viscosity of the VB was less than that of the PP in the static mixing portion of the dual 

extrusion process which was a condition favorable for the maintenance of the continuity of 

the VB streams within the PP matrix. Figure 3-3 indicates that PP and VB solidify at very 

different temperatures. This caused the selection of the fiber extrudate exit temperature to 

be limited to 290°C, a temperature which allowed adequate deformation of the VB phase 

prior to its solidification during melt drawing. It has been determined from isothermal 
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Figure 3-3: |n*| as a function of temperature for PP cooled from 290°C (—1—) and VB 
cooled from 330° (—e#—-). Parallel plate fixtures used. Angular frequency = 
10 rad/s. Strain = 5%. Cooling rate = 7°C/min. 
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time sweeps at an angular frequency of 1 rad/s that PP undergoes a 38% reduction 

in |n*| at 290°C after 20 minutes, indicative of chain scission and degradation. This 

suggests that the development of in situ reinforcement using only a single extruder would 

be quite limited due to a processing temperature mismatch between VB and PP. 

The effect of draw ratio on fiber tensile properties was investigated for PP/VB 

(50/50 wt.%) in situ reinforced fibers. Melt drawing establishes an elongational flow field 

which increases the aspect ratio of the VB fibrils within the PP matrix and orients the VB 

phase. Therefore, increasing the draw ratio and corresponding degree of elongation is 

expected to enhance the fiber tensile properties (15). In situ reinforced fibers were 

successfully produced up to a draw ratio of 220. Figures 3-4 and 3-5 present the tensile 

properties of the fibers as a function of draw ratio. For this investigation, the draw ratio 

was determined by dividing the cross-sectional area of the capillary die exit by the cross- 

sectional area of the fiber. The tensile properties presented were determined for fibers 

aligned uniaxially and fused together. These properties were confirmed by performing 

single fiber testing which provided very similar property values but with greater sample 

standard deviations. Both the tensile modulus and tensile strength of the PP/VB (50/50 

wt.%) fibers initially improved with increasing fiber draw ratio but then appeared to level 

off for draw ratios greater than approximately 100. The diameter of the reinforcing VB 

fibrils within fibers produced at a draw ratio of ~100 has been determined by scanning 

electron microscopy to have a minimum value of approximately 1 micrometer and an 

average value of approximately 4 micrometers. In addition to experimental fiber modulus 
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Figure 3-5: Tensile strength as a function of draw ratio for PP/VB (50/50 wt.%) 
uniaxially compression molded fibers. 
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data, Figure 3-4 also illustrates two modulus predictions calculated using the rule of 

mixtures. The lower line was calculated using the 1.01 GPa modulus of neat 

polypropylene and a VB modulus contribution of 75 GPa, which is the maximum 

attainable modulus for VB when spun alone (11,15). The modulus prediction represented 

by the upper line was calculated using a VB modulus of 110 GPa, the extrapolated 

modulus for VB assuming complete molecular orientation as reported by Lin and Yee 

(15). The fiber modulus plateau, representing the average modulus for fibers with draw 

ratios greater than 100, was approximately 30% greater than the modulus prediction using 

the experimental VB modulus of 75 GPa, and the maximum fiber modulus value at a draw 

ratio of 106 was approximately 50% greater than this prediction. This result implies that 

the VB phase can achieve greater molecular orientation when drawn in the PP matrix than 

when drawn in neat form. This synergistic effect may be due to the insulating effect of the 

PP matrix which allows the VB fibrils to be further drawn and oriented prior to 

solidification than is possible when VB is drawn alone. 

3.3.2 Fabric Preform Composites 

The in situ reinforced PP/VB (50/50 wt.%) fibers were woven to create fabric 

preforms to be used in the generation of composites. Bundles of four fibers with an 

average diameter of 0.177 mm and a corresponding draw ratio of 106 were woven using a 

plain weave pattern to create the preforms. The tensile properties of the fibers within the 

preforms reflect those of PP/VB fibers produced at a draw ratio of 106 as presented in 
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Figures 3-4 and 3-5. Due to limitations of the loom used, the resulting weave did exhibit 

an inconsistency with respect to the warp and weft direction fiber counts. For this reason 

the four fabric layers used in the fabrication of composites were alternately oriented 90° to 

form orthotropic composites as previously depicted in Figure 3-2. The composites were 

consolidated in a compression molding process at a temperature of 200°C and 3500 kPa. 

The consolidation temperature of 200°C, 80°C below the melting temperature of VB, was 

selected in order to minimize the relaxation of the VB reinforcing phase while still 

maintaining adequate composite consolidation. Because the polypropylene sheet material 

used in the composite fabrication process was also a component of the in situ reinforced 

fibers within the preforms, the difficulty in achieving fiber wetting often seen in glass and 

carbon fiber reinforced systems was not realized. 

Mechanical properties were determined for composites produced with the four 

preform layers evenly spaced across the final composite cross sections. Mechanical 

properties and densities are provided in Table 3-I for neat isotactic polypropylene and for 

composites with VB contents of approximately 10, 20, and 30 wt.%. The tensile and 

flexural properties increased with increasing VB content, and a ten-fold increase in tensile 

modulus relative to neat polypropylene was noted for a composite with 31.5 wt.% VB 

reinforcement which possessed a tensile modulus of 10.3 GPa. Polypropylene reinforced 

with 30 wt.% random fiberglass mat is reported to have a tensile modulus of 4.62 GPa and 

a tensile strength of 82.8 MPa (16). In order to estimate the tensile modulus of PP 

randomly reinforced with PP/VB fibers from the modulus of the orthotropic PP/VB 
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Table 3-I: Composite Properties* 

  

  

  

  

                    
  

Notched 
VB Density | Tensile Tensile | Toughness | Flexural {| Flexural | Charpy 

Content [1] Modulus | Strength [3] Modulus | Strength | Impact 

(wt.%) (g/cc) (GPa) [2] (kJ/m?) (GPa) (MPa) | (J/mof 
(MPa) width) 

0 0.902 1.01 24.2 1825 1.28 27.9 347 

neat PP (0.03) (0.4) (39) (0.04) (0.7) (156) 

9.84 0.949 3.87 45.0 626 3.22 43.8 _ 

(0.72) (0.80) (5.2) (73) (0.20) (6.3) 

19.8 0.979 5.60 57.5 47} 6.28 35.1 147 

(1.7) (1.00) (6.2) (87) (0.35) (3.7) (112) 

31.5 1.02 10.3 63.8 445 10.0 65.6 _ 

(1.0) (2.2) (4.5) (91) (1.7) (7.3) 

* Composites fabricated with an even preform layer distribution 

Values in parentheses represent sample standard deviations 
[1] Composite density determined from weight and dimensions of composite 

[2] Tensile strength determined at yield for neat polypropylene 

[3] Toughness determined from the area under the tensile stress-strain curve 
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composite to provide a better comparison for the modulus of PP reinforced with random 

fiberglass mat, the tensile modulus value of 10.3 GPa can be multiplied by 2 to convert it 

to a uniaxial modulus and then multiplied by 3/8 to convert it to a random modulus value 

(17). Using this approximation, polypropylene randomly reinforced at a loading level of 

31.5 wt.% VB with PP/VB fibers should possess a tensile modulus of 7.7 GPa which is 

noticeably greater than the modulus for the PP reinforced with random fiberglass mat. 

The PP/VB composite tensile and flexural property improvements with increased VB 

content were accompanied by only a slight increase 1n composite density. Significant 

decreases in the toughness and Charpy impact properties were noted with increased VB 

wt.% as indicated in Table 3-I. It is possible that improved adhesion between the VB and 

PP phases would provide greater composite impact performance while retaining or even 

improving the tensile and flexural properties. 

In an attempt to maximize flexural properties, PP/VB composites were fabricated 

with the reinforcing preform layers selectively placed near the composite surfaces where 

the greatest tension / compression occurs during flexural loading. During the composite 

fabrication process, PP sheets of varied thickness were used in order to situate two 

preform layers just inside both composite surfaces. The tensile and flexural mechanical 

properties for a ~10 VB wt.% composite with such uneven fabric distribution are provided 

in Table 3-II along with the properties for its counterpart having an even fabric layer 

distribution. The distribution of the preform layers had no effect on the composite tensile 

properties as expected. A marked increase in the flexural performance of the surface- 
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Table 3-II: Effect of Fabric Layer Distribution on Composite Mechanical Properties 

  

  

              

Distribution of Four PP/VB VB Tensile | Tensile | Flexural | Flexural 
Fabric Layers Across Content | Modulus | Strength | Modulus | Strength 

Composite Cross Section (wt.%) (GPa) MPa) (GPa) | (MPa) 

even distribution 9.84 3.87 45.0 3.22 43.8 

(0.72) (0.80) (5.2) (0.20) | (6.3) 

two fabric layers near 9.07 3.39 43.6 5.23 56.3 
both composite surfaces (0.36) | (0.11) (2.6) (0.22) | (3.4)   
  

3.0 Woven Preform Composites 

Values in parentheses represent sample standard deviations 
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weighted distribution relative to the even distribution was clearly evident. This indicates 

that the composite flexural performance can be improved by placing the composite 

reinforcing layers in the regions of greatest flexural loading. 

3.3.3 Composite Formability 

In order to assess the processability of the PP/VB composites, the tensile 

elongation at break for the fabric composites was determined as a function of temperature. 

This testing was performed to determine the maximum deformability of the composites 

with respect to stretching temperature in order to provide insight into the performance of 

the composites in thermoforming processes. Composite samples were isothermally 

elongated at an extension rate of 50 mm/min which is similar to the rates observed in 

typical thermoforming processes. Because the tested composites contained continuous 

lengths of in situ reinforced fibers in the stretching direction, the deformability of the 

composite samples reflected the deformability of the PP/VB fibers. For a 19.8 VB wt.% 

orthotropic composite with even distribution of the four fabric layers across the composite 

cross section, the effect of temperature on the elongation at break is illustrated in Figure 

3-6. The allowable composite extension increased with temperature up to over 15% 

elongation at 250°C, a temperature 30°C below the melting temperature of the VB phase. 

This degree of extension is not possible for composites reinforced with conventional fibers 

such as fiberglass and carbon. 
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Figure 3-6: Tensile elongation at break as a function of temperature for 19.8 VB wt.% 
composite with even fabric layer distribution. Extension rate = 50 mm/min. 
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Dynamic mechanical analysis was used to determine whether the thermal cycle in a 

thermoforming process would induce composite property loss as a result of relaxation of 

the orientation within the TLCP phase. The dynamic shear storage and loss moduli were 

recorded as a function of temperature for a 19.8 VB wt.% orthotropic composite with 

evenly distributed fabric layers. The moduli measurements were made while increasing the 

temperature from 50 to 250°C at a rate of 11°C/min and then decreasing the temperature 

at the same rate. The dynamic moduli results of this temperature cycle are presented in 

Figure 3-7. It is clearly evident that heating this composite to 250°C resulted in negligible 

property loss as can be seen by the nearly identical moduli values at 50°C for the upward 

and downward temperature sweeps. Since the 11°C/min heating rate represented a total 

cycle time of 36 minutes, which is far greater than a typical thermoforming cycle time, it is 

expected that negligible composite property loss should result from a heating cycle to 

250°C in a thermoforming process. 

The thermoforming of ~20 VB wt.% composites with even fabric distribution 

proved to be possible without noticeable fiber damage using a 25.4 mm deep tray mold of 

rectangular (19 mm x 38.1 mm) cross section. In a thermoforming unit, the composites 

were heated by means of radiation to an average temperature of 250°C. Because the mold 

required a sample elongation of 66% for a composite sample clamped during the forming 

process, the composite edges were not constrained during the forming step. This allowed 

both stretching and draping of the heated composite which reduced the amount of 

necessary elongation toa degree less than the limit of approximately 15%. Using the 
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Figure 3-7: Dynamic shear moduli recovery upon heating to 250°C for a 19.8 VB wt.% 

composite with even fabric distribution. Shown are data for G' (—+—) and 
G" (—e—) during heating and G' (——) and G"(—-O—) during cooling. 

Frequency = 10 rad/s, Strain = 1%. Heating/cooling rate = 11°C/min. 

3.0 Woven Preform Composites 115



thermoforming unit, a combined composite fabrication and forming process was also 

developed which has economic appeal because it reduces the number of necessary 

processing steps. 

3.4 Conclusions 

Fibers comprised of polypropylene matrix reinforced with 50 wt.% VB fibrils were 

processed up to a fiber draw ratio of 220. The reinforcement was developed in situ using 

a dual extrusion fiber spinning process. The dual extrusion process not only allowed the 

processing of polymers with widely different melting temperatures but also allowed 

continuous streams of the TLCP to be introduced into the PP and maintained in the drawn 

extrudate. The tensile properties of the fibers increased with increasing draw ratio up to a 

draw ratio of approximately 100 where the properties appeared to level off. The fiber 

modulus plateau, representing the average modulus for fibers with draw ratios greater than 

100, was approximately 30% greater than the modulus prediction using the experimental 

VB modulus of 75 GPa, and the maximum fiber modulus value at a draw ratio of 106 was 

approximately 50% greater than this prediction. This suggests that VB can be further 

oriented when drawn as fibrils within the PP matrix than when drawn as a neat fiber. The 

in situ reinforced fibers were woven into fabric preforms. These preforms, pre-wetted 

with PP, were used to fabricate orthotropic composites. A ten-fold improvement in tensile 

3.0 Woven Preform Composites 116



modulus relative to PP was noted for a 31.5 VB wt.% composite which displayed a tensile 

modulus over two times greater than that for polypropylene reinforced with 30 wt.% 

random fiberglass mat. The fabrication of a ~10 VB wt.% composite with the reinforcing 

preform layers situated in regions of highest compression / tension during flexural loading 

displayed a flexural modulus and flexural strength of, respectively, 60% and 30% greater 

than those for a composite with the preform layers evenly distributed. A 19.8 VB wt.% 

composite proved formable with elongation to break values in excess of 15% at 30°C 

below the melting temperature of the TLCP. Dynamic mechanical analysis indicated 

negligible loss of dynamic shear moduli following heating to 250°C at a heating / cooling 

rate of 11°C/min for a 19.8 VB wt.% composite which suggested that the composites 

could be formed without thermally induced TLCP phase relaxation and associated 

composite property loss. The composites were successfully thermoformed without 

noticeable fiber damage, and a process which combined the composite fabrication and 

forming steps was developed. 
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Recommendations 

(1.) Future modeling of fiber spinning processes would greatly benefit from on-line 

measurements of variables such as fiber diameter and fiber surface temperature as a 

function of axial distance. In the development of a set of model equations which are used 

to describe a real process, not all aspects of the process can be considered and simplifying 

assumptions must invariably be made. The ability to correlate certain aspects of simulated 

results, such as predicted fiber diameter profiles, with experimental data would certainly 

add credibility to other aspects of the numerical predictions, such as fiber centerline 

temperature profiles, which cannot be experimentally measured. 

(2.) Research aimed at obtaining thermoplastic/TLCP fibers which provide more 

flexible woven preforms would be beneficial. A flexible preform which is densely woven 

could. be draped into a shaped mold and consolidated to form a composite part in an 

efficient one-step process. The flexibility of the composite fibers can be improved by two 

methods. The generation of matrix-fibril (in situ) fibers with reduced denier would be 

more flexible because the bending moment scales directly with r*. Additionally, the 

sheath-core fiber structure is inherently more flexible than the matrix-fibril structure, and 

for this reason, research should also be performed with preforms generated from 

thermoplastic/TLCP sheath-core fibers (refer to Appendix A). 

Recommendations 119



(3.) Significant tensile and flexural reinforcement was noted for the PP/VB woven 

preform composites relative to the properties of neat PP, but the neat PP displayed 

greater Charpy impact and toughness properties. The effect of PP/VB interfacial 

characteristics, and the modification thereof via compatibilization, on the impact 

properties of the woven preform composites should be investigated. In addition to 

modifying the interfacial adhesion via chemical means, the adhesion between the PP and 

VB phases in the sheath-core fibers may be able to be improved by physical means such as 

phase interlocking at the sheath-core interface. 

(4.) A detailed study of VB molecular orientation as a function of fiber draw ratio for 

the PP/VB matrix-fibril and sheath-core fibers is warranted. A comparison between the 

molecular orientation obtained for neat VB fibers which have attained the maximum 

modulus value of 75 GPa with the molecular orientation of the VB fibrils within the 

PP/VB matrix-fibril fibers which displayed moduli substantially greater than the modulus 

predicted using the rule of mixtures may provide concrete proof that a higher degree of 

molecular orientation 1s developed for VB when drawn as fibrils within the PP matrix than 

when drawn as a pure fiber. Molecular orientation investigations may also help explain 

the modulus plateau exhibited by the matrix-fibril fibers produced at high draw ratios and 

may provide further insight into the development of higher moduli for the matrix-fibril 

fibers relative to the sheath-core fibers. 
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Supplementary to the satisfaction of the research objectives was a comparative 

assessment of the flexibility of sheath-core and matrix-fibril fibers composed of equal 

weight percentages of PP and VB. This appendix will provide details pertaining to the 

flexibility comparison undertaken. Information concerning the processing of the fibers 

used in the flexibility study can be found in Chapter 2 and Appendix C. 

The relative flexibility of the matrix-fibril and sheath-core fibers was assessed in 

order to determine the fiber structure most suitable for use in preforms. The reinforcing 

VB phase of both types of PP/VB composite fiber is fully wetted with PP, which melts at 

a temperature which is 119°C below the melting temperature of VB. Therefore, these 

fibers could potentially be used to fabricate woven preforms or non-woven random mat 

preforms which could be draped into a mold and subsequently consolidated at a 

temperature well below the VB melting temperature to rapidly manufacture shaped parts. 

The success of such a one-step process is dependent upon the flexibility of the fibers 

which determines the ability of a preform to conform to the dimensions of a mold without 

damaging the fibers. 

In order to compare the flexibility of the sheath-core fibers to that of the matrix- 

fibril fibers, the effect of bending on the surface of the fibers was evaluated for both types 

of composite fiber. The composite fibers were wrapped around cylinders having diameters 

of 6.4 mm and then sputter coated with gold. The surfaces of the fibers were investigated 

using scanning electron microscopy while the fibers were still affixed to the cylinders. 

Both the matrix-fibril and the sheath-core fibers which were investigated had a fiber draw 

ratio of approximately 60 and a corresponding diameter of approximately 0.24 mm. 
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Figures A-1 and A-2 illustrate the resulting micrographs for the matrix-fibril and sheath- 

core fiber surfaces, respectively. Extensive surface damage was noted for the matrix-fibril 

fibers while the sheath-core fibers did not display any noticeable surface injury. These 

results are logical considering that the bending moment varies radially for a cylinder 

experiencing flexural loading and is proportional to r*, where r is the radial distance from 

the cylinder axis [D. Q. Fletcher. Mechanics of Materials. New York: Holton, Rinehart, 

and Winston (1985)]. The sheath-core fibers have the stiff VB reinforcing phase nearest 

the center of the fiber where the lowest bending moment occurs while the matrix-fibril 

fibers have relatively inflexible VB fibrils distributed across the fiber cross sections, 

including near the fiber surfaces where the bending moment is the greatest. The sheath- 

core and matrix-fibril fibers investigated in this study had tensile moduli of 28.1 + 2.5 GPa 

and 34.3 + 5.2 GPa respectively. Therefore, even though the PP/VB sheath-core and 

matrix-fibril fibers which were evaluated had similar diameters, the matrix-fibril fibers 

were slightly stiffer than the sheath-core fibers although there was overlap of the moduli as 

indicated by the magnitude of the standard deviations associated with the moduli values. 

The validity of the flexibility comparison should be considered in view of this moduli 

difference because increasing the stiffness of a fiber results in a reduction in the flexibility 

of the fiber. 

The sheath-core structure provides a more flexible fiber than the matrix-fibril 

structure does, but this observation does not preclude the use of the PP/VB matrix-fibril 

fibers in preforms. The flexibility of the matrix-fibril fibers can be enhanced by two 

methods. Consistent with the radial dependence of the bending moment mentioned 
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previously, fibers produced with reduced diameters would be inherently more flexible. 

Secondly, decreasing the stiffness of the VB fibrils by utilizing a preheating step prior to 

forming, as in a typical thermoforming process, can allow the matrix-fibril fibers to 

adequately conform to the mold dimensions without significant damage. The success of 

this second method was verified in Chapter 3. 
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Figure A-1: Micrographs of a PP/VB (50/50 wt.%) matrix-fibril fiber with a draw ratio 

of 55.6 wrapped around a cylinder with a 6.4 mm diameter (upper) and the 

magnified fiber surface damage (lower). 
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Figure A-2: Micrograph of a PP/VB (50/50 wt.%) sheath-core fiber with a draw ratio of 
59.9 wrapped around a cylinder with a 6.4 mm diameter. 
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In addition to the PP/VB matrix-fibril (in situ) fibers produced with a VB content 

of 50 wt.% (Chapter 2), matrix-fibril fibers possessing a VB content of 20 wt.% were also 

generated. The development of tensile mechanical properties for the 80/20 wt.% and 

50/50 wt.% PP/VB matrix-fibril fibers will be contrasted in this appendix. The highest 

modulus values achieved for the fibers will be used to determine the maximum value of the 

modulus contributed by the VB phase. Also, the reason that matrix-fibril fibers were not 

produced with VB contents greater than 50 wt.% will be explained. 

The effect of fiber drawing on tensile properties was investigated for PP/VB 

matrix-fibril fibers with VB contents of 20 wt.% and 50 wt.% as illustrated in Figures B-1 

and B-2. Both fiber compositions displayed tensile modulus values which increased and 

then leveled off as fiber draw ratio was increased. It appeared that the tensile modulus of 

the 80/20 wt.% PP/VB fibers reached a maximum value at a draw ratio of approximately 

40 while the 50/50 wt.% fibers displayed a modulus plateau for draw ratios greater than 

the value of approximately 100. Consistent with this observation, Lin and Yee predicted 

that higher levels of fiber drawing are necessary to enact the maximum reinforcement for 

thermoplastic/TLCP in situ blends with higher TLCP volume fractions [Polym. Comp., 15, 

156 (1994)]. The study reported by Lin and Yee may not be a valid confirmation of the 

results of this investigation with PP/VB matrix-fibril (in situ) fibers, however, because the 

modeling that they performed assumed affine deformation of the matrix polymer and 

TLCP fibrils during fiber drawing. The morphological results which were disclosed in 

Chapter 2 indicated that premature solidification may have occurred for the VB fibrils 

Appendix B: Role of VB Content -- Matrix-Fibril Fibers 128



within the PP/VB (50/50 wt.%) composite fibers which questions the validity of the affine 

deformation assumption. 

Both the 20 wt.% and 50 wt.% PP/VB matrix-fibril fibers exhibited maximum 

modulus values which were greater than the rule of mixtures calculated using a VB 

modulus contribution of 75 GPa, the maximum modulus attained for VB when spun in 

pure form [G. Crevecoeur, Ph.D. Thesis, Katholiede Universiteit Leuven, 1991]. This 

positive deviation from the rule of mixtures is depicted in Figure B-3. A linear regression 

was performed on the plateau modulus vs. VB volume percent data in order to estimate 

the modulus contribution of the VB phase to the maximum PP/VB matrix-fibril fiber 

moduli which were achieved. This linear regression resulted in the solid line shown in 

Figure B-3 and indicated that the modulus of the VB fibrils was approximately 102 GPa, a 

value significantly greater than 75 GPa. This result implies that the VB can be more fully 

oriented when drawn as fibrils within composite fibers, which are produced with the 

processing conditions used in this investigation (see Chapter 2 and Appendix C), than 

when drawn in neat form. Lin and Yee extrapolated modulus vs. order parameter data for 

VB and estimated that VB possesses a modulus of 110 GPa when perfectly oriented 

[Polym. Comp., 15, 156 (1994)]. 

The PP/VB matrix-fibril fibers were not produced with VB contents greater than 

50 wt.%. Processing attempts were made using a PP/VB composition ratio of 35/65 

wt.%, but the composite fiber extrudate exhibited morphological instabilities which 

prevented successful fiber draw-down due to fiber breakage. Figure B-4 depicts the 
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structure of the 35/65 wt.% PP/VB extrudate, the complex nature of which is 

characteristic of phase inversion. It is possible that fibers can be successfully drawn when 

the VB content is increased beyond 65 wt.% to the point where the VB phase clearly 

becomes the matrix, but the unstable composition region, where the composite melt 

structure possesses local regions where the matrix is PP and other local regions where the 

matrix is VB, clearly results in fiber drawing difficulties. 
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Figure B-1: Tensile modulus as a function of draw ratio for uniaxially compression 
molded PP/VB matrix-fibril (in situ) fibers with component ratios of 80/20 
wt.% (@) and 50/50 wt.% (0). Solid lines represent curves fit to the data in 
order to illustrate trends. 
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Figure B-2: Tensile strength as a function of draw ratio for uniaxially compression 

molded PP/VB matrix-fibril (in situ) fibers with component ratios of 80/20 

wt.% (@) and 50/50 wt.% (0). 
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Figure B-3: Tensile modulus as a function of VB content for uniaxially compression 
molded PP/VB matrix-fibril (in situ) fibers. The data illustrated (@) are for 

neat PP as well as the modulus plateau values for the 20 VB wt.% and 50 
VB wt.% fibers. Also shown are the rule of mixtures using a VB modulus of 75 

GPa ( - - - ) and the best-fit rule of mixtures line passing through the data ( ).   
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Figure B-4: Micrograph of in situ PP/VB (35/65 wt.%) undrawn extrudate fractured 
perpendicular to its axis. VB is the phase with the texture which appears 
grainy. 
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This appendix provides additional information related to the processing of the 

matrix-fibril (in situ) and sheath-core composite fibers which is not present in the 

Experimental sections of Chapters 2 and 3. General information concerning the operation 

of the dual extruder system is available elsewhere [E. A. Sabol, M.S. Thesis, Virginia 

Polytechnic Institute and State University, 1994]. Figure C-1 illustrates the temperature 

control zones for the matrix-fibril fiber spinning process. If the sheath-core die 1s 

substituted for the static mixing elements and capillary die of the matrix-fibril process 

represented by temperature control zone B1 (see Figure 2-1), then the temperature control 

zones are the same for the sheath-core process as for the matrix-fibril process with the 

exception of Zone 1 and Zone 2 (see Figures 2-2 and C-2) which are substituted for B1. 

The temperature settings used during fiber processing are indicated in Table C-I and 

typical fiber processing conditions are presented in Table C-II. A detailed schematic of 

the sheath-core die design is also provided in this appendix (Figure C-2). 
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Figure C-1: Temperature control zones for matrix-fibril (in situ) fiber process. Refer 
to Figure 3-1 for equipment labels. Sheath-core process has same 
temperature control zones except B1 is replaced with Zone 1 and Zone 2 
(see Figures 2-1, 2-2, and C-2). 
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Table C-I: Approximate Temperature Settings Used for Composite Fiber Processing 

  

  

  

  

  

  

  

  

  

  

  

        

Temperature Matrix-Fibril Sheath-Core 
Control Zone* Process Process 

Tl (°C) 230 230 
T2 (°C) 315 315 
T3 (CC) 325 325 

T4 (CC) 330 330 
M1 CC) 110 110 
M2 CC) 260 260 
M3 CC) 265 265 
M4 (°C) 270 270 
Bl (°C) 290 - 
Zonel (°C) - 330 

Zone2 (°C) - 270   
  

* See Figure C-1 
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Table C-I: Typical Processing Conditions for Sheath-Core and Matrix-Fibril Fibers 

  

  

  

  

                

Vectra B950 (VB) Profax-6823 (PP) 

PP/VB | Extruder | Gear Melt Melt | Extruder Melt Melt 

Ratio RPM Pump | Pressure | Temp. RPM Pressure | Temp. 

wt.%) RPM* (psi) CC (psi) (°C) 

50/50 5.2 46 2450 330 4.7 1220 270 

80/20** 2.1 1.8 2100 330 8.8 1750 270     

Composite mass flow rate exiting die: 20 g/min. 
Total length of drawing chimney (no vents): 12.5 ft. 

Average air temperature within upper 2.5 ft of drawing chimney: ~ 30°C. 
Linear take-up velocity necessary to induce draw ratio of 100: ~ 400 m/min. 

Fiber compositions verified by off-gassing the PP at 300°C for 6 hours. 

* Gear pump calibration for VB at 330°C (2000 psi feed pressure): g/min = 2.21-RPM 
** Sheath-core fibers were not produced at this composition. 
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Figure C-2: Detailed schematic of single filament sheath-core die design. 
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The details involved with the fabrication of composites reinforced with woven 

preforms containing PP/VB (50/50 wt.%) matrix-fibril fibers and the subsequent 

thermoforming of such composites will be given in this appendix in order to supplement 

the limited information presented in the Experimental section of Chapter 3. The 

anisotropy of the woven preforms will first be illustrated in order to clearly justify the use 

of multiple PP/VB preform layers to form orthotropic composites. The compression 

molding procedure used to produce the composites reinforced with four preform layers 

will be specified, including the method utilized to allow control of the preform layer 

distribution across the cross-section of the final composite. Finally, the conditions used in 

the thermoforming of the woven preform composites will be presented. 

As illustrated in Figure D-1, the PP/VB (50/50 wt.%) woven preforms had 

significantly different fiber counts in the warp and weft directions due to limitations of the 

loom used. This was reflected in the mechanical anisotropy of composites reinforced with 

a single preform layer which is shown in Figure D-2. In order to create composites with 

equal properties in the two main directions of the composite plane, also known as 

orthotropic composites, four preform layers were alternately arranged 90° between PP 

sheets and consolidated as depicted in Figure 3-2. A sheet extrusion process was used to 

cast films of PP using the conditions presented in Table D-I. The films, which had an 

average thickness of 0.07 inch, were subsequently pressed to various desired thicknesses 

as low as 0.005 inch at a temperature of 220°C using the Carver Laboratory Press. 

Orthotropic woven preform composites were fabricated using the following procedure: 
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Procedure for Fabrication of Orthotropic Woven Preform Composites 

(1). Cut PP/VB (50/50 wt.%) woven preforms into four 4 inch x 4 inch squares 

and determine the total weight. 

(2). Cut five 4 inch x 4 inch squares from the PP sheets making sure that the total 

weight of the sheets relative to the weight and VB content of the preforms is such that the 

final composite will have the desired VB content. PP squares of varied thickness can be 

used in order to create a composite with an uneven distribution of the preform layers 

across the composite cross-section. 

(3). Alternately place the preform layers between the PP layers in a 0°/90°/0°/90° 

sequence (Figure 3-2). Due to the difference in warp and weft direction fiber counts, a 

more traditional 0°/90°/90°/0° sequence will result in flexural properties which are not 

orthotropic (remember that the bending moment is directly related to the distance from the 

center of the composite). If a surface-weighted preform layer distribution is desired (see 

Figure D-3), place a thick PP layer in the center of the lay-up and use comparatively thin 

PP sheets for the other four PP layers. 

(4). Insert the lay-up between two 1/8 inch thick Teflon sheets and place this stack 

between the heated platens of the Carver Laboratory Press which are controlled at a 

temperature of 220°C. 

(5). As the lay-up is heated, insure that the platens are in adequate thermal contact 

with the Teflon sheets, but the applied pressure should not be great enough to register any 

pressure on the pressure gauge. 

Appendix D: Composite Fabrication and Thermoforming 143



(6). Allow the composite lay-up to heat to an average temperature of 205°C as 

determined using an auxiliary thermocouple, and then turn off the platen heaters. 

(7). When the lay-up cools down to an average temperature of 200°C, apply an 

initial pressure of 100 psi and then allow the pressure to relax back to zero as 

consolidation occurs. Repeat this step once. 

(8). Allow the composite to cool down to 140°C (no platen quench utilized), and 

then apply a pressure of 500 psi. 

(9). Let the composite cool down to room temperature (the pressure may drop 

during this process). 

(10). Trim any excess PP which squeezed beyond the edges of the preforms and 

record its weight. 

(11). Calculate the VB content within the composite. The VB wt.% can be verified 

later by taking tested composite samples and off-gassing the PP at 300°C for 6 hours 

(keeping oven door slightly ajar to provide sufficient oxygen). 

The PP/VB preform composites were thermoformed using a Hydro-Trim 

thermoforming unit as mentioned in Chapter 3 to produce formed parts like that depicted 

in Figure D-4. The conditions used during the composite thermoforming process are 

indicated in Table D-II. It should be mentioned that the composite edges were not 

restricted during forming such that combined draping and stretching of the heated 

composite occurred. 
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Figure D-1: Photograph of PP/VB (50/50 wt.%) woven preform containing fibers with 

an average draw ratio of 106. Bundles of four fibers were woven using a 
plain weave pattern. Warp direction: T. Weft direction: >. 
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Figure D-2: Tensile property anisotropy for single layer PP/VB preform composites with 

an approximate VB content of 15.2 wt.%. Illustrated are tensile modulus 
(—®— ) and tensile strength (—O—). The PP/VB (50/50 wt.%) matrix- 
fibril fibers used to create the preform had an average fiber draw ratio of 47. 

Appendix D: Composite Fabrication and Thermoforming 146



Table D-I: Processing Parameters Used During PP Film Casting 

  

  

          

            

Temperature Settings (°C) 

Extruder Feed Extruder Extruder Clamp / Pipe Film Die 
Zone Melting Zone | Metering Zone 

110 235 230 220 205 

Various Processing Conditions 

Extruder Melt Extruder Extruder Calender Calender Nip 
Temperature | Melt Pressure RPM RPM Roll Gap 

@C) (psi) (inch) 

240 2800 35 0.8 0.07     

Killion model KL-100 single screw (1 inch) extruder. 
Killion Calender (serial number 12549) used without cooled rolls. 
Film die width = 8 inches; Die lip gap = 0.1 inch. 
Resulting PP film dimensions: 5.5 inch wide x 0.07 inch thick. 
Films subsequently pressed down to desired thicknesses between layers of 1/8 inch 

thick Teflon sheets at a temperature of 220°C using the Carver Laboratory Press. 
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Figure D-3: Photograph of cross-sections of PP/VB woven preform composites with 

even preform layer distribution (upper) and surface-weighted preform 
distribution (lower). The properties for these two composites are presented 
in Table 3-II. 

Appendix D: Composite Fabrication and Thermoforming 148



  
Figure D-4: Photograph of a thermoformed PP/VB woven preform composite 
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Table D-II: Thermoforming Conditions for PP/VB Woven Preform Composites* 

  

  

Upper Lower Mold 

Heater Heater Heating Closing Mold Forming | Forming 
Temp. Temp. Time Speed** | Temp. Time Pressure 

_ CC) CO) _(s) (cm/s) CO) (s) _(psi) 

270 250 90 3.5 100 30 80                   
* The orthotropic (four layer) woven preform composites which were formed had ~20 

VB wt.% and the PP/VB matrix-fibril fibers within the preforms were produced at a 

draw ratio of 106. 
** Plug and drape components of mold were held at a distance of 10 cm from the heated 

composite prior to closing. 
The Hydro-Trim (model 1620) thermoforming unit was used with two sets of matched 

plug and drape rectangular (0.75 inch x 1.75 inch) dish molds with depths of 1 inch and 
0.5 inch. 

The composite samples had dimensions of 3 inch x 4 inch x 0.06 inch and the composite 
edges were not constrained during forming. 
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Figure E-1: |n*| as a function of time for Vectra B950 at 330°C (—e—) and 350°C 

(—o—). Conditions: frequency = 1 rad/s, strain = 10%, nitrogen 
atmosphere, and 1.2 mm parallel plate gap. 
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Figure E-2: |n*| as a function of time for Profax-6823 at 270°C (—e—) and 290°C 

(—o—). Conditions: frequency = 1 rad/s, strain = 10%, nitrogen 
atmosphere, and 1.2 mm parallel plate gap. 
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Table E-I: Data presented in Figures E-1 and E-2 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                  

Vectra B950 PP (Profax-6823) 

T = 330°C T = 350°C T = 270°C T = 290°C 
time In*| time \n*| time In*| time \n*| 
(min) | _ (Pa-s) (min) (Pa-s) (min) | _(Pa-s) (min) | (Pa-s) 

0 | 4.377E+01 0 2.488E+01 0 | 4.713E+03 0 | 3.703E+03 
3__| 4.506E+01 3 2.635E+01 2 | 4.560E+03 | 2 | 3.647E+03 
6 4.524E+01 6 2.871E+01 4 4.467E+03 4 3.545E+03 

9 | 4.503E+01 9 2.834E+01 6 | 4.385E+03 | 6 | 3.298E+03 
12 | 4.434E+01} 12 | 3.033E+01 8 | 4.349E+03 8 3.148E+03 
15 | 4.672E+01 15 3.124E+01 10 | 4.294E+03 10 | 3.120E+03 

18 | 4.573E+01 | 18 | 3.256E+O1 | 12 | 4.227E+03 | 12 | 2.942E+03 
21 | 4.591E+01 | 21 | 3.425E+01 | 14 | 4.158E+03 | 14 | 2.735E+03 
24 | 4557E+01 | 24 | 3.861E+01 | 16 | 4.090E+03 | 16 | 2.578E+03 
27 | 4.546E+01 | 27 | 4.678E+01 | 18 | 4.022E+03 | 18 | 2.441E+03 
30 | 4.572E+01 30 5.799E+01 20 | 3.960E+03 | 20 | 2.296E+03 

22 | 3.899E+03 | 22 | 1.881E+03 
24 | 3.843E+03 | 24 | 1.562E+03 
26 | 3.787E+03 | 26 1.053E+03 

28 | 3.732E+03 
30 | 3.68SE+03   
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Frequency Sweeps 
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Figure E-3: |n*| as a function of frequency for Vectra B950 at 290°C (—e—), 330°C 
(——), and 290°C after preheating at 330°C for 5 minutes (—O—). 
Conditions: strain = 10%, nitrogen atmosphere, and 1.2 mm parallel plate 

gap. 

Appendix E: Rheological Data 155



Table E-II: Data presented in Figure E-3 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

              

T = 290°C T = 330°C T = 290°C, after 5 min. 
__ preheating at 330°C 

@ (rad/s) | In*| (@Pa-s) | @ (rad/s) | |n*| (Pa-s) | w (rad/s) | [n*| (Pa-s) 
1.000E-01 | 2.159E+02 | 1.000E-01 | 4.967E+01 | 1.000E-01 | 7.236E+01 
1.468E-01 | 2.116E+02 | 2.154E-01 | 4.290E+01 | 1.585E-01 | 7.132E+01 
2.154E-01 | 2.056E+02 | 4.642E-01 | 3.321E+01 | 2.512E-01 | 6.617E+01 
3.162E-01 | 2.115E+02 | 1.000E+00 | 2.957E+01 | 3.981E-01 | 5.986E+01 

4.642E-01 | 2.055E+02 | 2.154E+00 | 2.753E+01 | 6.310E-01 | 5.732E+01 

6.813E-01 | 1.943E+02 | 4.641E+00 | 2.618E+01 | 1.000E+00 | 5.395E+01 
1.000E+00 | 1.846E+02 | 1.000E+01 | 2.292E+01 j 1.585E+00 | 5.072E+01 

1.468E+00 | 1.734E+02 | 2.154E+01 | 1.946E+01 | 2.512E+00 | 4.792E+01 
2.154E+00 | 1.619E+02 | 4.641E+01 | 1.622E+01 | 3.981E+00 | 4.461E+01 
3.162E+00 | 1.508E+02 | 9.999E+01 | 1.298E+01 | 6.310E+00 | 4.188E+01 
4.642E+00 | 1.398E+02 | 2.154E+02 | 7.339E+00 | 1.000E+01 | 3.896E+01 
6.813E+00 | 1.301E+02 | 4.641E+02 | 2.759E+00 | 1.585E+01 | 3.661E+01 
1.000E+01 | 1.211E+02 2.512E+01 | 3.431E+01 
1.468E+01 | 1.119E+02 3.981E+01 | 3.210E+01 

2.154E+01 | 1.036E+02 6.310E+01 | 2.987E+01 
3.162E+01 | 9.588E+01 1.000E+02 | 2.736E+01 

4.642E+01 | 8.872E+01 1.585E+02 | 2.454E+01 

6.813E+01 | 8.180E+01 2.512E+02 | 2.052E+01 
1.000E+02 | 7.466E+01 3.981E+02 | 1.238E+01 

1.468E+02 | 6.714E+01 
2.155E+02 | 5.808E+01 
3.162E+02 | 4.474E+01 
4.642E+02 | 2.982E+01     
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Figure E-4: |n*| as a function of frequency for Profax-6823 at 270°C (—e—) and 290°C 
(—o—). Conditions: strain = 10%, nitrogen atmosphere, and 1.2 mm 

parallel plate gap. 
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Table E-OI: Data presented in Figure E-4 

  

  

  

  

  

  

  

  

  

  

  

  

  

          

T = 270°C T = 290°C 

@ (rad/s) —_|n*| (Pa-s) @ (rad/s) |n*| (Pa-s) 

1.000E-01 6.832E+03 1.000E-01 4.276E+03 

2.154E-01 6.208E+03 2.154E-01 3.825E+03 

4.642E-01 5.534E+03 4.642E-01 3.467E+03 
1.000E+00 4.765E+03 1.000E+00 3.068E+03 
2.154E+00 3.935E+03 2.154E+00 2.621E+03 

4.641E+00 3.097E+03 4.641E+00 2.138E+03 

1.000E+01 2.319E+03 1.000E+01 1.662E+03 
2.154E+01 1.648E+03 2.154E+01 1.227E+03 
4.641E+01 1.112E+03 4.641E+01 8.568E+02 

9.999E+01 7.068E+02 9.999E+01 5.621E+02 

2.154E+02 4.021E+02 2.154E+02 3.288E+02 
4.641E+02 9.675E+01 4.641E+02 8.052E+01     
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Cooling Curve Data 

Table E-IV: Data presented in Figure 2-3 

  

PP (Himont Profax-6823) Vectra B950 

From ~270°C From ~290°C From ~300°C From ~330°C 

TCC) | In*| (Pa-s) | TCC) | [n*| (Pa-s) | TCO) | |n*] (Pa-s) | TCC) | [n*| (Pa-s) 
271.1 | 3.746E+03 | 290.2 | 3.118E+03 | 298.5 | 5.332E+01 | 330.8 | 4.455E+01 

262.4 | 4.064E+03 | 282.5 | 2.978E+03 ff 294.8 | 7.668E+01 | 324.4 | 4.877E+01 

255.4 | 4.045E+03 | 276.2 | 3.060E+03 | 290.9 | 1.001E+02 | 317.9 | 4.982E+01 

248.0 | 4.079E+03 | 269.3 | 3.184E+03 f 286.0 | 1.356E+02 | 310.6 | 6.666E+01 

240.2 | 4.808E+03 | 261.9 | 3.358E+03 f 281.0 | 1.930E+02 | 305.0 | 9.338E+01 

232.4 | 5.109E+03 | 254.2 | 3.548E+03 | 275.7 | 2.846E+02 | 298.6 | 1.251E+02 

224.5 | S.L1L1E+03 | 246.2 | 3.789E+03 | 270.1 | 4.528E+02 | 292.5 | 1.634E+02 

216.7 | 5.181E+03 | 237.4 | 4.044E+03 | 264.4 | 8.750E+02 | 286.0 | 2.222E+02 

208.7 | 5.306E+03 | 229.4 | 4.321E+03 || 258.5 | 2.382E+03 | 279.9 | 3.155E+02 

200.7 | 5.421E+03 | 221.3 | 4.586E+03 | 252.6 | 1.569E+04 | 273.9 | 4.360E+02 

192.7 | 5.332E+03 | 213.5 | 4.953E+03 | 246.8 | 6.345E+05 | 268.2 | 6.457E+02 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

184.7 | 5.406E+03 | 205.3 | 5.338E+03 262.0 | 9.863E+02 

176.6 | 5.378E+03 | 197.2 | 5.784E+03 255.4 | 1.746E+03 

168.4 | 5.290E+03 | 189.2 | 6.250E+03 249.2 | 3.440E+03 

160.3 | 5.358E+03 | 181.1 | 6.753E+03 243.0 | 1.250E+04 

151.9 | 5.651E+03 | 172.9 | 7.469E+03 238.4 | 5.280E+04 

143.8 | 6.140E+03 | 164.5 | 8.182E+03 233.3 | 1.941E+06 
  

135.6 | 6.501E+03 | 156.3 | 8.973E+03 
127.5 | 1.018E+04 | 148.2 | 9.969E+03 
114.4 | 6.946E+04 | 140.0 | 1.104E+04 

131.8 | 1.247E+04 

123.7 | 1.450E+04 
114.8 | 1.064E+05 

Conditions: Cure mode of RMS-800, frequency = | rad/s, strain = 5%, cooling rate = 
10°C/min, nitrogen atmosphere, and 1.2 mm parallel plate gap. 
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Table E-V: Data presented in Figure 2-4 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

              

5°C/min 10°C/min . 20°C/min 

TCO) | |n*| Pa-s) | TCO) In*|_ (Pa-s) T CC) [n*|_(Pa-s) 
329.3 3.314E+01 330.8 4.455E+01 331.5 5.806E+01 

321.2 5.141E+01 324.4 4 877E+01 325.1 5.520E+01 

315.4. | 6.590E+01 317.9 4.982E+01 321.6 6.546E+01 

309.4 8.502E+01 310.6 6.666E+01 318.2 6.330E+01 

303.3 1.061E+02 305.0 9.338E+01 314.6 6.840E+01 

297.2 1.412E+02 298.6 1.251E+02 311.5 7.117E+01 

290.9 1.913E+02 292.5 1.634E+02 308.5 8.536E+01 

284.8 2.606E+02 286.0 2.222E+02 305.7 9.745E+01 

278.6 3.705E+02 279.9 3.155E+02 302.6 9.988E+01 

272.4 5.523E+02 273.9 4.360E+02 299.5 1.163E+02 

266. 1 8.614E+02 268.2 6.457E+02 296.2 1.353E+02 

259.8 1.475E+03 262.0 9.863E+02 292.6 1.514E+02 

253.5 2.997E+03 255.4 1.746E+03 289.2 1.776E+02 

247.1 1.242E+04 249.2 3.440E+03 285.5 2.122E+02 

241.0 2.102E+05 243.0 1.250E+04 282.0 2.569E+02 

238.4 5.280E+04 277.7 3.164E+02 

233.3 1.941E+06 273.8 3.847E+02 

269.8 4.831E+02 

266.2 6.229E+02 

261.9 8.181E+02 

257.8 1.266E+03 

252.1 1.862E+03 

248.1 2.879E+03 

244.3 6.733E+03 

238.7 1.653E+04 

234.8 5.773E+04 

231.5 2.484E+06     

Conditions: Cure mode of RMS-800, frequency = 1 rad/s, strain = 5%, initial 

temperature = 330°C, nitrogen atmosphere, and 1.2 mm parallel plate gap. 
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Table E-VI: Data presented in Figure 3-3 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

          

Vectra B9S0 PP (Himont Profax-6823) 

TCC) [y*|_(Pa-s) TCC) In*|_(Pa-s) 
331.2 1.194E+02 291.8 2.653E+03 

325.3 1.478E+02 286.3 2.63 1E+03 

319.1 1.778E+02 280.4 2.666E+03 

313.0 2.152E+02 274.2 2.741E+03 
306.4 2.682E+02 267.8 2.835E+03 

299.9 3.445E+02 261.0 2.940E+03 

293.6 4.481E+02 254.7 3.030E+03 

287.1 6.028E+02 248.3 3.144E+03 
280.5 8.440E+02 241.6 3.296E+03 

273.6 1.294E+03 234.9 3.458E+03 
267.0 2.160E+03 228.1 3.648E+03 

260.5 4.145E+03 221.3 3.861E+03 

253.8 1.347E+04 214.6 4.106E+03 
247.1 1.143E+05 207.7 4.375E+03 

201.1 4.693E+03 
194.3 5.043E+03 

187.6 5.417E+03 
180.7 5.858E+03 

173.9 6.360E+03 

167.1 6.937E+03 

160.2 7.578E+03 

153.3 8.369E+03 

146.6 9.257E+03 

139.7 1.029E+04 

132.9 1.148E+04 

126.1 2.300E+04 

119.6 4.758E+04     

Conditions: Temperature sweep mode of RMS-800, frequency = 10 rad/s, strain = 5%, 
cooling rate = 7°C/min, nitrogen atmosphere, and 1.2 mm parallel plate gap. 
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Dynamic Mechanical Properties 
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Figure E-5: Dynamic shear moduli recovery upon heating to 250°C using the same 
composite and conditions as for the data presented in Figure 3-7 except 
heating/cooling rate = 3.6°C/min for this data. Shown are data for G' 
(—s—-) and G" (—e—) during heating and G' (—0-—) and G"(—o—) 
during cooling. 
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Table E-VI: Data Presented in Figure E-5 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                    
  

Upward Temperature Sweep Return Temperature Sweep 

TCC) | G'(Pa) | G" (Pa) | tand | TCC)| G' (Pa) G" (Pa) tand 

50.7 4.153E+08 | 4.127E+07 | 0.0994 248.5 1.784E+05 1.272E+05 0.7130 

55.6 3.865E+08 | 4.058E+07 | 0.1050 243.7 | . 1.974E+05 1.282E+05 0.6494 

60.5 3.559E+08 | 3.969E+07 | 0.1115 238.7 2.463E+05 1.450E+05 0.5887 

65.4 3.266E+08 | 3.83SE+07 | 0.1174 233.8 2.402E+05 1.346E+05 | 0.5604 

70.3 3.015E+08 | 3.676E+07 | 0.1219 229.0 2.294E+05 1.275E+05 0.5558 

75.4 2.802E+08 | 3.520E+07 | 0.1256 224.0 2.719E+05 1.536E+05 0.5649 

80.3 2.624E+08 | 3.371E+07 | 0.1285 219.0 2.958E+05 1.756E+05 0.5936 

85.3 2.457E+08 | 3.236E+07 | 0.1317 214.1 3.334E+05 1.875E+05 0.5624 

90.4 2.302E+08 | 3.107E+07 | 0.1350 209.2 3.251E+05 1.848E+05 | 0.5684 

95.3 2.159E+08 | 2.986E+07 | 0.1383 204.3 3.300E+05 1.848E+05 | 0.5600 

100.2 2.021E+08 | 2.865E+07 | 0.1418 199.3 3.683E+05 1.858E+05 0.5045 

105.0 1.902E+08 | 2.738E+07 | 0.1440 194.5 3.935E+05 1.973E+05 0.5014 

109.9 1.768E+08 | 2.617E+07 | 0.1480 189.7 4.628E+05 2.146E+05 0.4637 

114.8 1.632E+08 | 2.486E+07 | 0.1523 184.7 4.663E+05 2.104E+05 | 0.4512 

119.7 1.492E+08 | 2.343E+07 | 0.1570 179.9 4.526E+05 2.191E+05 | 0.4841 

124.7 1.360E+08 | 2.187E+07 | 0.1608 174.9 5.344E+05 2.636E+05 0.4933 

129.5 1.216E+08 | 2.014E+07 | 0.1656 169.8 5.538E+05 2.550E+05 0.4605 

134.4 1.076E+08 | 1.815E+07 | 0.1687 164.8 6.491 E+05 2.899E+05 0.4466 

139.2 | 9.310E+07 | 1.598E+07 | 0.1716 159.9 6.742E+05 3.039E+05 | 0.4508 

144.2 | 7.942E+07 | 1.348E+07 | 0.1697 154.8 6.912E+05 3.195E+05 | 0.4622 

149.2 6.738E+07 | 1.072E+07 | 0.1591 149.9 7.818E+05 3.398E+05 0.4346 

154.3 5.237E+07 | 8.175E+06 | 0.1561 144.8 8.750E+05 3.969E+05 0.4536 

159.4 3.759E+07 | 5.598E+06 | 0.1489 139.8 9.638E+05 4.516E+05 0.4686 

164.3 2.234E+07 | 3.136E+06 | 0.1404 134.8 1.136E+06 4.851E+05 0.4270 

169.2 9.071E+06 | 1.382E+06 | 0.1524 129.9 1.405E+06 5.200E+05 0.3701 

174.3 2.557E+06 | 6.451E+05 | 0.2523 125.0 2.288E+06 6.043E+05 0.2641 

179.3 1.194E+06 | 4.535E+05 | 0.3797 120.0 7.834E+06 1.365E+06 {| 0.1742 

184.2 7.430E+05 | 3.952E+05 | 0.5319 115.1 2.370E+07 2.933E+06 0.1238 

189.1 7.087E+05 | 3.970E+05 | 0.5602 110.2 5.407E+07 5.567E+06 | 0.1030 

194.0 6.677E+05 | 3.936E+05 | 0.5895 105.3 8.049E+07 8.233E+06 | 0.1023 

198.9 | 6.402E+05 | 3.880E+05 | 0.6061 100.4 9.427E+07 9.857E+06 | 0.1046 

203.8 6.128E+05 | 3.720E+05 | 0.6071 95.5 1.006E+08 1.061E+07 0.1055 

208.6 5.969E+05 | 3.590E+05 | 0.6014 90.6 1.085E+08 1.155E+07 | 0.1065 

213.4 5.498E+05 | 3.328E+05 | 0.6053 85.5 1.173E+08 1.169E+07 0.0997 

218.6 5.061E+05 | 3.1S57E+05 | 0.6238 80.5 1,253E+08 1.302E+07 0.1039 

223.4 4.990E+05 | 3.067E+05 | 0.6146 75.5 1.366E+08 1.390E+07 0.1018 

228.3 4.708E+05 | 2.967E+05 | 0.6302 70.4 1.467E+08 1.384E+07 | 0.0943 

233.4 4.075E+05 | 2.553E+05 | 0.6265 65.4 1.486E+08 1.389E+07 | 0.0935 

238.2 3.381E+05 | 2.186E+05 | 0.6466 60.5 1.463E+08 1.355E+07 | 0.0926 

243.1 2,.362E+05 | 1.543E+05 | 0.6533 55.6 1.585E+08 1.453E+07 | 0.0917 

248.2 1.987E+05 | 1.435E+05 | 0.7222 50.7 1.702E+08 1.485E+07 | 0.0873 
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Figure E-6: Dynamic shear moduli recovery upon heating to 250°C using the same 

composite and conditions as for the data presented in Figure 3-7 except 

heating/cooling rate = 6.0°C/min for this data. Shown are data for G' 

(—1—_-) and G" (—e—) during heating and G' (—O— ) and G"(—o—_) 
during cooling. 
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Table E-VII: Data Presented in Figure E-6 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                    
  

Upward Temperature Sweep Return Temperature Sweep 

TCC) | G'(Pa) | G" (Pa) | tand | T (°C) G' (Pa) G" (Pa) tand 

50.7 3.356E+08 | 3.590E+07 | 0.1070 248.1 2.428E+05 1.569E+05 0.6461 

60.4 2.840E+08 | 3.490E+07 | 0.1229 238.4 2.522E+05 1.560E+05 0.6186 

70.2 2.391E+08 | 3.234E+07 | 0.1353 228.7 2.770E+05 1.677E+05 0.6054 

80.2 2.078E+08 | 2.928E+07 | 0.1409 218.8 3.094E+05 1.801E+05 0.5821 

90.2 1.813E+08 | 2.674E+07 | 0.1475 209.1 3.472E+05 2.019E+05 0.5815 

100.0 1.592E+08 | 2.436E+07 | 0.1530 199.3 3.684E+05 2.300E+05 0.6243 

109.8 1.384E+08 | 2.200E+07 | 0.1590 189.6 4.279E+05 2.407E+05 0.5625 

119.6 1.167E+08 | 1.932E+07 | 0.1656 179.8 4.733E+05 2.704E+05 0.5713 

129.4 9.488E+07 | 1.620E+07 | 0.1707 169.9 5.894E+05 3.123E+05 0.5299 

139.3 | 7.079E+07 | 1.251E+07 | 0.1767 159.9 6.386E+05 3.459E+05 0.5417 

149.2 4.958E+07 | 8.367E+06 | 0.1688 149.9 7.356E+05 3.745E+05 0.5091 

159.3 2.716E+07 | 4.396E+06 | 0.1619 139.9 9.514E+05 4.307E+05 0.4527 

169.3 6.940E+06 | 1.356E+06 | 0.1954 130.0 1.291E+06 5.140E+05 0.3981 

179.2 1.976E+06 | 8.590E+05 | 0.4347 120.1 2.62 1E+06 8.268E+05 0.3155 

188.9 1.007E+06 | 5.807E+05 | 0.5770 110.3 1.883E+07 3.206E+06 0.1703 

198.7 | 6.704E+05 | 4.618E+05 | 0.6888 100.5 7.584E+07 9.215E+06 0.1215 

208.4 5.898E+05 | 4.148E+05 | 0.7033 90.6 1.173E+08 1.257E+07 0.1072 

218.3 5.149E+05 | 3.804E+05 | 0.7388 80.5 1.375E+08 1.500E+07 0.1091 

228.1 4.145E+05 | 3.129E+05 | 0.7549 70.6 1.552E+08 1.745E+07 0.1124 

237.9 3.856E+05 | 2.795E+05 | 0.7248 60.7 1.772E+08 1.983E+07 0.1119 

248.0 | 2.507E+05 | 1.718E+05 | 0.6853 50.9 2.053E+08 2.230E+07 0.1086 
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Table E-IX: Data Presented in Figure 3-7 

  

  

  

  

  

  

  

  

  

  

  

  

                  

Upward Temperature Sweep Return Temperature Sweep 

TCC) | G'(Pa) | G" (Pa) | tand |} TCC) G' (Pa) G" (Pa) tand 

50.4 3.553E+08 | 3.116E+07 | 0.0877 248.0 3.305E+05 2.334E+05 0.7062 

70.1 2.760E+08 | 2.901E+07 | 0.1051 228.3 5.390E+05 3.432E+05 0.6367 

90.1 2.102E+08 | 2.458E+07 | 0.1169 208.5 6.560E+05 4,.243E+05 0.6468 

109.7 1.624E+08 | 2.063E+07 | 0.1270 189.3 8.860E+05 5.420E+05 0.6117 

129.2 1.168E+08 | 1.652E+07 | 0.1414 169.6 1.110E+06 6.080E+05 0.5478 

148.9 6.637E+07 | 1.047E+07 | 0.1578 149.7 2.477E+06 1.063E+06 0.4292 

168.8 1.410E+07 | 2.776E+06 | 0.1969 129.8 8.678E+06 2.016E+06 0.2323 

188.6 9.810E+05 | 5.825E+05 | 0.5938 110.1 4.818E+07 5.593E+06 0.1161 

208.4 | 6.680E+05 | 4.590E+05 | 0.6871 90.6 2.277E+08 1.545E+07 0.0679 

227.8 5.840E+05 | 3.700E+05 | 0.6336 70.7 3.255E+08 1.985E+07 0.0610 

247.8 3.370E+05 | 2.230E+05 | 0.6617 50.8 4.209E+08 2.393E+07 0.0569   
  

Conditions: Temperature sweep mode of RMS-800, frequency = 10 rad/s, strain = 1%, 

nitrogen atmosphere, and heating/cooling rate = 11°C/min. See Chapter 3 for details 
concerning the PP/VB woven preform composite which was tested. 
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Table F-I: Tensile Properties of PP/VB (50/50 wt.%) Matrix-Fibril (In Situ) Fibers 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

          

Fiber Draw Tensile Tensile Elongation 

Ratio Modulus Strength at Break* 

(GPa) (MPa) (%) 
8.93 17.9 63.9 1.87 

(4.8) (15.5) (0.21) 
25.2 25.8 300 1.64 

(1.3) (25) (0.17) 
29.1 25.4 284 1.65 

(2.4) (21) (0.14) 
30.2 26.7 244 1.02 

(5.6) (76) (0.15) 
37.6 29.7 331 1.68 

(1.7) (19) (0.09) 
47.0 33.0 338 0.982 

(1.5) (36) (0.087) 

54.5 37.5 363 1.41 

(4.4) (45) (0.11) 
55.6 34.3 267 1.23 

(5.2) (29) (0.20) 
64.7 37.4 381 1.42 

(0.9) (28) (0.12) 
85.2 36.6 371 1.65 

(2.0) (34) (0.12) 
92.6 41.7 359 0.655 

__ (0.3) (44) (0.21) 
106 42.3 482 1.01 

(1.1) (37) (0.17) 
124 36.7 365 0.700 

(4.6) (64) __ (0.124) 
139 41.5 326 0.892 

(4.9) (25) __ (0.105) 
219 38.2 249 0.795 

(7.7) (65) (0.096)   
  

Modulus and strength data are presented in Figures 2-6 and 2-7. 

Values in parentheses are the standard deviations associated with the average properties. 
* Strain determined from crosshead extension at break. 
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Table F-I1: Tensile Properties of PP/VB (50/50 wt.%) Sheath-Core Fibers 

  

  

  

  

  

  

  

  

          

Fiber Draw Tensile Tensile Elongation 
Ratio Modulus Strength at Break* 

(GPa) (MPa) (%) 
11.0 9.34 142 1.17 

(1.74) (12) (0.21) 
25.4 20.0 286 1.06 

(2.1) (44) (0.11) 
36.6 26.2 339 0.747 

(2.6) (63) (0.135) 
41.3 21.8 446 0.817 

(2.5) (37) (0.104) 
59.9 28.1 407 0.890 

(2.6) (72) (0.093) 
77.1 32.9 455 0.728 

(3.4) (44) (0.113) 
81.0 33.4 487 0.589 

(1.6) (70) (0.065) 
94.7 30.8 496 0.641 

(6.3) (93) (0.138)   
  

Modulus and strength data are presented in Figures 2-6 and 2-7. 

Values in parentheses are the standard deviations associated with the average properties. 
* Strain determined from crosshead extension at break. 
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Table F-III: Tensile Properties of Uniaxially Compression Molded PP/VB 

(50/S0 wt.%) Matrix-Fibril (In Situ) Fibers 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

Fiber Draw Tensile Tensile Elongation 
Ratio Modulus Strength at Break 

_(GPa) (MPa) (%) 
8.93 16.8 68.7 1.04 

(5.5) (12.7) (0.41) 
25.2 20.0 199 0.892 

(1.9) (29) (0.096) 
29.1 28.7 236 0.818 

(1.0) (12) (0.051) 
30.2 27.5 135 0.718 

(1.5) (11) (0.152) 
37.6 36.7 267 0.792 

(1.8) (28) (0.128) 
47.0 36.9 291 0.835 

(3.7) (22) (0.14) 
54.5 37.3 264 0.850 

mee)) (25) (0.094) 

55.6 36.6 231 0.600 
(8.1) (13) (0.146) 

64.7 38.1 297 0.845 
(1.9) (27) (0.065) 

85.2 42.5 350 0.884 
(1.8) (il) (0.007) 

92.6 41.4 307 0.522 
(9.0) (ql) (0.068) 

106 46.2 408 0.844 
(3.8) (5) (0.075) 

124 37.4 268 0.585 
(5.9) (48) (0.127) 

139 41.0 293 0.412 
(4.0) (4) (0.089) 

219 38.5 268 0.611 
(5.5) (75) (0.286)         
  

Modulus and strength data are presented in Figures 2-8, 3-4, 3-5, B-1, and B-2. 
Values in parentheses are the standard deviations associated with the average properties. 
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Table F-IV: Tensile Properties of Uniaxially Compression Molded 

PP/VB (50/50 wt.%) Sheath-Core Fibers 

  

  

  

  

  

  

  

  

          

Fiber Draw Tensile Tensile Elongation 

Ratio Modulus Strength at Break 

__(GPa) _(MPa) _(%) 
11.0 14.3 164 1.03 

(0.9) (25) (0.11) 
25.4 22.8 302 0.706 

(4.1) (22) (0.034) 
36.6 28.7 353 0.602 

(2.9) — (26) (0.037) 

41.3 25.9 314 0.713 

— G.1) — (24) (0.030) 

59.9 37.9 367 0.540 

(2.2) — (43) (0.045) 

77.1 31.1 340 0.617 

(44) (8) (0.076) 
81.0 34.4 439 0.670 

(2.8) — (53) (0.063) 

94.7 31.6 412 0.698 

 G.2) (17) (0.066)   
  

Modulus and strength data are presented in Figure 2-9. 
Values in parentheses are the standard deviations associated with the average properties. 
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Table F-V: Tensile Properties of Uniaxially Compression Molded PP/VB 

(80/20 wt.%) Matrix-Fibril (In Situ) Fibers 

  

  

  

  

  

  

  

  

  

  

  

  

  

          

Fiber Draw Tensile Tensile Elongation 

Ratio Modulus Strength at Break 

_(GPa) (MPa) i) 
5.19 6.34 65.9 1.42 

(0.99) — (11.5) (0.12) 
8.92 5.68 68.1 1.55 

(1.46) __ (8.3) (0.31) 
11.2 8.65 95.3 1.29 

(1.10) (5.6) (0.13) 
17.8 9.29 96.5 1.22 

(0.86) (7.0) (0.15) 
23.8 9.40 84.9 1.10 

(0.40) — GB.7) (0.08) 
25.0 10.2 101 1.10 

(0.8) (6.7) (0.13) 
25.4 10.8 82.8 0.847 

(1.5) (5.8) (0.073) 
30.0 11.5 98.3 1.12 

(2.4) _ (6.7) (0.22) 
34.3 12.4 118 1.17 

— (1.6) (6) (0.13) 
41.6 11.8 108 1.13 

(1.7) (15) (0.13) 
44.4 13.7 122 0.922 

— (2.1) (19) — (0.093) 
63.4 13.4 130 0.702 

(0.8) (20) (0.123) 
99.7 13.4 129 0.776 

(1.9) (17) __ (0.079)   
  

Modulus and strength data are presented in Figures B-1 and B-2. 

Values in parentheses are the standard deviations associated with the average properties. 
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Table F-VI: Mechanical Properties of PP/VB Preform Composites (Fiber DR=47.0)* 

  

Composite Tensile Tensile Flexural Flexural 

VB Content | Modulus Strength Modulus Strength 

_(wt.%) (GPa) (MPa) (GPa) __(MPa) 
  

  

  

  

0 1.01 24.2 1.28 27.9 
neat PP (0.03) (0.36) (0.04) (0.7) 

10.2 3.29 35.5 3.02 37.7 
(0.26) (2.4) (0.30) (1.2) 

18.5 3.96 40.0 3.76 39.6 
(0.64) (2.2) (0.35) (2.4) 

28.1 6.36 49.7 6.77 43.6             (0.38) (1.8) (0.34) (1.2) 
* Composites and conditions same as for the data presented in Table 3-I 

except the fibers used to create the preforms had an average draw ratio of 
47.0 as opposed to a draw ratio of 106. 
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Table F-VH: Data Presented in Figure 3-6 

  

  

  

  

  

  

      

Temperature Elongation at Break 

CO) _(%) 
100 6.12 

(0.78) 

150 8.32 

(1.46) 

170 8.95 

(1.08) 

200 9.82 

(0.43) 
230 12.1 

(2.3) 
250 15.8 

(0.9)     
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